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Liposomal Formulation of Retinoids Designed for Enzyme Triggered Release
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The design of retinoid phospholipid prodrugs is described based onmolecular dynamics simulations and
cytotoxicity studies of synthetic retinoid esters. The prodrugs are degradable by secretory phospholipase
A2 IIA and have potential in liposomal drug delivery targeting tumors. We have synthesized four
different retinoid phospholipid prodrugs and shown that they form particles in the liposome size region
with average diameters of 94-118 nm. Upon subjection to phospholipase A2, the lipid prodrugs were
hydrolyzed, releasing cytotoxic retinoids and lysolipids. The formulated lipid prodrugs displayed IC50

values in the range of 3-19 μM toward HT-29 and Colo205 colon cancer cells in the presence of
phospholipase A2, while no significant cell death was observed in the absence of the enzyme.

Introduction

Retinoids,1 suchas all-trans retinoic acid (ATRA,aFigure 1),
are known for their broad and diverse biological functions,
and various strategies have been explored to make retinoids
applicable as drugs in the treatment of diseases.2 One of the
biological functions of ATRA is its anticancer activity toward
a broad range of cancer types, like breast, prostate, and colon
cancer.3 For example, orally administrated ATRA is used
clinically in the treatment of leukemia.4 However, the oral
administration route is restricted by a relative low bioavail-
ability4c and a fast clearance from the bloodstream,5 and thus
alternative ways of administrating ATRA would be benefi-
cial. Intravenous administration is hampered by the lowwater
solubility of ATRA, but this can be circumvented by formu-
lating ATRA in liposome based drug delivery systems.6 Un-
fortunately, the liposomal formulation strategies have often
been plagued by problems with leakage, which have led to an
uncontrolled release of ATRA from the carrier system. Re-
cently, we have introduced new liposomal drug delivery
systems7 that address the formulation challenges of relatively
hydrophobic drugs. The drug delivery systems consist of

secretory phospholipase A2 (sPLA2) IIA sensitive phospholi-
pids and are constructed of drug-lipid prodrugs, in which the
lipophilic anticancer drugs are covalently attached to the
phospholipids. Despite successful incorporation of the well-
known anticancer drug chlorambucil in the sn-2 position,7a it
was later experienced that the desired delivery of free ATRA
was not feasible due to lack of sPLA2 activity on substrates
like 1 (Figure 1).7b ATRA is a rigid molecule and contains a
methyl substituent in close proximity to the carboxylic acid
moiety. These features contrast with naturally occurring fatty
acids, which are predominantly saturated and flexible mole-
culeswithoutbranching.Knowing that some esters andamides
of ATRA retain their activity,8 we decided to incorporate an
aliphatic C6-linker between ATRA and the lipid backbone
(Figure 2). To gain further insight into the substrate specificity
of the sPLA2 enzyme, hydrolysis of the lipid prodrugs was
investigated by molecular dynamics (MD) simulation, which
has earlier been demonstrated as a valuable tool for assessing
sPLA2 activity toward a range of substrates.9

One major drawback in applying ATRA as a drug is its
nonselective activation of retinoic acid receptor (RAR) sub-
types (RARs,R, β, γ), retinoic X receptor subtypes (RXRs,R,

Figure 1. Structure of the cytotoxic compounds ATRA and 2 and the
ATRA phospholipid prodrug (1) that is not hydrolyzed by sPLA2.

7b.
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aAbbrevations: ATRA, all-trans retinoic acid; sPLA2, secretory
phospholipase A2; MD, molecular dynamics; RAR, retinoic acid recep-
tor; RXR, retinoic X receptor; rmsd, root-mean-square deviation; S,
substrate; PMB, p-methoxybenzyl; DDQ, 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; DIAD, diiso-
propyl azodicarboxylate; NBS, N-bromosuccinimide; DLS, dynamic
light scattering; DPPG, 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol;
DSPG, 1,2-distearoyl-sn-glycero-3-phosphoglycerol; 1-O-DSPG, 1-O-
stearyl-2-stearoyl-sn-glycero-3-phosphoglycerol; POPG, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoglycerol; NBD-DPPE, 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-[7-nitro-2-1,3-benzoxadiazol-4-yl];
MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight;
DHB, 2,5-dihydroxybenzoic acid; MTT, 3-(4,5-dimethylthiazolyl)-2,5-
diphenyltetrazolium bromide.
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β, γ), and/or the subtype RAR isoforms, R1, R2, β1-β5, γ1,
and γ2.3a,10 The lack of selectivity is believed to be responsible
for the severe side effects that have been observed during
chronic administration of ATRA,10 and therefore there is
much interest in discovering more selective RAR agonists.11

Targeting of RARβ2 has been found to have a suppressive
effect on human tumors,12 and recently 4-(4-octylphenyl)-
benzoic acid (2, Figure 1) was identified as a selective RARβ2
agonist.13 The lipophilicity of 2 makes it is a good candidate
for incorporation into a liposomal drug delivery system
through covalent attachment to the lipid backbone.However,
since Bonsen et al. have demonstrated that benzoic acid is not
released from the sn-2-position by sPLA2,

14 direct attachment
of 2 to the phospholipidswas ruled out. Instead, we decided to
investigate how attachment of an aliphatic C6-linker would
influence the cytotoxicity of 2 and the sPLA2 activity toward
the corresponding prodrug.

The retinoid-lipid prodrugs are designed to include the
phosphatidylglycerol headgroup because human sPLA2 IIA
has strong affinity for negatively charged phospholipids.15

The lipid backbone of the prodrugs contains either an sn-1-
ester or an sn-1-ether functionality.Uponactivationof sPLA2,
the prodrugswill be converted into the free drug and lysolipids
(Figure 2) andwhile sn-1-ether lysolipids have goodmetabolic
stability and are cytotoxic against many cell lines,16 sn-1-ester
lysolipids are rapidly metabolized (by e.g., lysophospholi-
pases) and have been dismissed as suitable lysolipid drug
candidates.16a Information about the cytotoxicityof sn-1-ester
lysolipids is limited and covers only lysophosphatidylcholine
lipids,17 but these lipids have shown to be slightly better
substrates for sPLA2 than sn-1-ether lipids.18 Therefore, we
found it interesting to synthesize both types of prodrugs in
order to study their relative hydrolysis rate and cytotoxicity.

Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were performed to
understand why 1 is not hydrolyzed by sPLA2

7b and which
structural modification(s) of the prodrug would regain enzy-
matic hydrolysis. Simulations were carried out for sPLA2-
DPPG, sPLA2-1, and as discussed below also for sPLA2-3

and sPLA2-5. Simulations for each complex were repeated
five times to estimate the statistical uncertainties in the
calculated quantities. The stability of the simulations of the
different sPLA2 complexes were checked by computing the

time evolution of the root-mean-square deviation (rmsd) of
the CR atoms with respect to the protein structure obtained
afterminimization. Stable rmsddatawereobtainedafter 1-2ns
for the sPLA2-DPPG, sPLA2-3 and sPLA2-5 complexes
reaching a plateau of∼1.4 Å (Supporting Information). rmsd
data for the sPLA2-1 complex were not stable, increasing to
∼2.5 Å after ∼6.5 ns (Supporting Information).

A prerequisite for successful hydrolysis is that a stable
Michaelis-Menten complex is obtained and that a water
molecule acting as a nucleophile can enter the catalytic cleft.
To monitor the stability of the Michaelis-Menten complex,
we have chosen distances according to their importance in
the calcium-dependent enzymatic reaction.19 The catalytic
mechanism has been identified by X-ray crystallography,
revealing that the catalytic device of sPLA2 is essentially
characterized by an aspartic acid-histidine dyad, a calcium-
binding site, and a water molecule acting as the nucleophile.
A schematic representation of the catalytic mechanism is
shown in Figure 3, indicating that the calcium ion (cofactor)
is coordinated to the D48 carboxylate groups (atoms: OD1
and OD2), the G29 carbonyl (O), the carbonyl (O22) in the
substrate (S), and the phosphate (O4) in S. Atom types given
in parentheses refer to the Protein Data Bank nomenclature.
Furthermore, the catalytic residue, H47, is stabilized by D91,

Figure 2. The sPLA2degradablephospholipidprodrugs3-6, withanaliphaticC6-linker incorporatedbetween the drug,R
0COOH(ATRAor2),

and the lipid backbone.

Figure 3. Representation of the active site in sPLA2 with hydrogen
bonds and ionic interactions indicated with dashed bonds. Key
protein residues are drawn in blue, the substrate in red, and the
calcium ion and the water molecule both in brown. The two gray
circles indicate the H-S region, where the overlap in dark gray
represents the water count region. Labels are shown in black, and
atom types indicated in parentheses refer to the Protein Data Bank
nomenclature.
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which forms hydrogen bonds with Y51 and Y66. The water
molecule acting as the nucleophile enters the region between
H47ND1 and SC21. This region will be referred to as theH-S
region (Figure 3).

We have checked the stability of the Michaelis-Menten
complexes by monitoring the following distances during the
simulations: Ca2þ-G29O, Ca2þ-D48OD1, Ca2þ-SO22, SO22-
G29HN, H47HE2-D91OD1, H47ND1-SC21, D91OD2-Y66HH,
andD91OD1-Y51HH. The time evolution of these distances is
provided in the Supporting Information, and 2D scatter plots
are shown in Figure 4.

For prodrug1, no stableMichaelis-Menten complex could
be observed, and hence in accordance with experimental data,
nohydrolysis canoccur.The rigid nature of theATRAester at
the sn-2-position of the prodrug causes distortion of several
distances involved in theMichaelis-Mentencomplex (Figure4).
For instance, distances Ca2þ-SO22 and G29HN-SO22 are signi-
ficantly larger for sPLA2-1 than sPLA2-DPPG(Figure4).The
distortion is also highlighted by the images taken at the begin-
ning and upon completion of an sPLA2-1 simulation, respec-
tively (Figure 4). Introduction of a C6-linker between the
phospholipid backbone and 1was sufficient to confer stability
of theMichaelis-Menten complex in sPLA2-3 and sPLA2-5.

Although a stable Michaelis-Menten complex could be
obtained by introducing a C6-linker, the question remained if
water can reach the H-S region (Figure 3) in sPLA2 com-
plexed with 3 or 5. To quantify the probability that water
molecules enter the H-S region, we counted the number of
water molecules within certain distances (d = 3 Å - 6 Å;
Δd=0.5 Å) frombothH47ND1 and SC21, and the counts were
normalized by dividing the respective water counts by the
water count determined at 6 Å (Figure 4). Averages and
standard deviations of normalized water counts were calcu-
lated from the five simulations of each complex. The relative
water counts extracted from sPLA2-3 and -5 simulations

were similar to those extracted from sPLA2-DPPG simula-
tions (Figure 4). Contrarily, the relative water counts ex-
tracted from sPLA2-1 were very low when compared to the
other complexes. Because complexes of DPPG, 3, and 5 show
similar relative water counts and their Michaelis-Menten
complexes are stable, these results predict that 3 and 5 will be
hydrolyzed by sPLA2.

Synthesis of Retinoid Esters

The linkermoiety tert-butyl 6-hydroxyhexanoate (11)20was
coupled with ATRA by a Mitsunobu reaction (Scheme 1),21

which we previously have demonstrated as a reliable method
for forming esters of ATRA.7b The following tert-butyl
deprotection led to degradation of the ATRA skeleton under
acidic conditions (5% TFA or ZnBr2

22 in CH2Cl2 or HF in
MeCN), but using 2,6-lutidine and TMSOTf in CH2Cl2

23

afforded the carboxylic acid 9 in a good yield (Scheme 1). The
ATRA ester 9 was isolated as yellow crystals and was stable
when stored at-20 �Cunder an inert atmosphere, whereas the
oily tert-butyl ester of 9decomposes upon less thanonemonth
of storage. This highlights the importance of storing ATRA-
analogues as solids in order to avoid decomposition. The
corresponding linker-molecule of 224 was synthesized by a
Steglich coupling25 with 11 followed by a deprotection of the
tert-butyl esterwithTFA inCH2Cl2 (Scheme 1). In contrast to
the ATRA-analogues, we never observed any decomposition
of the synthetic derivatives of 2 neither as oils nor solids. The
cytotoxicity of ATRA, 2, 9, and 10were evaluated in three cell
lines, and the retinoid esters had activities comparable to the
acids (vide infra).

