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Abstract: The lipopeptide tripalmitoyB-glycerylcysteine (Paglys) is derived from théN-terminal part of
bacterial lipopeptides and is a polyclonal B-lymphocyte and macrophage activator. DerivativeszGfyBam
constitute highly potent, nontoxic immunoadjuvants, and lipopeptisitigen conjugates have found important
applications as novel fully synthetic low-molecular-weight vaccines. To establish a possible correlation between
molecular structure, aggregation properties, and biological activities, we have studied the self-assembly and
monolayer properties of a range of P#ys derivatives using transmission electron microscopy (TEM) and

a Langmuir-film balance combined with a Brewster angle microscopy (BAM). It was found that the chirality

of the glyceryl moiety and the additional serine unit impacted on the mode of aggregation and the monolayer
properties. Correlations are discussed between these physicochemical properties and biological activities.

Introduction vaccines. For example, a recently developed low-molecular-
weight synthetic vaccine against foot-and-mouth disease contains
a helical peptide as a hapten and B@gs as an in-built
adjuvant? A similar fully synthetic experimental AIDS vaccine
composed of a multi antigen peptide system, a peptide antigen,
and PargCys has been describédRecently, we reportédhe
synthesis of a saccharigpeptide-lipopeptide conjugate, which
is under investigation as a potential vaccine agd\eisseria
meningitidis These examples highlight that lipopeptiegntigen
conjugates represent a promising alternative to conventional and
recombinant protein vaccines.

The desirable immunological properties of R&ys conju-
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*NSR Institute for Molecular Structure, Design and Synthesis, University response. However, a much-improved immunological reaction

Lipoproteins found in the outer membraneksicherichia coli
are potent activators of B-lymphocytes and macrophadés
N-terminus of the protein part is linked t&s(dihydroxypropyl)-
cysteine moiety, which, in turn, is linked to a mixture of three
fatty acids, palmitic acid being the main one. The synthetic
derivative, tri-palmitoylS-glycerylcysteine (Paglys), has been
determined as the smallest biologically active compaound.
Antigen-specific antibodies can be elicited with low-molecular-
weight conjugates of Pay@ys with peptide- or saccharide-based
haptens. Such constructs are successfully used as fully synthetic

of Nijmegen. is observed when small haptens are coupled at the surface of
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OH known to organize into these structures makes it difficult to
? o predict this mode of assembly.
Ho/lj\/\s/\(\opm HO N/U\;/\S/Y\opm The coupling of an additional serine residue to Bays leads
fiHPal  PalO S & fwpa Pa0 to a compound that has significantly improved immunological
1RIS: RR/S-PamaCys 2 RIS: RR/S-Pam;Cys-Ser properties, and it was f(_)und that this r_nodificatipn also affected
1R: R,S-PamyCys 2 R: R,S-PamyCys-Ser its self-assembly behavior. Pt-shadowing experiments of a water
18: R/R-PamsCys 28: R/R-PamyCys-Ser suspension of Pas@ys-Ser 2S/R) displayed flat bilayers as
Figure 1. PamCys and PanCys-Ser derivatives. the dominating structure, which was sometimes round shaped

(Figure 3a). After aging for 7 days, extended structures, which
much more mitogenic than PaBys and is the preferred reached a length of approximately 380 nm (Figure 3b), were
compound for use in vaccines. (ii) The peptide sequence canobserved. Some of these structures appeared to be flattened and
be varied (length, sequence) without loss of biological activity. had a width of 77 nm, which is twice the width of nonflattened
(iii) The length of the fatty acid chains has only a marginal structures. The negative staining experiment, where uranyl
influence, but three acyl chains give an optimum biological acetate was applied before the aggregate was exposed to
activity. (iv) Lipopeptides withR-configuration in the glyceryl vacuum, gave further indications of the presence of tubular
moiety have a higher activity than the correspondig structures (Figure 3c). On the other hand, the diastereoisomeri-
diastereoisomers. cally pure compound8Sand2R already exhibited nonflattened

As part of a program to investigate a possible correlation extended structures in freshly prepared aqueous suspensions
between molecular structures, aggregation properties, and(Figure 3d), which reached a length of up tai® and a width
biological activities of PanCys derivatives, we have studied 0f approximately 26-50 nm and formed a dense network in
the self-assembly and monolayer properties of the compoundsthe aged sample (Figure 3e). Unfortunately, structures could
1 and?2 using transmission electron microscopy (TEM) and a hot be visualized in freeze fracturing experiments of samples
Langmuir-film balance combined with a Brewster angle mi- that contained low concentrations of material.
croscopy (BAM). Thus, the optically pure compoun@s and2R form highly
ordered extended aggregdfesvithout the need of aging,
whereas the epimeric mixtur2S/R initially formed vesicles
which, upon aging, rearranged to extended structures. A possible
X explanation of this phenomenon is that the vesicles are
pure compoundsR, 1S 2R, and2S (Figure 1), were prepared o5 1n65eq of both diastereoisomer2obipon aging, however,
according to Iltera}ture or modified literature methodologhs. _ achiral separation takes place to give thermodynamically more

Water suspensions of the compounds, prepared by a modifiedstaple extended aggregates that contain only one of the two
ethanol injection method, were studied by transmission electron epimers.
microscopy (TEM). The results of the study are summarized in \jonolayer Studies. It has been reportédithat diastereoi-
Table 1. The diastereoisomeric mixture of R@ys (R/S) someric mixtures of compounds$/Rform viscous monolayers.
formed vesicles with an average diameter of approximately 210 The main argument for this conclusion is based on the following
nm but which could be as large as 640 nm as seen by gpservations. (i) Hysteresis experiments showed that the surface
Pt-shadowing (not shown) and negative staining (Figure 2a). pressure of the compressed monolayer decreased during the
Freeze fracturing experiments showed that the vesicles Wereaiting period, which was probably due to continuous compres-
composed of multilamellar bilayers (Figure 2b). The observed sjon of the monolayer when the barrier had stopped. In addition,
morphology did not change upon aging. The pure diastgreoi' the second compression was steeper and showed smaller
somerslR and1Sdisplayed different self-assembly properties. compressibility at identical molecular areas, indicating that the
Initially, 1R and 1S formed relatively small vesicles_with molecules were more densely packed compared to the first
diameters in the range of 505 and 26-230 nm, respectively  compression. (ii) The isotherm showed a decrease in compress-
(not shown). After an aging period of 5 days, the vesicles jpjjity and a higher collapse pressure with temperature, which
reorganized to mainly tupular or rodlike st'ructures which \was in line with the expected decrease in viscosity with
reached a length of approximately:en for 1R (Figure 2c) and  temperature. (jii) Compression at the so-called thermodynamic
1S Interestingly, the intermediate structures shown in Figure mode, where the monolayer is only compressed further when
2d suggest that tube or rod formation proceeds by elongationhe monolayer has relaxed to equilibrium pressure, led to a
and fusion of vesicular structures. Tubular and rodlike structures gmallier compressibility?
are considered to be more ordered than vesicles, and their \ye nave extended the monolayer studies to the diastereo-
formation has been explained by several theories. For examF"evmerically pure compoundsS, 1R, 2S, and2R. The molecular
it has been suggested that a common mode of tube formationgreas and collapse pressures as functions of compression rates
is by rolling-up of bilayers® Some molecular structural features  5pq temperature have been measured, and hysteresis experiments
such as chiraliti and diacetylenic lipid$ are known to promote  haye been performed. The deduced molecular areas at which
tubular aggregation, but the limited number of compounds the monolayers form solid analogous states on a water surface
at 20°C are summarized in Table 2.

Results and Discussion
Electron Microscopy Studies.Diasterecisomeric mixtures
of PamCys (LS/R) and PangCys-Ser 2S/R), as well as optically

(9) (@) Wiesmiller, K. H.; Bessler, W. G.; Jung, Gloppe-Seyler's Z.

