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Abstract: For the study of biological phenomena influenced by the plasma-membrane-Basgpioteins

and other lipidated proteins, characteristic peptides which embody the correct lipid modifications of their parent
proteins (palmitoyl thioesters and farnesyl thioethers), as well as analogues thereof, may serve as suitable
tools. For the construction of such acid- and base-labile peptide conjugates, the enzymeHabile
acetoxybenzyloxycarbonyl (AcOZ) urethane blocking group was developed. The acetate moiety within the
AcOZ group is easily saponified by treatment with acetyl esterase or lipase. After cleavage of the acetate
group the resulting quinone methide spontaneously fragments, resulting in the liberation of the desired peptide
or peptide conjugates. This enzymatic protecting group technique formed the key step in the synthesis of the
characteristic S-palmitoylated and S-farnesylated C-terminus of the huniRasplotein. Deprotections are

so mild that no undesired side reactions of the lipid conjugates are observed (i.e., no hydrg@lysiisndnation

of the thioester and no acid-mediated attack on the double bonds of the farnesyl group). The combination of
enzymatic protecting group techniques with classical chemical methods allowed access to various fluorescent-
labeled and differently lipid-modifieRaslipopeptides. Their application in biological experiments enabeled

the study of the structural requirements for the acylatioRa$ssequence motifs in vivo and gave insight into

the subcellular site at which these modifications occur. The results indicate that the plasma membrane is a
major site of cellular S-acylation. This supports a mechanism for the selective subcellular localization of
lipidated proteins, including thRasproteins themselves, by kinetic targeting to the plasma membrane.

Introduction The biological relevance of lipid-modified proteins is high-
lighted by the crucial role of the so-callelas proteins in
maintaining the regular life cycle of cells. THeasproteins

are a class of membrane-bound lipoproteins which are found
in organisms as diverse as mammals, flies, worms, and yeast.
They serve as central molecular switchesd translate the
signals given by growth factors via a well-balanced series of
noncovalent proteifiprotein interactions into a cascade of
highly specific protein phosphorylations, resulting in the activa-
tion of transcription factors (Scheme 1). ThiRgsregulates
cell growth and proliferation. If this regulation is disturbed or
interrupted, uncontrolled proliferation may occur which may
result in the transformation of the cell. Thus, a point mutation
in the Rasoncogenes coding for thRasproteins is found in

ca. 40% of all human cancers, a figure which rises to 80% for
some of the major malighancies such as lung, colon, and
'hancreas canceér.

Due to the important biological roles of lipid-modified
proteins, the study of protein lipidation and its biological
significance is at the forefront of biological research. Recent
reports have revealed that the covalently attached lipids do not
only serve to anchor the modified proteins in cytoplasmic or
vesicular membranes but rather may be involved directly in the

*Telephone: Intl. ¢)721-608-2091. Telefax: Intl+)721-608-4825. transduction of signals and the regulation of respective effector
E-mail: waldmann@ochhades.chemie.uni-karlsruhe.de.

The transduction of stimuli from the extracellular space across
the plasma membrane into the cell and ultimately to the cell
nucleus is among the most important processes by which cells
regulate growth, differentiation, and proliferation. In the
signaling cascadés employed in nature, covalently modified
proteins play decisive roles. Among the different types of
covalent protein modifications, lipidation is particularly relevant.
It can generally arise in three different ways: (1) the co- or
posttranslational attachment of myristic acid to an N-terminal
glycine, (2) the attachment of palmitic acid to the thiol group
of cysteine, and (3) the formation of farnesyl- or geranylgeranyl
thioethers of cysteing.

The lipid groups influence the cellular distribution as well
as the function of various lipidated proteins important for cellular
signaling processes. For instance, the transmembrane G protei
coupled receptors are S-palmitoylated; the heterotrimeric G
proteins are N-myristoylated, S-palmitoylated, and S-farnesyl-
ated; and theRas proteins carryS-palmitoyl and S-farnesyl
groups. In addition, numerous other membrane-associated
proteins are lipidated, for example, the enzyme/d¢hthetasé,
and various viral envelope protetnare S-palmitoylated.

(1) Lodish, H.; Baltimore, D.; Berk, A.; Zipursky, S. L.; Matsudeira, P.; (4) Robinson, L. J.; Michel, TProc. Natl. Acad. Sci. U.S.A995 92,
Darnell, J.Molecular Cell Biology 3rd ed.; W. H. Freeman & Co.: New 11776.

York, 1995, Chapter 20. (5) (a) Ponimaskin, E.; Schmidt, M. ®Biochem. Soc. Trand995 23,
(2) (@) Krauss, GBiochemie der Regulation und Signaltransduktion  565. (b) Yang, C.; Spies, C. P.; Compas, R.Rkoc. Natl. Acad. Sci. U.S.A.
VCH: New York, 1997 (b) Hidaka, H.; Nairin, A. C., Eddntracellular 1995 92, 9871. (c) Hensel, J.; Hintz, M.; Kargs, M.; Linder, D.; Stahl, B.;

Signal Transduction, Aginces in Pharamacology\cademic Press: San Geyer, R.Eur. J. Biochem1995 232, 373.

Diego, 1996; Vol. 36. (6) (a) Boguski, M. S.; McCormick, FNature1993 366, 643. (b) Egan,
(3) (a) Casey, P. Bciencel995 268 221. (b) Milligan, G.; Pateri, M.; S. E.; Weinberg, R. ANature 1993 365, 781.

Magee, A. L.TIBS1995 181. (7) Levitzki, A. Eur. J. Biochem1994 226, 1.

S0002-7863(98)00562-9 CCC: $15.00 © 1998 American Chemical Society
Published on Web 06/29/1998



6890 J. Am. Chem. Soc., Vol. 120, No. 28, 1998 “géla et al.

Scheme 1. The RasSignal Transduction Pathwdy Scheme 2. Structure of the Characteristic Acid- and
Base-Labile C-Terminal Lipoheptapeptide of the Human
Gp @GP Glycoproteins N-RasProtein
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aGF = growth factor. RTK= receptor tyrosine kinase. TE
transcription factor.

system$10 For instance, it has been demonstrated that
S-palmitoylation plays a central role in regulating the respective -Gly-Cys(Pal)-Met-Gly-Leu-Pro-Cys(Far)-OMe
effector systems of the G protein couplédadrenoceptdfand

rhodopsin®® In this system, after stimulation of th@,- istic lipidated peptides embodying the correct lipid groups and

adrenoceptor, the palmitoylation state of the frotein coupled amino acid sequences of their parent lipid-modified proteins

to this receptor !S a_ltere%ﬂ’. - - and additionally carrying labels by which they can be traced in
Rasproteins (vide infra) must be lipid-modified and membrane- ) qical systems (i.e., fluorescent tags which can be detected

associated to perform both their normal and oncogenic biological by fluorescence microscopy and fluorescence spectroscopy) are
functions. In the nonlipidated forms thRas proteins are useful reagents-18

cytosolic and cannot transduce sigrfal&; and it is believed Thus, fluorescent-labeled lipidated peptides which embody

that the interaction betweeRasand its downstream effector farnesyl thioethers and palmitoyl thioesters have proven to be

22;&??%; ﬁln) d:i mtﬁgﬁ;[e%gii;hcz;aége;ﬁlc?; tl:)p ﬁ;ﬁ;i?etem efficient tools for the study of the membrane binding of lipidated
9 P 9 peptides and proteii§:17 Such compunds can also shed light

correct cellular signaling may have far reaching consequences . . 2
g g may 9 q on cellular mechanisms by which these covalently modified

{rc: glr?;%?lgﬁlezr}grF;hgrerggﬁ:i%?ﬂst;e;;ﬁmgf blitolrga%aﬁ)gv'g; polypeptides may be targeted to their subcellular destination,
tra?]sduction as well as for the im rovemgent of théJ efficiegnc thatis, the plasma membratfel® Unfortunately, the synthesis
’ P Y of such peptide conjugatés18-22 for example the characteristic

Ofgn:?s WT'th 'n?l;?r;ceiS'?nil trr]arr]rf’d#m\',a?i phrocres?iﬁs. nced C-terminal lipidated heptapeptideof the human NRasprotein,
or the study of biological phenomena which are Infiuenced ; severely complicated by their pronounced acid and base

2?!5;%]2]833‘eﬂgp;r?itf?fﬁtg;iigognnbéngggﬂyzfictgisgﬁznljguneesw lability (Scheme 2). Thus, during acid-mediated removal of
and alternativ;a opportunitié3:1° ’For such studies, character- the Boc group from S-famesylated cysteinyl peptides, an attack
) ’ by the acid on the double bonds of the farnesyl residue always
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Ermolaeva, M. V.; Gautam, N. Biol. Chem1994 269, 21399. (b) Scheer, ini i

A Gierschik, PBiochemisiryl995 34 4952, () Matsuda, T.; Takao, T: | Pidated peﬁtlge;h)gjrolytze tipontaneouslyéaveq dat p+3 B]b

Shimonishi, Y.; Murata, A.; Asano, T.; Yoshizawa, T.; Fukada,YBiol. aqu'.eouslso uuorr Due to this pronounc.e acl .an ase

Chem.1995 269, 30358. (d) For a review, see: Rando, R.BRochim. lability, different orthogonally stable blocking functions have

