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Site-Specific Cleavage—A Model System for the
Identification of Lipid-Modified Glutamate

Residues in Proteins
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Numerous proteins are modified post-translationally after their
biosynthesis at the ribosomes of the cell. One such modification,
only poorly characterized to date, is the formation of lipid esters
of glutamate side chains in the skin proteins of land-living mam-
mals; here a subset of very long chain fatty acids, ceramides
and/or glucosylceramides, are bound through their w-hydroxy

Introduction

After their biosynthesis at the ribosomes of the cell, numerous
proteins are modified post-translationly. One post-translational
modification, which is only poorly characterized to date, is the
formation of lipid esters of glutamate side chains in the skin
proteins of land-living mammals. A subset of very long chain
fatty acids, ceramides™? and glucosylceramides,®* are bound
through their w-hydroxy groups to structural proteins of the
so-called “cornified envelope” in the outermost layer of the
skin, the stratum corneum. Because of their high degrees of
cross-linking by isodipeptide and disulfide bonds and the
great heterogeneity within the lipid parts, neither the identities
of the modified proteins nor the positions of the altered gluta-
mate residues are well established.

Here we report an approach to the identification of proteins
containing ester-modified glutamic acid residues and the de-
termination of their positions within the peptide sequence.
With the aid of model peptides, we have developed conditions
for the selective cleavage of the peptide-bond N-terminal of
glutamic acid esters, through an approach related to the affini-
ty-cleavage technique.”’ The method was designed to deter-
mine such positions in human skin proteins by mass spectrom-
etry.

In human-skin proteins, post-translationally modified gluta-
mic acid side chains are found linked through ester moieties to
w-hydroxylated lipids. This modification is essential for the
function of the skins of land-living mammals. Scheme 1 shows
a representative structure of a protein-bound glucosylceramide
(A), a transient intermediate in the formation of protein-bound
lipids, which has only been identified in skin samples of geneti-
cally engineered mice with defective glucosylceramide degra-
dation.®* In addition, Scheme 1 also shows the structures of a
protein-bound skin ceramide (B) and an w-hydroxylated fatty
acid (Q).

Structural alterations of the vy-carboxy groups of glutamic
acid side chains in proteins are rare post-translational events:
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groups to structural proteins of the so-called “cornified envelope”
in the outermost layer of the skin, the stratum corneum. We
report an approach for the identification of proteins containing
ester-modified glutamic acid residues and the determination of
their positions within the peptide sequence, designed for mass
spectrometric investigation of human skin proteins.

proteins of prokaryotic organisms can contain methyl esters;"®

however, while eukaryotic proteins can be methylated at differ-
ent positions, this modification of a glutamate side chain has
not been found in higher organisms.”

Thioesters of glutamate side chains with internal cysteine
residues occur in a2-macroglobulin,®' in complements C3
and C4""¥ and in succinyl-CoA:3-keto acid transferase.'"

A remarkable feature of all these glutamic acid ester- or thio-
ester-containing proteins is that they become labile with re-
spect to fragmentation on elevation of the pH. In addition, a
2-deoxyribosyltransferase chemically modified by affinity label-
ling became labile with respect to alkaline hydrolysis after es-
terification of the catalytic glutamic acid side chain.!”!

The instability of proteins containing glutamic acid esters or
thioesters towards hydrolysis has been attributed to the forma-
tion of internal pyroglutamate residues (Schemes2 and 3).
Such 1-acylpyrrolidine-2-ones are diacylamines, and it has been
known for a long time that substances of this type are readily
hydrolysed by dilute aqueous alkaline solution."™ The chemical
conversion of glutamic acid residues into 1-acylpyrrolidine-2-
ones with thionyl chloride and pyridine has been proposed as
a method for the specific cleavage of peptides at the N-termi-
nal site of glutamate residues.'”™ In this contribution, we
report on the development of conditions that make use of this
instability as an analytical tool for the mass spectrometric iden-
tification of ester-modified glutamic acid residues in peptides.

[a] Dr. P. Sawatzki,* Dr. |. Damm,* B. Pierstorff, H. Hupfer, Prof. Dr. K. Sandhoff,
Priv.-Doz. Dr. T. Kolter
Kekulé-Institut fiir Organische Chemie und Biochemie
Universitdt Bonn
Gerhard-Domagk Stral8e 1, 53121 Bonn (Germany)
Fax: (+49)228-73-77-78
E-mail: tkolter@uni-bonn.de

=3

These authors contributed equally to this work

DOI: 10.1002/cbic.200400189 ChemBioChem 2005, 6, 178 - 185



Lipid-Modified Glutamate Residues in Proteins

o
@]
Oﬁ/\/\/\/\/\/\/\/\/\/\/\/\/\o)l\/j/:\NH
R 07 T NH
R=
HO,
HO OH
0 Y
A) HO WNH
W0 Y
HO CH,
OH
NH
HO N
B)
HO CHs
OH
C) ¢
OH

Scheme 1. Schematic structures of w-hydroxylated A) glucosylceramide, B) ceramide and C) fatty acid covalently
bound to glutamic acid side chains in proteins of the cornified envelope of human skin.
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Scheme 2. Schematic representation of the site-specific cleavage for the identification of esterified glutamate residues
in peptides. Vertical boxes represent amino acid residues. Under the given conditions, glutamic acid ester-containing
peptides such as I are cleaved into diagnostic products: the peptides Il and lll and the formerly ester-linked lipid.