Physiol. Chem1983 364, 5, 593-606. (b) Kurimura, M.; Takemoto, M.; (12) (a) Georger, J. H.; Singh, A.; Price, R. R.; Schnur, J. M.; Yager,
Achiwa, K. Chem. Pharm. Bull199Q 38, 4, 1116-1112. (c) Kurimura, P.; Schoen, PJ. Am. Chem. S0d.987 109 20, 6169-6175. (b) Schnur,
M.; Takemoto, M.; Achiwa, KChem. Pharm. Bull1991, 39, 10, 2596~ J. M.; Price, R.; Schoen, P.; Yager, P.; Calvert, J. M.; Georger, J.; Singh,
2596. A. Thin Solid Films1987, 152 1—2, 181-206. (c) Rhodes, D. G.; Blechner,
(10) (a) Fuhrhop, J.-H.; Schnieder, P.; Boekema, E.; Helfrich) V&m. S. L.; Yager, P.; Schoen, Ehem. Phys. Lipid4987 49, 39. (d) Schnur,
Chem. Soc1988 110 9, 2861-2867. (b) Fuhrhop, J.-H.; Helfrich, W. J. M. Sciencel993 262 5140, 1669-1676. (e) Schnur, J. M.; Ratna, B.
Chem. Re. 1993 93, 4, 1565-1582 and references therein. R.; Selinger, J. V.; Jyothi, G.; Easwaram, K. R.$ciencel994 264, 5161,
(11) (a) Fuhrhop, J.-H.; Schnieder, P.; Rosenberg, J.; Boekema, E. 945-947.
Am. Chem. S0d.987, 109, 11, 38873390. (b) Selinger, J. V.; MacKintosh, (13) Prass, W.; Ringsdorf, H.; Bessler, W.; Wiedlay K. H.; Jung, G.

F. C.; Schnur, J. MPhys. Re. E 1996 53, 4, 3804-3818, and references Biochim. Biophys. Actd987 900, 1, 116-128.
therein. (14) Albrecht, O.Thin Solid Films1983 99, 13, 227-234.



Self-Assembly of Pa@ys and PanCys-Ser

Table 1. TEM Observations of Supra-Structures in Aqueous Media
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morphologies of

morphologies of

fresh preparations size aged preparatiofs size
IR/IS vesicles d = 160-640 nm unchanged
IR vesicles d = 50-105 nm vesicles d = 50-105 nm
NS: d = 78-1400 nm tubes L = 260-2500 nm
W= ~25 nm
IS vesicles d = 20-230 nm vesicles d = 60—230 nm
tubes L = 700-2300 nm
W = 40-70 nm
2R/S layers tubes L — 230-1900 nm
vesicles d = 25-55 nm (dominating) W= ~38 nm
tubes (few) L =230-360 nm (flat sectionsW = 77 nm)
W = 20=50 nm layers
2R fibers/tubes L = 154-3600 nm network of L = >1500 nm
W = 25-40 nm fibers/tubes W= ~30 nm
vesicles (few) d = 40-70 nm
2S fibers/tubes L = 260-2000 nm network of L = >1500 nm
W = 25-50 nm fibers/tubes W= ~30 nm
vesicles (few) d = 25-50 nm
|ayerS droundlayers: ~60 nm

a2 The experiments have been performed by Pt-shadowing and negative stdirintgngth; W = width; d = diameter; NS= negative staining.
b Aging after 5 or 7 days.

R

Figure 2. Electron micrographs of Pas@ys derivatives ). Bar represents 500 nm. (A) Negative stainindLBS; (B) freeze fracturing oilR/S
(C) Pt shadowing olLR after aging of 5 days; (D) Pt shadowing b$ after aging 5 days.

The compound®2R/S, 2R, and 2S showed very similar phiphiles with three alkyl chains. The system used for the
molecular areas and isotherms, and it is concluded that thecharacterization of monolayers (Experimental Section) is dif-
stereochemistry of these compounds has no detectable impacterent from the one used in the above-described experimeénts.
on the monolayer properties. The equipment used in this study is not computerized to allow

As shown in Table 2, the diastereocisomeric mixture of pam true thermodynamic mode measurements. On the other hand,
Cys (LS/R) can be compressed significantly more tightly than the system has two moving barriers and the difference in surface
the diastereoisomerically pure compountlS and 1R. The pressure between the barrier and the point of measurement is
values for the molecular areas, however, are typical of am- therefore smaller than in the case of compression with one
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Figure 3. Electron micrographs of Paf@ys-Ser derivatives2]. Bar represents 500 nm. (A) PBhadowing of freshly prepared dispersion of
2R/S (B) Pt shadowing oRR/S after aging for 7 days; (C) negative staining2R/S after aging for 7 days; (D) Pt shadowing of freshly prepared
dispersion of2R; (E) Pt shadowing o2R after aging for 7 Days.

Table 2. Molecular Areas and Collapse Pressure of Fays (Figure 4b). This characteristic did not disappear in the hysteresis
Derivatives experiment during the second compression (Figure 4e). It can
compound  molecular area (A/molec.)  collapse pressure (mN/m) therefore be concluded that it is not caused by a high viscosity
1R/S 56.7 55.0 but is due to the coexistence of liquid condensed and liquid
1R 63.0 56.5
18 £0.9 o3e expanded phase§ far. . .
2R/S 58.8 40.7 It would be of interest to observe this phase separation by
2R 58.5 41.0

microscopy and, in particular, to know if the chirality of the
molecules manifests itself in the 2-dimensional crystallites of
) ) ) L _ the liquid condensed phase as they grow during compression
b_arrler_. This mode_of compression shc_)uld minimize possible of the liquid expanded phase. Such crystallites have been
viscosity effects on |_sotherms and explain the marginal changesgypgerved by fluorescence microscopy and Brewster angle
in the shape of the isotherms and the collapse pressur_es.wherpnicroscopy in other casé&lIn the present case, no 2-dimen-
the monolayers are compressed more slowly to mimic a gjgng crystallization in the coexistence phase was observed by
thermodynamic mode (1 h/sweep instead of 12_ mm/swee_p). Brewster angle microscopy for any of the studied compounds
Nevertheless, our measured drop in pressure during the Waltlng(1 and2 S/R R, andS). Remarkably, the compounds showed
period as _weII. as a smaller c_ompress_lblllty durlng the second a strong tendency to aggregate already in a part of the isotherm
compression in the hysteresis experiment (Figure 4(.j) and 4\where no aggregation was expected, namely, at a pressure of
higher collapse temperature at higher temperature (Figure 4a)Ioi — 0 mN/m, which is supposed to represent a “gas-analogous”
supports the notion that th_e monollayer:l(S/R 'S VISCO.US' . phase where no interaction between the molecules is expected.
The results O.f the pure dlasteremspmers are very _mterestl_ng.AS an example, the Brewster angle microscope pictures of the
In t.h'e hyste.res[s experiment, a drop in pressure during the first nonviscous (see above) monolayer&fis presented in Figure
waiting period is observed fatR (Figure 4e) but not fodS 5. The first picture shows “floating islands” at i 0 mN/m 16

(Figure 4f). Thus, it can be concluded tHR is the diastere- . .
. ; X X . . which became denser and started to fuse upon compression to
oisomer responsible for the viscosity of the mixture of diaste- )
a surface pressure of 1 mN/m and, eventually, resulted in a

reoisomerslS/R, while pure 1S forms normal, nonviscous mosaic-like monolaver
monolayers. The different temperature effects on the isotherms Yer.
of 1Sand 1R po_rroborate thI.S conclus]on. Thus, the .coIIapse (15) (@) Van Esch, J. 1. Nolte, R. J. M.. Ringsdorf, H.; Wildburg, G.
pressure ofR is increased (Figure 4b) like that d8/R (Figure Langmuirl994 10, 6, 1955-1961. (b) Sommerdijk, N. A. J. M.; Buynsters,
4a), while the one ol S virtually remains the same when the P.J. A. A; Pistorius, A. M. A.; Wang, M.; Feiters, M. C.; Nolte, R. J. M.;
temperature is increased from 20 to 30 (Figure 4c). A~ Zwanenburg, BJ. Chem. Soc., Chem. Comm@i94 17, 1941-1942 and

. . correction, 2736. (c) Sommerdijk, N. A. J. M.; Buynsters, P. J. J. A;
shoulder in the isotherm between molecular area 60 ancP80 A axdemir, H.- Geurts, D. G.: Pistorius, A. M. A.: Feiters. M. C.: Nolte, R.
molecule is another unique feature observed forltRepimer J. M.; Zwanenburg, BChem. Eur. J1998 4, 1, 127-136.