Bio(ggl)(/sj ’\A/lct?fl?igﬁ l'\?/’IOQ,I?- B.: Bonin. H.: Bouvier, NEMBO J.1993 to be employed that can be selectively removed under the

a orret, S.; Moulllac, b.; bonin, H.; bouvier, . H e

12,349, (b) Weiss, E. R.; Osawa, .. Shi, W.: Dickerson, GBibchemisiry mildest, preferably neutral conplmons. T_hese demapds exclude

1994 33, 7587. the use of many of the classical chemical protecting groups.
(10) Wedegaertner, P. B.; Bourne, H. Gell 1994 77, 1063. However, enzymatic protecting group techniddé%offer viable

(11) (a) Hall, A.Sciencel994 264, 1413. (b) Okada, T.; Matsuda, T.; i i i i
Shinkai, M.. Kariya, K.: Kataoka, TJ. Biol. Chem1996 271, 4671. (c) alternatlves_ to the establlshe_d classical methods. Enzymatlc
Stokoe, D.: McCormick, FEMBO J.1997 16, 2384. transformations can be carried out under remarkably mild

(12) Levitzki, A.; Gazit, A.Sciencel995 267, 1782. reaction conditions (pH-68, room temperature). In addition,

_(13) Review on the relationship between organic synthesis and biological enzymes often combine a high specificity for the structures
signal transduction: Waldmann, H.; Hinterding, K.; Alonso DiazARgew.

Chem.1998 110, 716; Angew. Chem., Int. Ed. Englo98 37, 688. they recognize and the reactions they catalyze with a broad sub-
(14) Bhatnagar, R. S.; Gordon, J.Tirends Cell Biol.1997, 7, 14. strate tolerance. These properties have opened up new and
(15) Shahinian, S.; Silvius, J. Biochemistry1995 34, 3813.

(16) McLaughlin, S.; Achren, A.Trends Biochem. Sci995 20, 272. (20) Reviews: (a) Kappes, T.; Waldmann,ltebigs Ann./Recuell997,

(17) (a) Schider, H.; Leventis, R.; Shahinian, S.; Walton, P. A,; Silvius, 803. (b) Schelhaas, M.; Waldmann, Bingew. Chem1996 108 2192;
J. R.J. Cell Biol. 1996 134, 647. (b) Schider, H.; Leventis, R.; Rex, S.; Angew. Chem., Int. Ed. Endl996 35, 2056. (c) Waldmann, H.; Sebastian,

Schelhaas, M.; Ngele, E.; Waldmann, H.; Silvius, J. Biochemistry1997, D.; Chem. Re. 1994 94, 911.

36, 13102. (21) Schelhaas, M.; Glomsda, S.!'i&er, M.; Jakubke, H.-D.; Wald-
(18) Waldmann, H.; Schelhaas, M.; e, E.; Kuhimann, J.; Witting- mann, HAngew. Chenil996 108 82; Angew. Chem., Int. Ed. Endl996

hofer, A.; Schrder, H.; Silvius, J. RAngew. Chem1997, 109 2334; 35, 106.

Angew. Chem., Int. Ed. Engl997, 36, 2238. (22) Part of this work was published in a preliminary form, see:
(19) Stoer, P.; Schelhaas, M.; Nele, E.; Hagenbuch, P.; Ry, J.; Waldmann, H.; Ngele, E. Angew. Chem1995 107, 2425.Angew. Chem.,

Waldmann, H.Bioorg. Med. Chem1997, 5, 75. Int. Ed. Engl.1995 34, 2259.



Chemoenzymatic Synthesis of N-Ras Lipopeptides

advantageous routes to sensitive and multifunctional gii&co-,
phospho?* glycophospho?® and nucleopeptide®. Also, we
have recently shown that by means of enzymatic protecting
group techniques lipid-modified peptides can be built&.22

In this paper we report the application of enzyme-labile
protecting groups coupled with classical peptide synthesis to
efficiently provide access to lipidated and differently labeled
N-Raspeptides.

Results and Discussion

Retrosynthetic Analysis of the Lipidated Ras Peptide 1.

As biologically relevant target compounds, the farnesylated and
palmitoylated heptapeptideand fluorescent-labeled analogues
of this lipidated peptide were chosen. Compodn@presents

the correctly functionalized C-terminus of the humarRiss
protein which in the course of its biosynthesis becomes
S-farnesylated, carboxymethylated, and finally S-palmitoyléted.
In a retrosynthetic sensg&could be divided into an N-terminal
palmitoylated and protected dipeptidend the pentapeptid®
(Scheme 3). This strategy was chosen to circumvent problems
with intramolecularS— N acyl migration, which may arise if
peptides carrying an S-acylated cysteine at the N-terminus are
deprotected N-terminall§”. By the avoidance of the deprotec-
tion of an N-terminal S-palmitoylated cysteine and the employ-
ment of a deblocking of a glycyl-cysteyl peptide instead, this
undesired side reaction should be greatly reduced or even
excluded entirely. This modular approach also opens up the
possibility of introducing differently labeled or modified
analogues o at the end of the synthesis. By this convergent
strategy, various analogues of the parenR&k C-terminus
should be readily accessible. The constant S-farnesylated
pentapeptide was divided into the protected dipeptideand

the farnesylated tripeptide est&r Finally, compundb was to

be built up from the masked dipeptideand S-farnesylated
cysteine methyl ester.

Paramount to the successful execution of this synthesis plan
is the availability of an N-terminal blocking group which can
be removed under very mild conditions. Due to the acid
sensitivity of the farnesylated peptid8sand5, as well as the
base-sensitive palmitoyl group in compouridsnd2, classical
deprotection techniques were ruled out. The development of
an enzyme-labile blocking group was seen as an attractive
alternative. This blocking group must have a urethane structure
to avoid racemization during activation and be specific for a
biocatalyst which does not attack the other funcional groups
present, that is the C-terminal methyl ester, the palmitoyl
thioester, the farnesyl thioether, and the formed peptide bonds.

Development of the Enzyme-Labilep-Acetoxybenzyloxy-
carbonyl (AcOZ) Urethane Protecting Group. Although in

J. Am. Chem. Soc., Vol. 120, No. 2863893298

Scheme 3.Retrosynthetic Analysis of the C-Terminal Ras
Heptapeptide
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urethane protecting groups from peptides. Therefore, a new
and general strategy for the development of a class of enzymati-
cally removable urethane blocking groups for peptides and
peptide conjugates was developed. This new blocking group

a few cases biocatalyzed hydrolyses of urethane-protected aminghould consist of a urethane that embodies a functional group

acids had previously been obsenféthe available hydrolases,
in general, could not be successfully employed to remove simple

(23) Braun, P.; Waldmann, H.; Kunz, Bioorg. Med. Chem1993 1,
197.

(24) (a) Sebastian, D.; Waldmann, Fetrahedron Lett1997 38, 2927.
(b) Waldmann, H.; Heuser, A.; Schulze, Betrahedron Lett1996 37,
8725. (c) Sebastian, D.; Heuser, A.; Schulze, S.; WaldmanSyHthesis
1997 1098.

(25) Pohl, T.; Waldmann, HJ. Am. Chem. S0d.997, 119, 6702.

(26) Gabold, S.; Waldmann, H. Chem. Soc., Chem. Commug97,
19, 1861.

(27) Hiskey, R. G.; Mizoguchi, T.; Inui, 0. Am. Chem. S0d.966 31,
1192.

(28) (a) Sambale, C.; Kula, M.-RAppl. Biochem.1987 9, 251. (b)
Sambale, C.; Kula, M.-RJ. Biotechnol.1988 7, 49. (c) Matsumura, E.;
Shin, T.; Murao, S.; Sakaguchi, M.; Kawano, Agric. Biol. Chem1985
49, 3643.

that is specifically recognized by a biocatalyst and that is bound
by an enzyme-labile linkage to a functional group that undergoes
a spontaneous fragmentation upon cleavage of the enzyme-
sensitive bond? In the fragmentation process a carbamic acid
derivative is liberated, which decarboxylates to give the desired
peptide or peptide conjugate. As a protecting group that might
fulfill these criteria, the AcOZ group was chos$@r{Scheme

4). This group embodies an acetic acid ester which is
recognized by the enzyme acetyl esterase fronflthedo of
oranges! This esterase operates under mild conditions and

(29) This approach was also used recently in the development of prodrug
systems: Jungheim, L. N.; Shepherd, T.@hem. Re. 1994 94, 1553.

(30) Le Corre, G.; Guibdampel, E.; Wakselmann, Metrahedrornl 978
34, 3105.

(31) Waldmann, H.; Heuser, Bioorg. Med. Chem1994 2, 477.
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Scheme 4.The AcOZ Protecting Group and Its Removal
via Acetyl Esterase-Initiated Fragmentation
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group technique can be used for the construction of peptides
and analogues containing unnatural andonfigured amino
acids.