This should also allow the deter-
mination of the positions of w-
hydroxylated lipids in human
skin proteins.

Our concept for the identifica-
tion of glutamic acid ester-con-
taining peptides is outlined in
Scheme 2. Adaptation of the ap-
proaches of Battersby et al.l'’~'?
and of Clayton et al.”” to the se-
lective cleavage of peptides |
containing glutamic acid esters
requires conditions under which
this  structural element s
cleaved. The diagnostic cleavage
products are peptides Il, with N-
terminal pyroglutamic acid resi-
dues, and peptides I, with C-
terminal methyl esters (see
Scheme 3). These peptides can
be distinguished from unmodi-
fied peptides by electrospray
mass spectrometry. In addition,
the w-hydroxylated lipids are
also liberated during the proce-
dure.

Since the information about
the ester-modified glutamic acid
residues is lost during saponifi-
cation (see below), we devel-
oped a protocol that, on the one
hand, avoids the use of aqueous
media and, on the other, ensures
selective peptide cleavage.

A more detailed description
of the concept is given in
Scheme 3. For the case of one of
our model peptides (4a) as an
example, it shows the selective
cleavage of the peptide bond N-
terminal of the central glutamic
acid ester residue (cf Table 1 for
peptide structures). Treatment of
4a with sodium methoxide in
methanol should lead to a trans-
esterification reaction, giving rise
to the methyl ester 5a, and to
formation of the peptide deriva-
tive 6a with an internal acylpyr-
rolidinone moiety. Compound
6a can be cleaved at two posi-
tions, indicated by a) and b) in
Scheme 3. Methanolysis of 6a in
position a) should lead to forma-
tion of peptide 7a with an N-
terminal pyroglutamyl residue.
Compound 7a represents the
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Scheme 3. Reaction of glutamic acid ester 4a in the presence of sodium methoxide in methanol and traces of water. The reactions leading to affinity cleavage are
shown in the vertical direction. Reaction of traces of water with 4a, 5a and 6 a according to cleavage modus b) leads to a loss of information. With time, the cleav-

age product 8a is converted into 10a in the presence of water.

diagnostic peptide Il in Scheme 2, which corresponds to the C-
terminal part of the initially applied peptide. In addition, the N-
terminal part of the former peptide I (Ill in Scheme 2) is liberat-
ed as the methyl ester 8a.

Cleavage of 6a can also proceed according to mode b). Al-
though nucleophilic attack on the more electrophilic carboxy
group according to a) should be favoured over ring-opening
corresponding to cleavage mode b),"”"* the latter reaction is
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unwanted if hydroxide is the nucleophile and should be re-
pressed by the reaction conditions. If methoxide is the nucleo-
phile, b)-mode cleavage leads to regeneration of 5a, while if
hydroxide is the nucleophile it results in the formation of glu-
tamic acid-containing peptides 9a with loss of information
about the modification. Since the presence of water cannot be
completely avoided when peptide preparations derived from
living tissues are used, it has to be assumed that hydrolysis in-
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Table 1. Structures of model peptides. The HPLC solvent system used (sol-

vent systems I-Ill) is as specified in the Experimental Section (General).

Number Sequence HPLC solvent

system

1 Boc-Glu(OBn)-OH

2 Boc-Glu(OBn)-Ala-NH,

3 H-Glu(OBn)-Ala-NH,

4a Boc-Phe-Glu(OBn)-Ala-NH, |

4b Boc-Val-Glu(OBn)-Ala-NH, |

4c H-Thr-Tyr-lle-Cys(SBn)-Glu(OBn)-Val-Glu- Il
Asp-GIn-Lys-Glu-Glu-OH

4d Boc-Phe-Glu(OC,,H,s)-Ala-NH, |

4e H-GIn-Phe-Phe-Gly-Leu-Met-NH, 1]

5a Boc-Phe-Glu(OMe)-Ala-NH, |

5b Boc-Val-Glu(OMe)-Ala-NH, |

5c H-Thr-Tyr-lle-Cys(SBn)-Glu(OMe)-Val-Glu- ]
Asp-GIn-Lys-Glu-Glu-OH

7a/b Pyroglu-Ala-NH, |

7c Pyroglu-Val-Glu-Asp-GIn-Lys-Glu-Glu-OH Il

8a Boc-Phe-OMe |

8b Boc-Val-OMe |

8c H-Thr-Tyr-lle-Cys(SBn)-OMe ]

9a Boc-Phe-Glu(OH)-Ala-NH, |

9b Boc-Val-Glu(OH)-Ala-NH, 1]

10a Boc-Phe-OH |

10b Boc-Val-OH |

10c¢ H-Thr-Tyr-lle-Cys(SBn)-OH |

o
(=]
]

stead of methanolysis of 6a according to cleavage
mode b) (Scheme 3) leads to the formation of frag-
ment 9a. In addition, it has to be expected that one