2S 57.8 52.1
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Figure 4. Monolayer properties of Paylys and PagCys-Ser derivatives studied by Langmuir-film balance. (A) Temperature dependence of
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(F) hysteresis experiments &f.
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Table 3. Concentrations of the Water Suspensions Studied by
TEM
&
Pt negative freeze
- shadowing  staining fracturing solvent system
5 £ 1R/S EtOH/THF (8:2, viv)
E 1R 5.2% (w/v) 5.2% (wiv) 16% (w/v) EtOH/THF (8:2, v/v)
B 1S 4.6% (wiv) 4.6% (w/v) - EtOH/THF (8:2, v/v)
[ 2R/S 5.2% (w/v) 5.2% (w/v) 16.3% (w/v) EtOH/THF (1:1, v/v)
8 an 2R 6.1% (w/v) 6.1% (w/v) 12.9% (w/v) EtOH/THF (1:1, v/v)
i@ 2S 5.4% (wiv) 5.4% (wiv) 21.1% (w/v) EtOH/THF (1:1, v/v)
0 All compounds exceplS, which is the least biologically
A A 50 active of all, form very viscous monolayers. Furthermdr®,
Area [ Makeculs] is the diastereoisomer responsible for the viscosity of the mixture
) _ ) ' of diastereoisomersS/R The compound2R/S, 2R, and2S,
Figure 5. BAM images and isotherm dfS (11 °C). which all have an additional serine moiety, have very similar
Conclusmr)s _ _ _ _ molecular areas and isotherms, and thus, the stereochemistry
The desirable immunological properties of R@ys conju- of these compounds has not a detectable impact on their

gates arise from their intrinsic adjuvant properties such as B-cell, monolayer properties. Monolayer studies in combination with
macrophage, and neutrophile activation and the ability to self- Brewster angle microscopy have shown that F@ys deriva-
assemble to give macromolecular aggregates. Little is known tives have a high tendency to aggregate.
about a possible correlation between self-assembly properties The physicochemical studies described in this report provide
and immunogenicity; however, antigens have to be presenteda better understanding of a correlation between the configuration
at the surface of macromolecule assemblies to be recognizedand constitution of Pagys derivatives and biological activity.
by the immune system. The first step of the activation cascade gxperimental Section
involves a nonspecific interaction of the aggregates with plasma  CompoundsR/Swas synthesized by a known literature procediires
membranes of target immunological cells followed by fusibn.  and gave satisfying NMR, LSIMS, and HRMS data. Compoutiés
After fusion, the lipopeptide conjugates arrange in patches or 1S 2R/S 2R, and2Swere synthesized following a modified literature
concentrate on one pole at the cell membrane. It has beentproceduréj startmg_ from R, S,_or racemic gl_yC|doI anecysteine bis-
proposed® that the resulting perturbation of the cell membrane “Putyl ester. Details are provided in Materials and Methods.
may lead to the generation of cell activation signals. Recent Transmission electron microscopy (TEM) was performed on a Philips
. . . . EM201 instrument using an acceleration voltage of 60 kV. Pt shadowing
studies have also shown that the lipopeptides do not remain at,

h ‘ £ cell h I ol h I as performed using an Edwards 306 system. Freeze fracturing
the surface of cells but enter the cell plasma, the nuclear experiments were performed in a Balzers freeze etching system BAF

membrane, and even the nucleus within few minutes after 400 p, with samples rapidly frozen in a BAL-TEC JFD 030 jet-freeze
incubation of cells with lipopeptides. device. Ther—A-isotherms were recorded on a thermostated Langmuir
It is obvious that the interactions between lipopeptides trough (270x 70 mm) manufactured by Riegler & Kirsten GmbH
themselves or with cell membranes must be of great importance(Ultrathin Organic Film Technology). The monolayers were studied
for immunological properties. Here, we have demonstrated that during compression with a Brewster angle microscope (NFT BAM-1)
the mode of aggregation and the monolayer properties ofPam €quipped with a 10 mW He-NE laser with a beam diameter of 0.68
Cys derivatives are affected by their chirality and additional MM operating at 632.8 nm. The images were detected using a CCD

serine moiety. Correlations have been found between physico-c2Mera and recorded on a Panasonic supervHS video recorder.
chemical properties and biological activities. With respect to Monolayers were spread on a thermostated home—bunt Langmwrtrough
the latter. the li tide Pa@vs-Ser | : h tent (140 x 235 mm). Water used for all experiments was purified on a
e latter, the lipopeptide Pays-Ser is a much more potent | A\scoNCO Water Pro PS system.

mitogen than PagCys. Furthermore, compounds with R ster-  General Procedure for Pt-Shadowing. The dry compound was
eochemistry in the glyceryl moiety are more active than dissolved in an appropriate mixture of EtOH and THF. An aliquot of
compounds with the alternative S configuration. this solution was injected into hot (7Z) vortexed water. One drop
The diastereoisomeric mixture of Pgys (LR/S) formed of the resulting homogeneous water suspension was applied to a carbon-
multilamellar vesicles the morphology of which did not change coated copper grid. After the aggregates were allowed to settle for one
upon aging. On the other hand, the compoufi@sand 1R minute, the excess water was drained with filter paper. After drying,

formed relatively small vesicles, which, after aging, reorganized the @ggregates were shadowed with Pt atoms. _
to mainly rodlike structures. The additional serine moiety CGeneral Procedure for Negative Staining.The water suspension
impacts self-assembly properties, and the optically pure com- was prepared and applied to a copper grid as described above.

. Subsequently, a uranyl acetate solution (1:49, v/v) was added for one
pounds2S and 2R form highly ordered extended aggregates inute and then removed by filter paper.

without the need of aging, whereas the epimeric mix2&&R General Procedure for Freeze Fracturing and Etching Aqueous
initially formed vesicles, which upon aging rearranged to suspensions were prepared as described for Pt shadowing. A freshly
extended structures. Thus, biologically more active derivatives, cleaned gold (400 mesh) grid was immersed in the suspension and
which contain a serine moiety, have a greater predisposition to placed between two freshly cleaned copper plates. The grid and copper
form thermodynamically more stable tubular or rodlike ag- plates were rapidly frozen in liquid propane and fractured aé Torr

gregates. This tendency is even more profound when the samplegnd—105°C. After etching (2 min), Pt-shadowing (2 nm), and carbon
contain one of the two epimers only. deposition (20 nm), the resulting replicas were clean@8 h with
70% H.SO, and subsequently transferred to water (several times) and
(16) Van Nostrum, C. F., Ph.D. Thesis, University of Nijmegen, 1995. finally dried (Table 3).

Kroon, J. M.; Sudholter, E. J. R.; Schenning, A. P. H. J.; Nolte, R. J. M. Measurement of z-A-Isotherm. Before the measurements were

La?f%“ﬂégggrl} \1/\/2}5‘;33; W. H. Wille. B Biesert. L Bessler. W, Performed, the trough was cleaned with EtOH, which was removed by

G.; Jung, GRBiochim. .I’3iophys. ’Act'wé’a 114’9 1 20-39. "7 repeated partial replacement with water. The cleanness of the water
(18) Jung, G.; Carrera, C.; Bkner, H.; Bessler, W. GLiebigs Ann. surface was confirmed by a surface pressure deviation lower than 0.1

