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Introduction

Natural products (NPs) can be regarded as evolutionarily se-
lected and therefore biologically relevant small molecules en-
dowed with the ability to interact with multiple biological tar-
gets.[1] Due to this biological prevalidation, the structural
frameworks underlying the multiple NP classes can be consid-
ered “privileged”.[2] In turn, NPs continue to stimulate investiga-
tions into compound library development for chemical biol-
ogy[3] and medicinal chemistry research.[4]

A prolific class of producers of bioactive NPs with novel
structures are cyanobacteria (formerly called “blue–green
algae”), which are quite diverse prokaryotes that live by photo-
synthesis.[5] Cyanobacteria produce a large variety of secondary
metabolites that are believed to function as defence agents,[6]

and probably improve survival chances in their particular ecol-ACHTUNGTRENNUNGogical niche. Interestingly, many of these compounds are struc-
turally diversified peptides, especially cyclopeptides. The spec-
trum of the activities of these compounds reaches from immu-
nosuppressive through antibiotic, toxic and cytostatic action to
inhibition of specific enzymes. Consequently, such cyanobacte-
rial secondary metabolites (CSMs) have become an inspiring
natural source of new pharmacologically active molecules with
potential therapeutic applications.[7]

Earlier reports suggested that several cyanobacterial cyclo-
peptides arise from nonribosomal peptide synthesis path-
ways,[8] in line with the occurrence of nonproteinogenic amino
acids and noncanonical linkages in their structures. However,
recent contributions have provided evidence that they can
also originate from ribosomal peptide synthesis—in the cases
of the aerucyclamides or microviridin, for example.[9] It can
therefore be speculated that the pathway depends on the indi-
vidual compound, and that both variants might even coexist.

The brunsvicamides (BVAs) A–C (1–3 ;) were recently isolated
from Tychonema sp.[10] Five amino acids form the cyclic back-
bones of the these branched hexapeptides through a d-lysine
side chain. The sixth amino acid is found linked to a urea

moiety at the a-amino group of the d-lysine. The BVAs belong
to a group of structurally related cyclic peptides that are gen-
erally classified as “anabaenopeptin-type” (or “-like”) peptides.

The brunsvicamides are modified cyclopeptides from cyano-
bacteria, cyclised through the e-amino group of a d-lysine unit.
They are functionalised with urea groups and show potent car-
boxypeptidase inhibitory activities. In order to unravel the
structural parameters that determine their activities, a collec-
tion of brunsvicamide analogues with varied amino acid struc-
tures and stereochemistries was synthesised by a combined
solution- and solid-phase approach. Biochemical investigation

of the compound collection for carboxypeptidase A inhibition
revealed that the presence of d-lysine and l-isoleucine in the
urea section is important for inhibition. It was found that
brunsvicamide A is a substrate-competitive inhibitor of
carboxy ACHTUNGTRENNUNGpeptidase A. These findings are in agreement with the
substrate specificity of the enzyme and were rationalised by
computational studies, which showed the high relevance of
the lysine stereochemistry for inhibitory activity.
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To date, 41 such anabaenopeptin-type peptides have been iso-
lated from different natural sources.[11] All examples retrieved
from cyanobacteria feature a d-lysine unit, whereas anabaeno-
peptin-type peptides isolated from other sources typically in-
corporate an l-lysine component. All of them, however, have a
urea moiety, which is known as a surrogate for an amide bond
in peptidomimetics.[12] In addition, they all share a common N-
methylated residue at position four in their amino acid
sequences.

Anabaenopeptin-type molecules show a broad spectrum of
biological activities. The oscillamides B (4) and C (5), for in-
stance, were found to inhibit protein phosphatase types 1 and

2 A.[13] Several anabaenopeptins have been shown to inhibit
carboxypeptidases (CPDs).[14] CPDs are zinc-containing carboxy-
exo-peptidases[15] that process a variety of peptides or proteins
that play crucial roles in immunological reactions/allergic re-
sponses and inflammation, as well as in blood coagulation and
thrombosis.[16]