—
o
(4]
1

dicyclohexylcarbodiimide or with N-ethyl-N'-(3-dimethylamino-
propyl)-carbodiimide hydrochloride (EDC) with the use of N-
hydroxybenzotriazole (HOBt) as additive® ¥ and coupled to
H-Ala-NH,. Deprotection of Boc-Glu(OBn)-Ala-NH, (2) with tri-
fluoroacetic acid to provide H-Glu(OBn)-Ala-NH, (3) was fol-
lowed by carbodiimide/HOBt-mediated coupling to Boc-Phe-
OH or Boc-Val-OH. We applied the model peptides to the
cleavage conditions in the same way as we did peptides de-
rived from stratum corneum preparations from the skin of
human individuals.” At concentrations of 1.5-2.0 mgmL~", the
model peptides 4a and 4b were treated with sodium methox-
ide solution in methanol (0.25 M) at room temperature for dif-
ferent time periods. The reaction products were separated by
HPLC (Figure 1) and identified by electrospray mass spectrome-
try (ESI-MS). The kinetics of product formation were investigat-
ed by HPLC analysis at different time points and quantified by
correlation of the UV absorption with those of known concen-
trations of the chemically prepared intermediates. For this pur-
pose, and to obtain supporting analytical data ("H NMR, "C
NMR spectra), the cleavage products were synthesized on a
preparative scale.

HPLC analysis of the time courses of the transesterifications
of 4a (Figure 2) and 4b showed that the benzyl esters 4a and
4b (Scheme 3) were no longer detectable after only one

Boc-Phe-OMe (8a)
Boc-Phe-Glu(OMe)-Ala-NH, (5a) ;

f the f he methyl b Z 041 g
of the .ragments,.t e m.et yl ester 8a, can be con- & Pyroglu-Ala-NH, (7a) \ Boc-Phe-Glu(OH)-Ala-NH, (92)
verted into the acid 10a in the presence of water. 0.3 \‘ | /

. . . — |
. The react.lon of the methyl est.er 5a with hydromde £ 0.2- 1 ), -
ions thus gives rise to the undesired formation of 9a. g

N -, -

Therefore, we decided to conduct the cleavage reac- < 0.1 Boc-Phe-Giu(OBn)-Ala-NH, (42) —
tion under conditions that avoid the presence of 0 ) ) - w A)
water as much as possible. 0 5 o 10 A 15 20

Results and Discussion

Retention time [min] ———»

Figure 1. HPLC chromatogram of peptide 4a: A) without treatment with sodium methoxide,

and B) after 16 h treatment with sodium methoxide in methanol and subsequent neutraliza-

To investigate whether the concept outlined in
Schemes 2 and 3 would be suitable for the determi-
nation of ester-modified glutamic acid ester residues
by site-specific cleavage, we decided to start the in-
vestigation using tripeptide derivatives containing a
central glutamic acid bearing a benzyl ester group in the side
chain. The benzyl alcohol represents a model for the lipid resi-
due of the modified skin protein. The use of more complex
model peptides turned out to be inappropriate for HPLC inves-
tigations, since we observed nearly complete racemization of
the peptide samples under the cleavage conditions (Figure 1).
This is no disadvantage of the method, since peptide frag-
ments derived from skin samples are detected by mass spec-
trometry, but it prevents precise quantification of cleavage
products by HPLC.

We prepared the model peptides Boc-Phe-Glu(OBn)-Ala-NH,
(4a) and Boc-Val-Glu(OBn)-Ala-NH, (4b; Table 1) by solution
methodology. Boc-Glu(OBn)-OH (1) was activated either with
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tion as described in the Experimental Section. Structures and numbers of the identified prod-
ucts are given. Peptide 4a was dissolved in methanol, and trace amounts of methyl ester
5a (*) and liberated benzyl alcohol (**) are therefore already detectable in sample A. In B,
multiple peaks were observed for 5a due to racemization.

minute under the conditions described in the Experimental
Section. This was also indicated by TLC separation of the reac-
tion mixtures (staining with ninhydrin or molybdophosphoric
acid). HPLC investigation of the products formed on treatment
of 4a and 4b with sodium methoxide in methanol revealed
that the methyl esters 5a and 5b had been formed in nearly
quantitative amounts after 30 minutes reaction time (Figure 2).
Prolonged treatment (24 h) with sodium methoxide in metha-
nol led to nearly quantitative fragmentation of the peptide
methyl esters 5a and 5b. The half-lives of the methyl esters
varied (we found half-lives in a range from 2 to 7 h), which we
attribute to different amounts of water present in the different
preparations. Configurational integrity in the cleavage prod-
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Figure 2. Time courses of the formation and conversion of methyl ester 5a
(squares) and fragment 8a (circles) on treatment of benzyl ester 4a with a
0.25% solution of sodium methoxide in methanol at room temperature. Forma-
tion of 5a from 4 a is complete within a few minutes, 5a having been formed
in quantitative yield after 30 minutes (first data point). The symbols represent
the mean value of two independent experimental series, and the bars indicate
the range of the determined values.

ucts 7a, 7b, 8a and 8b was lost, as determined by 'H NMR
spectroscopy, optical rotation or the occurrence of multiple
products with identical mass as determined by ESI-MS, but
with different HPLC retention times.

After 60 h reaction time under these conditions, complete
conversion of the cleavage product 8a was observed
(Figure 2). This is consistent with the assumption of a slow sap-
onification of the methyl ester by hydroxide ions generated by
small amounts of water during the incubation, giving rise to
the product 10a (Scheme 3).

Investigation of potential acidic cleavage conditions revealed
that no cleavage occurred with 70% formic acid (v/v) or with
trifluoroacetic acid at room temperature over 24 h. Formation
of B-peptides, which would be generated through cleavage of
a 2-oxopiperidine intermediate formed by attack of the amide
nitrogen of the amino acid next to the Cterminus of gluta-
mate,"” also could not be detected. Related reaction behav-
iour has been observed on treatment of aspartyl-containing
peptides under acidic and alkaline conditions.”*!