Synthesis of Lipid Prodrugs

The cytotoxicity of the esters 9 and 10 and the results from
theMDsimulations promptedus to proceedwith the synthesis

Figure 4. (A) ATRA induced structural perturbation of the Michaelis-Menten complex. Images taken at the beginning (top) and at the end
(bottom) of an sPLA2-1 simulation revealed thatATRA induced conformational changes (as evident from theG29(O)-Ca2þ-S(O22) distances
indicated by the triangles) leading to the distortion of theMichaelis-Menten complex. (B) 2D scatter plots of distances between selected residue
pairs important for stabilizing the Michaelis-Menten complex. (C) Histograms of relative water counts as a function of distance from both
H47ND1 and SC21 (H-S region; Figure 3).
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of the corresponding sn-1-ether and sn-1-ester lipid prodrugs
3-6. The backbone of the sn-1-ether prodrugs was con-
structed by a tetrazole mediated coupling of alcohol 12 and
phosphoramidite 13, followed by an oxidation of the phos-
phite to the phosphate with tBuOOH (Scheme 2).7a Deprotec-
tion of the p-methoxybenzyl (PMB) group in moist CH2Cl2
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) af-
forded the secondary alcohol, which was reacted with 6-(4-
methoxybenzyloxy)-1-hexanoic acid (14) to give an ester. The
newly introduced PMB-group was then removed, affording
alcohol 15 in an overall yield of 51% (Scheme 2). Secondary
alcohol 16, synthesized from2,3-O-isopropylidene-sn-glycerol
according to the procedures by Gaffney et al26 and Burgos
et al.,27 served as the starting material for the sn-1-ester pro-
drugs (Scheme 2). Diester 17 was obtained by coupling of 14
and 16, and the following TBDMS deprotection was best
achieved using N-bromosuccinimide (NBS) in a mixture of
DMSO, THF, and H2O (Scheme 2),27,28 while alternative
conditions like Bu4NF and imidazole in THF29 or HF in
MeCN led to a significant degree of acyl migration. Mosher
ester analysis30 of 17 showed that the enantiomeric purity was

>95%. The phosphate headgroup was attached in the same
way as for the sn-1-ether lipids, and PMB deprotection gave
the primary alcohol 18 (Scheme 2). Phospholipids 15 and 18

were converted to the desired prodrugs of ATRA and 2

(Scheme 3). The ATRA moiety was introduced either by the
Mitsunobu reaction or the Steglich coupling, and the final
prodrugs 3 and 4 were obtained after removal of the cyano-
ethyl group with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
andTBDMS-deprotectionmediatedbyHF inMeCN/CH2Cl2/
H2O. Prodrugs 5 and 6 were accessed by coupling between 2

and the primary alcohols 15 and 18, after which the remaining
chemistrywas similar to the synthesis of 3 and 4 (Scheme3). 31P
NMR of the synthesized prodrugs showed one signal resonat-
ing between -1 ppm and 2 ppm, demonstrating high diaster-
eomeric and regioisomeric purity (>95%).

Biophysical Characterization

The lipid prodrugs (3-6) were formulated as liposomes by
extrusion inHEPESbuffer using thedry lipid film technique,31

yielding clear solutions. The particle size of the formulated

Scheme 1. Synthesis of the Retinoid Estersa

aReagents: (a) (i) diisopropyl azodicarboxylate (DIAD), PPh3, THF; (ii) TMSOTf, 2,6-lutidine, CH2Cl2; (b) (i) dicyclohexylcarbodiimide (DCC),

DMAP, CH2Cl2; (ii) TFA, triisopropylsilane, CH2Cl2.

Scheme 2. Synthesis of the Lipid Precursors 15 and 18
a

aReagents: (a) (i) tetrazole,CH2Cl2,MeCN; (ii) tBuOOH; (iii)DDQ,H2O,CH2Cl2; (iv) 14, DCC,DMAP,CH2Cl2; (v)DDQ,H2O,CH2Cl2; (b) (i) 14,

EDCI, DMAP, CH2Cl2; (ii) NBS, DMSO, THF, H2O; (c) (i) 13, tetrazole, CH2Cl2, MeCN; (ii) tBuOOH; (iii) DDQ, H2O, CH2Cl2.

Scheme 3. Synthesis of the sn-1-Ether and sn-1-Ester prodrugs 3, 4, 5, and 6a

aReagents: (a) (i) 15, ATRA,DIAD,PPh3, THFor 18, ATRA,DCC,DMAP,Et3N, Et2O; (ii)DBU,CH2Cl2; (iii)HF,H2O,CH2Cl2,MeCN; (b) (i) 2,

DCC, DMAP, CH2Cl2; (ii) DBU, CH2Cl2; (iii) HF, H2O, CH2Cl2, MeCN.
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lipids was measured by dynamic light scattering (DLS). The
DLS analysis revealed that all of the lipids were able to form
particles with a diameter around 100 nm (Table 1 and Sup-
porting Information) andwith a lowpolydispersity, indicating
the formation of unilamellar vesicles. The formation of a uni-
lamellar bilayer is further supported by the fluorometric
procedure described by McIntyre et al.,32 which was used to
study the permeability. Vesicles formed from prodrug 5 was
compared to vesicles of 1,2-dipalmitoyl-sn-glycero-3-phos-
phoglycerol (DPPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol (POPG). The lipids were formulated with
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[7-ni-
tro-2-1,3-benzoxadiazol-4-yl] (NBD-DPPE, 0.15mol%).The
fluorescence of the NBD group was monitored over time
before and after the addition of dithionite (S2O4

-2), which
functions as a quenching agent. At the end of the experiment,
the detergent Triton X-100 was added to solubilize the lipid
vesicles and cause 100% quenching (see Figure 5). As evident
from the figure, the decrease in the fluorescence of the NBD-
labeled gel-state DPPG occurs in two distinct steps, an
immediate and fast one completed after 20 min followed by
much slower decay of fluorescence. We anticipate that the
quick drop in fluorescence signal corresponds to quenching of
the dye in the outer leaflet and is dependent on the fraction of
lipids exposed to the surrounding, i.e., vesicle size and lamel-
larity. The slower second step is due to quenching of the dye in
the inner leaflet, which is controlled by membrane permeabil-
ity to dithionite. In the case of the fluid POPG vesicles, the
quenching of both leaflets occurs simultaneously, resulting
effectively in a single exponential-like decay in the NBD
fluorescence. A comparable behavior for gel-state and fluid
membranes has been reported previously.32,33 The quenching
of the NBD-labeled vesicles for prodrug 5 resembles that of
DPPG, demonstrating that 5 forms a bilayer membrane,
however seemingly more permeable to dithionite than the
vesicles of DPPG.

Differential scanning calorimetry scans (15-65 �C) of the
lipid solutions of 3 and 5 displayed no gel-to-liquid crystalline
or any other thermotropic phase transition in the tested
temperature range (data not shown), indicating that the lipid
bilayers are in a fluid state. This was not surprising taking into
account the bulky and stiff nature of the substituents in the
sn-2-position, which hampers well-ordered chain packing.