The BVAs have been found to inhibit human carboxypeptid-ACHTUNGTRENNUNGases A and B.[17] Moreover, the NP isolates interfered with the
function of tyrosine phosphatase B from Mycobacterium tuber-
culosis (MptpB) at micromolar concentrations.[10] In general,
protein phosphatases act in concert with protein kinases to
control the state of protein phosphorylation, and thereby regu-
late enzymatic activity and modulate interactions between pro-
teins.[18] We have recently reported the correct stereochemistry
of BVA A (1) from a solid-phase-based total synthesis.[19] Here
we give a detailed account on the synthesis and biochemical
activity of BVA A and of a focused library of 17 analogues. The
biological activities of the synthetic material and the isolate
were shown to differ markedly. Notably, a 1000-fold loss in po-
tency was caused by the inversion of one stereogenic centre.
Computational docking studies allowed us to rationalise the
results from the enzyme inhibition data.

Results and Discussion

In order to determine the correct stereochemistry of BVA A,
eight stereochemical isomers of BVA A (Scheme 1, 1, 28–34 ;
see Table 1 for a detailed structural assignment) were synthe-ACHTUNGTRENNUNGsised by both solution and solid-phase methods. Four stereo-
isomeric 4-nitrophenyl carbamates (8–11) were each treated
with l- and d-Lys ACHTUNGTRENNUNG(Fmoc)OAll (6, 7) to yield eight orthogonally

protected urea building blocks, which were transformed into
the free acids 12–19. Treatment of 2-chlorotrityl chloride resin
with the purified urea building blocks reliably gave access to
the solid-phase-bound ureas. Peptide chain elongation was
performed, and cleavage of the resulting allyl esters 20–27
was followed by on-resin ring-closure. The solid-phase-bound
BVA analogues were then released from the solid support and
purified by HPLC. BVA A (1) and the seven stereoisomers 28–
34 were subjected to biochemical testing.

Investigation of phosphatase inhibition

Synthetic BVA A (1) and its stereoisomers 28–34 were each
studied for inhibition of MptpB. However, in contrast with the

Scheme 1. Synthesis of brunsvicamide A (1) and seven stereochemical ana-
logues (28–34). For the stereochemical assignments see Table 1.
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material retrieved by isolation,[10] neither synthetic 1 nor 28–34
gave any measurable inhibition of MptpB up to a concentra-
tion of 100 mm with the substrates pNPP[20] or DiFUMP[21] (see
the Supporting Information for details). Currently we reason
that an impurity might be responsible for the inhibitory activi-
ty of the material isolated from the producing organism.

Investigation of CPD inhibition

On the other hand, synthetic BVA A (1) inhibited the activities
of carboxypeptidases A and B (CPDA/B) as reported earlier, and
a detailed investigation was initiated. The inhibition of bovine
CPDA and porcine CPDB, which are both homologues of
human CPDs,[22] by the synthetic BVAs 1 and 28–34 was inves-
tigated by an absorbance assay based on N-(4-methoxyphenyl-ACHTUNGTRENNUNGazoformyl)phenylalanine (35, AAF-Phe-OH) and -arginine (36,

AAF-Arg-OH) as substrates.[23] The reaction rates were deter-
mined from the slopes of the absorbance change at 355 nm at
ten different concentrations of inhibitor and related to controls
in the absence of the inhibitor.

Compound 1, the NP with d-lysine and l-isoleucine, proved
to be the most potent inhibitor tested (see Table 1). Structure–
activity correlation indicates that l stereochemistry is clearly
favoured for the amino acid at position 6 (AA6) off the urea.
The stereochemistry of the lysine is of highest importance for

inhibitory activity (1: IC50 = 5 nm, 31: IC50 = 5 mm). The findings
are consistent with the known specificity of CPDA for sub-
strates that bear large aliphatic or aromatic amino acid resi-
dues with the l configuration at their C termini.