As an additional model peptide of more complex structure,
H-Thr-Tyr-lle-Cys(SBn)-Glu(OBn)-Val-Glu-Asp-GIn-Lys-Glu-Glu-OH
(4c; Table 1), was investigated for transesterification and cleav-
age under the reported conditions. Complete conversion of
the starting material was observed after 30 minutes, and after
24 h the formation both of the N-terminal pyroglutamyl-con-
taining cleavage product (7 c) and of the corresponding C-ter-
minal fragment (8c) was demonstrated by mass spectrometry.
Precise quantification of the reaction products, the transesteri-
fication product 5c¢ and of the cleavage products 7c and 8c,
by HPLC was not possible, due to the formation of stereoiso-
mers with overlapping HPLC retention times. In addition, an
elimination product containing a dehydroalanine moiety in-
stead of the benzyl-protected cysteine residue was formed.
However, estimation from HPLC chromatograms indicates that
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the reaction kinetics of 4c are comparable to those of the
model peptides 4a and 4b.

To ensure that the identity of the alcohol moiety linked to
the glutamate residue had no significant influence on the
cleavage kinetics, we prepared Boc-Phe-Glu(OC,,H.s)-Ala-NH,
(4d; Table 1) as an additional model peptide. Peptide 4d con-
tains a dodecyl glutamate moiety and mimics peptides derived
from endogenous proteins bearing lipid esters in this position
(such as C in Scheme 1). Peptide 4d was prepared from 4a
and dodecan-1-ol by transesterification with the aid of sodium
cyanide as catalyst.”? Alternative attempted direct esterifica-
tion of 9a by the standard methods of Steglich®® or Mitsu-
nobu® were not successful in this case. Compound 4d was
subjected to the cleavage conditions and showed transesterifi-
cation and cleavage rates similar to those of the model pepti-
des 4a and 4b (data not shown).

We plan to apply the conditions used for the cleavage of
the model peptides to human skin proteins, with subsequent
ESI-MS screening for the occurrence of peptides containing N-
terminal pyroglutamate residues. Database alignment of the
observed masses with skin protein peptide sequences should
allow the identities of the modified proteins and the altered
glutamate residues to be determined. A frequently encoun-
tered phenomenon in the analysis of peptides by mass spec-
trometry is the occurrence of cleavage products on the car-
boxy sides of glutamic and aspartic acid residues, observed
when multiply charged protein ions fragment into cleavage
products with C-terminal anhydride residues during ESI-MS
measurements.”® This reaction does not interfere with the
strategy outlined in this manuscript. On the other hand, it has
to be argued that N-terminal pyroglutamate-containing pepti-
des could be formed during preparation, purification,”” or
mass spectrometric analysis®® of peptides with N-terminal glu-
tamine residues, or by their enzymatic conversion.”*>" To in-
vestigate the extent to which terminal pyroglutamate residues
from N-terminal glutamine-containing peptides were formed
under the reaction conditions developed by us for site-specific
cleavage, we investigated peptide 4e (H-GIn-Phe-Phe-Gly-Leu-
Met-NH,) as a model substance. After 24 h treatment under
the cleavage conditions, about 40% of this peptide was recov-
ered, and the corresponding derivative with the N-terminal py-
roglutamate residue was detected in amounts of about 25%.
This indicates that sequence alignment of diagnostic cleavage
products derived from skin samples should be conducted with
care to exclude false positive sequences originating from pep-
tides with N-terminal glutamine residues. For mechanistic rea-
sons, internal glutamines do not interfere with the method;
this was also experimentally demonstrated with peptide 4c,
with which no products due to cleavage at this position could
be detected.

As shown for peptide 4c, a case in which a dehydroalanine-
containing cleavage product was also obtained, methoxide
treatment can lead to amino acid modifications that have to
be taken into account during MS analysis. Other possible side
reactions are the deamidation of asparagine residues, the elim-
ination of methanesulfenic acid from oxidized methionine or
the deglycosylation of O-glycosylated glycopeptides.

ChemBioChem 2005, 6, 178 - 185
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In this work we have investigated the cleavage of glutamic
acid ester-containing peptides as a tool for the determination
of residues modified in this way post-translation. This method
appears to be especially attractive, since methoxide should be
able to penetrate into the rigid structure of the cornified enve-
lope and might facilitate peptide cleavage within the protein
network. This highly crosslinked protein aggregate is not oth-
erwise easily degradable, because proteases can only operate
at the periphery of this network. In addition, products of site-
specific cleavage are easier to detect than labelling products
such as the methyl esters transiently formed during the cleav-
age conditions. We have developed conditions that have
proved successfully applicable to model peptides and are cur-
rently applying this strategy, together with other techniques,
for the determination of lipid-modified human skin proteins by
mass spectrometry.