Chem.1983 9, 1608-1622. mN/m after compression. Compounds were dissolved inQ41and
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appropriate aliquots of these solutions were spread dropwise on the N-Fluorenylmethoxycarbonyl-S-[2,3-dihydroxy-(2R)-propyl]-(R)-
water surface. After a period of 10 min, the compression was started. cysteine tert-Butyl Ester (5R). The title compound was prepared
The speed of compression was either 1 h/sweep or 12 min/sweep. according to the procedure described for compdaiR(S starting from
Hysteresis Experiments.Hysteresis experiments were carried out 3 (1.5 g, 1.88 mmol) and R-glycidol4R) (1.4 g, 19.4 mmol).
as described in the literatut&ln brief, the monolayer was compressed Compound5SR (1.78 g) was obtained as a clear gum and used in the
to a surface pressure of 35 mN/m, kept at constant area for 5 min, next reaction step without purification.
decompressed, kept at constant area for 1 min, and then compressed H NMR (CDCl;, 300 MHz): 6 7.76 (d, 2H, Fmoc-Ar.Jchch =
till it collapsed. 7.4 Hz), 7.61 (d, 2H, Fmoc-ArJcu,.ch = 7.4 Hz), 7.40 (t, 2H, Fmoc-
Brewster Angle Microscopy.Monolayers were applied on a water  Ar.), 7.31 (t, 2H, Fmoc-Ar.), 5.79 (d, 1H, NHgynn = 7.7 Hz), 4.58-
surface as described above. Compression was performed at a speed of.46 (m, 1H, Cys-CH), 4.39 (d, 2H, Fmoc-CH Jcy crz = 6.3 Hz),
6.89 cnt/min under direct observation of the morphologies by the 4.23 (t, 1H, Fmoc-CH), 3.843.73 (m, 1H, S-glyceryl-CH), 3.72
Brewster angle microscope. 3.62 (m, 1H, S-glyceryl-OChkh), 3.573.45 (m, 1H, S-glyceryl-
Materials and Methods OCsz), 3.17 (brs, 1H, OH), 3.04 (dd, 1H, CyS-@H'J JcH2a,cH2p =
1H and3C NMR spectra were recorded on a Bruker DRX500 (500 142 Hz, Jencre = 4.6 Hz), 2.92 (dd, 1H, Cys-Ci, Jeucrz = 6.1
and 125 MHz, respectively) and on a Bruker AC300 spectrometer (300 H2), 2.81 (dd, 1H, S-glyceryl-CHJcrza crav= 13.6 Hz,Jen.cro = 3.7
and 75 MHz, respectively). Chemical shifts were measured in psrts H2), 2.62 (dd, 1H, S-glyceryl-C#, Jcucuo = 8.6 Hz), 2.09 (brs, 1H,
per million using the signal of the residual solvefitt NMR) or the OH), 1.47 (s, 9H,Bu-CHy). **C NMR (CDCk, 75 MHz): 6 170.0
deuterated solventC NMR) as internal standards. LSl and HR mass (Cys-CO), 156.2 (Fmoc-CQO), 143.8, 141.3, 127.8, 127.2,125.2, 120.1
spectra were recorded using a VG Zabspec mass spectrometer. MALDI(FMOC-Ar.), 83.1Bu-G), 71.0 (S-glyceryl-CH), 67.3 (Fmoc-G)65.1
TOF mass spectrometry experiments were performed on a Kratos (S-glyceryl-OCH), 54.5 (Cys-CH), 47.1 (Fmoc-CH), 36.5 (Cys-Ghi
Kompact MALDI IIl with solutions of trans-3-indolacrylic acid (10 35:5 (S-glyceryl-Ch), 28.0 {Bu-CH). LSIMS: m/z= 496 (M + Na)".
mg/mL), all-trans-retinoic acid (10 mg/mL) in THF, and gentisic acid N-Fluorenylmethoxycarbonyl-S-[2,3-dihydroxy-(2S)-propyl]-(R)-
(10 mg/mL) in acetonitrile/0.1% aqueous TFA (3:2, v/v) as the matrixes Cysteine tert-Butyl Ester (5S). The title compound was prepared
and as appropriate. Melting points were measured on a Gallenkampaccording to the procedure described for compdefR(5 starting from
melting point apparatus and are given uncorrected. Optical rotations 3 (1.5 g, 1.88 mmol) and S-glycido#§) (1.4 g, 19.4 mmol). Compound
were measured on a Perkin-Elmer 457 polarimeter. 5S(1.78 g) was obtained as a viscous oil and used in the next reaction
Gravity column chromatography was performed on silica gel 60 Step without purification.
(Merck, 70-230 mesh). Gel filtration was carried out on a Pharmacia  'H NMR (CDCl, 300 MHz): 6 7.76 (d, 2H, Fmoc-Ar.Jeu.ch =
LPLC system (Pharmacia Biotech Gradi Frac System) using Sephadex?-4 Hz), 7.60 (d, 2H, Fmoc-ArJcu.cn = 7.2 Hz), 7.40 (t, 2H, Fmoc-
LH 20 as the stationary phase. Dichloromethane and acetonitrile wereAr.), 7.32 (t, 2H, Fmoc-Ar.), 5.74 (d, 1H, NHcunu = 7.4 Hz), 4.58-
purchased from Fishers, distilled from calcium hydride, and stored over 4.45 (m, 1H, Cys-CH), 4.41 (d, 2H, Fmoc-CH Jencne = 7.0 Hz),
4 A molecular sieves under argoM,N-Dimethylformamide was  4.23 (t, 1H, Fmoc-CH), 3.853.73 (m, 1H, S-glyceryl-CH), 3.68 (dd,
purchased from Fishers, distilled from calcium hydride under reduced 2H, S-glyceryl-OCHa, Jerza crzo= 11.4 Hz,Jen,crz = 3.3 Hz), 3.54
pressure, and stored avé A molecular sieves under argon. Petroleum  (dd, 1H, S-glyceryl-OChb, Jecrz = 5.9 Hz), 3.11 (brs, 1H, OH),
ether (66-80 °C) and ethyl acetate were purchased from Fishers as 3.02 (dd, 1H, Cys-Ck&, JcrzacHzo= 14.0 HZ,Jcw,cre = 4.8 Hz), 2.93

well as dimethyl sulfoxide (GPC grade) for HPLC. Zn powder was
activated by treatment with aqueous HCI (32%)A molecular sieves
were purchased from Avocado, activated at 3@0in high vacuum
and stored under nitrogen. FmocSeR@-Wang resin was purchased
from NovaBiochem, cysteine dert-butylester from Bachem, piperidine
from Fluka, and all other chemicals from Aldrich. Reactions were
conducted under anhydrous conditions, under inert gas atmosphgre (N
and at room temperature if not mentioned otherwise.
N-Fluorenylmethoxycarbonyl-S-[2,3-dihydroxy-(2RS)-propyl]-
(R)-cysteinetert-butyl ester (5R/S).A solution of compound (1.5
g, 1.88 mmol) in DCM (15 mL) was treated with freshly activated Zn
powder (862 mg, 13.2 mmol) and a mixture of MeOH/HCI (32%)/
concentrated k8O, (100:7:1, v/viv, 6.5 mL). The reaction mixture was
stirred vigorously for 15 min, and subsequently, glycidéR(S) (1.4
g, 19.4 mmol) was added and the resulting mixture stirred 4CAHor
5 h. The mixture was concentrated to about half of the original volume
and cooled te-4 °C, and KHSQ (5%, 2 mL) added. After being stirred
at—4 °C for 16 h, the mixture was extracted with DCM 320 mL),
the combined organic layers were washed with watex (35 mL),
dried (MgSQ), and filtered, and the filtrate was concentrated in vacuo.
CompoundbR/S(1.78 g) was obtained as a viscous clear oil and used
in the next reaction step without further purification.
H NMR (CDCl;, 300 MHz): two diastereoisomer® 7.74 (d, 4H,
Fmoc-Ar.,JCH,CH = 7.4 Hz, R/S), 7.58 (d, 4H, Fmoc-ArJCHVCH =74
Hz, R/S), 7.38 (t, 4H, Fmoc-Ar., R/S), 7.29 (t, 4H, Fmoc-Ar., R/S),
5.92-5.72 (m, 2H, NH, R/S), 4.664.28 (m, 6H, Cys-CH Fmoc-
CHy, R/S), 4.21 (t, 2H, Fmoc-CHlch ez = 7.0 Hz, R/S), 3.833.65
(m, 2H, S-glyceryl-CH, R/S), 3.653.40 (m, 4H, S-glyceryl-OCH
R/S), 3.29 (brs, 2H, OH, R/S), 3.62.82 (m, 4H, Cys-Chl R/S),
2.81-2.00 (m, 6H, S-glyceryl-CH OH, R/S), 1.47 (s, 18HBuU-CH;,
R/S).13C NMR (CDCk, 75 MHz): 6 169.9 (Cys-CO), 156.2 (Fmoc-
CO), 143.8, 141.3, 127.8, 127.1, 125.2, 120.0 (Fmoc-Ar.), 8Bd- (
Cy), 71.0, 70.9 (S-glyceryl-CH), 67.2 (Fmoc-GH 65.3, 65.1 (S-
glyceryl-OCH), 54.6 (Cys-CH), 47.1 (Fmoc-CH), 36.5, 36.4 (Cys-
CH,), 35.6, 35.5 (S-glyceryl-Ch), 28.0 (Bu-CH). LSIMS: m/z= 496
(M + Na)'.

(dd, 1H, Cys-CHb, Jcn.chz= 6.3 Hz), 2.78 (dd, 1H, S-glyceryl-CG#,
JCHZa,CHZb: 13.8 HZ,JCH,CHZZ 4.2 HZ), 2.65 (dd, 1H, S-glyceryl-Cdi,
Jonchz = 7.7 Hz), 2.20 (brs, 1H, OH), 1.49 (s, 9fBu-CHs). $3C NMR
(CDCls, 75 MHz): 6 169.7 (Cys-CO), 156.2 (Fmoc-CO), 143.8, 141.3,
127.8,127.1, 125.2, 120.0 (Fmoc-Ar.), 83BU-Cy), 70.5 (S-glyceryl-
CH), 67.3 (Fmoc-Ch), 65.1 (S-glyceryl-OCH), 54.5 (Cys-CH), 47.1
(Fmoc-CH), 36.6 (Cys-Ch), 35.9 (S-glyceryl-CH), 28.0 {Bu-CH).
LSIMS: m/z= 496 (M + Na)'.