The inhibitory activities of 1 and 28–34 towards CPDB were
significantly lower (1: 88 nm, 28 : 480 nm; see Table 1). These
experimental findings correspond with the known specificity of
CPDB for substrates carrying basic amino acid residues at their
C termini. The difference in CPDA inhibitory activity between 1
and 31—three orders of magnitude—is a promising starting
point for future library design, and it prompted us to under-
take a systematic study by alanine and serine scans. The amino
acid residues were varied to yield analogues that each differ in
only one position of the original sequence. Essential interac-
tions or steric hindrance between inhibitor and enzyme can
typically be identified by this method.[24]

Alanine and serine scan

We chose the BVA A (1) sequence as the basic scaffold and
varied the isoleucine to l- or d-alanine and the amino acid resi-
dues AA2, AA3 and AA5 (see Scheme 1 for the numbering) to
alanine or serine. The N-Me-tryptophan was varied to N-Me-ala-
nine or N-Me-serine. The synthesis of the necessary urea build-
ing blocks started with the reaction between 4-nitrophenyl
chloroformate (37) and l-alanine tert-butyl ester (38) to yield
4-nitrophenyl carbamate 39, which was purified by column
chromatography (Scheme 2).[25] Upon addition of H�nig’s base
to carbamate 39, an intense yellow coloration indicated the in
situ formation of the isocyanate,[26] which was treated with d-
Lys ACHTUNGTRENNUNG(Fmoc)OAll to give the orthogonally protected[27] urea build-
ing block. Column chromatography removed residual 4-nitro-
phenol, and this was directly followed by tert-butyl ester cleav-
age to yield the free acid 40. We obtained the l-Ala urea 40

Table 1. Inhibition of bovine CPDA and porcine CPDB by BVA A (1) and analogues (28–34, 54–63).

Compound Amino acid sequence/residue number IC50

1 2 3 4 5 6 CPDA (mm) CPDB (mm)

1[a,b]
d-Lys l-Val l-Leu l-NMe-Trp l-Phe l-Ile 0.0050�0.0001 0.088�0.006

28[b]
d-Lys l-Val l-Leu l-NMe-Trp l-Phe l-allo-Ile 0.0077�0.0001 0.480�0.004

29[b]
d-Lys l-Val l-Leu l-NMe-Trp l-Phe d-allo-Ile 17.1�0.5 >50

30[b]
d-Lys l-Val l-Leu l-NMe-Trp l-Phe d-Ile 27.1�0.6 >50

31[b]
l-Lys l-Val l-Leu l-NMe-Trp l-Phe l-Ile 5.4�0.1 >50

32[b]
l-Lys l-Val l-Leu l-NMe-Trp l-Phe l-allo-Ile >50 >50

33[b]
l-Lys l-Val l-Leu l-NMe-Trp l-Phe d-allo-Ile >50 >50

34[b]
l-Lys l-Val l-Leu l-NMe-Trp l-Phe d-Ile >50 >50

54[c]
d-Lys l-Val l-Leu l-NMe-Trp l-Phe l-Ala 0.102�0.007 –

55[c]
d-Lys l-Val l-Leu l-NMe-Trp l-Phe d-Ala 5.7�0.1 –

56[c]
d-Lys l-Val l-Leu l-NMe-Trp l-Ala l-Ile 0.0066�0.0002 –

57[c]
d-Lys l-Val l-Leu l-NMe-Trp l-Ser l-Ile 0.0079�0.0003 –

58[c]
d-Lys l-Val l-Leu l-NMe-Ala l-Phe l-Ile 0.0048�0.0002 –

59[c]
d-Lys l-Val l-Leu l-NMe-Ser l-Phe l-Ile 0.0289�0.0005 –

60[c]
d-Lys l-Val l-Ala l-NMe-Trp l-Phe l-Ile 0.0083�0.0002 –

61[c]
d-Lys l-Val l-Ser l-NMe-Trp l-Phe l-Ile 0.0076�0.0004 –

62[c]
d-Lys l-Ala l-Leu l-NMe-Trp l-Phe l-Ile 0.0087�0.0003 –

63[c]
d-Lys l-Ser l-Leu l-NMe-Trp l-Phe l-Ile 0.0225�0.0015 –

[a] Brunsvicamide A. [b] Variation of the three stereocentres in the urea section. [c] Alanine and serine scan.
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and its d-Ala-containing isomer in 38 % and 50 % overall yields,
respectively.