Experimental Section

General: Glassware was flame-dried, and reactions were carried
out under argon. The employed amino acid derivatives 1 and 2
and peptides 4¢, 4e and 8a are available from Bachem (Buben-
dorf, Switzerland). Peptide 4e corresponds to residues (6-11) of
substance P. Chemical reagents were purchased from Fluka (Tauf-
kirchen, Germany). Peptide derivatives were separated by reversed-
phase HPLC on a Luna RP-18(2) column (250x2 mm; 5 pm, Phe-
nomenex, Aschaffenburg, Germany) connected to a SMART System
from Amersham Pharmacia (Freiburg, Germany). For cleavage of
peptides, three different solvent systems were used (compare
Table 1). For resolution of compounds 4a, 4b and 4d, for example,
solvent system |l—consisting of HPLC grade water and methanol in
a 50:50 (vol/vol) ratio as solvent A, and methanol as solvent B—
was used. The column was equilibrated with solvent A at ambient
temperature, and the peptides were eluted with a linear gradient
of 0-100% solventB over 10 minutes at a flow rate of
200 pLmin~". Detection was performed at 210 and 260 nm. For
peptide 4c and derivatives, a linear gradient from 5-95% acetoni-
trile in water and 0.1% trifluoroacetic acid (=solvent system IlI)
over 60 minutes was used. The cleavage of peptide 4e was ana-
lysed by HPLC by use of solvent system | with addition of 0.1% tri-
fluoroacetic acid (=solvent system lll).

Melting points were determined on a Blichi SMP 20 capillary melt-
ing point apparatus and are uncorrected. Optical rotations were
measured at 25°C on a Perkin-Elmer P341 polarimeter. '"H NMR
spectra: Bruker AM 400 (400 MHz) and Bruker AM 300 (300 MHz)
instruments, solvent as internal standard (CDCl;: d,=7.24 ppm).
3C NMR spectra: Bruker AM 400 (100 MHz) and Bruker AM 300
(75 MHz) instruments, solvent as internal standard (CDCl;: 6=
77.0 ppm). *C NMR spectra were recorded in broadband decou-
pled mode, and multiplicities were determined by use of a DEPT
pulse sequence.

Mass spectra were recorded in positive ion mode on a Q-TOF 2
mass spectrometer (Micromass, Manchester, UK) fitted with a nano-
spray source. Analytes were dissolved in acetonitrile/water 2:1 (v/v)
and were injected into the mass spectrometer through glass capil-
laries (long type; Protana, Odense, Denmark) with use of a capillary
voltage of 1000 V and a cone voltage of 50 V. Instrument calibra-
tion was carried out with a mixture of sodium iodide and cesium
iodide dissolved in aqueous propan-2-ol (50 %).

ChemBioChem 2005, 6, 178-185 www.chembiochem.org
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Column chromatography: silica gel 60 (E. Merck, Darmstadt, Ger-
many), thin layer chromatography: (silica gel plates 60, thickness
0.25 mm, E. Merck, Darmstadt, Germany). Elemental analyses were
performed in the microanalytical department of the Kekulé-Institut
fur Organische Chemie und Biochemie, Bonn, Germany.

N-tert-Butoxycarbonyl deprotection: The N-terminal Boc-protect-
ed peptide component (1 mmol) was mixed at 0°C with trifluoro-
acetic acid (2 mL). After the mixture had been stirred for 2 h at
room temperature, the trifluoroacetic acid was removed under re-
duced pressure, and the remaining residue was treated with dieth-
yl ether and dried. The material was used in the next step without
further purification.

Peptide coupling: Peptides were synthesized by a modification of
the DCC/HOBt method®"?? with the use of EDC/HOBt™ (EDC=
N'-ethyl-N'-(3-dimethylaminopropyl)-carbodiimide  hydrochloride).
Since traces of dicyclohexylurea could not be completely removed
when working with DCC, we used the EDC/HOBt method in this
work.

Et;N (1 equiv) and HOBt (0.1 equiv) were added to a solution of N-
Boc-protected amino acid and the C-terminal-protected compo-
nent in water (2.5 mL, 1 mmol). The solution was cooled to 0°, and
EDC (1 equiv) was added. The mixture was stirred for 2 h at ambi-
ent temperature and was then extracted with water/ethyl acetate.
Depending on the solubility of the target compound, either the
organic layer was separated, dried (Na,SO,) and evaporated under
reduced pressure, or the aqueous phase was evaporated. The re-
maining residue was purified by chromatography on silica gel with
ethyl acetate/methanol gradients as solvent.

Affinity cleavage conditions: The peptide derivative (10 mg) was
dissolved in a solution of sodium methoxide in abs. methanol
(0.25Mm, 6 mL). At different time points, aliquots (100 uL) were
taken out of the reaction vessel by syringe and neutralised with
acetic acid solution (0.25m, 100 pL). This solution was analysed by
HPLC. It is important to note that non-esterified glutamate residues
(but not aspartate residues) have been transformed into the
methyl esters in detectable amounts in peptides isolated from
human stratum corneum by use of methanol-containing solvent
mixtures. Therefore, care has to be taken that the use of methanol
as solvent be avoided during sample preparation.

For HPLC quantification, a calibration curve was established by in-
jection of known amounts of peptide 4a and the corresponding
methyl ester 5a. The curves for the peak areas at 260 nm were
linear over the ranges from 0-150 nmol for 4a and 0-20 nmol for
5a. The cleavage product 8a was quantified by use of the same
peak height at 260 nm in the range from 0-200 nmol. Peptides 4b
(peak height at 260 nm, range 0-150 nmol), 5b (peak height at
210 nm, range 0-12 nmol), 8b (peak height at 210 nm, range 0-
80 nmol) and 9b (peak height at 210 nm, range 0-50 nmol) were
quantified in the same way. For the detection of 9b, TFA (0.1 %)
had to be added to the HPLC solvents.