The AcOZ-protected peptide allyl estergwere synthesized
from amino acid allyl ester$6 and AcOZ-protected amino acids
15 by employing established peptide-coupling reagents (Scheme
5). No racemization of the activated amino acid in the formed
peptides could be detected by HPLC or NMR techniques. The
AcOZ group was introduced into the amino acids by means of
p-(acetoxy)benzyloxycarbonyl chlorid& (AcOZCl), which was
readily obtained fronp-hydroxybenzyl alcohol2 by selective
acetylation of the phenolic OH and subsequent formation of
the chloroformate (Scheme 5). The acylation of amino acids
with 13 was best carried out by treatment of N,O-bissilylated
amino acid® 14 with the reagentl3. Under the usual
Schotter-Baumann conditions (pH 1012) presumably the
phenyl ester incorporated into the urethane was cleaved and
the desired masked amino acids were obtained only in low yield.
For the selective enzyme-initiated cleavage of the AcOZ
urethane, the fully masked dipeptideégwere treated with acetyl
esterase in NaCl buffer at pH 7 and 45 (Scheme 5). In the
ensuing reaction the acetates were smoothly hydrolyzed to give

1-002

l acetyl esterase
from oranges
H
AcOH + 60/1@1/8\“/'\‘ the phenolates correspondingt¢Scheme 4). These interme-
o) diates underwent a spontaneous fragmentation and liberated the
9 deprotected esteds8 in high yields. The quinone methide,
which was formed from the phenolate, was trapped by water
and converted tp-hydroxybenzyl alcohol2 (see Scheme 4).
In this process the enzymatic transformations proceeded with
complete chemoselectivity, as no undesired attack of the enzyme
():.<Z>:CH2 + H2N on the allyl esters or the peptide bonds was observed. It was
not a foregone conclusion that the fragmentation would occur
10 11 at neutral pH, since in the previously reported nonenzymatic
cleavage of the AcOZ group the pH had to be raised tolD
l Ho0 to deprotonate the phenol and induce its subsequent conversion
into a quinone methid&. It is prudent to speculate that the
biocatalyst itself might play a role in the deprotonation of the
HOQCHQOH phenol. For instance, some of the basic amino acids might
function as bases while the substrate is still close to the
12 biocatalyst after saponification of the acetate.
attacks acetates but not longer or branched acyl chains. In The scope of this protecting group strategy was shown to be
addition, it does not display any amidase activity at all. fairly wide (Scheme 5). However, the reaction is limited by
Therefore, acetyl esterase should distinguish between the acetatgubstrate solubility in purely aqueous medium. Thus, no
present in the N-terminal AcOZ group, the C-terminal esters reaction was observed for the nonpolar AcOZ-Phe-Phe-OAll,
employed in the course of the synthesislofand the peptide ~ 17a Addition of organic cosolvents is neccessarry to solubilize
bonds. Furthermore, the AcOZ group containp-aydroxy- substrates such d¥ato make them accessible to the esterase.
benzyl urethane which, after acetyl esterase-mediated hydrolysisUnfortunately, acetyl esterase is rapidly deactivated in the
of the acetate, may undergo a spontaneous fragmentationpresence of considerable amounts of solubilizing organic
reaction to give a quinone methide and the desired amine cosolvents$! A biocatalyst was sought which would selectively
(Scheme 4). cleave the AcOZ urethane but be less sensitive toward cosol-
The principle of the enzymatic deprotection (Scheme 4) is vents. This search revealed that the AcOZ urethanes are also
completely general. If a different acyl group is chosen, substrates for acetylcholine esterase from the electric eel and,
fragmentation of the resulting-acyloxybenzyl urethane can be in particular, for the lipases frorklucor mieheiand Rhizopus
initiated with a different hydrolase. This was shown by the arrhizus Inthe presence of 20 vol % of methanol as cosolvent
use of thep-phenylacetoxybenzyloxycarbonyl (PhAcOZ) group, the Mucor lipase readily attacked the sterically demanding
which is cleaved by the enzyme penicillin G acylase, in the phenylalanyl peptidé7aand removed the N-terminal urethane
recent synthesis of complex, sensitive phosphoglycopepttdes. in high yield and without attack on the C-terminal allyl ester
Three further advantages are noted with this general technique (Scheme 6). Under these conditions, however, the liberated
First, the enzyme used recognizes the same element in all casessimine competed with the solvent for the electrophileo give
Second, the variable peptide or peptide conjugate part of thean N{p-hydroxybenzylated amino acid ester. This undesired
substrate is remote from the site of the biocatalyst’s attack. Thus,side reaction was efficiently suppressed by performing the
possible sterically or electronically unfavorable interactions of enzymatic reaction in the presence of iodide as a nucleophile
the protein with the substrate are ruled out; for example bulky which traps the quinone methide faster than the amine. In
amino acid side chains are guaranteed not to limit the substrateaddition, protonation of the amine by lowering the pH to 5 was
tolerance of the enzyme. Finally, this enzymatic protecting found to be advantageous.
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Scheme 5. Synthesis of AcOZ-Protected Dipeptide Allyl
Esters and Enzymatic Cleavage of the AcOZ Protecting
Group from Dipeptides with Acetyl Esterase from Oranges
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Scheme 6.Removal of the AcOZ Protecting Group with
Lipase fromM. miehei
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0.2 M KI, 20 vol% MeOH | Lipase from
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Scheme 7.Pd-Catalyzed Cleavage of the Allyl Ester
Protecting Group from AcOZ Dipeptides
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19
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19 a Phe-Phe 80
19b Leu-Pro 94
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For the projected synthesis of tiRaspeptides, a selective
C-terminal deprotection of the AcOZ-masked peptides was
required (see Scheme 3). The AcOZ group proved to be
orthogonally stable to the allyl ester blocking function. Thus,
upon treatment of the dipeptide estérgg, 17f, and17g with
(PPh)4Pd(0) in the presence of morpholine as the accepting
nucleophile®® the C-terminus of the peptides was unmasked
without cleavage of the AcOZ urethane to give the carboxylic
acids19in high yields (Scheme 7).

Chemoenzymatic Synthesis of the Palmitoylated and
Farnesylated C-Terminal Heptapeptide of Human NRas
Protein. The AcOZ group thus proved to be an enzyme-labile
urethane blocking function which ensures selective deprotection
under the mildest conditions. With this synthetic tool in hand,
the construction of the acid- and base-lalitl@speptidel and
fluorescent-labeled analogues thereof was approached. To this
end, S-farnesylated cysteine methyl e§twas coupled with
the C-terminally deblocked, AcOZ-protected peptitéb by
carbodiimide-mediated activation of the carboxylic acid to give
the lipotripeptide20 in high yield (Scheme 8). Fror@0 the
AcOZ urethane blocking group was removed quantitatively by
treatment with lipase fromM. miehei The N-terminally
deprotected farnesylated peptRiEwas isolated in analytically
pure form in 65% yield. Subsequent elongation of the peptide
chain with the dipeptide carboxylic aci®cyielded the AcOZ-
protected lipopentapepti®?. From22the N-terminal urethane
could again be removed by enzyme-initiated fragmentation to
give the selectively unmasked farnesylated peptide methyl ester
23. The enzymatic deprotection of the fairly hydrophobic
lipidated peptide20 and22 required the presence of 20 vol %

(32) Bolin, D. R.; Sytwu, I. I.; Humiec, F.; Meienhofer, lit. J. Pept.
Protein Res1989 33, 353.

(33) Friedrich-Bochnitschek, S.; Waldmann, H.; Kunz JHOrg. Chem.
1989 54, 751.

(34) Liakopoulou-Kyriakides, MPhytochemistryl 985 24, 1593.
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Scheme 8. Synthesis of the C-Terminal Ras
Lipoheptapeptide
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Scheme 9. Synthesis of AcOZGlyCys(Pal)OH
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o)
AcOZ-Gly-NH K,
24  “s-Pal

of methanol to solubilize the organic substrates and make them
accessible to the biocatalyst. Since acetyl esterase is unstable
under these conditions, the removal of the protecting groups
from 20 and22 was carried out with lipase frofd. miehei To

avoid an undesired attack of the liberated amines on the formed
quinone methide, the enzymatic transformations were carried
out at pH 5 and in the presence of NaHS and/or Kl as trapping
nucleophiles as detailed above.

The farnesylated pentapeptidd was then coupled with the
AcOZ-protected and S-palmitoylated dipeptide carboxylic acid
24 to yield the masked doubly lipidated heptapepti2le
Finally, the N-terminal blocking group was removed from
compund25 by means of acetyl esterase-mediated fragmentation
of the urethane. In this case the lipase could not be employed,
because this biocatalyst preferentially attacks the palmitic acid
thioester and not the acetate in the blocking function. Due to
the sensitivity of acetyl esterase (vide supra), organic cosolvents
could not be introduced. However, the substrate could be
rendered accessible to the biocatalyst by the addition of
dimethyl8-cyclodextrin as solubilizing ageft. This cyclic
heptasaccharide has a hydrophobic cavity that can slip over the
palmitoyl or farnesyl residue, thereby solubilizing the peptide.
Furthermore, a beneficial effect may be that the palmitoyl
thioester becomes protected against enzymatic or nonenzymatic
hydrolysis after insertion into the cyclodextrin. Under these
conditions, acetyl esterase removed the AcOZ urethane from
the palmitoylated and farnesylated heptapep#favith quan-
titative conversion. Due to its amphiphilic nature, part of the
product was lost during workup, and the desired selectively
deprotectedraspeptide26 was finally isolated in 35% vyield.