Treatment of 2-chlorotrityl chloride resin with the purified
urea building blocks, followed by capping with methanol, gave
access to the solid-support-bound ureas 41–43 (Scheme 3).
After a 16 h reaction time a loading of 0.6 mmol g�1 was deter-
mined (UV-based Fmoc determination).[28] For the extension of
the peptide chain, solid-phase peptide synthesis (SPPS) was
performed, with use of IRORI� MacroKans with radio frequen-
cy identification (RFID) technology[29] for split-mix synthesis.
The Fmoc groups were removed with DMF/piperidine. The
peptide couplings were performed by use of either DIC/HOBt
or HATU/HOAt for the coupling to the N-Me-amino acid resi-
dues. In each case Kaiser or chloranil tests[30] were performed
to check for complete conversion. The allyl esters 44–53 were
cleaved with Pd ACHTUNGTRENNUNG(PPh3)4 in the presence of phenylsulfinate as a
scavenger.[19, 27, 31] Removal of the N-terminal Fmoc groups was
followed by macrolactam formation on resin by use of DIC/
HOBT in DMF. The crude products were released with TFA and
purified by silica gel column chromatography (with dichloro-
methane/methanol/formic acid as eluent) and preparative re-
versed-phase HPLC purification (MeOH/H2O). For com-
pounds 57, 59, 61 and 63, column chromatography was fol-
lowed by deprotection of the tert-butyl protected serine by

treatment with trifluoroacetic acid. For final purification prepa-
rative reversed-phase HPLC (MeOH/water) was used. Com-
pounds 54–63 were obtained on solid support with overall
yields from 5–16 % based on the loading of ureas 41–43.

BVA A (1) and most analogues obtained from the alanine
and serine scan (54–63) significantly affected the activity of
CPDA at low nanomolar concentrations. The IC50 values
(Table 1) indicate clearly that the d-lysine and l-isoleucine in
the urea are essential for high activity on CPDA, while varia-
tions in the remaining amino acids did not exert any major in-
fluence. Only when the slightly polar serine was introduced at
positions 2 and 4 were moderate decreases in efficiency ob-
served (four- to sixfold). This suggests that none of these resi-
dues is critically involved in binding to the target enzyme.
Hence they might be useful for synthetic replacement in the
future—to tailor compound properties, for instance.

For the producing organism this apparent promiscuity may
contribute to its ecological fitness, as the broadly active ana-
baenopeptin scaffold can be quickly adapted by mutation to
defend against novel predators. Furthermore, the purpose for
which these compounds are really produced in nature current-
ly remains unclear, and it might be that broad activity against
a whole collection of similar enzymes is a generally desirable
feature in the producers’ habitat—as it might also be for a
good library scaffold. Future work will be necessary to clarify
the ecological meaning of these findings.

Mode of inhibition

To determine the mode of inhibition of compound 1, the initial
rates of substrate conversion were measured as a function of
substrate concentration at four fixed inhibitor concentrations
(10 nm, 5 nm, 2.5 nm, and without 1). The obtained rates were
plotted as a function of substrate concentration for each inhib-
itor concentration. To these data the Michaelis–Menten equa-
tion[32] was fitted. This gave the apparent KM (Michaelis–
Menten constant) and Vmax (maximum reaction rate with sub-
strate saturation) values. The values of the reaction rate for any
substrate concentration were calculated by use of the recipro-
cal Michaelis–Menten equation. Overlaying of the double-recip-
rocal plots yielded a pattern of lines clearly intersecting at the
origin (Figure 1). It can therefore be assumed that 1 is a com-
petitive inhibitor with respect to enzyme substrate (AAF-Phe-
OH, 35).[33]

Scheme 2. Representative synthesis of alanine-containing building blocks.
a) Pyridine (2 equiv), CH2Cl2, RT, 16 h, 51 %; b) i : EtN ACHTUNGTRENNUNG(iPr)2 (2 equiv), CH2Cl2, RT,
16 h, 74 %; ii : TFA (50 %), CH2Cl2, RT, 3 h, quant.

Scheme 3. Synthesis of ten brunsvicamide analogues (54–63).
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Computational studies

The competitive mode of inhibition observed in the enzyme ki-
netics study indicated that the BVA binding sites are similar to
those of natural peptide substrates. Furthermore, the increase
in IC50 values from compounds 1 and 28, through 54, 31 and
55, to 30 and 29, which bear different amino acid residues at
the free C terminus of BVA, is consistent with the reported sub-
strate preference of CPDA, namely for large aliphatic C-termi-
nal side chain residues with l stereochemistry.[15] Potential
binding modes of the NP 1 in the CPDA peptide binding
pocket were studied by means of computational docking sim-
ulations based on this rationale. Prior to the docking, an en-
semble of low-energy conformations of the macrocycles was
computed, because the docking algorithm was not able to
treat them as flexible. Of the proposed binding modes, the
best-scoring solutions out of the conformers within 10 kJ mol�1

of the global energy optimum were selected, in a manner simi-
lar to that used in a recent study on chondramide C.[34]