The ability of sPLA2 to hydrolyze the formulated lipids at
37 �C was investigated with matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) MS. MALDI-TOF
MS is a fast and sensitive technique which has been shown to
be a reliable tool for detection of lipids.34 In Figure 6, the
obtained MS data for the sn-1-ether prodrug 3 subjected to
purified sPLA2 from snake (Agkistrodon piscivorus piscivorus)
venom is shown.Gratifyingly, and as evident from the spectra
(Figure 6), the prodrug (MþHþ) is consumed by the enzyme
and the desired constituents, lysolipid 7 (MþHþ) andATRA
ester 9 (M þ Naþ), are released. The MALDI-TOF MS
analysis of the sn-1-ether prodrugs 3 and 5 and the sn-1-ester
prodrugs 4 and 6 revealed that all of the prodrugs were
degraded by the enzyme (Table 2) and the desired molecules
were released (see Supporting Information). The observation
that the sn-1-ether prodrugs were consumed by sPLA2 to the
same extent as the sn-1-ester prodrugs illustrate and confirm
that sn-1-ether phospholipids are excellent substrates for
sPLA2. On the basis of the MALDI-TOF MS analysis of
the sPLA2 activity on the various prodrugs, we can conclude
that the incorporation of an aliphatic C6-linker between
ATRA and the lipid backbone resolved the issue of sPLA2

activity on ATRA-lipid prodrugs. The experimental observa-
tions are in agreement with the outcome from the MD
simulations, illustrating the power and potential of using
MD simulations in the design of sPLA2 degradable lipid
prodrugs. To rule out that the degradation of the prodrugs
was caused by nonenzymatic hydrolysis, a sample of each
prodrug was subjected to the reaction conditions in the
absence of sPLA2. As evident from the spectra in Figure 6
(and in Supporting Information), no degradation of the
prodrugs was observed within 48 h and none of the release
products were detectable. Finally, we compared the enzyme
activity of the purified sPLA2 from snake (Agkistrodon pisci-
vorus piscivorus) venom with the commercially available
sPLA2 from snake (Naja mossambica mossambica) venom,
and as can be seen in Table 2, the two enzymes perform
equally well on all substrates.

Fawzy et al.35 and Hope et al.36 have demonstrated two
decades ago that ATRA is an inhibitor for sPLA2, reporting
IC50 values of<50 and10μMrespectively.However,we have
later shown that DPPG is fully hydrolyzed by sPLA2 in the
presenceof 0.1 and1.0 equiv ofATRA,7bproving that the lack
of hydrolysis for the ATRA-lipid prodrug 1 is not a conse-
quence of inhibition by ATRA. These observations are
further supported by the present work, in which it was found
that 9 (IC50=8μM,Ki=6 μM, see Supporting Information)
inhibits sPLA2 at the same level as ATRA (IC50 = 15 μM,
Ki = 11 μM), and whereas the ATRA-lipid prodrug 1 is not
consumed by the enzyme, the prodrugs 3 and 4 are fully
degraded. This demonstrates that under the conditions used,
the released ATRA ester 9 does not inhibit sPLA2, and the
difference in degradation of the prodrugs therefore solely
relies on the ability of sPLA2 to hydrolyze the different
prodrugs. Additionally, Cunningham et al. have reported Ki

values <100 nM37 for potent sPLA2 inhibitors, illustrating
that ATRA and 9 are weak inhibitors.

Table 1. Measurement of Particle Size with DLS

particle size

prodrug diameter (nm) polydispersity index

3 94 0.08

4 97 0.13

5 118 0.16

6 118 0.05

Figure 5. Time-dependent fluorescence from NBD labeled lipids
quenched by dithionite.
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Cytotoxicity

The cytotoxicity of ATRA, 2, 9, and 10 were evaluated in
MT-3 breast carcinoma, HT-29 colon carcinoma, and
Colo205 colon adenocarcinoma cell lines (Table 3). Interest-
ingly, the retinoid esters were either more active than ATRA
and 2 or equal in potency in the tested cell lines. A possible
explanation for the enhancedactivityof thesemolecules is that
the derivatization increases the lipophilicity of the drugs,
augmenting transport over the cell membrane. RARβ2 ago-
nists 2 and 10 showed very little activity against HT-29 cells,
and presumably this is because growth inhibition in this cell
line is induced byRARR agonists38 and 2has a lowaffinity for
that receptor.13 The result is also a strong indication that the
cytotoxicity of 10 in MT-3 and Colo205 originate from
RARβ2 activation.

The cytotoxicity of the prodrugs 3-6 was investigated in
HT-29 colon carcinoma and Colo205 colon adenocarcinoma
cells. HT-29 colon carcinoma cells do not secrete sPLA2,
which allowed us to test the activity in the presence and
absence of sPLA2. As evident from Table 4 and the dose-
response curve for 3 and 5 (Figure 7), none of the prodrugs
were able to induce significant cell death in the absence of
sPLA2, whereas upon sPLA2 addition, all of the prodrugs

displayed IC50 values below10μMinHT-29 cells and complete
cell death was obtained when higher concentrations were
applied (see Figure 7). Evidently, the cytotoxicity is induced
by sPLA2 triggeredbreakdownof the prodrugs into 9or 10 and
the lysolipids. Interestingly, we observed that the sn-1-ester
prodrug 6 in the presence of sPLA2 displayed almost the same
cytotoxicity towardHT-29 cells as the corresponding sn-1-ether
prodrug 5, and taking the low activity of 10 in HT-29 cells

Figure 6. MALDI-TOF MS monitoring of snake (Agkistrodon piscivorus piscivorus) venom sPLA2 activity on the sn-1-ether prodrug 3. The
spectra demonstrate that the prodrug 3 (top left) is consumed and that the lysolipid 7 (top right) and the ATRA ester 9 (bottom) are released.

Table 2. Measurement of sPLA2 Activity on the Prodrugs byMALDI-
TOF MS

hydrolysis by sPLA2
a

prodrug

Agkistrodon piscivorus

piscivorus

Naja mossambica

mossambica

3 þ nd

4 þ þ
5 þb þb

6 þ þ
aDetermined by MALDI-TOF MS after 48 h incubation at 37 �C

with purified sPLA2 from snake (Agkistrodon piscivorus piscivorus or
Naja mossambica mossambica) venom. bAfter 48 h, a small signal for
prodrug 5 remains; nd = not determined.

Table 3. IC50 (μM)Values for theRetinoids in Three CancerCell Linesa

compd

MT-3

IC50 (μM)

HT-29

IC50 (μM)

Colo205

IC50 (μM)

ATRA 30( 4 4.3 ( 0.2 37 ( 1

9 17( 1 3.6 ( 1.8 17 ( 2

2 51( 3 >200 >200

10 14( 1 >200 127 ( 18
aCytotoxicitywasmeasured using theMTTassay as cell viability 48 h

after incubation with the indicated substances for 24 h and shown by
mean ( SD (n = 3).