N-Fluorenylmethoxycarbonyl-S-[2,3-bis(palmitoyloxy)-(2RS)-
propyl]-(R)-cysteine tert-Butyl Ester (6R/S). Palmitic acid (1.74 g,
6.77 mmol), DIPC (1.03 g, 8.16 mmol), and DMAP (105 mg, 0.86
mmol) were added to a solution of compousid/S (1 g, 2.11 mmol)
in THF (25 mL). After the mixture was stirred for 2 h, glacial acetic
acid (0.9 mL) was added and the mixture was concentriatedcuo.
The residue was crystallized from DCM/MeOH (1:20, v/v)-&0 °C
to give 6R/S (1.813 g, 91%) as a white powder: mp-382 °C.

1H NMR (CDCl;, 300 MHz): two diastereoisomers 7.74 (d, 4H,
Fmoc-Ar.,Jcu.chn = 7.4 Hz, R/S), 7.59 (d, 4H, Fmoc-Aldchch= 7.4
Hz, R/S), 7.37 (t, 4H, Fmoc-Ar., R/S), 7.29 (t, 4H, Fmoc-Ar., R/S),
5.69 (d, 1H, NH Jcnn = 5.0 Hz), 5.66 (d, 1H, NHJcrnn = 5.5 Hz),
5.20-5.05 (m, 2H, S-glyceryl-CH, R/S), 4.54.43 (m, 2H, Cys-CH
R/S), 4.39-4.17 (m, 8H, S-glyceryl-OCkh, Fmoc-CH, Fmoc-CH,
R/S), 4.13 (dd, 2H, S-glyceryI-OC2H, JCHZa,CHZb: 5.9 HZ,JCH,CHz:
3.0 Hz, R/S), 4.10 (dd, 2H, S-glyceryl-O@b] Jcn.chz= 2.9 Hz, R/S),
3.07 (dd, 2H, CyS-Cbﬁ, JCHZa,CHZb: 13.8 HZ,JCH'CHZZ 4.6 Hz, R/S),
2.98 (dd, 2H, Cys-Chb, Jcrcrz= 5.1 Hz, R/S), 2.73 (d, 4H, S-glyceryl-
CHy, Jeh,cHe = 6.5 Hz, R/S), 2.352.19 (m, 8H, Pal-CH R/S, 1.66-
1.50 (m, 8H, Pal-Ch R/S), 1.46 (s, 18HBuU-CHs, R/S), 1.22 (brs,
96H, Pal-CH, R/S), 0.96-0.80 (m, 12H, Pal-Ck R/S.C NMR
(CDCls, 75 MHz): ¢ 143.8, 141.3, 127.7, 127.1, 125.0, 120.0 (Fmoc-
Ar.), 70.3 (S-glyceryl-CH), 67.3 (Fmoc-Gl 63.5 (S-glyceryl-OCh),
54.4 (Cys-CH), 47.1 (Fmoc-CH), 35.4 (Cys-GH 34.3, 34.1 (Pal-
CHy), 33.3 (S-glyceryl-CH), 31.0, 29.7, 29.5, 29.4, 29.2 (Pal-gH
28.0 (Bu-CHs), 24.9, 22.7 (Pal-Ch), 14.2 (Pal-CH).). LSIMS: nvz
= 949 (M + Na)".

N-Fluorenylmethoxycarbonyl-S-[2,3-bis(palmitoyloxy)—(2R)-pro-



7996 J. Am. Chem. Soc., Vol. 121, No. 35, 1999

pyl]-(R)-cysteine tert-Butyl Ester (6R). The title compound was

Reichel et al.

29.5, 29.4, 29.2 (Cys-CHIS-glyceryl-CH, Pal-CHy), 28.0 {(Bu-CHs),

prepared according to the same procedure as described for compoun@5.6, 24.9, 22.7 (Pal-Cij 14.1 (Pal-CH). LSIMS: m/z= 989 (100%,

6R/Sstarting from5R (1 g, 2.11 mmol). Compoun@R (1.99 g, 99%)
was obtained as a white powder: mp %45.

H NMR (CDCl;, 300 MHz): 6 7.76 (d, 2H, Fmoc-Ar.Jcy.cn =
7.7 Hz), 7.70 (d, 2H, Fmoc-Ardch cq = 7.0 Hz), 7.39 (t, 2H, Fmoc-
Ar.), 7.31 (t, 2H, Fmoc-Ar.), 5.70 (d, 1H, NHcynn = 5.0 Hz), 5.2
5.09 (m, 1H, S-glyceryl-CH), 4.564.45 (m, 1H, Cys-CH), 4.41—
4.33 (m, 1H, S-glyceryl-OCk4), 4.31 (d, 2H, Fmoc-CHl Jcn.chz =
3.7 Hz), 4.23 (t, 1H, Fmoc-CH), 4.15 (dd, 1H, S-glyceryl-Of6H
JCHZa,CHZb: 11.8 HZ,\]CH,CHZ =59 HZ), 3.09 (dd, lH, CyS-Cjﬂ,
JCHZa,CHZb: 14.0 HZ,JCH,CHZZ 4.4 HZ), 3.00 (dd, 1H, CyS-CﬂH, \]CH,CH2
= 5.3 Hz), 2.76 (d, 2H, S-glyceryl-CHIch cr2= 6.6 Hz), 2.38-2.21
(m, 4H, Pal-CH), 1.70-1.60 (m, 4H, Pal-Ch), 1.48 (s, 9H!Bu-CHs),
1.24 (brs, 48H, Pal-C§), 0.87 (t, 6H, Pal-Ch} Jcnz,ciz= 6.8 Hz).1°C
NMR (CDCl;, 75 MHz): ¢ 173.2, 172.9, 169.4, 155.6 (CO), 143.7,
141.2, 127.6, 127.0, 125.0, 119.9 (Fmoc-Ar.), 82B{C,), 70.1 (S-
glyceryl-CH), 67.1 (Fmoc-Ch, 63.4 (S-glyceryl-OCh), 54.2 (Cys-
CH®), 47.0 (Fmoc-CH), 35.2 (Cys-Gl 34.2, 34.0 (Pal-Chj, 33.2
(S-glyceryl-CH), 31.8, 29.6, 29.4, 29.3, 29.2, 29.0 (Pal-gt27.9 (-
Bu-CH;), 24.8, 22.6 (Pal-Ch), 14.0 (Pal-CH). LSIMS: m/z = 949
(M + Na)'.

N-Fluorenylmethoxycarbonyl-S-[2,3-bis(palmitoyloxy)-(2S)-pro-
pyll-(R)-cysteine tert-Butyl Ester (6S). The title compound was

prepared according to the same procedure as described for compoun(ﬁ)

6R/Sstarting from5S(1 g, 2.11 mmol). Compoun@S (1.762 g, 88%)
was obtained as a white powder: mp-42 °C.

H NMR (CDClz, 300 MHz): ¢ 7.76 (d, 2H, Fmoc-Ar.Joh.ch =
7.4 Hz), 7.61 (d, 2H, Fmoc-ArJcu.ch = 7.0 Hz), 7.39 (t, 2H, Fmoc-
Ar.), 7.31 (t, 2H, Fmoc-Ar.), 5.69 (d, 1H, NHcunn = 7.7 Hz), 5.20-
5.08 (m, 1H, S-glyceryl-CH), 4.564.47 (m, 1H, Cys-CH), 4.41—
4.32 (m, 1H, S-glyceryl-OCkh), 4.31 (d, 2H, Fmoc-CHl Jer.chz =
3.7 Hz), 4.23 (t, 1H, Fmoc-CH), 4.13 (dd, 1H, S-glyceryl-Of6H
JCHZa,CHsz 11.8 sz‘]CH,CHZ =59 HZ), 3.08 (dd, lH, Cys-CJd,
JCHZa,CHZbZ 13.4 HZ,JCH,Csz 4.6 HZ), 3.00 (dd, lH, Cys-OjH, JCH,CHZ
= 5.1 Hz), 2.76 (d, 2H, S-glyceryl-CHJcrciz = 6.3 Hz), 2.28 (t,
4H, Pal-CH, Jorzcre = 7.4 Hz), 1.68-1.51 (m, 4H, Pal-Ch), 1.48
(s, 9H, 'Bu-CHs), 1.24 (brs, 48H, Pal-Chj, 0.87 (t, 6H, Pal-ChHl
Jerz,cHs= 6.1 HZ).**C NMR (CDCk, 75 MHz): 6 173.4, 173.0 (CO),
143.8, 141.3, 127.7, 127.1, 125.2, 120.0 (Fmoc-Ar.), 8BL-Cy),
70.3 (S-glyceryl-CH), 67.3 (Fmoc-G} 63.5 (S-glyceryl-OCH), 54.4
(Cys-CHY), 47.1 (Fmoc-CH), 35.4 (Cys-Gi 34.3, 34.1 (Pal-Ch),
33.3 (S-glyceryl-CH), 32.0, 29.7, 29.5, 29.4, 29.2 (Pal-@H28.0 {-
Bu-CHs), 24.9, 22.7 (Pal-Ch), 14.2 (Pal-CH).). LSIMS: nvVz = 949
(M + Na)*.