As in the case of the natural peptide substrate, in the best
predicted binding mode of 1 the C-terminal carboxy group in-
teracted with Asn144 and Arg145, and the isoleucine was lo-
cated in the selectivity pocket for aliphatic and aromatic side
chains. The urea coordinated to the zinc atom as an amide
bond surrogate, which is inert to the hydrolytic activity of the
enzyme (Figure 2).

We compared our docking results for 1 with a high-resolu-
tion crystal structure (PDB ID: 7CPA)[35] harbouring the inhibitor
Cbz-Phe-Val-P(O)-Phe (64 ; Figure 2). Compound 64 is a nonco-
valent, tight-binding phosphonate inhibitor and a transition-
state analogue of the CPDA-catalysed reaction. It binds to the
active-site groove of CPDA, in which the terminal phenylala-
nine of 64 is clearly bound by the corresponding binding sub-
site (see Figure 2 B, Site S1), which is the selectivity pocket of
CPDA.[36]

The phosphonic ester group of 64 coordinates to the zinc at
the CPDA active site, while the array of phenyl rings adopts a
configuration that allows stabilizing aromatic–aromatic edge-
to-face interactions from one ring to the next. Our overlay re-

vealed similar binding modes for the two inhibitors 1 and 64
(Figure 2 C). In particular, the C-terminal residues of both mole-
cules—the zinc-coordinating urea and phosphonate groups—
overlap well, as do the two residues directly adjacent. The re-
maining residues of the BVAs are not predicted to have any
major contacts with the protein; this is consistent with the ex-

Figure 1. Double reciprocal plots for the effects of BVA A (1) on the sub-
strate turnover of the CPDA-catalysed reaction.

Figure 2. A) BVA A (1) docked into the active site of CPDA. B) The l isomer
31 docked into the active site of CPDA. C) Overlay of BVA A (1, in yellow)
with phosphonate inhibitor 64 (cyan) bound to CPDA. D) Overlay of 1 (d-
Lys, yellow) with isomer 31 (l-Lys, blue). Predicted key interactions with the
CPDA protein are indicated; the chemical structure of inhibitor 64 is shown
at the bottom.
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perimental observation that their replacement by Ala or Ser is
broadly tolerated.

The largest increase in IC50 for a single residue replacement
was found in the case of 31 (from 5 nm to 5 mm), with an l-
rather than a d-lysine in the NP. In order to rationalise the
1000-fold decrease in enzyme inhibition activity, 31 was also
docked into the crystal structure. The highest-scoring docking
solution out of the best conformations of 31 still had the C-ter-
minal isoleucine in the selectivity pocket and the carboxy
group that interacted with Asn144 and Arg145. The urea
moiety was found to be more distant from the zinc than in the
case of 1; this indicates a weaker coordination of the zinc ion.
The overlay revealed that because of the inverted stereochem-
istry of the lysine residues, the 19-membered ring binds to the
binding site in an inverted orientation for 31 relative to 1 (Fig-
ure 2 D). This model explains the remaining but largely de-
creased activity of the stereoisomeric compound 31.

Conclusions

In summary, a series of analogues of the cyanobacterial cyclo-
peptide BVA A was prepared by effective solid-support-based
total synthesis. Variations of the amino acid stereochemistries
revealed the importance of the d-lysine and the l-isoleucine
residues for the inhibitory activity of BVA A against carboxy-
peptidase A. Systematic scanning of the peptide scaffold by
specific introduction of alanine or serine residues showed that
only the residues adjacent to the urea are critical for protein
binding. Our results relating to the structure–activity relation-
ships in the BVAs are consistent with the available data for
peptide substrate specificity of carboxypeptidases A and B,
and could be rationalised well by means of computational
docking studies. These findings should allow the development
of more potent CPD inhibitors based on the BVA A structure
and might lead to the generation of an expanded collection to
be investigated in biological and biochemical assays.