Table 4. IC50 (μM)Values for the Prodrugs 3-6, the Lysolipids 7 and 8,
DSPG, and 1-O-DSPG in HT-29 and Colo205 Cancer Cell Linesa

compd

HT-29

IC50 (μM)

HT-29 þ sPLA2
b

IC50 (μM)

Colo205

IC50 (μM)

3 >200 7 ( 2 16 ( 4

4 >200 6 ( 1 12 ( 3

5 >200 3 ( 1 7 ( 6

6 >200 8 ( 1 19 ( 4

7 11 ( 6 nd 25 ( 2

8 7 ( 1 nd 22 ( 3

DSPG >200 25 ( 11 54 ( 7

1-O-DSPG >200 9 ( 2 33 ( 4

C17H35COOH >200 nd >200

sPLA2 c c c
aCytotoxicitywasmeasured using theMTTassay as cell viability 48 h

after incubation with the indicated substances for 24 h and shown by
mean( SD (ng 3); nd=not determined. bSnake (Agkistrodon piscivorus
piscivorus) venomsPLA2was added to a final concentrationof 5 nM. cNo
change in cell viability was observed after 24 h.
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(Table 3) into account, these results indicate that sn-1-ester
lysolipids (8) contribute with the same degree of potency as sn-
1-ether lysolipids (7). These findingswere verifiedwhen the free
lysolipids 7 (see Supporting Information) and 8 were tested
against HT-29 cells. Both lysolipids displayed IC50 values close
to 10μM,and similar resultswere obtained forDSPGand1-O-
stearyl-2-stearoyl-sn-glycero-3-phosphoglycerol (1-O-DSPG, see
Supporting Information) in the presence of sPLA2 (Table 4).We
conclude that even though sn-1-ester lysolipids generally are
rapidly metabolized, under these in vitro conditions, there is no
significant metabolism of the lipid backbone and therefore we
observe an equal potency of the two lysolipids. With the control
experiments in hand, it is possible to determine the origin of the
cytotoxicity of the prodrugs in HT-29 cells, and as evident from
Tables 3 and 4, the majority of the activity arises from the
lysolipids in prodrug 5 and 6while for the prodrugs 3 and 4 there
appear to be an equal contribution from the lysolipids
(7 and 8) and the ATRA ester 9. Colo205 cells express sPLA2,
and encouragingly, the four prodrugs induce cell deathwith IC50

values below 20 μM (Table 4) and complete cell death was
obtainedwhenhigher concentrationswereapplied (seeFigure8),
indicating that the secreted sPLA2 in Colo205 cells provides the
desired hydrolysis and release of the anticancer agents. Addi-
tionally, the prodrugs 3 and 4 displayed IC50 values below the

free lysolipids but similar to 9, indicating that themajority of the
cytotoxicity can be ascribed to the released ATRA ester 9. For
prodrugs 5 and 6, the IC50 values indicate a cumulative effect
because these prodrugs aremorepotent thanbothof the released
cytotoxic compounds by themselves, demonstrating the advan-
tage of the prodrug formulation.

Conclusion

In the present study we have successfully synthesized lipid
prodrugs of retinoids and demonstrated that they can be
formulated as liposomes that are degraded by sPLA2. On
the basis of MD simulations, we incorporated a C6-linker
between the glycerol backbone of the lipids and the retinoids
to overcome the lack of enzymatic activity stemming from the
rigid nature ofATRAand 2. The resulting prodrugs 3-6were
hydrolyzed completely by sPLA2 within 24 h and were
demonstrated to be cytotoxic to cancer cells in the presence
of the enzyme.

The liposomal formulation is very well suited for active
substances with low water solubility, and the novel prodrugs
present a solution to formulation of retinoids for applications
in cancer therapy. Furthermore, our findings underpin the
overall strategy of covalently linking cytotoxic compounds to
lipids and widen the scope of the approach because even very
sterically hindered substrates can now be effectively incorpo-
rated into liposomesand released throughanenzyme-triggered
degradation.

Experimental Section

General. Starting materials, reagents, and solvents were pur-
chased from Sigma-Aldrich and used without further purifica-
tion. POPG,DPPG,DSPG, 1-stearoyl-2-hydroxy-sn-glycero-3-
phospho-(10-rac-glycerol) (8), and NBD-DPPE were purchased
from Avanti Polar Lipids (Alabaster, AL). The purified snake
venom sPLA2 from Agkistrodon piscivorus piscivorus was do-
nated byDr. R. L. Biltonen (University of Virginia), and sPLA2

fromNaja mossambica mossambicawas purchased from Sigma-
Aldrich. CH2Cl2 was dried over 4 Å molecular sieves, and
THF was dried over sodium/benzophenone and distilled before
use. Evaporation of solvents was done under reduced pressure
(in vacuo). TLC was performed on Merck aluminum sheets
precoated with silica gel 60 F254. Compounds were visualized by
charring after dipping in a solution of Ce(IV) (6.25 g of (NH4)6-
Mo7O24 and 1.5 g of Ce(SO4)2 in 250 mL of 10% aq H2SO4) or
an ethanolic solution of phosphomolybdenic acid (48 g/L).
Flash column chromatography was performed using Matrex
60 Å silica gel. The purity of all tested compounds was found to
be >95% by HPLC (see Supporting Information). HPLC was
performed on a Waters Alliance HPLC equipped with a DAD,
using a LiChrospher Si 60 column and eluting with water/
isopropanol/hexane mixtures.39 NMR spectra were recorded using
a Bruker AC 200 MHz spectrometer, a Varian Mercury 300 MHz
spectrometer, or a Varian Unity Inova 500 MHz spectrometer.
Chemical shifts were measured in ppm and coupling constants in
Hz,and the field is indicated ineachcase. IRanalysiswas carriedout
on a Bruker Alpha FT-IR spectrometer, and optical rotations were
measured with a Perkin-Elmer 341 polarimeter. HRMS was re-
cordedonan IonspecUltimaFourier transformmass spectrometer.

Molecular Dynamics Simulations. The crystal structures of
bee venom (Apis Mellifera) phospholipase A2 complexed with
the transition-state analogue, L-1-O-octyl-2-heptylphosphonyl-
sn-glycero-3-phosphoethanolamine (diC8(2Ph)PE),19 resolved
to 2.0 Å, and human phospholipase A2 IIA complexed with 6-
phenyl-4(R)-(7-phenyl-heptanoylamino)-hexanoic acid,40 resol-
ved to 2.1 Å, were obtained from the ProteinData Bank41 (entry
codes: 1poc and 1kqu, respectively). The initial modeling step

Figure 7. Dose-response curves for the treatment of HT-29 cells
with the sn-1-ether prodrugs 3 (b), 3 þ sPLA2 (9), 5 ([), and 5 þ
sPLA2 (2).