In the course of all the enzymatic transformations, no
undesired side reaction was observed. The biocatalysts did not
attack the C-terminal methyl ester, the acid-sensitive farnesyl
thioether, or the base-sensitive thioester. Thus, this enzymatic
protecting group technique makes sensitive lipid-modified
peptides such as the fully and correctly functionalized C-
terminus of the human MRas protein 26 accessible in an
efficient manner.

The AcOZ-masked S-palmitoylated glycyl-cystei@é re-
quired to complete the synthesis 26 was built up from the
cysteine derivative27 (Scheme 9). To this end the disulfide
bond in27 was reduced with dithiothreitol (DTT), and with
the thiol groups liberated, they were immediately acylated with

(35) Zelinski, T.; Kula, M.-R.Biocatal. Biotransform1997, 15, 57.
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Scheme 10.Synthesis of Palmitoylated and Bimanyl-Labeled Lepoheptapeptides
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palmitoyl chloride. The S-palmitoylated dipeptid8was then synthetic tools for the construction of lipid-modified peptides.
selectively unmasked at the C-terminus by Pd(0)-mediated Synthesis of Fluorescent-Labeled Analogues of the Ras
transfer of the allyl group to morpholine as the accepting Peptide. The Ras lipopeptide 26 carries a free N-terminal
nucleophile (vide supra). This finding is remarkable since it amino function which may be employed to attach further marker
indicates that the allyl ester also can be applied advantageouslygroups, by which it may be traced in biological systems.
as a mildly removable blocking function in the construction of However, the possibility that the allyl ester could be cleaved
sensitive lipidated peptides embodying thioesters. Since the selectively from functionalized S-palmitoylated peptide conju-
corresponding N-terminal allyloxycarbonyl (Aloc) group could gates opened up an opportunity for a more convergent approach.
also be removed selectively from S-farnesylated peptitiaiyl- Thus, labeled or modified analogues of the AcOZ-protected and
based blocking functions in general appear to be efficient palmitoylated dipeptide carboxylic aci¥ were built up and
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Scheme 11.Synthesis of NBD-Labeled and Differently Modified Lipidated Heptapeptides
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coupled to the N-terminally unmasked S-farnesylated pentapep-this intermediate the allyl ester was selectively cleaved off to

tide 23. Three different fluorescent labels were chosen to be
introduced into the lipidated peptides, tRg7-nitrobenz-2-oxa-
1,3-diazol-4-yl)aminocaproyl (NBD) group, the bimanyl group,
and the fluoresceinyl (Fluo) moiety. These established fluo-
rescent market&171836can be detected by means of fluores-
cence microscopy and fluorescence spectroscopy.

To introduce the bimanyl group, the labeled S-palmitoylated
dipeptide36 was built up as shown in Scheme 10. To this end,
bis(Boc)cysteine allyl est&d1 was synthesized and its disulfide
bond was cleaved by reduction with DTT. Subsequent palmi-
toylation yielded the Boc-protected dipeptide es3@r from
which the Boc group was removed selectively by treatment with
trifluoroacetic acid to yiel®3 quantitatively. The N-deprotected
peptide33 was then condensed witkthimanylthioacetic acid
34 (BimTaOH) to yield the bimanyl-labeled pepti@. From

(36) Hermanson, G. Bioconjugate TechniqugAcademic Press: San
Diego, 1996.

deliver the labeled dipeptide carboxylic a3 in excellent
yield. Compound6 was then condensed with the pentapeptide
23 by means oN,N'-diisopropylcarbodiimide antll-hydroxy-
benzotriazole as condensing reagents to give the bimanyl-labeled
palmitoylated and farnesylated Raspeptide37 (Scheme 10).

In addition, the bimanyl group was directly attached to the
pentapeptide€3, giving rise to the fluorescent-labeled, farne-
sylated peptid&8 (Scheme 10).

For the introduction of the NBD label, the pentapept&f
also served as central intermediate (Scheme 11). ZBugs
condensed with NBD aminocaproic acid (NBD-Aca-(9),
with the S-palmitoylated dipeptidél, with the Shexadecyl-
modified dipeptide43, and with the O-palmitoylated serinyl
peptide45 to give the NBD-labeled and differently modified
heptapeptided0, 42, 44, and46 (Scheme 11). In additior23
was coupled with the Fmoc-masked dipeptitieto give the
protected heptapeptidt8 (Scheme 12). After removal of the
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Scheme 12.Synthesis of NBD-Labeled Heptapeptides
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Fmoc group, the NBD label was introduced to yield the hexadexcyl thioether instead of a palmitic acid thioester was
heptapeptides0, which embodies a cysteine protected as a synthesized by reduction of the disulfide of the fully protected
disulfide. Furthermore, condensationZ¥with the O-silylated cysteine derivativ@1 and subsequent alkylation of the liberated
serinyl peptideb1 gave the masked heptapetis2 which was mercapto group with hexadecyl bromide. After removal of the
converted to the NBD-labeled heptapeptitevia removal of N-terminal Boc group and introduction of the NBD label, the
the Fmoc group, introduction of the NBD label, and liberation C-terminal allyl ester was cleaved by Pd-mediated allyl transfer
of the serine OH. The peptid&g), 42, 44, 46, 50, and55 all to morpholine. For the construction of the O-palmitoylated
carry the same C-terminus, but the N-terminus was varied. Thus,NBD-labeled building block45, the dipeptide60 was O-
in one set of compounds tl&palmitoyl thioester which occurs  palmitoylated, the Boc group was removed, and the amine was
in the natural proteins was replaced by a metabolically stable coupled to NBD aminocaproic acid. Finally, the C-terminus
thioether of similar lipophilicity and an SH group (which can was selectively unmasked by Pd-mediated allyl ester cleavage.
be generated in situ from ti&tert-butyl disulfide by treatment ~ The O-protected serine peptidel was obtained from the
with dithiothreitol). In the second set of compounds the cysteine dipeptide64 by O-silylation and subsequent liberation of the
was replaced by serine which is either O-palmitoylated or has carboxylic acid.
an unmasked OH group. Fluoresceine-labeleRas peptides were synthesized as de-
The building blocks41, 43, 45, and 51 required for the  pjcted in Scheme 14. Treatment of the Boc-protected cystine
syntheses described in Schemes 11 and 12 were built up ag|lyl ester 31 with tert-butyl thiol under aerobic conditions
shown in Scheme 13 (the construction 47 followed an  yjelded the mixed disulfid€6 (Scheme 13) which was C- and
established routd. The S-palmitoylated dipeptiddl was N-terminally deprotected in high yield and then linked to
obtained in high yield from the N-terminally deprotected fiyoresceine by treatment with fluoresceine isothiocyanate
dipeptide 33 by coupling with NBD aminocaproic acid and  (FITC) to give the labeled peptide9. In addition, 31 was
subsequent selective removal of the C-terminal allyl ester (seeconverted ta32 as described above (Scheme 10) and then the
also Scheme 9). The analogous dipepd@which carries @ ajly| ester and the Boc group were split off. Treatment of the
(37) Winsch, E. InHouben-Weyl, Methoden der Organischen Chemie Unmasked peptid@2 thus obtained with fluoresceine isothio-
Georg Thieme Verlag: Stuttgart, 1974; Vol. 15/1, p 794. cyanate delivered the fluorescent and S-palmitoylated glycyl-
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Scheme 13.Synthesis of Lipid-Modified Dipeptidedl, 43, 45, 51, 57, and 66

1) NBD-AcaOH 39
DIC, HOBt, 78% —» 56

© ®
CF3C00  HyGIyOys(PallOAIl 5o me
a3 quant.

NBD-AcaGlyCys(Pal)OH 41

1) Pal-Cl, 53% —= 61
2) TFA, quant. — 62
BocGlySerOAll NBD-AcaGlySer(Pal)OH 45
3) NBD-AcaOH 39,
DIC, HOBt, 50% —= 63
60 4) Pd(PPhs),, morpholine, 95%

1) TBDMSOTH, lutidine,
THF, 0°C, 96% — 65
FmocGlySerOAll FmocGlySer(TBDMS)OH 51
2) Pd(PPhg)4, HCOOH,
n-BuNH,, 81%

64
1) DTT, 2) Br-C4gH
) ) BrCretsa BocGlyCys(HD)OAIl 57
48%
1) DTT
2)HD-Br, 48% —» 57
3) TFA, quant. —— 58
{BocGlyCysOAll)» NBD-AcaGlyCys(HD)OH 43
4) NBD-AcaOH 39,
31 EDC,HOBY, 62% —= 59
5) Pd(PPhg)4, morpholine, 84%
HS-Bu, O, 83%
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cysteine 73 in high yield. Finally, from theShexadecyl- intermembrane transfer of the differently lipidated peptiés.