Analytical data

N-tert-Butoxycarbonyl-(O-benzyl-L-glutamyl)-L-alanylamide  (3):
Chromatography (silica gel, ethyl acetate) gave 3 (950.7 mg, 78.8%
yield); m.p. 136°C; '"H NMR (CDCls): 6=7.27 (m, 5H; aryl), 5.05 (s,
2H; BnCH,), 441 (m, 1H; CH), 4.06 (m, 1H; CH), 2.43 (m, 2H; Glu-
CH,), 2.07 (m, TH; Glu-CH,), 1.90 (m, 1H; Glu-CH,), 1.35 (s, 9H;
(CH,)5), 1.31 ppm (d, 3H, J=7.0 Hz; Ala-CH,); four NH protons were
detected when measured in [Dslpyridine: 6=6.82 (d, J=6.6 Hz,
1H), 6.49 (brm, 1H), 5.61 (brm, 1H), 5.42 ppm (d, J=4.5Hz, 1H);
3C NMR (CDCly): 6=174.6, 173.3, 171.6, 156.0, 135.6, 128.6, 128.4,
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128.3, 80.6, 66.7, 54.5, 48.6, 30.6, 28.3, 28.3, 17.8 ppm; MS (ESI): m/z
calcd for C,oH,N;NaO,: 430.20 [M+Na]*; found 430.11.

N-tert-Butoxycarbonyl-L-phenylalaninyl-(O-benzyl-L-glutamyl)-L-
alanylamide (4a): Chromatography (silica gel, cyclohexane/ethyl
acetate 1:1 to cyclohexane/ethyl acetate 1:10) afforded 4a
(654.1 mg) in 76.6% yield. M.p. 177-8°C; '"H NMR (CDCl;/CD,0D
1:1): 6=7.13-7.32 (m, 10H; Bn), 5.01 (s, 2H; CH,), 4.23-4.31 (m,
3H; Glu-CH, Ala-CH, Phe-CH), 3.06 (dd, J=13.9, 5.5 Hz, 1H; Glu-
CH,), 2.86 (dd, J=14, 8 Hz, TH; Glu-CH,), 2.11 (m, 1H; Glu-CH,),
1.93 (m, TH; Glu-CH,), 1.36-1.33 ppm (d, J=7.2 Hz, 12H; Ala-CH,,
(CH,)3); *C NMR (CDCly/CD50D 1:1): 6=177.2, 174.7, 174.6, 172.7,
157.8, 137.9, 137.1, 130.5, 129.8, 129.85, 129.7, 129.5, 128.2, 81.6,
67.9, 57.6, 54.4, 50.2, 38.9, 34.9, 31.5, 29.2, 18.6 ppm; MS (ESI): m/z
calcd for C,oH3N,NaO,: 577.27 [M+Na]™; found 577.34; elemental
analysis calcd (%) for C,oH3s0,N,: C 62.8, H 6.91, N 10.1; found C
62.54, H 6.59, N 10.15; HPLC retention time=13.8 min (solvent
system ).

N-tert-Butoxycarbonyl-L-valinyl-(O-benzyl-L-glutamyl)-L-alanyla-
mide (4b): Chromatography (silica gel, ethyl acetate) afforded 4b
(1123 mg, 64.2%); m.p. 192°C; "H NMR (CDCl,/CD,0D 1:1): 6 =7.24
(m, 5H; Bn), 5.02 (s, 2H; CH,), 4.63 (t, J=6.0 Hz, 1H; Glu-CH), 4.27
(9, J=7.2 Hz, 1H; Ala-CH), 3.77 (d, J=5.9 Hz, 1H; Val-CH), 2.88 (dd,
J=16.8, 6.7 Hz, 1H; Glu-CH,), 2.79 (dd, /=16.8, 5.8 Hz, 1H; Glu-
CH,), 1.96 (m, 3H; Val-CH(CH,), and Glu-CH,), 1.37 (s, 9H; (CHs)s),
1.30 (d, J=7.2 Hz, 3H; Ala-CH;), 0.86 (d, J=6.8 Hz, 3H; Val-CH;),
0.82 ppm (d, 3H, J=6.8 Hz; Val-CH,); *C NMR (CDCl,/CD,0D 1:1):
0=177.2,174.5, 172.5, 171.8, 158.1, 136.7, 129.9, 129.7, 129.5, 81.7,
68.3, 61.9, 51.2, 50.4, 49.9, 36.6, 30.9, 29.1, 20.2, 19.0, 18.6 ppm; MS
(ESI): m/z calcd for CysH3gN,NaO,: 529.27 [M+Na]*; found 529.35;
elemental analysis calcd (%) for C,sHis0O,N,: C 59.27, H 7.56, N
11.06; found C 59.29, H 7.68, N 10.89; HPLC retention time=
12.8 min (solvent system I).

N-tert-Butoxycarbonyl-L-phenylalanyl-(O-dodecyl-L-glutamyl)-L-
alanylamide (4d): Transesterification of 4a to 4d was carried out
by the method of Mori et al.*?