S-[2,3-Bis(palmitoyloxy)-(2R)-propyl]-N-palmitoyl-(R)-cysteine
tert-Butyl Ester (7R). Compound6R (881 mg, 0.93 mmol) was
dissolved in DMF/piperidine (10 mL, 1:1, v/v). After being stirred for

[M + Nal*).
S[2,3-Bis(palmitoyloxy)-(2S)-propyl]-N-palmitoyl-(R)-cysteinetert-
Butyl Ester (7S). The title compound was synthesized following the
procedure described for compoud®. Compound6S (530 mg, 0.56
mmol) was used as a starting material. Compoé8¢480 mg, 89%)
was obtained as a white solid: mp 62 °C.
IH NMR (CDCl3, 300MHZ) 6 6.28 (d, 1 H, NH, Iy = 7.4 Hz),
5.18-5.07 (m, 1H, S-glyceryl-CH), 4.70 (m, 1H, Cys-CK4.31 (dd,
1H, S-Glyceryl-OCHa, Juanp = 12.0 Hz,Jyacn = 3.5 Hz), 4.12 (dd,
1H, S-Glyceryl-OCHb, Jup,cv = 6.1 Hz), 3.02 (d, 2H, Cys-CHj, 2.72
(m, 2H, H-S-glyceryl-CH), 2.35-2.26 (m, 4H, 2 Pal-C(O)C}), 2.23
(t, 2H, Pal-C(O)CH, J = 7.7 Hz), 1.68-1.53 (m, 6H, 3x Pal-Chj,
1.47 (s, 9H,'Bu-CHg), 1.35-1.15 (m, 7 H, 3x Pal-Chj, 0.91-0.83
(m, 9H, 3x Pal-CH). *3C NMR (CDCk) 6 173.3, 172.9, 169.7 (CO),
82.9 (Bu-Cy), 70.4 Sglyceryl-CH), 63.5 &glyceryl-OCH), 52.4 (Cys-
CH%), 36.5, 35.4, 34.3 34.1, 33.2, 31.9, 29.7, 29.5, 29.4, 29.1 (Cys-
CH,, S-glyceryl-CH, Pal-CH), 28.0 {Bu-CH), 25.6, 24.9, 22.7 (Pal-
CHy), 14.1 (Pal-CH). LSIMS: mv/z = 989 (100%, [M+ Na]).
S[2,3-Bis(palmitoyloxy)-(2R)-propyl]-N-palmitoyl-(R)-cysteine
(IR). Compound/R (600 mg, 0.62 mmol) was dissolved in trifluoro-
acetic acid (6 mL) and stirred for 1 h. The solvent was concentrated in
vacuo, the residue was treated with water (10 mL), and the waxlike
recipitate was washed with cold water (100 mL). Crystallization from
chloroform/light petroleum ether (1:16, v/v, 30 mL) afforded compound
IR (410 mg, 73%) as a white solid: mp 66 °C.
H NMR (CDCl) ¢ 6.58 (d, 1 H, NHJuy cH = 6.3 Hz), 5.215.09
(m, 1H, S-glyceryl-CH), 4.744.64 (m, 1H, Cys-CH), 4.37-4.28 (m,
1H, S-glyceryl-OCHa), 4.10 (dd, 1H, S-glyceryl-OCH, Jupna= 12.0
Hz, Jupcn = 6.1 Hz), 3.18-2.97 (m, 2H, Cys-Ch), 2.71 (d, 2H,
S-glyceryl-OCH, Jchz,ch= 6.3 Hz), 2.35-2.23 (m, 6H, 3x Pal-C(O)-
CH,), 1.68-1.52 (m, 6H, Pal-Ch), 1.35-1.17 (m, 72H, 3x Pal-C}),
0.90-0.82 (m, 9H, 3x Pal-Ck). 3C NMR (CDCk) 6 174.5, 173.6,
172.9 (CO), 70.2 (S-glyceryl-CH), 63.8 (S-glyceryl-Ogtb2.1 (Cys-
C%), 36.3, 34.3 34.1, 32.9, 31.9, 29.7, 29.6, 29.4, 29.2 25.6, 24.9, 22.7
(Cys-CH, S-glyceryl-Ch and Pal-CH), 14.1 (Pal-CH). LSIMS: m/z
= 955 (100%, [M+ 2Na-H]").
S[2,3-Bis(palmitoyloxy)-(2S)-propyl]-N-palmitoyl-(R)-cysteine (IS).
The title compound was prepared following the procedure described
for compoundR using7S(470 mg, 0.48 mmol) as the starting material.
CompoundS (370 mg, 84%) was obtained as a white solid: mp
67—68 °C.
14 NMR (CDCly) 6 6.52 (d, 1 H, NHJ\n.cn = 7.0 Hz), 5.26-5.10
(m, 1H, S-glyceryl-CH), 4.77 (m, 1H, Cys-CH 4.37 (dd, 1H,
S-glyceryl-OCHa, Jyanp = 11.8 Hz,Jpacn = 3.3 Hz), 4.09 (dd, 1H,
S-glyceryl-OCHb, Jup,ch = 6.4 Hz), 3.10 (d, 2H, Cys-CHIch.crz =
5.1 Hz), 2.79-2.64 (m, 2H, S-glyceryl-Cbj, 2.36-2.25 (m, 6H, 3x
Pal-C(O)CH), 1.69-1.53 (m, 6H, 3x Pal-Ch), 1.36-1.17 (m, 72 H,

2 h, the reaction mixture was concentrated under reduced pressure. Thgy pal-CH), 0.91-0.83 (m, 9H, 3x Pal-Ck). 13C NMR (CDCk) 6

residue was dissolved in DCM/DMF (5:2, v/v, 10 mL), and palmitic
acid (420 mg, 1.64 mmol), HONB (294 mg, 1.64 mmol), and DIPC
(208 mg, 1.64 mmol) were added. After being stirred for 16 h, the
reaction mixture was diluted with DCM (30 mL), filtered, and washed
with water (3 x 30 mL), aqueous NaHC{(5%, 3 x 30 mL), and
water (3x 30 mL). The combined aqueous layers were extracted with
DCM (3 x 50 mL). The combined organic layers were dried (MgBO
and concentrated iracua The residue was crystallized from chloroform/
MeOH (1:5, v/v, 15 mL) at C. Compound/R (880 mg, 97%,) was
isolated as a white solid: mg 56—57 °C.

H NMR (CDCls, 300 MHz)6 6.32 (d, 1 H, NH J\» = 7.4 Hz),
5.18-5.08 (m, 1H, S-glyceryl-CH), 4.70 (m, 1H, Cys-CH4.32 (dd,
1H, S-glyceryl-OCHa, Juamp = 11.8 Hz,Jnacn = 3.3 Hz), 4.13 (dd,
1H, S-glyceryl-OCHb, Jup.cn = 6.1 Hz), 3.07 (dd, 1H, HCys-CHa,
JHa,Hb =13.8 HZ,\]Ha.CH =46 HZ), 2.98 (dd, 1H, CyS-CﬂH, -J3b|2 =
5.1 Hz), 2.73 (d, 2H, S-glyceryl-Cid, Jya.ch = 6.6 Hz), 2.30 (m, 4H,

2 Pal-C(O)CH), 2.22 (t, 2H, Pal-C(O)CkH J = 7.7 Hz), 1.76-1.53
(m, 6H, 3 Pal-CH), 1.47 (s, 9H,Bu-CHs), 1.37-1.16 (m, 72 H, 3
Pal-CHy), 0.91-0.82 (m, 9 H, 3 Pal-Chj; **C NMR (CDCk) 6 173.3,
172.9 170.0, (CO), 82.9Ru-C), 70.3 (S-glyceryl-OCH), 63.5 (S-
glyceryl-OCH), 52.5 (Cys-CH), 36.5, 35.2, 34.3 34.1, 33.2, 31.9, 29.7,

174.6 173.7, 173.0 (CO), 70.4 (S-glyceryl-CH), 63.9 (S-glyceryl-Q¢CH
52.1 (Cys-CH), 36.5, 34.5 34.3, 33.0, 32.0, 29.9, 29.7, 29.5, 29.3,
25.7, 25.1, 22.9 (Cys-CHiS-glyceryl-CH, Pal-CH), 14.3 (Pal-CHj).
LSIMS: m/z = 955 (100%, [M+ 2Na-H]").