modified dipeptide estes7 (obtained from31 as described in Taken together, the results obtained in these experiments
Scheme 13) the N- and C-terminal blocking functions were revealed that peptides which are S-farnesylated and S-palmi-
removed and fluoresceine was introduced by treatment with thetoylated are specifically localized to the plasma membranes
isothiocyanate to give the desired labeled dipepfide Com- whereas peptides which are only farnesylated do not accumulate
poundss9, 73, and77 were then condensed with the farnesylated at this subcellular site. The observations suggested that the
pentapeptid@3 (Scheme 14). Thereby the Rasheptapeptides  plasma membrane is itself a major site of cellular S-acylation.
70, 74, and 78 were obtained. They once more embody an They support a mechanism for the selective subcellular localiza-
S-palmitoylated cysteine74), a cysteine which carries a tion of lipidated proteins, including theasproteins themselves,
thioether instead of a thioesterd), or a precursor to an by kinetic targeting to the plasma membrane via S-acylation of

unmodified cysteine70). farnesylated proteins at this membrdpé’
A Model for the Targeting of Lipidated Peptides and According to this mechanism which is schematically de-
Proteins to the Plasma Membrane by S-palmitoylation By scribed in Scheme 15, the proteins are farnesylated first, thereby

means of the syntheses depicted in SchemeslZ0a set of gaining the ability to bind reversibly to different membranes.
fluorescent-labeled NRasderived lipidated peptides for further  Only after attachment of a second lipid residue, for instance,
biological and bioorganic investigations is available. In addition S-acylation of a cysteine by a®&palmitoyltransferase bound

to the different fluorescent groups, either tBepalmitoyl/S to the plasma membrane, are the lipidated proteins localized to
farnesyl motif found in the NRasprotein is incorporated by  the particular membrane at which this second lipid group is
these peptides, or the S-palmitoylated cysteine is replaced byintroduced. In addition to fluorescence spectroscopic and
anO-palmitoylated serine, a serine, a cysteine, oBatkylated fluorescence microscopic techniques, the fluoresceine-labeled
cysteine. These modifications of the underlying structure of peptides may be traced by means of antibodies which specifi-
the C-terminus of the human Rasprotein open up interesting  cally recognize this dye. Such antibodies are, for instance,
opportunities to address several biological problems by meansavailable in fluoresceine-modified form or labeled with colloidal
of suitable in vivo and in vitro experiments. For instance, the gold3® Thereby the possibility to perform experiments with
structural requirements for the acylationRéssequence motifs  labeledneolipoproteingi.e., the antibody bound to the lipidated

in vivo and the subcellular site at which this modification occurs peptide) and to employ electron microscopy (if the gold-labeled
could be studied. Thus, initial in vivo cell biology experiments antibody is used) is opened up.

were carried out which addressed these problems by a combina-

tion of membrane fusion and fluorescence microscopy tech- conclusion

niqued’ or by means of microinjection and confocal laser

fluorescence microscopy. In addition, biophysical experiments By means of the enzymatic protecting group techniques
were performed which yielded characteristic data describing the described in this paper, sensitive R&srelated peptides are
strength and the kinetics of membrane binding and spontaneousavailable in an efficient manner. The chosen strategy allows
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Scheme 14.Synthesis of Differently Modified, Fluoresceine-LabelRdsPeptides
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the flexible introduction of different modifications of the peptide precipitate was filtered off and the solvent was evaporated in vacuo.
chain and of various fluorescent labels. The peptide conjugatesThe product 4-(acetoxy)benzyl alcohol was isolated from the residue
accessible by this strategy can now be employed as valuableby flash chromatography (silica gel; hexane/ethyl acetate 3:2) to yield
tools for biological applications and should open up new !-39 (73%) of12 as a yellow oil. R = 0.43 (hexane/ethyl acetate

L . A : 3:2). H NMR (250 MHz, CDCY): 6 2.3 (s, 3H, CH); 2.6 (s, 1H,
opportunities for interdisciplinary research enterprises at the OH): 4.55 (s, 2H, Ch); 7.05 (d.J = 8 Hz, 2H, G4CCH, aromatic).

interface between chemistry and biology. 7.3 (d,J = 8 Hz, 2H, OCCH aromatic). MSne calcd for (M)
CyH1003 166.062, found 166.063.
Experimental Section 4-(Acetoxy)benzyl Chloroformate (AcOZ-Cl) (13). To a solution

of phosgene (0.1 mol) in toluene (50 mL) at’G under argon was

IH and 13C NMR spectra were recorded on Bruker AM 400 and added a solution of 4-(acetoxy)benzyl alcohol (7 g, 42 mmol) in toluene
DRX 500 spectrometers. High-resolution mass spectra and FAB mass(50 mL). The solution was stirred overnight, and the excess of
spectra were measured on a Finnigan MAT 90 spectrometer. Specificphosgene and the solvent were evaporated in vacuo. The product
rotations were measured with a Perkin-Elmer 241 Polarimeter. Flash AcOZ-Cl (13) was isolated as yellow oil. Yield: 9.4 g (98%)H
chromatography was performed using Baker silica gel {2810 mesh NMR (250 MHz, CDC}): ¢ 2.3 (s, 3H, CH); 5.3 (s, 2H, CH); 7.1
ASTM). Reaction progress was monitored by TLC using Merck silica (d, J = 8 Hz, 2H, GHCCH, aromatic); 7.4 (dJ = 8 Hz, 2H, OCCH
gel 60Fks, aluminum sheets (Merck, Darmstadt, Germany). aromatic). MSwe calcd for (M") C,0HsO4Cl 228.018, found 228.017.

All reagents were obtained from Fluka (Buchs, Switzerland), Aldrich Synthesis ofN-(4-(Acetoxy)benzyloxycarbonyl) Amino Acids (15).
(Steinheim, Germany), or Sigma (Deisenhofen, Germany). All solvents To a suspension of the amino acid (6 mmol) in THF (50 mL) was
were dried and distilled using standard procedures [Perrin, D.D.; added trimethylsilyl chloride (12 mmol) (for serine 18 mmol), and the

Armarego, W.L.F.Purification of Laboratory Chemicals3rd ed.; mixture was warmed to 58C for 30 min. After the mixture cooled to
Pergamon: Oxford, 1988]. 0 °C, triethylamine (12 mmol) was added (for serine 18 mmol) followed
4-(Acetoxy)benzyl Alcohol (12). To a suspension of 4-hydroxy- by 4-(acetoxy)benzyl chloroformat&d) (15 mmol). The solution was
benzyl alcohol 12) (7.5 g, 60 mmol) in ethyl acetate (100 mL) atO stirred fa 1 h at 0°C and for 12 h at room temperature. The solvent

under argon was added triethylamine (8.4 mL, 60 mmol) followed by was evaporated in vacuo, and the residue was dissolved in 20 mL of
acetyl chloride (4.2 g, 4.7 mL, 60 mmol), dissolved in ethyl acetate 1 M NaHCQy/ether 1:1. The pH of the aqueous phase was adjusted to
(50 mL). The mixture was stirred for 5 h, after which time the pH 2 with 1 M HCI. After being extracted three times with ethyl
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Scheme 15.Proposed Model for the Targeting of Lipidated
Proteins to the Plama Membrane
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acetate, the combined organic layers were dried over Mg the
solvent was distilled off in vacuo.
N-(4-(Acetoxy)benzyloxycarbonyl)t-alanine (AcOZ-AlaOH) (15a).
Data forl5a white crystals. Yield: 1.1 g (68%). Mp 9. [a]?%
= —14.5 (c= 0.5, CHOH). H NMR (400 MHz, CDC}): ¢ 1.5 (d,
J=7Hz, 3H, CH Ala); 2.3 (s, 3H, CHCO); 4.4 (m, 1Ha-CH Ala);
5.1 (s, 2H, CHO); 5.4 (d,J = 8 Hz, 1H, NH urethane); 7.1 (d,= 8
Hz, 2H, CHCCH, aromatic); 7.4 (d,) = 8 Hz, 2H, OCCH aromatic);
9.8 (s, 1H, COOH).3C NMR (100.6 MHz, CDGJ)): ¢ 18.4 (CH
Ala); 21.2 CHsCO); 49.5 (-CH Ala); 66.4 (CHO); 129.4 (CH
aromatic); 121.7 (CH aromatic); 150.5 {(@romatic); 133.8 (¢
aromatic); 155.8 (OCONH); 169.6 (CO); 177.5 (COOH). M#ge:
calcd for (M") Cy3H1506N 281.089, found 281.089. Anal. Calcd: C,
55.50; H, 5.38; N, 4.98. Found: C, 55.31; H, 5.36; N, 4.64.
Synthesis ofN-(4-(Acetoxy)benzyloxycarbonyl)-dipeptide Allyl
Esters (17). To a solution oiN-(4-(acetoxy)benzyloxycarbonyl) amino
acid (L5) (6 mmol) and amino acid allyl ester hydrotosylat)( (6
mmol) in THF (100 mL) under argon was added triethylamine (6
mmol). The solution was cooled to°@, and HOBt (12 mmol) and a
solution of DCC (7.2 mmol) in THF (50 mL) were added slowly. The

“géla et al.

solvent was evaporated in vacuo. The remaining residue was purified
by flash chromatography on silica gel.

