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A new method for the synthesis of dehydroalanine (AAla)-containing peptides has
been developed by combining solid phase peptide synthesis (zerr-butyloxycarbo-
nyl/HF-chemistry) with solution synthesis. A sequence from cyanobacterial hepa-
totoxin microcystin, Ac-D-y-Glu-[ N-Me-AAla]-D-Ala-Leu amide was chosen as a
model peptide. The precursor for the synthesis of the dehydroalanine-containing
peptide, Ac-D-y-Glu-[N,S-diMeCys]-D-Ala-Leu, was synthesized on a solid phase
followed by sulfonium salt formation on the resin. The resulting S,S-dimethylated
peptide was cleaved from the resin with liquid HF. The HPLC-purified S,S-di-
methylated cysteine-containing precursor peptide was subjected to B -elimination
in solution catalysed by DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene) in methanol.
The final product, Ac-D-y-Glu-[N-Me-AAla}-D-Ala-Leu amide, was purified by
HPLC, and analysed by mass spectrometry and 'H NMR spectroscopy. The
stability of the model peptide under acidic, neutral and basic conditions has been

studied.

Toxic blue—green algae such as Microcystis, Oscillatoria
and Anabena, pose an increasing environmental hazard in
several areas of the world. Two main types of toxin are
produced by these cyanobacteria: peptide hepatotoxins
and alkaloid neurotoxins.! Of increasing interest are
hepatotoxins — cyclic heptapeptides named micro-
cystins, which induce severe intrahepatic haemorrhages
and liver necrosis. Microcystins have lately been recog-
nised as potent inhibitors of protein phosphatases 1 and
2A,% and as potent liver tumour-promoters.>

Development of a defence system against the toxicity
of microcystins is therefore of great interest. This work is
introductory to a project aimed at the production of cata-
lytic antibodies with the ability to degrade micro-
cystins.*>

Microcystins are cyclic heptapeptides with the chemi-
cal structure, cyclo(D-Ala-X-[ D-erythro-p -methylAsp]-Y-
Adda-D-y-Glu-N-Me-AAla-) where X and Y are variable
L-amino acids. The microcystins differ primarily in the
two variable L-amino acids and their nomenclature is
based on these differences: microcystin-LR contains leu-
cine and arginine in the various positions, microcys-
tin-YR contains tyrosine and arginine, etc. It has been
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demonstrated that the common structural feature, Adda
(3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-
dienoic acid), is very important for the activity of micro-
cystins.® Recently, it has as well been reported that the
analogue of microcystin-LR containing saturated N-me-
thyldehydroalanine, i.e., N-methylalanine, is about half as
toxic as the parent compound.” Hence, it is reasonable to
choose at least one of these two unusual amino acids —
Adda or AAla — as a target for antibody-catalysed deg-
radation of microcystins. Our choice was a AAla-con-
taining fragment of microcystin, Ac-D-y-Glu-[N-Me-
AAla]-D-Ala-Leu amide.

The synthesis of o,B-dehydroamino acids or dehy-
droamino acid containing peptides has been studied ex-
tensively, 1 mainly due to the isolation of numerous bio-
logically active o, -dehydropeptides from natural sources
over the last two decades. As in the case of microcystins,
the majority of a,B -dehydroamino acids have been found
in low-molecular weight cyclic peptides from microbial
sources. Dehydroamino acid containing peptides have
unique chemical and stereochemical properties which
affect both the chemical reactivity and the conformation
of the peptides. Therefore the synthesis of new analogues



of o,B-dehydroamino acid containing peptides is of in-
terest.

Numerous methods for the synthesis of «,B-dehy-
droamino acid containing peptides mainly include their
synthesis in solution. The elimination of water from, e.g.,
serine-, threonine- or phenylserine-containing analogues,
eliminations from corresponding tosyl and selenium ana-
logues and base-induced elimination from the corre-
sponding sulfonium salts have been reported (for reviews
cf. Refs. 9 and 10). The solid phase synthesis of a de-
hydroalanine-peptide from asparagine-containing se-
quences on Merrifield resin has also been described.'!

However, development of alternative methods for the
synthesis of peptides containing dehydroalanine are still
needed. Here we report a new method for the preparation
of dehydroalanine-containing peptides by combining solid
phase peptide synthesis and solution synthesis. A partial
sequence of cyanobacterial hepatotoxin microcystin was
chosen, and studies of its stability at pH 5.0, 7.4 and 11.0
were made.