Figure 8. Dose-response curves for the treatment of Colo205 cells
with sn-1-ester prodrugs 4 (9) and 6 (2).
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involved placing diC8(2Ph)PE into the binding cleft of human
phospholipase A2 IIA, as described previously.18 A previously
assembled sPLA2-substrate complex18was used as the template
to place lipid prodrugs into the active site. The optimized lipid
prodrugs were manually overlapped with the pre-existing sub-
strate, which was subsequently deleted. NAMD software42 with
the Charmm27 all-atom parameter set and TIP3 water model
was used for all simulations.43 The lipid prodrugs were first
energy-minimized for 1000 steps before using them in simula-
tions. Missing force field parameters for the prodrug molecules
were taken from similar atom types in the CHARMM27 force
field. The sPLA2-lipid complexes were solvated using the
program SOLVATE.44 Eighteen water molecules were ran-
domly replaced with chloride ions to neutralize the systems.
Ultimately, the system contained ∼4900 water molecules in a
simulation cell of dimensions 52.7 � 51.7 � 67.3 Å3. An initial
energy minimization of the complex was carried out for 1000
steps, and the system was further minimized for 100, 200, 300,
400, and 500 steps to generate different starting structures.
Periodic boundary conditions were applied in x, y, and z
directions. Initial MD simulations were conducted for ∼100
ps in which each systemwas slowly heated to 300K. Simulations
were carried out for 10 ns in the NPT ensemble, i.e., at constant
number of atoms (N), pressure (P), and temperature (T). A time
step of 1 fs and an isotropic pressure of 1 atm using the Langevin
piston method45 were employed. Electrostatic forces were cal-
culated using the particle mesh Ewald method with a uniform
grid spacing of ∼1 Å.46 A 12 Å cutoff was used for terminating
the van der Waals interactions in combination with a switching
function starting at 10 Å. Analysis of the trajectories were per-
formed using the Visualization Molecular Dynamics software
suite.47

Liposome Preparation and Particle Size Determination. The
lipid prodrugs 3-6 were dissolved in CHCl3 in a glass tube
and dried under vacuum for 15 h to form a thin film. The lipid
prodrugs (2mM)were solubilized by addition of aqueous buffer
(0.15MKCl, 30 μMCaCl2, 10 μMEDTA, 10 mMHEPES, pH
7.5) and vortexed periodically over 1 h at 20 �C. Subsequently,
the solutions were extruded through a 100 nm polycarbonate
cutoff membrane (20-30 repetitions) using a Hamilton syringe
extruder (Avanti Polar Lipids, Birmingham, AL). The particle
size distribution of the formulated lipids was measured by
DLS. The DLSmeasurements were obtained using a Zetasizer
nano particle analyzer (ZS ZEN3600, Malvern Instrument,
Westborough, MA).

Permeability Assay. The permeability of the lipid vesicles was
examined using the procedure described by McIntyre et al.32

The lipid vesicles were labeled with NBD-DPPE (0.15 mol %)
and prepared in an aqueous buffer (10mMHEPES, 1M sucrose,
150mMNaCl, pH7.4) by sonication for 30min at 45 �Cand then
extrusion through a 100 nm filter at 45 �C. Sucrose was added
to minimize the osmolarity difference between the external solu-
tion and the vesicle interior that will arise after the addition of
dithionite.48 The experiments were performed in duplicates or
moreusingFLUOstarOmegamicroplate reader (BMGLABTECH)
in a 96-well microplate at 20 �C (150 μL). The lipid samples
(100 μM) were allowed to equilibrate at 20 �C before the
addition of sodium dithionite (Na2S2O4) solution (33 mM),
which was used as a quenching agent. Because of the high
instability of dithionite,49 the dithionite solution was freshly
prepared prior to use. The NBD fluorescence was observed at
520 nm (ex 485 nm). After 85 min, Triton X-100 was added to
the medium (0.3 wt %).

sPLA2 Activity Measurements Monitored by MALDI-TOF
MS. The formulated lipid prodrugs (0.40 mL, 2 mM) were
diluted in an aqueous buffer (2.1mL, 0.15MKCl, 30 μMCaCl2,
10 μM EDTA, 10 mM HEPES, pH 7.5), and the mixture was
stirred at 37 �C in a container protected from light. The catalytic
reaction was initiated by addition of snake (Agkistrodon pisci-
vorus piscivorus (20 μL, 42 μM) orNaja mossambica mossambica

(12 μL, 71 μM)) venom sPLA2. Sampling was done after 0, 2, 24,
and 48 h by collecting 100 μLof the reactionmixture and rapidly
mixing it with a solution of CHCl3/MeOH/H2O/AcOH 4:8:1:1
(0.5 mL) in order to stop the reaction. The mixture was washed
with water (0.5 mL), and the organic phase (80 μL) was isolated
by extraction and then concentrated in vacuo. The extract was
mixed with 9 μL of 2,5-dihydroxybenzoic acid (DHB) matrix
(0.5 M DHB, 2 mM CF3COONa, 1 mg/mL DPPG in MeOH),
and 0.5 μL of this mixture was used for the MS analysis.

Cytotoxicity. Colon cancer HT-29 cells were cultured in
McCoy’s 5A medium in the presence of 10% fetal calf serum
and 1% Pen-Strep (InVitrogen). Breast cancer MT-3 and colon
cancer Colo205 cells were cultured in RPMI 1640 supplemented
with 10% fetal calf serum and 1% Pen-Strep in a humidified
atmosphere containing 5% CO2. Colo205 cells secrete sPLA2-
IIa, however as the cytotoxicity assay was made with low cell
density and for a short incubation period, inadequate concen-
trations were reached in the medium, which is why conditioned
medium was used. Conditioned medium was made as follows:
Colo205 cells were grown to confluency for 72 h, at which point
the cells were pelleted and themedium,which contained approx-
imately 100 ng/mL sPLA2 IIA, was collected and used for the
assay. Cells were plated in 96-well plates at a density of 1 � 104

cells per well for HT-29 andMT-3 cells and 2� 104 cells per well
for Colo205 cells, 24 h prior to addition of the tested compound.
The retinoids (ATRA, 2, 9, 10, and stearic acid) were solubilized
in DMSO and water (final DMSO concentration e0.5%).
Liposomes were diluted in PBS, and initial lipid concentrations
in the liposome solutions were determined by phosphorus
analysis.50 After 24 h of incubation, the substances were removed
and the cells were washed and incubated in complete medium for
another 48 h. Cytotoxic activity was assessed using a standard
3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazoliumbromide (MTT)
assay (Cell ProliferationKit I, Roche, Germany).51 Cell viability is
expressed as percentage reduction of incorporated MTT.