N-(4-(Acetoxy)benzyloxycarbonyl)t -phenylalanyl-L-phenylala-
nine Allyl Ester (AcOZPhePheOAll) (17a). Data for 17a white
crystals. Yield: 2.3 g (70%).R = 0.48 (hexane/ethyl acetate 3:2).
mp 143°C. [a]*% = +23° (c = 0.5, CHC}). H NMR (400 MHz,
CDCly): 6 2.3 (s, 3H, CHCO); 2.9-3.1 (m, 4H, 2x -CH, Phe); 4.4
(m, 1H, a-CH Phe); 4.6 (dJ = 7 Hz, 2H, OCH); 4.8 (m, 1H,a-CH
Phe); 5.1 (s, 2H, CkD); 5.2 (m, 2H, CH allyl); 5.3 (d,J = 8 Hz, 1H,

NH urethane); 5.86.0 (m, 1H, CH allyl); 6.9-7.4 (m, 14H, 2x OCCH
aromatic, 2x CHCCH, aromatic, 2x CgHs), 6.2 (s, 1H, NH amide).
13C NMR (100.6 MHz, CDGJ): 6 21.1 (CHsCO); 37.9 -CH, Phe);
38.3 (3-CH, Phe); 53.3 ¢-CH Phe); 56.0 ¢-CH Phe); 66.1, 66.4
(OCH,, CH;0); 119.1 (CH allyl); 121.4; 127.1; 128.5; 128.8; 129.3;
129.8; 130.1 (14« CH aromatic); 133.8 (CH allyl); 135.5; 136.2; 150.5
(4 x Cqaromatic); 155.7 (OCONH); 169.3 (CO); 170.3 (CO); 170.6
(CO). MSm/e: calcd for (M") CzH320;N2 544.220, found 544.218.
Anal. Calcd: C, 68.37; H, 5.92; N, 5.14. Found: C, 68.38; H, 6.03;
N, 5.49.

Bis[N-(4-(Acetoxy)benzyloxycarbonyl)-glycyl]t -Cystine Bis-Allyl
Ester [(AcOZGly) .Cys,(OAll) 5] (17h). To a solution of AcOZ-GlyOH
(15f) (3.3 g, 12 mmol) in THF (100 mL) at OC under argon was
added HCys(OAll)2:2 TosOH £5) (4.17 g, 6 mmol), NEt(1.31 g,
1.75 mL, 13 mmol), N-hydroxybenzotriazole (HOBL) (3.4 g, 26 mmol),
and diisopropylcarbodiimide (DIC) (1.89 g, 2.4 mL, 15 mmol) in THF
(50 mL). The mixture was stirred for 24 h at room temperature, the
precipitate was filtered off, and the solvent was evaporated in vacuo.
The residue was dissolved in dichloromethane (100 mL) and extracted
with 1 M HCI (30 mL), 1 M NaHCQ (30 mL), and water (30 mL).
The organic layer was dried over Mgg@he solvent was distilled off
in vacuo, and the product (AcOZGkJys(OAll), (17h) was isolated
from the residue by flash chromatography (silica gel, ethyl acetate/
hexane 4:1) to yield 7.3 g (74%) of a white amorphous soll.=
0.35 (ethyl acetatethexane 4:1). ¢]?% = —28° (c = 0.9, CHOH).

IH NMR (400 MHz, CDC}): 6 7.4 (d,J = 8 Hz, 4H, 4 aromatic
OCCH); 7.1 (dJ = 8 Hz, 4H, 4 aromatic 8CCH,); 5.8-6.0 (m, 2H,

2 CH allyl); 5.2-5.5 (m, 6H, 2 allyl CH, 2 NH urethane); 5.1 (s, 4H,

2 CH0); 4.8 (m, 2H, 2 Cyst-CH); 4.6 (d,J = 7 Hz, 4H, 2 OCH);
3.9(d,J=5.6 Hz, 4H, 2 Gly CH); 3.3 (m, 4H, 2 Cy$3-CH,); 2.3 (s,
6H, 2 CHCO). *C NMR (100.6 MHz, CDGJ): 6 21.1 CHCO);
40.7 (3-CH; Cys); 44.3 (CHGly); 52.1 @-CH Cys); 66.5, 66.4 (CKD
AcOZ, OCH allyl); 119.2 (CH allyl); 121.7 (2x CH aromatic); 129.4

(2 x CH aromatic); 131.2 (CH allyl); 133.9 (Gromatic); 150.4 (¢
aromatic); 156.1 (OCONH); 169.5 (CO); 169.6 (CO); 169.7 (CO). MS
m/e: calcd for (M) CseHa3014N4S, 818.217, found 819.233. Anal.
Calcd: C,52.80; H, 5.17; N, 6.84. Found: C, 52.82; H, 5.48; N, 7.25.

Enzymatic Removal of the N-(4-(Acetoxy)benzyloxycarbonyl)
Protecting Group from Dipeptide Allyl Esters with Acetyl Esterase.

To a suspension dfl-(4-(acetoxy)benzyloxycarbonyl)-dipeptide allyl
ester (7) (0.18 mmol) in 0.15 M NaCl (200 mL) solution at pH 7 was
added 5 units of acetyl esterase, and the mixture was stirred & 40
for 12 h. The solution was extracted five times with ethyl acetate, the
combined organic layers were dried over MgSénd the solvent was
evaporated in vacuo. The remaining residue was purified by flash
chromatography on silica gel.

L-Phenylalanyl+ -alanine Allyl Ester (HPheAlaOAll) (18b). Data
for 18h: yellow oil. Yield 8.7 mg (63%). R = 0.55 (ethyl acetate/
methanol 4:1). ¢]*% = —14° (c = 0.3, CHC}). *H NMR (250 MHz,
CDCl): 0 1.4 (d,J =7 Hz, 3H, CH Ala); 2.1 (s, 2H, NH); 2.7 (m,
1H, f-CH; Phe); 3.0 (m, 1HB-CH, Phe); 3.7 (m, 1Ha-CH Phe); 4.5
(m, 1H,0-CH Ala); 4.6 (m, 2H, OCH); 5.2—5.3 (m, 2H, CH allyl);
5.8-6.0 (m, 1H, CH allyl); 7.%7.3 (m, 5H, GHs); 7.6 (d,J = 8 Hz,
1H, NH amide). MSm/e calcd for (M") CysH200sN2 276.147, found
276.146.

I-Phenylalanyl-l-phenylalanine Allyl Ester (HPhePheOAll) (18a)
via Enzymatic Deprotection of AcOZPhePheOAll (17a) with Lipase
from M. miehei AcOZPhePheOAIll173) (0.2 mmol) was dissolved

solution was stirred overnight, the precipitate was filtered off, and the with ultrasonication in a mixture of a 0.2 M Kl solution (160 mL) (pH

solvent was evaporated in vacuo.
dichloromethane and extracted Wit M HCI, 1 M NaHCQ, and
distilled water. The organic layer was dried over MgS@nd the

The residue was dissolved in 5) and methanol (40 mL). Fifty units lipase frdvh mieheiwas added,

and the mixture was stirred at 3C and at pH 5 for 12 h. The solution
was extracted three times with dichloromethane, the combined organic
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layers were dried over MgS©and the solvent was evaporated in vacuo.
The product HPhePheOAIL83) was isolated from the residue by flash
chromatography (silica gel, ethyl acetate/methanol 4:1) to yield 12 mg
(69%) of 18aas a yellow oil. Ry = 0.9 (ethyl acetate/methanol 4:1).
[0]?% = —45° (c = 0.3, CHC}). H NMR (250 MHz, CDC}): 0 2.6
(m, 1H,5-CH; Phe); 3.0 (m, 3Hp3-CH; Phe); 3,6 (m, 1Hg-CH Phe);
4.5 (d,J = 7 Hz, 2H, OCH); 4.8 (m, 1H,a-CH Phe); 5.2 (m, 2H,
CH; allyl); 5.7—5.9 (m, 1H, CH allyl); 6.9-7.3 (m, 10H, 2x CgHs);
7.6 (d,J = 10 Hz, 1H, NH amide). MSm/e: calcd for (M")
C21H2403N2 352178, found 352.177.

Cleavage of the Allyl Ester Protecting Group from N-(4-
(Acetoxy)benzyloxycarbonyl)-dipeptide Allyl Esters. To a solution
of N-(4-(acetoxy)benzyloxycarbonyl)-dipeptide allyl ester (0.6 mmol)
(17) in THF (50 mL) under argon were added Pd(BP(0.06 mmol)
and morpholine (0.72 mmol). The solution was stirred at room
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OMe (21) was isolated from the residue by flash chromatography (silica
gel, ethyl acetate/methanol 4:1) to yield 9.6 mg (65%} bés a yellow
oil. Ry = 0.16 (ethyl acetate/methanol 4:1)a]t% = —50° (c = 1,
CHCL;). *H NMR (400 MHz; CDC}) ¢ 0.9 (m, 6H, 2x CH;z Leu);
1.4 (m, 2H,y-CH Leu); 1.6 (s, 6H, 2x CHjs Far); 1.65 (s, 6H,
CHs Far); 1.7 (m, 1HB-CH; Leu); 1.8-2.2 (m, 13H, 4 CHFar, Ch
Pro (3H), NH); 2.3 (m, 1H, CH Pro); 2.75 (ddJ, = 7 Hz,J, = 15
Hz, 1H, f-CHz, Cys); 2.95 (ddJ, = 5 Hz, J, = 14 Hz, 1H,5-CHy,
Cys); 3.0-3.2 (m, 2H, CH Far); 3.5-3.7 (m, 3H,0-CH, Pro, a-CH
Leu); 3.75 (s, 3H, CBCO); 4.6-4.7 (m, 3H, 2x o-CH); 5.1 (m, 2H,
2 x CH Far); 5.2 (tJ = 7 Hz, CH Far); 7.5 (dJ = 9 Hz, 1H, NH
amide). *C NMR (100.5 MHz, CDGJ): ¢ 16.0 (CH; Far); 16.1 (CH
Far); 17.7 (CHFar); 21.4 (CH Leu); 23.6 (CH Leu); 24.6 (CH Far);
25.0 (-CH Leu); 25.7 (CH Pro); 26.4 (CH Far); 26.7 (CH Far);
27.0 (CH Pro); 29.6 (CH Far); 33.2 (CH Far); 39.6 (-CH, Far);

temperature for 30 min, the solvent was evaporated in vacuo, and the39.7 (3-CH. Cys); 44.5 -CH; Leu); 46.8 (CH Pro); 51.2 ¢-CH Leu);
product was isolated from the residue by flash chromatography on silica 51.7 @-CH Cys); 52.4 (OCH); 59.7 @-CH Pro); 119.6 (CH Far);

gel.