Compound 4a (100 mg) and NaCN (35 mg) were dissolved in
DMSO (20 mL). Dodecan-1-ol (200 mg) was added, and stirring was
continued for 48 h at room temperature. The reaction mixture was
diluted with ethyl acetate and washed with sat. NaHCO; and then
with water. The organic layer was dried over Na,SO, and evaporat-
ed. Analysis of peak forms in HPLC point to up to 50% racemiza-
tion under the reaction conditions.

Chromatography (silica gel, ethyl acetate; R;=0.34) afforded 4d
(40 mg, 35.0%) as a waxy solid. '"H NMR (CDCl,): 6=7.11-7.30 (m,
5H; Bn), 5.40 (br, 1H; NH), 5.34 (br, 1H; NH), 5.28 (br, 2H; NH), 5.00
(d, J=7.3Hz, 1H; NH), 4.91 (s, 2H; CH,), 3.92-4.16 (m, 3H; Glu-CH,
Ala-CH, Phe-CH), 3.08 (dd, J=14.1, 49 Hz, 1H; Glu-CH,), 2.87 (dd,
J=14.1, 84 Hz, 1H; Glu-CH,), 2.41 (m, 2H; alkyl-CH,), 2.28 (m, 2H;
alkyl-CH,), 2.05 (m, 1H; Glu-CH,), 1.95 (m, 1H; Glu-CH,), 1.86 (m,
2H; alkyl-CH,), 1.31-1.34 (m, 12H; Ala-CH,, (CH,);), 1.19 (m, 16H;
alkyl-CH,), 0.81 ppm (t, J=6.8 Hz, 3H; alkyl-CH,); *C NMR (CDCl,):
0=175.1,173.4,171.7, 170.6, 154.4, 135.6, 129.2, 129.0, 127.5, 81.3,
65.6, 57.2, 49.2, 49.1, 33.9, 31.9, 29.3-29.7, 28.5, 28.2-28.3, 26.0,
25.5, 249, 228, 17.8, 14.1ppm; MS (ESI):: m/z calcd for
C3HssNyNaO,: 655.40 [M+Na]*; found 655.40; HPLC retention
time=17.2 min (solvent system ).

Cleavage of H-GIn-Phe-Phe-Gly-Leu-Met-NH, (4e): Peptide 4e
turned out to be stable for 4 h under the cleavage conditions (re-
tention time 10.81 min, solvent system lll), but after 24 h only
40 mol % were detectable. About 25 mol% of the N-terminal pyro-
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glutamate-containing product could be detected (retention times
12.12 and 12.87 min; solvent system llI).

N-tert-Butoxycarbonyl-L-phenylalanyl-(O-methyl-L-glutamyl)-L-

alanylamide (5a): Transesterification of 4a to 5a was carried out
by the method of Giannis et al.?*! Chromatography (silica gel, ethyl
acetate/methanol 10:1) gave 5a (51.2mg, 76.0% yield). M.p.
174°C; '"H NMR (CD;0D): 6=7.10-7.19 (m, 5H; Ar), 4.18-4.28 (m,
3H; Phe-CH, Glu-CH, Ala-CH), 3.02 (dd, /=13.9, 53 Hz, 1H; Bn-
CH,), 3.57 (s, 3H; Glu-OMe), 2.76 (dd, J=13.9, 9.2 Hz, 1H; Bn-CH,),
2.32 (m, 2H; Glu-CH,), 2.03 (m, 1H; Glu-CH,), 1.86 (m, 1H; Glu-CH,),
1.27-1.29 ppm (m, 12H; Boc-(CH,);, Ala-CH,); *C NMR (CD,0D): 6 =
176.0, 173.7, 173.3, 171.6, 1554, 133.0, 128.9, 128.2, 126.3, 794,
56.2, 52.7, 508, 48.8, 373 (CH,), 29.5 (CH,), 27.2, 26,6 (CH,)
16.8 ppm; MS (ESI): m/z calcd for Cy3H;,N,NaO,: 501.23 [M+Nalt;
found 501.20; HPLC retention time=11.9 min (solvent system I).

N-tert-Butoxycarbonyl-L-valinyl-(O-methyl-L-glutamyl)-L-alanyla-
mide (5b): Chromatography (silica gel, ethyl acetate/methanol
10:1) gave 5b (51.2 mg, 12.0% yield). M.p. 207°C; 'H NMR (CDCl,/
CD;0D 1:1): 6=4.22 (g, J=7.2 Hz, 1H; Ala-CH), 3.71 (d, J=6.2 Hz,
1H; Val-CH), 3.56 (s, 3H; OCH,), 2.33 (m, 1H; Val-CH(CH,),), 2.02 (m,
2H; Glu-CH,), 1.88 (m, 2H; Glu-CH,), 1.33 (s, 9H; (CH,);), 1.27 (d, J=
7.3 Hz, 3H; Ala-CH,), 0.84 (d, J=6.8 Hz, 3H; Val-CH,), 0.81 ppm (d,
J=6.8Hz, 3H; Val-CH;); *C NMR (CDCl,/CD,0D 1:1): 6=177.3,
175.5, 175.0, 1729, 158.3, 814, 62.2, 545, 52.9, 50.3, 31.8, 31.3,
27.7, 20.1 19.0, 18.6 ppm; MS (ESI): m/z caled for C,oH;,N,NaO;:
45324 [M+Nal*; found 453.27; HPLC retention time=10.9 min
(solvent system 1).