1-O-Octadecyl-2-(6-(all-trans-retinoyloxy)-hexanoyl)-sn-glycero-
3-phospho-(S)-glycerol (3).Alcohol15 (13mg, 0.014mmol),ATRA
(6mg, 0.019mmol), and PPh3 (9 mg, 0.043mmol) were dissolved
in THF (1.0mL).DIAD (11 μL, 0.043mmol) was added, and the
reaction mixture was stirred at 20 �C for 1 h and then concen-
trated in vacuo and purified by flash column chromatography
(heptane/EtOAc 2:1 then heptane/EtOAc 1:2) to give 13 mg that
was dissolved in CH2Cl2 (1.0 mL) and DBU (2 μL, 0.012 mmol)
was added. The reaction mixture was stirred for 30 min at 20 �C
and then purified directly by flash column chromatography
(heptane/EtOAc 1:1 then CH2Cl2/MeOH 9:1) to afford 8 mg
that was dissolved in MeCN (0.9 mL) and CH2Cl2 (0.3 mL) and
cooled to 0 �C. Aqueous HF (40%, 30 μL) was added dropwise,
and the reaction mixture was allowed to reach 20 �C. After 3.5 h,
the reaction was quenched by dropwise addition of MeOSiMe3
(0.3 mL) and the mixture was stirred for 30 min, after which
NaHCO3 (6 mg, 0.07 mmol) was added and the mixture was
concentrated in vacuo and purified by flash column chromato-
graphy (CH2Cl2/MeOH 10:1 then CH2Cl2/MeOH 4:1) to afford
4 mg (31% over 3 step) of 3 as a yellow amorphous solid. Rf =
0.44 (CH2Cl2/MeOH 4:1). 1H NMR (500MHz, CDCl3/CD3OD
4:1): δ 7.02 (dd, J=15.0, 11.4 Hz, 1H), 6.32-6.27 (m, 2H), 6.15
(d, J = 11.4 Hz, 1H), 6.14 (d, J = 16.2 Hz, 1H), 5.77 (s, 1H),
5.18-5.13 (m, 1H), 4.11 (t, J=6.6 Hz, 2H), 4.03-3.94 (m, 2H),
3.94-3.90 (m, 2H), 3.82-3.77 (m, 1H), 3.62 (t, J=5.2 Hz, 2H),
3.60-3.57 (m, 2H), 3.49-3.39 (m, 2H), 2.39-2.33 (m, 5H),
2.05-2.00 (m, 5H), 1.72 (s, 3H), 1.71-1.60 (m, 6H), 1.57-1.51
(m, 2H), 1.50-1.45 (m, 2H), 1.45-1.40 (m, 2H), 1.31-1.23 (m,
30H), 1.03 (s, 6H), 0.88 (t, J=6.9 Hz, 3H). 13C NMR (50MHz,
CDCl3/CD3OD 4:1): δ 174.0, 168.0, 153.7, 140.0, 138.0, 137.7,
135.3, 131.7, 130.3, 129.8, 129.2, 118.5, 72.2 (2C), 71.2, 69.4, 66.7,
64.5, 64.1, 62.7, 40.0, 34.5 (2C), 33.4, 32.3, 30.1, 29.7 (12C), 29.2
(2C), 28.7, 26.4, 25.9, 24.9, 23.0, 22.0, 19.6, 14.3, 14.1, 13.3. IR
(neat) 3325, 2923, 2853, 1733, 1709, 1609, 1584, 1457, 1259, 1064,
798 cm-1; m/z (M þ Hþ) 917.58.
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1-Octadecanoyl-2-(6-(all-trans-retinoyloxy)-hexanoyl)-sn-glycero-
3-phospho-(S)-glycerol (4).Alcohol 18 (47mg, 0.052mmol), ATRA
(31 mg, 0.104 mmol), DMAP (13 mg, 0.104 mmol), and Et3N
(72μL, 0.52mmol)were dissolved inEt2O (1.2mL).DCC (27mg,
0.13 mmol) was added, and the reaction mixture was stirred at
20 �C for 22 h and then concentrated in vacuo and purified by
flash column chromatography (toluene then toluene/EtOAc 5:1)
to give 32 mg that was dissolved in CH2Cl2 (2.2 mL) and DBU
(4.2μL, 0.028mmol) was added. The reactionmixturewas stirred
for 30 min at 20 �C and then purified directly by flash column
chromatography (heptane/EtOAc 1:1 then CH2Cl2/MeOH 9:1)
to afford 21mg thatwas dissolved inMeCN(1.5mL) andCH2Cl2
(0.5 mL) and cooled to 0 �C. Aqueous HF (40%, 90 μL) was
added dropwise, and the reaction mixture was allowed to reach
20 �C. After 3.5 h, the reaction was quenched by dropwise
addition of MeOSiMe3 (0.3 mL) and the mixture was stirred
for 30 min, after which NaHCO3 (6 mg, 0.07 mmol) was added
and the mixture was concentrated in vacuo and purified by flash
column chromatography (CH2Cl2/MeOH 10:1 then CH2Cl2/
MeOH 4:1 then CH2Cl2/MeOH/H2O 65:25:1) to afford 15 mg
(31% over 3 step) of 4 as a yellow amorphous solid. Rf = 0.56
(CH2Cl2/MeOH 5:1). 1HNMR (500MHz, CDCl3/CD3OD 4:1):
δ 7.02 (dd, J = 15.0, 11.4 Hz, 1H), 6.32-6.27 (m, 2H), 6.15 (d,
J = 11.4 Hz, 1H), 6.15 (d, J = 16.2 Hz, 1H), 5.77 (s, 1H),
5.25-5.20 (m, 1H), 4.39 (dd, J=12.0, 3.3Hz, 1H), 4.16 (dd, J=
12.0, 6.6 Hz, 1H), 4.11 (t, J = 6.6 Hz, 2H), 3.99-3.91 (m, 4H),
3.83-3.78 (m, 1H), 3.63 (t, J=5.1 Hz, 2H), 2.36 (t, J=7.5 Hz,
2H), 2.34 (s, 3H), 2.31 (t, J = 7.6 Hz, 2H), 2.05-2.00 (m, 5H),
1.71 (s, 3H), 1.71-1.65 (m, 4H), 1.65-1.57 (m, 4H), 1.50-1.45
(m, 2H), 1.45-1.41 (m, 2H), 1.34-1.21 (m, 28H), 1.03 (s, 6H),
0.88 (t, J = 7.0 Hz, 3H). 13C NMR (50 MHz, CDCl3/CD3OD
4:1): δ 174.2, 173.5, 168.0, 153.6, 140.1, 138.0, 137.6, 135.3, 131.6,
130.3, 129.7, 129.1, 118.5, 71.2, 70.7, 66.8, 64.0 (2C), 62.6 (2C),
39.9, 34.3 (3C), 33.4, 32.2, 29.9 (12C), 29.2 (2C), 28.7, 25.8, 25.1,
24.8, 23.0, 21.9, 19.5, 14.3, 14.1, 13.1. 31P NMR (202 MHz,
CDCl3/CD3OD 4:1): δ -0.08. IR (neat): 3390, 2924, 2853,
1734, 1709, 1661, 1458, 1260, 1237, 1153, 1050, 805 cm-1;m/z (M
þ Hþ) 931.57.