Results and discussion

The model peptide-sequence from microcystin-LR was
synthesised according to the scheme outlined in Fig. 1.
Manual assembly of the tetrapeptide 1 on p-methylbenz-
hydrylamine (MBHA) resin was achieved by coupling of
the tert-butyloxycarbonyl (z-Boc) amino acids with
TBTU-HOBt-DIEA and deprotection after each step
by treatment with trifluoroacetic acid (TFA)-CH,Cl, (cf.,
the Experimental). The synthesis was followed by dime-
thyl sulfonium salt formation of the N,S-dimethyl-cys-
teine residue of the bound peptide yielding the sulfonium
analogue 2 of the peptide. This was cleaved from the resin
with HF and purified by HPLC. The resulting peptide 3
gave a calculated molecular weight of 518.7 which was
confirmed by an [M+1]" ion of m/z of 519.5 in the
PDMS analysis (Fig. 2). Its purity was =989, . The prod-
uct 4 was obtained (yield 549, as calculated from the
amount of peptide 3 as the starting material) from the
subsequent elimination of dimethyl sulfide from the S,S-
dimethylcysteine residue of the sulfonium salt (cf., the Ex-
perimental). The product was purified by HPLC and
analysed by mass spectrometry (Fig. 2). A different re-
tention time was obtained for the final product 4 as com-
pared with the S,S-dimethylated precursor peptide 3
(Fig. 2) and the mass obtained, [M + 1]* ion of m/z of
456.3, corresponded to the calculated value for the N-Me-
AAla analogue (M, 455.5). The peptide structure was
verified by '"H NMR analysis (cf. Experimental and
Table 1), suggesting that the methylene group existed in
both sE- and sZ-forms (Fig. 3).

The stability of the microcystin analogue 4 in water
solution at different pH was examined, with results pre-
sented in Fig. 4.

The data presented demonstrate that we have been able
to synthesise the AAla containing fragment of microcys-

SYNTHESIS OF MICROCYSTIN FRAGMENT
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Fig. 1. Sequence of steps involved in the synthesis of the
model peptide sequence from microcystin-LR.
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Fig. 2. HPLC elution profile of purified peptides 3 (t; 12.00
min, m/z 519.5) and 4 (t; 12.80 min, m/z 456.3) shown
on Fig. 1.

tin, Ac-D-y-Glu-[ N-Me-AAla]-D-Ala-Leu amide, by com-
bining solid phase peptide synthesis (SPPS) with B -elimi-
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Table 1. Chemical shifts for residues in peptide 4.

Residue H, Hg H, Hs Other protons
y-Glu 4.38 2.19 2.67
{m, 1 H) (dt, J=13.5, (m, 1H)
J=8.1, 1 H) 2.39
1.96 (m, 1H)
(dt, J=13.5,
J=8.1, 1H)
Ala 4.31 1.43
(m, 1H) (t, J=7.3, 3H)
Leu 4.31 1.64 1.68 0.92
(m, 1H) (m, 1H) (m, 1H) (d, J=5.2,3H)
0.86
(d, J5.2, 3 H)
AAla 6.26/5.87
(s, 1H)/(s, 1 H)
5.77/5.53
(s, 1 H)/(s, 1H)
N-Me 3.30/3.06
(s, 3H)/(s, 3 H)
Ac 2.04
(s, 3H)
2.01
(s, 3H)
A B nation in solution, using N,S-diMe-Cys as a building
block for N-Me-AAla.
Application of cysteine residues modified on sulfur for
CH, B -elimination reactions in solution has often been re-
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Fig. 3. The two proposed conformations of the peptide 4:
(A) sE-form and (B) sZ-form.
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Fig. 4. The stability of peptide 4 at different pH values in 50
mM Na-phosphate buffer (pH 5.0 and 7.4) and 0.1 M CAPS
(pH 11.0).
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ported (for a review, see Ref. 10) and the S,S-dimethyl-
sulfonium group as a leaving group has been used by
Sokolovsky et al.'> However, introduction of the methods
compatible with different SPPS methods is of interest.