Pyroglutamylalaninamide (7a/b) obtained under affinity cleav-
age conditions: Chromatography (silica gel, ethyl acetate/methan-
ol 1:2) afforded 7a/b as a colourless oil (33.8 mg, 17.3% yield);
mixture of two stereoisomers, ratio 1:1. '"H NMR (CDCl,/CD;0D 1:1):
0=4.27 (2xq, J=7.2Hz, 1H; Ala-CH), 413 (m, 1H; Pyroglu-CH),
234 (m, 1H; CH,), 221 (m, TH; Glu-CH,), 2.00 (m, 1H; CH,),
1.29 ppm (d, J=7.2 Hz, 3H; Ala-CH;); *C NMR (CDCl,/CD;0D 1:1):
0=181.6, 181.5, 177.4, 174.6, 174.6, 58.0, 50.1, 30.5, 30.5, 26.5, 26.5,
18.3 ppm; MS (ESI): m/z calcd for CgH,3sN;NaO,: 222.06 [M+Nalt;
found 222.05; HPLC retention time =3.9 min.

Enantiomeric pure sample of (7a/b), L form: Chromatography
(silica gel, acetone/water 1:1) afforded 7a/b (242.7 mg, 81.3%);
m.p. 163°C; '"H NMR (CDCl,/CD;0D 1:1): =437 (q, J=7.2 Hz, 1H;
Ala-CH), 4.21 (dd, J=8.4, 5.0 Hz, 1H; Pyroglu-CH), 2.42 (m, 1H;
CH,), 228 (m, 2H; CH,), 2.11 (m, TH; CH,), 1.37 ppm (d, 3H, J=
7.2 Hz; Ala-CH;); “C NMR (CDCly/CD;OD 1:1): 6=181.6, 1774,
174.6, 58.0, 50.1, 30.5, 26.5, 18.3 ppm; MS (ESI): m/z calcd for
CgHsN3NaO;: 222,06 [M+Nal™; found 222.05; HPLC retention
time=3.3 min (solvent system I).

Pyroglu-Val-Glu-Asp-Gln-Lys-Glu-Glu-OH (7 ¢): MS (ESI): m/z calcd
for CuHgN;oOro: 987.42 [M+HIT; found 987.4; HPLC retention
time=10.9 min (solvent system II).

N-tert-Butoxycarbonyl-L-phenylalanine methyl ester (8a): Com-
pound 8a is commercially available from Bachem (Bubendorf, Swit-
zerland); HPLC retention time=13.3 min (solvent system ).

N-tert-Butoxycarbonyl-L-valine methyl ester (8b): Chromatogra-
phy (silica gel, ethyl acetate/methanol 1:1) gave 8b as a colourless
oil (27.7 mg, 12.1% yield). '"H NMR (CDCl;): 5 =4.94 (brm, 1H; NH),
4.15 (dd, J=8 Hz, 4.4 Hz, 1H; Val-CH), 3.66 (s, 3H; OCH,), 2.04 (m,
1H; CH(CH;),), 1.38 (s, 9H; (CH;)3), 0.89 (d, J=6.8 Hz, 3H; Val-CH;),
0.82 ppm (d, J=6.9 Hz, 3H; Val-CH,); *C NMR (CDCl;): §=172.9,
155.7, 79.8, 58.6, 52.0, 31.9, 28.3, 19.0, 17.7 ppm; MS (ESI): m/z
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caled for C;;H,,NNaO,: 254.15 [M+Na]*; found 254.09; HPLC reten-
tion time =12.6 min (solvent system I).

N-tert-Butoxycarbonyl-L-phenylalaninyl-L-glutamyl-L-alanylamide
(9a): Compound 9a was obtained on cleavage of 4a. MS (ESI):
m/z calcd for Cy,H;,N,O,Na: 487.22 [M+Na]™*; found 487.21; HPLC
retention time=13.9 min (solvent system ).

N-tert-Butoxycarbonyl-L-valinyl-L-glutamyl-L-alanylamide  (9b):
Compound 4b (200 mg, 0.395 mmol) was dissolved in argon-satu-
rated methanol (50 mL), and palladium on charcoal (10%, 50 mg)
was added. The solution was stirred for 18 h under a hydrogen
atmosphere and was then filtered and evaporated under reduced
pressure.

Chromatography (silica gel, dichloromethane/methanol 3:1 + 0.1%
HOAC) afforded 9b (132,1 mg, 89.3% yield); m.p. 184°C; '"H NMR
(CD,0D): 6=4.28 (dd, J=8.2, 53 Hz, 1H; Glu-CH), 423 (q, J=
7.2 Hz, 1H; Ala-CH), 3.74 (d, J=6.6 Hz, 1H; Val-CH), 2.33 (m, 1H;
Val-CH(CHs,),), 1.87-2.02 (m, 4H; Glu-CH,), 1.36 (s, 9H; (CH,),), 1.28
(d, J=73Hz, 3H; Ala-CH;), 086 (d, J=6.8Hz, 3H; Val-CH,),
0.82 ppm (d, J=6.8 Hz, 3H; Val-CH,); *C NMR (CD,0D): 6 =177.5,
176.8, 175.5, 173.2, 158.3, 80.9, 62.1, 54.3, 50.3, 49.0, 31.1, 30.7,
28.7, 19.7, 18.6, 18.2 ppm; MS (ESI): m/z calcd for C;,H,,N,NaO,:
439.23 [M+Na]*; found 439.16; HPLC retention time =8.7 min (sol-
vent system IlI).
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