1-O-Octadecyl-2-(6-(40-octyl-4-phenylbenzoyloxy)-hexanoyl)-sn-
glycero-3-phospho-(S)-glycerol (5). Alcohol 15 (62 mg, 0.068
mmol), carboxylic acid 2 (43mg, 0.14mmol), andDMAP(25mg,
0.20mmol) were dissolved inCH2Cl2 (4.5mL).DCC (42mg, 0.20
mmol) was added, and the reaction mixture was stirred at 20 �C
for 18 h. The mixture was concentrated in vacuo and purified by
flash column chromatography (toluene then toluene/EtOAc 5:1)
to give 65 mg that was dissolved in CH2Cl2 (5.0 mL) and DBU
(9 μL, 0.06 mmol) was added. The reaction mixture was stirred
for 35 min at 20 �C and then purified directly by flash column
chromatography (heptane/EtOAc 1:1 then CH2Cl2/MeOH 10:1)
to afford58mg thatwas dissolved in amixtureofMeCN(4.2mL)
and CH2Cl2 (1.4 mL) and cooled to 0 �C. Aqueous HF (40%,
250μL)was addeddropwise, and the reactionmixturewas allowed
to reach 20 �C. After 3.5 h, the reaction was quenched by drop-
wise addition of MeOSiMe3 (0.93 mL), and the mixture was
stirred for 30 min, after which NaHCO3 (8 mg, 0.095 mmol) was
added and themixturewas concentrated in vacuo and purified by
flash columnchromatography (CH2Cl2/MeOH10:1 thenCH2Cl2/
MeOH 4:1) to afford 24 mg (38% over 3 step) of 5 as a color-
less amorphous solid.Rf = 0.23 (CH2Cl2/MeOH 4:1). 1H NMR
(300MHz, CDCl3/CD3OD 4:1): δ 8.08 (d, J=8.3 Hz, 2H), 7.67
(d, J=8.3Hz, 2H), 7.55 (d, J=8.1Hz, 2H), 7.29 (d, J=8.1Hz,
2H), 5.19-5.14 (m, 1H), 4.34 (t, J= 6.6 Hz, 2H), 4.06-3.93 (m,
4H), 3.85-3.80 (m, 1H), 3.66-3.61 (m, 2H), 3.60-3.56 (m, 2H),
3.48-3.38 (m, 2H), 2.66 (t, J=7.7 Hz, 2H), 2.40 (t, J=7.5 Hz,
2H), 1.86-1.79 (m, 2H), 1.76-1.70 (m, 2H), 1.69-1.62 (m, 2H),
1.56-1.49 (m, 4H), 1.39-1.19 (m, 40H), 0.89 (t, J=6.8Hz, 3H),
0.88 (t, J = 6.9 Hz, 3H). 13C NMR (50 MHz, CDCl3/CD3OD
4:1): δ 173.9, 167.3, 146.1, 143.6, 137.5, 130.3 (2C), 129.3 (2C),
128.9, 127.4 (2C), 127.1 (2C), 72.1 (2C), 71.3, 69.3, 66.7, 65.2,
64.6, 62.6, 35.9, 34.5, 32.1 (2C), 31.8, 30.0, 29.7 (15C), 28.8, 26.3,

25.8, 24.9, 23.0 (2C), 14.3 (2C). 31P NMR (202 MHz, CDCl3/
CD3OD 4:1): δ -1.02. IR (neat): 3320, 2920, 2851, 1717, 1276,
1102, 1069 cm-1; m/z (M þ Hþ) 927.58.

1-Octadecanoyl-2-(6-(40-octyl-4-phenylbenzoyloxy)-hexanoyl)-
sn-glycero-3-phospho-(S)-glycerol (6).The synthesiswasperformed
as for 5, starting from alcohol 18 (70 mg, 0.077 mmol) and afford-
ing 51 mg (70% over 3 step) of 6 as a colorless amorphous solid.
Rf = 0.54 (CH2Cl2/MeOH 5:1). 1H NMR (500 MHz, CDCl3/
CD3OD4:1): δ 8.08 (d, J=8.3Hz, 2H), 7.67 (d, J=8.3Hz, 2H),
7.56 (d, J=8.1 Hz, 2H), 7.29 (d, J=8.1 Hz, 2H), 5.27-5.22 (m,
1H), 4.39 (dd, J=12.0, 3.2Hz, 1H), 4.34 (d, J=6.6Hz, 2H), 4.17
(dd, J=12.0, 6.6Hz, 1H), 4.05-4.00 (m, 2H), 3.98-3.91 (m, 2H),
3.85-3.80 (m, 1H), 3.65-3.61 (m, 2H), 2.66 (t, J= 7.7 Hz, 2H),
2.40 (t, J= 7.5 Hz, 2H), 2.31 (t, J= 7.6 Hz, 2H), 1.86-1.78 (m,
2H), 1.76-1.69 (m, 2H), 1.68-1.62 (m, 2H), 1.62-1.56 (m, 2H),
1.55-1.49 (m, 2H), 1.39-1.20 (m, 38H), 0.89 (t, J=6.7 Hz, 3H),
0.88 (t, J=6.8Hz, 3H). 13CNMR(50MHz,CDCl3/CD3OD4:1):
δ 174.4, 173.6, 167.4, 146.3, 143.7, 137.6, 130.4 (2C), 129.4 (2C),
129.0, 127.5 (2C), 127.2 (2C), 71.2, 70.8, 67.1, 65.2, 64.4, 62.7 (2C),
36.0, 34.4 (2C), 32.3 (2C), 31.8, 29.9 (15C), 28.8, 25.9, 25.2, 24.9,
23.0 (2C), 14.3 (2C). 31P NMR (202MHz, CDCl3/CD3OD 4:1): δ
-1.30. IR (neat): 3314, 2921, 2851, 1737, 1467, 1277, 1103 cm-1;
m/z (M þ Hþ) 941.55.
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