Synthesis of peptides containing cysteine by SPPS de-
mands the protection of the sulfhydryl group in order to
avoid the side reactions or even degradation. In contrast,
the S-methyl group was compatible with SPPS using
t-Boc-TFA-HF chemistry as expected from the analogy
with Met. Analysis of reaction products after HF-cleav-
age was carried out at three different stages of the syn-
thesis. The N,S-diMe-Cys containing analogue of the pep-
tide 4 (i.e., the cleaved peptide 1) and peptide 3 were both
cleaved from the resin yielding the peptide with the cor-
rect molecular mass. However, the attempt to carry out
the B -elimination reaction with peptide 2 followed by HF
cleavage, was not successful according to the mass spec-
trometry data (data not shown).

It is noteworthy that the dimethyl sulfonium salt for-
mation carried out by adding CH,I in DMF (Fig. 1) was
successful and the resulting peptide 3 was stable in the
cleavage by HF. The method described can be useful for
relatively simple synthesis of —S*(CH;),— containing
peptides. It has also been demonstrated that the f -elimi-



nation reaction can be carried out on N-methylated resi-
dues derived from cysteine.

An unprotected N-terminal amino group of the peptide
would very likely be methylated during dimethylsulfonium
salt formation in solution and therefore only N-terminally
protected peptides can be used for the synthesis of de-
hydroalanine-containing peptides with S-methylcysteine
as a building block. We chose the acetylated N-terminal
amino group in our model peptide; further evaluation of
applicability of other protective groups in peptide chem-
istry (¢-Boc, Fmoc, Cbz) is needed. The possibility that
the functional groups of amino acids Met, His and Trp
are S- or N-methylated in their side chains is likely, there-
fore the use of the method described here for peptides
including these amino acids is probably connected with
formation of numerous side products.

The stability of peptide 4 was studied at pH 5.0, 7.4
and 11.0 (Fig. 4). The model peptide is stable at acidic
pH, whereas at pH 11 it is degraded with a half life of
approximately 135 h. Even under neutral conditions slight
degradation was noted during incubation for 600 h. Tran-
sition state analogues for raising catalytic antibodies en-
abling the degradation of microcystin should hence be
designed keeping this in mind.

We have demonstrated the possibility of using Boc-
N,S-diMe-Cys, a new building block, for the synthesis of
a dehydroalanine containing analogue of microcystin-LR,
by combining solid phase peptide synthesis with the elimi-
nation reaction in solution. Compared with the methods
described so far''!3 for solid phase peptide synthesis of
dehydroalanine containing peptides, this method is com-
patible with Boc—HF chemistry up to the elimination step
which should be carried out in solution.

Experimental

General methods. Molecular masses of the peptides were
determined using a Plasma Desorption Mass Spectrom-
eter Model Biolon 20, Applied Biosystems. Ten pl of
sample were applied to a nitrocellulose sample target, and
spectra were recorded both before and after the sample
target had been washed with deionized water containing
0.1% TFA (trifluoroacetic acid); the values of molecular
masses of the peptides according to their [M + 1]* ions
were obtained in each case within the error limits
(£0.1%).

The structure and the purity of the peptide 4, Ac-D-
v-Glu-[N-Me-AAla]-D-Ala-Leu amide, were checked by
'"H NMR spectroscopy; the spectra were recorded on a
Varian Unity 300 Spectrometer. Chemical shifts (Table 1)
are reported in parts per million (ppm), using TSP (so-
dium 3-trimethylsilyltetradeuteriopropionate) as an inter-
nal standard (0 ppm). Splitting pattern notations are: s,
singlet; d, doublet; t, triplet; dt, doublet of triplets and m,
multiplet. Coupling constants (J) are given in hertz (Hz).
The sample was dissolved in D,O and the spectrum run
at room temperature.