N-(4-(Acetoxy)benzyloxycarbonyl)t -phenylalanyl-phenylala-
nine (AcOZPhePheOH) (19a). Data for19a clear oil. Yield 40
mg (80%).R = 0.5 (ethyl acetate/hexane #35% acetic acid). ¢]*%
= +28 (c = 0.5, CHC}). H NMR (250 MHz, CDC¥}): 6 2.3 (s,
3H, CHCO); 2.9-3.2 (m, 4H, 2x -CH, Phe); 4.4 (m, 1Hp-CH
Phe); 4.5 (m, 1Hp-CH Phe); 5.0 (s, 2H, §14CHy); 5.5 (d,J = 8 Hz,
1H, NH urethane); 6.5 (d] = 8.5 Hz, 1H, NH amide); 697.3 (m,
14H, CH aromatic). M3n/e calcd for (M") CgH260;N, 504.189, found
504.188.

N-(4-(Acetoxy)benzyloxycarbonyl)t -leucyl-L-prolyl-( S-farnesyl)-
L-cysteine Methyl Ester (AcOZLeuProCys(Far)OMe) (20). To a
solution of AcOZ-LeuProOH19b) (0.63 g, 1.5 mmol) and of HCys-
(Far)OMé* (7) (0.5 g, 1.5 mmol) in dichloromethane (10 mL) under
argon was added a solution of HOBt (3 mmol, 0.4 g) and EDC (0.34
g, 1.8 mmol) in dichloromethane (10 mL). The solution was stirred
for 24 h at room temperature; and was extractedhwitM HCI, 1 M
NaHCGQ;, and distilled water and dried over Mg&OThe solvent was
removed in vacuo, and the product AcOZLeuProCys(Far)OR® (
was isolated from the residue by flash chromatography (silica gel,
n-hexane/ethyl acetate 1:1) to ydel g (94%) of20 as a yellow oil.R
= 0.3 (n-hexane/ethyl acetate 1:1)0]f% = —58° (c = 0.5, CHC}).

H NMR (400 MHz, CDC}): 6 0.9 (d,J = 7 Hz, 3H, CH Leu); 1.0
(d,J=7 Hz, 3H, CH Leu); 1.5 (m, 2H, Lew-CH); 1.6 (s, 6H, 2x
CHs Far); 1.65 (s, 6H, 2< Far CHy); 1.7 (m, 1H, Leus-CHy); 1.8—
2.1 (m, 11H, 4x CH, Far, CH Pro (3H)); 2.3 (s, 3H CkCO); 2.35
(m, 1H, CH Pro); 2.75 (dd,J; = 6 Hz, J, = 13.8 Hz, 1H,5-CH;
Cys); 2.95 (ddJ; = 6.7 Hz,J, = 13.7 Hz, 1H, Cy$3-CH,); 3.0-3.2
(m, 2H, CH, Far); 3.6 (m, 1HY-CH,, Pro); 3.7 (m, 1Hp-CHay, Pro);
3.75 (s, 3H, CHCO); 4.55 (m, 1H,0-CH); 4.6 (m, 1H,a-CH); 4.65
(m, 1H,a-CH); 5.0 (s, 2H, GH4CH;0); 5.1 (m, 2H, 2x CH Far); 5.2
(t, J=7 Hz, CH Far); 5.7 (dJ = 8.5 Hz, 1H, NH urethane); 7.1 (d,
J =8 Hz, 2H, 2x CHCCH, aromatic); 7.3 (dJ = 8 Hz, 2H, 2x
OCCH aromatic); 7.4 (d] = 9 Hz, 1H, NH amide).*3C NMR (100.6
MHz, CDCk): 6 15.95 (CCHg), Far); 16.07 (CCHa), Far); 17.6 (Far
CHs); 21.0 (CH3CO); 21.58 (CH Leu); 23.3 (CH Leu); 24.5 (Leu
y-CH); 24.9 (CH Far); 25.6 (CH Pro); 26.4 (CH Far); 26.4 (CH
Far); 26.6 (CH Far); 27.2 (CH Pro); 29.6 (CH Far); 33.1 -CH,
Cys); 39.6 (2x CH; Far); 42.2 (Ley3-CHy); 47.1 (Prod-CHy); 50.8
(OCH); 51.7 (@-CH Leu); 52.1 ¢-CH Cys); 59.64 ¢-CH Pro); 66.0
(CeHsCH20); 119.6 (CH Far); 121.6 (% CH aromatic); 123.7 (CH
Far); 124.3 (CH Far); 129.1 (2 CH aromatic); 131.1(¢Far); 133.9
(Cq aromatic); 135.8 (g Far); 139.6 (G Far); 150.3 (G aromatic);
156.1 (OCONH); 169.3 (CO); 170.9 (CO); 171.06 (CO); 172.7 (CO).
MS nve: caled for (M) CaoHs90sN3S 741.402, found 741.401. Anal.
Calcd: C, 64.75; H, 8.01; N, 5.66. Found: C, 64.30; H, 7.83; N, 5.48.

L-Leucyl-L-prolyl-( S-farnesyl)-L-cysteine Methyl Ester (HLeu-
ProCys(Far)OMe) (21). AcOZLeuProCys(Far)OMe2Q) (20 mg, 27
umol) was dissolved with ultrasonication in a mixture of 0.2 M KJ
solution (160 mL) (pH 5) and methanol (40 mL). Next, 25 units of
lipase fromM. mieheiwas added, and the mixture was stirred atG7
and at pH 5 for 12 h. The solution was extracted three times with
dichloromethane, and the organic layer was dried over MgSthe

solvent was evaporated in vacuo, and the product HLeuProCys(Far)-

123.7 CH Far); 124.3 CH Far); 131.2{€ar); 135.3 (G Far); 139.8
(Cq Far); 170.8 (€=0); 171.0 (CG=0); 176.2 (CG=0). MSmv/e: calcd
for (M™) CgoHs1N304S 549.360, found 549.357.

N-(4-(Acetoxy)benzyloxycarbonyl)t-methionyl-glycyl-L-leucyl-
L-prolyl-( S-farnesyl)-L-cysteine Methyl Ester (AcOZMetGlyLeu-
ProCys(Far)OMe) (22). To a solution of HLeuProCys(Far)OM&%)
(27 mg, 50umol) and AcOZ-MetGlyOH 190 (20 mg, 50umol) in
dichloromethane (10 mL) at @ under argon was added a solution of
HOBt (13.6 mg, 100umol) and of EDC (11.5 mg, 6@mol) in
dichloromethane (5 mL) and the mixture was stirred for 24 h at room
temperature. The solution was extractedwlitM HCI, 1 M NaHCQ,
and distilled water and dried over Mg&OThe solvent was evaporated
in vacuo, and the product AcOZMetGlyLeuProCys(Far)Ol2® (vas
isolated from the residue by flash chromatography (silica gel, ethyl
acetate/methanol 9:1) to yield 37 mg (80%)y@fas a yellow oil.R; =
0.58 (ethyl acetate/methanol 9:1)a]{% = —56° (c = 0.6, CHC}).
'H NMR (400 MHz, CDC}): 6 0.9 (m, 6H, 2x CHs Leu); 1.2 (m,
2H, y-CH, Leu); 1.6 (s, 6H, 2x CH;z Far); 1.65 (s, 6H, 2 CHFar);
1.7 (m, 1H,5-CH; Leu); 1.8-2.2 (m, 17H, 4x CH; Far, 2x CH,
Pro,y-CH, Met, SCHy); 2.3 (s, 3H, CHCO); 2.6 (m, 2H5-CH, Met);
2.75 (m, 1H3-CH, Cys); 2.95 (m, 1HS-CH, Cys); 3.0-3.2 (m, 2H,
CH; Far); 3.5-3.7 (m, 2H, CH Pro); 3.75 (s, 3H, OC}J; 4.0 (m, 2H,
CH, Gly); 4.4 (m, 1H,a-CH); 4.8 (m, 1H,a-CH); 5.1-5.2 (m, 4H,
CH;0, 2 x CH Far); 5.2 (tJ =7 Hz, 1H, CH Far); 5.8 (d) = 8 Hz,
1H, NH urethane); 6.8 (dl = 8 Hz, 1H, NH amide); 7.1 (d] = 8 Hz,
2H, 2 aromatic €ICCH,); 7.15 (d,J = 8 Hz, 1H, NH amide); 7.2 (d,
J=8Hz, 2H, 2x OCCH aromatic); 7.5 (d] = 8 Hz, 1H, NH amide).
13C NMR (100.6 MHz, CDCJ): § 15.2 (SCH); 16.0 (Far CCHa)2);
16.1 (Far CCHs),); 17.7 (Far CH); 21.1 CHsCO); 21.8 (CH Leu);
21.9 (CH Leu); 24.7 ¢-CH Leu); 24.9 (CH Far); 25.7 (CH Pro);
26.5 (CH Far); 26.7 (CH Far); 27.7 (CH Pro); 29.6 (CH Met); 30.0
(CH, Met); 32.6 3-CH, Cys); 39.7 (CH Far); 41.9 (CH Gly); 42.9
(B-CH; Leu); 47.3 6-CH; Pro); 51.9 &-CH Leu); 52.5 @-CH Cys);
53.9 @-CH Met); 59.8 @-CH Pro); 66.4 (CHO); 119.6 (CH Far);
121.7 (2x CH aromatic); 123.7 (CH Far); 124.3 (CH Far); 129.4 (2
x CH aromatic); 131.3 (¢Far); 133.8 (G aromatic); 135.3 (¢Far);
139.9 (G Far); 150.5 (G aromatic); 156.9 (OCONH); 171.1 (CO);
171.5 (CO); 171.6 (CO); 171.9 (CO); 172.0 (CO); 172.8 (CO). MS
m/e: calcd for (W) C47H71010N5S; 929.464, found 929.4510. Anal.
Calcd (dihydrate): C, 58.42; H, 7.82; N, 7.25. Found: C, 58.47; H,
7.39; N, 7.19.