N-Fluorenylmethoxycarbonyl-S-[2,3-bis(palmitoyloxy)—(2RS)-
propyl]-(R)-cysteine (8R/S).Compound6R/S (1 g, 1.05 mmol) was
dissolved in TFA (20 mL), and the mixture was stirred fioh and
subsequently concentrated in vacuo. The oily residue was coevaporated
from toluene (3x 10 mL) and DCM (3x 10 mL) and finally
lyophilized fromtert-butyl alcohol to affordBR/S(917 mg, 99%) as a
white solid: mp 64-65 °C.

H NMR (CDClz, 300 MHz): two diastereoisomer® 7.76 (d, 4H,
Fmoc-Ar.,Jcu.chn = 7.4 Hz, R/S), 7.61 (d, 4H, Fmoc-Adch,ch= 7.0
Hz, R/S), 7.39 (t, 4H, Fmoc-Ar., R/S), 7.31 (t, 4H, Fmoc-Ar., R/S),
5.73 (d, 2H, NHJchnn = 7.0 Hz, R/S), 5.26:4.99 (m, 2H, S-glyceryl-
CH, R/S), 4.724.59 (m, 2H, Cys-CH, R/S), 4.45-4.04 (m, 10H,
S-glyceryl-OCH, Fmoc-CH, Fmoc-CH, R/S), 3.233.02 (m, 4H, Cys-
CHy, R/S), 2.85-2.60 (m, 4H, S-glyceryl-CH R/S), 2.38-2.19 (m,
8H, Pal-CH, R/S), 1.69-1.52 (m, 8H, Pal-Ch R/S), 1.25 (brs, 96H,
Pal-CH, R/S), 0.92-0.83 (m, 12H, Pal-Ckl R/S).*3C NMR (CDCE,
75 MHz): ¢ 174.1, 173.4, 173.3 (CO), 156.9 (Fmoc-CO), 143.6, 141.1,
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127.6, 127.0, 125.0, 119.8 (Fmoc-Ar.), 70.1 (S-glyceryl-CH), 67.3
(Fmoc-CH), 63.4 (S-glyceryl-OCH), not seen (Cys-C#, 47.0 (Fmoc-
CH), 34.7, 34.2, 34.0, 31.8, 29.4, 29.0 (CysLC8-glyceryl-CH, Pal-
CH,), 24.8, 22.6 (Pal-ChJ, 14.0 (Pal-CH). MALDI TOF MS: m/z=
916 ([M + Na I, indolacrylic acid), 915 ([M+ Na J*, gentisic acid).
LSIMS: m/z = 938.5 (M+ 2Na-H)".

N-Fluorenylmethoxycarbonyl-S-[2,3-bis(palmitoyloxy)—(2R)-pro-
pyl]-(R)-cysteine (8R).The title compound was prepared according
to a procedure similar to that for compou8R/S starting from6R (1
g, 1.05 mmol). Compoun8R (816 mg, 87%) was obtained as a white
solid: mp 61°C.

'H NMR (CDCls, 300 MHz): 8 7.76 (d, 2H, Fmoc-Ar.Jch.ch =
7.7 Hz), 7.62 (d, 2H, Fmoc-Ardc ci = 7.0 Hz), 7.39 (t, 2H, Fmoc-
Ar.), 7.31 (t, 2H, Fmoc-Ar.), 5.75 (d, 1H, NHcynw = 7.0 Hz), 5.22-
5.09 (m, 1H, S-glyceryl-CH), 4.744.58 (m, 1H, Cys-CH), 4.47—
4.05 (m, 5H, S-glyceryl-OCK Fmoc-CH, Fmoc-CH), 3.2+3.00 (m,
2H, Cys-CH), 2.90-2.60 (m, 2H, S-glyceryl-Ch}, 2.41—2.20 (m, 4H,
Pal-CH), 1.71-1.52 (m, 4H, Pal-Ch), 1.24 (brs, 48H, Pal-Chl 0.89—
0.83 (m, 6H, Pal-Ch). *3C NMR (CDCk, 75 MHz): 6 174.4, 173.5,
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H NMR (CDCl;, 500 MHz): two diastereoisomers) 7.64 (brs,
2H, Ser-NH, R/S), 6.83 (brs, 2H, Cys-NH, R/S), 5.23 (brs, 2H, Ser-
OH, R/S), 5.17 (brs, 2H, S-glyeryl-CH, R/S), 4.70 (brs, 2H, Cys-CH
R/S), 4.57 (brs, 2H, Ser-CHR/S), 4.35 (dd, 2H, S-glyceryl-OCH,
JCHZa,CHZb: 18.1 HZIJCH,CH2 = 11.6 Hz, R/S), 4.264.09 (m, 2H,
S-glyceryl-OCHb, R/S), 4.04 (brs, 2H, Ser-OGal R/S), 3.89 (brs,
2H, Ser-OCHb, R/S), 3.18-2.87 (m, 4H, Cys-CH R/S), 2.82-2.68
(m, 4H, S-glyceryl-CH, R/S), 2.36-2.20 (m, 12H, Pal-CH R/S),
1.69-1.54 (m, 12H, Pal-CH R/S), 1.25 (brs, 144H, Pal-GHR/S),
0.88 (t, 18H, Pal-Chl Jcpz,cha= 7.0 Hz, R/S)C NMR (CDCk, 125
MHz): 6 174.6, 174.5, 173.8, 173.6, 173.6, 170.6 (CO), 70.3 (S-gly-
ceryl-CH), 63.8, 63.8 (S-glyceryl-OCl 62.6 (Ser-OCH), 55.2 (Ser-
CH%), 52.6, 52.2 (Cys-CH, 36.4, 34.5, 34.4, 34.1 (Pal-GH 32.8,
32.4 (S-glyceryl-CH)), 31.9, 29.7, 29.6, 29.3, 29.2, 25.6, 24.9, 24.9,
22.7 (Pal-CH), 14.1 (Pal-CH)). LSIMS: m/z = 1019.9 (M+ Na)*.

N-Palmitoyl-S-[2,3-bis(palmitoyloxy)-(2R)-propyl]-(R)-cysteinyl-
(S)-serine (2R).The title compound was prepared according to a
procedure similar to that described for compo@RfS starting from

173.4 (CO), 155.9 (Fmoc-CO), 143.7, 141.3,127.7,127.1, 125.1, 120.0 Wang resin containing\-FmocO-(tert-butyl)-serine 9) (200 mg,

(Fmoc-Ar.), 70.2 (S-glyceryl-CH), 67.4 (Fmoc-GK163.5 (S-glyceryl-
OCH,), 53.7 (Cys-CH), 47.1 (Fmoc-CH), 34.7 (Cys-GH 34.3, 34.1
(Pal-CH), 33.0 (S-glyceryl-Ch), 31.9 (Pal-CH), 29.7, 29.5, 29.4, 29.1
(Pal-CH), 24.9, 22.7 (Pal-Ch), 14.1 (Pal-CH). LSIMS: m/z = 916
(M + Na)".

N-Fluorenylmethoxycarbonyl-S-[2,3-bis(palmitoyloxy)-(2S)-pro-
pyl]-(R)-cysteine (8S)The title compound was prepared according to
a procedure similar to that described for compoB8RiS starting from
6S(1 g, 1.05 mmol). Compoun8s (924 mg, 99%) was obtained as a
white solid: mp 64°C.