SYNTHESIS OF MICROCYSTIN FRAGMENT

Synthesis of aNH-Boc-N,S-dimethylcysteine. We adopted
the methodology for synthesis of the corresponding
S-benzyl derivative as described by Yamashiro et al.'*
and subsequently used by Ohler and coworkers'® for the
preparation of N,S-dimethylcysteine with a reported yield
of 549, . For solubility reasons we had to resort to a more
elaborate work-up procedure involving evaporation to
dryness and trituration of the residue with ethanol. This
will be described in detail elsewhere (Trogen et al., in
preparation). Thus we were able to obtain the desired
amino acid in about 709, yield. The a-amino group of the
N,S-dimethylcysteine was protected with a Boc group as
described.'®

Peptide synthesis on a solid phase. The model peptide, Ac-
D-y-Glu-[N,S-diMeCys]-D-Ala-Leu amide, was as-
sembled manually in a stepwise manner on a solid sup-
port with TBTU [2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium tetrafluoroborate]-HOBt (1-hydroxy
benzotriazole) activation strategy on a 0.2 mmol scale.
Amino acids, Boc-Leu, Boc-D-Ala (both from Bachem
Feinchemikalien AG), Boc-N,S-dimethylcysteine and
Boc-D-Glu(a-OBzl) (Sigma), were coupled to MBHA
(Bachem Feinchemikalien AG) resin. An individual cycle
for each amino acid included deprotection of the Boc-
group with 50% TFA in CH,Cl, for 20 min, and acyla-
tion with 1.2-fold excess (as compared with the amount
of free amino groups on the resin) of the protected amino
acids in dimethylformamide (DMF) for 10—30 min. Be-
tween each operation several extensive washings were
performed with CH,Cl,, DIEA (N,N-diisopropylethyl-
amine) and DMF. After final coupling and deprotection,
the acetylation was carried out using 109, acetic anhy-
dride and 5% DIEA in CH,CI, for 10 min.

Dimethylsulfonium salt formation on a solid phase. Follow-
ing acetylation, the peptide on the resin (Ac-D-y-Glu-
[N,S-diMeCys]-D-Ala-Leu-resin) was S-methylated by
addition of a 20-fold excess of methyl iodide in DMF and
incubation of the reaction mixture for 8 h at 0 °C and for
16 h at room temperature.

Cleavage and purification of the peptide. The S-methylated
peptide was cleaved from the resin by making use of dry
liquid HF as described earlier'’ to obtain the ‘crude pep-
tides’.

Purification of all the cleaved peptides was carried out
on an LKB HPLC (high performance liquid chromato-
graphy) apparatus (SYSTEM PREP 50) using a Polygo-
sil 60-7 C,4 reversed-phase column (1.0 x 25.0 cm). The
crude peptides were separated at a flow rate of 2.0 ml
min "', using a linear gradient from 0-50%, (v/v) water—
acetonitrile containing 0.19%, TFA for 30 min. The purity
of the individual peptides was checked on an analytical
Nucleosil 120-3 C,; reversed-phase HPLC column
(0.4 x 10.0 cm) and determined to be =98Y%;.
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Synthesis of the AAla-containing analogue of microcystin in
solution. The N-Me-S,S-trimethylcysteine residue of the
purified peptide has been subjected to elimination by ad-
dition of an eightfold excess of DBU in dry methanol and
stirring the reaction mixture for 20 min. Water was added
and the dehydroalanine-containing peptide was immedi-
ately purified by reversed-phase HPLC and its mass spec-
tra analysed as described above.

The 'H NMR spectra of peptide 4 indicates the pos-
sible presence of sE- and sZ forms of the AAla residue
in approximately a 1:1 ratio which will be subjected to
further investigation (Table 1). Signals at § 6.26 (s, 1 H)/
5.87 (s, 1 H) and at 5.77 (s, 1 H)/5.53 (s, 1 H) are as-
signed to methylene protons of this residue. Signals at
8 3.30 (s, 3 H) and 3.06 (s, 3 H) are assigned to N-methyl
groups and the acetyl group on D-y-Glu gives rise to sin-
glets at 6 2.04 (s, 3 H) and 2.01 (s, 3 H).

Stability of the microcystin analogue, Ac-D-y-Glu-[N-Me-
AAla]-D-Ala-Leu amide. The stability of the microcystin
analogue was investigated by incubating small amounts
of the dehydroalanine peptide at three different pH values
(pH 5.0, 7.5 in 0.05 M Na-phosphate buffer and 11.0 in
0.1 M 3-cyclohexylamino-1-propanesulfonic acid; CAPS)
from 0 to 500 h. Samples were regularly taken from the
solution throughout the entire time, frozen at — 70 °C and
examined by analytical HPLC in order to visualise the
eventual degradation.
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