L-Methionyl-glycyl-L-leucyl-L-prolyl-( S-farnesyl)-L-cysteine Meth-
yl Ester (HMetGlyLeuProCys(Far)OMe) (23). AcOZMetGlyLeu-
ProCys(Far)OMeZ22) (20 mg, 27umol) was dissolved with ultrason-
ication in a mixture of 0.2 M KJ solution (160 mL) (pH5) and methanol
(40 mL). Next, 25 units of lipase froril. mieheiwas added, and the
mixture was stirred at 37C and at pH 5 for 12 h. The solution was
extracted three times with dichloromethane and the organic layer was
dried over MgSQ The solvent was evaporated in vacuo, and the
product HMetGlyLeuProCys(Far)OMe2d) was isolated from the
residue by flash chromatography (silica gel, ethyl acetate/methanol 4:1)
to yield 9.5 mg (48%) oR3 as a yellow oil. R = 0.25 (ethyl acetate/
methanol 4:1);§]2% = —78° (c = 0.5, CHCls). *H NMR (400 MHz,
CDCl): 6 0.9 (m, 6H, 2x CH;z Leu); 1.4 (m, 2H,y-CH Leu); 1.55
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(s, 6H, 2x CHjs Far); 1.65 (s, 6H, 2 CHs Far); 1.7 (m, 1HS-CH,
Leu); 1.8-2.2 (m, 17H, 4x CH; Far, 2x CH, Pro,y-CH, Met, SCH);
2.6 (m, 2H,5-CH; Met); 2.7 (m, 1H,5-CH, Cys); 3.0-3.2 (m, 2H,
CH; Far); 2.9 (m, 1HS3-CH; Cys); 3.5 (m, 1H0-CH, Pro); 3.6 (m,
1H, 6-CH; Pro); 3.7 (s, 3H, OCH); 3.8 (m, 1Ha-CH Met); 4.1 (m,
2H, CH; Gly); 4.6 (m, 1H,0-CH); 4.7 (m, 1H,0-CH); 4.9 (m, 1H,
a-CH); 5.1-5.2 (m, 2H, 2x CH Far); 5.2 (tJ = 7 Hz, 1H, CH Far);
6.8 (d,J = 8 Hz, 1H, NH amide); 7.15 (d] = 8 Hz, 1H, NH amide);
7.5 (d, J = 8 Hz, 1H, NH amide). MSm/e: calcd for (M")
C37H63N50652 737429, found 737.419.
N-(4-(Acetoxy)benzyloxycarbonyl)-glycyl-&-palmitoyl)- L -cysteyl-
L-methionyl-glycyl-L-leucyl-L-prolyl-( S-farnesyl)-L-cysteine Methyl
Ester (AcOZGlyCys(Pal)MetGlyLeuProCys(Far)OMe) (25). To a
solution of HMetGlyLeuProCys(Far)OM&38) (50 mg, 67umol) in
DMF (5 mL) at 0°C under argon was added AcOZGlyCys(Pal)OH
(24) (41 mg, 67umol), EDC (19 mg, 10«mol), and HOBt (18 mg,
130umol). The mixture was stirred for 12 h at room temperature, the

“géla et al.

Glycyl-(S-palmitoyl)- L-cysteyl+ -methionyl-glycyl-L-leucyl-L-pro-
lyl-(S-farnesyl)-L-cysteine Methyl Ester (HGlyCys(Pal)MetGlyLeu-
ProCys(Far)OMe) (26). AcOZGlyCys(Pal)MetGlyLeuProCys(Far)-
OMe (25) (8 mg, 6umol) and dimethy|s-cyclodextrin (720 mg, 600
umol) were dissolved in methanol (5 mL). The solution was poured
into phosphate buffer (100 mL) (20 mM, pH 6). Next, 8 units of acetyl
esterase was added, and the mixture was stirred &€3xhd at pH 6
for 24 h. The solution was extracted four times with chloroform (50
mL), and the organic layer was dried over MgSOrhe solvent was
evaporated in vacuo, and the product HGlyCys(Pal)MetGlyLeuProCys-
(Far)OMe @6) was isolated from the residue by flash chromatography
(silica gel, ethyl acetate/methanol 9:1) to yield 2.5 mg (35%}®é&s
a white waxy solid. R = 0.8 (ethyl acetate/methanol 9:13JH NMR
(400 MHz, CDC}): 6 0.9 (m, 9H, 2x CHs Leu, »-CH; Pal); 1.3~
1.35 (m, 25H,y-CH Leu, 12x CH, Pal); 1.55-1.7 (m, 17H,8-CH;
Leu, 2 x CHs Far,3-CH; Pal, 2x CH; Far); 1.7-2.2 (m, 17H, 4x
CH, Far, 2x CH; Pro, y-CH, Met, SCHy); 2.5 (m, a-CH, Pal); 2.7

solvent was evaporated in vacuo, and the residue was dissolved in(m, 2H,/3-CH, Met); 2.9 (m, 2H-CH, Cys); 3.0-3.4 (m, 4H,3-CH;

dichloromethane. The solution was extracted with 0.5 M HCI, the
organic layer was dried over MgQCand the solvent was distilled off
in vacuo. The product AcOZGlyCys(Pal)MetGlyLeuProCys(Far)OMe
(25) was isolated from the residue by flash chromatography (silica gel,
n-hexane/ethyl acetate/methanol 5:5:1) to yield 27 mg (61%2bas
colorless oil. R = 0.33 (-hexane/ethyl acetate/methanol 5:5:1]%f
—40° (c= 1, CHCE). *H NMR (400 MHz, CDC}): 6 0.9 (m, 9H,

2 x CHs Leu, w-CHs Pal); 1.3-1.35 (m, 25H,y-CH Leu, 12x CH,
Pal); 1.71.55 (m, 16H,5-CH, Leu, 2 x CHz Far, f-CH, Pal, 2 x
CHs Far); 1.72.2 (m, 17H, 4x CH; Far, 2x CH; Pro, y-CH, Met,
SCH;); 2.3 (s, 3H, CHCO); 2.5 (m,a-CH; Pal); 2.7 (m, 2H$-CH,
Met); 2.9 (m, 2H3-CH; Cys); 3.0-3.4 (m, 4H,5-CH, Cys, CH Far);

3.6 (M, 2H,0-CH, Pro); 3.7 (s, 3H, OCH); 3.9 (m, 2H, CH Gly); 4.1

(m, 2H, CH, Gly); 4.5-4.7 (m, 4H, 4x a-CH); 4.8 (m, 1H,0-CH);

5.0 (s, 2H, CHCCH;0); 5.1-5.2 (m, 2H 2x CH Far); 5.2 (m, 1H,
CH Far); 6.0 (m, 1H, NH urethane); 7.1 (@~= 8 Hz, 2H, 2x CH,-
CCH,O aromatic); 7.4 (dJ = 8 Hz, 2H, 2x OCCH aromatic); 7.6

8.1 (m, 5H, 5 NH amide). M3we: calcd for (M") CegH100013N7Ss
1328.8, found: 239 [GH3,C0](40); 107 [HOGH.CH](100).

Cys, CH Far); 3.6 (m, 2H,0-CH, Pro); 3.7 (s, 3H, OCEJ; 3.8 (m,
2H, CH; Gly); 4.1 (m, 2H, CH Gly); 4.5-4.8 (m, 4H, 4x a-CH);
5.1-5.2 (m, 3H, 3 CH Far); 7.868.1 (m, 5H, 5x NH amide). FAB-
MS (3-NBA) m/e: calcd for (M + H) CsgH10d0oN7S; 1135.7, found
1135 (<1).
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