H NMR (CDCl;, 300 MHz): 6 7.75 (d, 2H, Fmoc-Ar.Jcy.cn =
7.4 Hz), 7.60 (d, 2H, Fmoc-ArJcu,ch = 7.0 Hz), 7.39 (t, 2H, Fmoc-
Ar.), 7.30 (dt, 2H, Fmoc-Ar.Jccn= 1.1 Hz,Jcn.cn = 7.4 Hz,Jch cH
= 8.5 Hz), 5.74 (d, 1H, NHJcunn = 7.7 Hz), 5.22-5.09 (m, 1H,
S-glyceryl-CH), 4.724.60 (m, 1H, Cys-CH), 4.46-4.28 (m, 3H,
S-glyceryl-OCHa, Fmoc-CH), 4.24 (t, 1H, Fmoc-CHJchchz = 7.0
HZ), 4.02 (dd, 1H, S-glyceryl-OCjb, JCHZa,CHZb: 12.1 HZ,JCH,CHZZ
6.1 Hz), 3.213.00 (m, 2H, Cys-Ch), 2.90-2.60 (m, 2H, S-glyceryl-
CHy), 2.40-2.20 (m, 4H, Pal-Ch), 1.71-1.52 (m, 4H, Pal-CH), 1.25
(brs, 48H, Pal-Ch), 0.92-0.81 (m, 6H, Pal-Ch). 1*C NMR (CDCk,
75 MHz): 0 174.3, 173.6, 1.73.3 (CO), 155.8 (Fmoc-CO), 143.7, 141.3,
127.8, 127.1, 125.6, 120.0 (Fmoc-Ar.), 70.3 (S-glyceryl-CH), 67.4
(Fmoc-Ch), 63.6 (S-glyceryl-OCH), 53.6 (Cys-CH), 47.1 (Fmoc-
CH), 34.6 (Cys-CH), 34.3, 34.1 (Pal-C}J, 29.7, 29.4, 29.2 (Pal-Ci
23.2, 22.7 (Pal-Ch), 14.2 (Pal-CH). LSIMS: m/z= 939 (M + 2Na-
H)*.

N-Palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl-(R)-cysteinyl-
(S)-serine (2R/S)Wang resin containiny-FmocO-(tert-butyl)-serine
(9) (200 mg, loading 0.82 mmol/g) was pre-swollen in DMF and the
Fmoc group cleaved by treatment with piperidine/DMF (2:8, v/v, 10
mL, 30 min) as indicated by a positive Kaiser test. The solvent was
removed and the resin washed with DMF (30 mLx41.0 min). The
mixture was suspended in DCM/DMF (5:2, viv, 14 mBR/S (293
mg, 0.328 mmol), HONB (59 mg, 0.328 mmol), and DIPC (42 mg,
0.328 mmol) were added, the mixture was agitatedS5d when a
negative Kaiser test indicated completion of the coupling reaction. The
solvent was removed and the resin washed with DCM/DMF (5:2, v/v,
28 mL, 3 x 10 min) and subsequently treated with piperidine/DMF
(2:8, vlv, 10 mL, 30 min). A positive Kaiser test indicated cleavage of

loading 0.82 mmol/g) an8R (293 mg, 0.328 mmol). After purification
by gel filtration chromatography (Sephadex LH-20, MeOH/DCM, 1:1,
vlv), 2R (100 mg, 61%) was obtained as a white powdeiof> =
—10.0° (DCM, ¢ = 11.28 mg/mL): mp 6769 °C.

H NMR (CDCls, 500 MHz): ¢ 7.55 (brs, 1H, Ser-NH), 6. 71 (d,
1H, Cys-NH,Jcune = 6.2 Hz), 5.175.05 (m, 1H, S-glyceryl-CH),
4.72-4.59 (m, 1H, Cys-CH), 4.53 (brs, 1H, Ser-C#, 4.26 (dd, 1H,
S-glyceryI-OCHa, JCHZa,CHZb: 11.8 HZ,JCH,CHZZ 2.5 HZ), 4.08 (dd,
1H, S-glyceryl-OCHb, Jchcr. = 6.3 Hz), 3.99 (d, 1H, Ser-CH,
JCHZa,CHZb: 7.0 HZ), 2.92 (dd, 1H, CyS—de, JCHZa, cHzp= 13.6 Hz,
Jen,cHe = 5.0 Hz), 2.84 (dd, 1H, Cys-CHd, Jeh,cre = 6.8 Hz), 2.76-
2.62 (m, 2H, S-glyceryl-Chj, 2.30-2.13 (m, 6H, Pal-Ch), 1.59—
1.49 (m, 6H, Pal-Ch), 1.19 (brs, 79H, Pal-CK OH), 0.84-0.77 (m,
9H, Pal-CH). *3C NMR (CDCk, 125 MHz): 6 174.6, 173.9, 173.6,
170.5 (CO), 70.3 (S-glyceryl-CH), 63.8 (S-glyceryl-OgH52.6 (Ser-
OCH,), 55.0 (Ser-CH), 52.5 (Cys-CH), 36.4 (Pal-CH), 34.6 (Cys-
CH,), 34.4, 34.1 (Pal-Ch), 32.8 (S-glyceryl-CH), 31.9, 29.7, 29.6,
29.4, 29.2, 25.6, 25.0, 24.9, 22.7 (PalHL4.1 (Pal-CH). LSIMS:
m/'z = 1019.8 (M+ Na)". HRMS (LSIMS): calcd for GH10gN20s-
SNa (M + Na)" 1019.7673, found 1019.7674.

N-Palmitoyl-S-[2,3-bis(palmitoyloxy)-(2S)-propyl-(R)-cysteinyl-
(S)-serine (2S)The title compound was prepared according to the same
procedure as described for compo2R/S starting from Wang resin
containingN-Fmoc-O-(tert-butyl)-serine (200 mg, loading 0.82 mmol/
g) and8S (293 mg, 0.328 mmol). After purification by gel filtration
column chromatography (Sephadex LH-20, MeOH/DCM, 1:1, \29),
(148.8 mg, 91%) was obtained as a white powde}pP° = —22.8
(DCM, ¢ = 2.67 mg/mL): mp 69-70 °C.

H NMR (CDCl;, 500 MHz): ¢ 7.66 (d, 1H, Ser-NHJcynn = 6.8
Hz), 6.79 (d, 1H, Cys-NHJcunn = 7.5 Hz), 5.22 (brs, 1H, Ser-OH),
5.21-5.11 (m, 1H, S-glyceryl-CH), 4.774.66 (m, 1H, Cys-CH), 4.59
(brs, 1H, Ser-CH), 4.37 (dd, 1H, S-glyceryl-OC#a, Jchza,chzb= 12.0
HZ, JCH,CHZZ 2.8 HZ), 4.14 (dd, 1H, S-glyceryI-OQH, JCH,CHZZ 6.3
Hz), 4.06 (d, 1H, Ser-OC#4, Jch,cHz = 10.1 Hz), 3.91 (d, 1H, Ser-
OCsz, JCH,CHZa: JCHZa,CHZb: 10.0 HZ), 2.98 (dd, 1H, CyS-CzH,
JCHZa,CHZb: 13.9 HZ,JCH,(;HQZ 55 HZ), 2.92 (dd, 1H, Cys-CjH, JCH,CHZ

the Fmoc group. The solvent was removed, the resin was washed with= 7.0 Hz), 2.78 (dd, 1H, S-glyceryl-Gl, Joiza crzb= 14.1 HZ, Jem.cre

DMF (30 mL, 4 x 10 min) and subsequently suspended in DCM/
pyridine (1:1, v/v, 10 mL), and palmitoyl chloride (451 mg, 1.64 mmol)

= 6.2 Hz), 2.73 (dd, 1H, S-glyceryl-GH, Jch.crz = 6.4 Hz), 2.36-
2.20 (m, 6H, Pal-ChH), 1.66-1.54 (m, 6H, Pal-Ch), 1.25 (brs, 72H,

was added. After agitation for 3 h, a negative Kaiser test indicated a Pal-CH,), 0.91-0.85 (m, 9H, Pal-Ch). *3C NMR (CDCk, 125 MHz):
complete coupling reaction. The solvent was removed and the resin$ 174.5, 173.7, 172.7, 172.5, 170.6 (CO), 70.3 (S-glyceryl-CH), 63.8

washed with DCM/DMF (5:2, v/v, 28 mL, % 10 min) and DCM (28
mL, 3 x 10 min). The dry resin was treated with TFA/water (95:5,
v/v, 10 mL) for 1 h. The solvent was removed by filtration and the
resin washed with TFA (2x 5 mL). The combined filtrates were
concentrated in vacuo and lyophilised froent-butyl alcohol. The white
residue was purified by gel filtration (Sephadex LH-20, MeOH/DCM,
1:1, vlv) to afford2R/S (127.5 mg, 78%) as a colorless sticky foam.

(S-glyceryl-OCH), 62.6 (Ser-OCHh), 55.0 (Ser-CH), 52.2 (Cys-CH),
36.4, 34.5, 34.4, 34.1 (Pal-G)132.3 (S-glyceryl-Ch), 31.9, 31.7, 29.7,
29.6, 29.4,29.2, 29.0, 25.6, 24.9, 24.9, 22.7 (Pa)CHL.1 (Pal-CH)).
LSIMS: m/z = 1019.8 (M + Na). HRMS (LSIMS): calcd for
Cs7H10dN20sSNa (M + Na)" 1019.7673, found 1019.7672.
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