Experimental Section

See the Supporting Information for general synthetic methods,
procedures, characterisation of compounds 39 and 40 and details
of the phosphatase inhibition assays. For characterisation data of
compounds 1, 6--19 and 28--34 see ref. [19] .

1,5-Anhydro ACHTUNGTRENNUNG[d-lysyl-(Na-oxamido-l-alanyl)-l-valinyl-l-leucyl-l-N-
methyl-tryptophyl-l-phenylalanine] (54): Colourless powder;
yield: 33 mg, 41 mmol, 10 %; Rf = 0.18 (CH2Cl2/MeOH 9:1 + 0.25 %
AcOH, v/v) ; m.p. : 217 8C; [a]20

D =�128 (c = 0.7, MeOH); 1H NMR
(500 MHz, MeOD): d= 10.43 (s, 1 H; NH-indole), 9.25 (d, J = 8.7 Hz,
1 H; NH-Phe), 8.34 (s, 1 H; NH-Leu), 7.86 (d, J = 8.2 Hz, 1 H; NHe-Lys),
7.56 (d, J = 7.8 Hz, 1 H; 22-H), 7.36 (d, J = 8.1 Hz, 1 H; 25-H), 7.31–
7.26 (m, 2 H; 12-H, 14-H), 7.24–7.16 (m, 3 H; 13-H, 11-H, 15-H), 7.12
(t, J = 7.5 Hz, 1 H; 24-H), 7.04 (t, J = 7.5 Hz, 1 H; 23-H), 6.89 (s, 1 H;
19-H), 4.94 (d, J = 11.1 Hz, 1 H; H-17), 4.81 (br s, 1 H; 8-H), 4.36–4.24
(m, 2 H; 29-H, 41-H), 4.07 (s, 1 H; 2-H), 3.86–3.75 (m, 2 H; 6-H2, 35-
H), 3.52 (d, J = 13.8 Hz, 1 H; 18-H2), 3.34 (d, J = 12.8 Hz, 1 H; 9-H2),
3.05–2.91 (m, 2 H; 6-H2, 18-H2), 2.86 (t, J = 13.4 Hz, 1 H; 9-H2), 2.13–
2.08 (m, 1 H; 36-H), 2.06 (s, 3 H; 27-H3), 1.90–1.76 (m, 1 H; 3-H2),
1.77–1.64 (m, 1 H; 3-H2), 1.63–1.53 (m, 2 H; 5-H2), 1.51–1.42 (m, 1 H;

4-H2), 1.37 (d, J = 7.3 Hz, 3 H; 42-H3), 1.42–1.16 (m, 2 H; 31-H, 4-H2),
1.10 (d, J = 6.6 Hz, 3 H; 37-H3), 1.01 (d, J = 6.5 Hz, 3 H; 38-H3), 0.41
(d, J = 6.5 Hz, 3 H; 32-H3), 0.10 (d, J = 6.4 Hz, 3 H; 33-H3), �0.55 ppm
(t, J = 12.3 Hz, 1 H; 30-H2) ; 13C NMR (126 MHz, MeOD): d= 177.5,
175.7, 175.4, 174.3, 174.3, 172.6, 159.6, 139.4, 137.9, 130.3, 129.9,
128.7, 127.8, 124.7, 122.8, 120.3, 119.3, 112.8, 111.0, 63.2, 60.8, 56.5,
56.3, 49.9, 49.2, 40.1, 39.1, 38.9, 32.6, 31.5, 29.6, 29.1, 24.8, 23.5,
23.3, 21.7, 20.3, 20.2, 19.8, 18.7 ppm; IR: ñ= 3294 (w), 2958 (w),
1633 (s), 1529 (m), 1455 (m), 1340 (w), 1222 (w), 1086 (w), 928 (w),
738 (m), 700 (w), 623 cm�1 (w); MS: m/z (%): 803.2 [M+H]+ ; HR-MS
(FAB): m/z : calcd for C42H58N8O8 : 803.4450 [M+H]+ ; found:
803.4473; HPLC-ESI : tR = 8.0 min.

1,5-Anhydro ACHTUNGTRENNUNG[d-lysyl-(Na-oxamido-d-alanyl)-l-valinyl-l-leucyl-l-N-
methyl-tryptophyl-l-phenylalanine] (55): Colourless powder;
yield: 27 mg, 34 mmol, 8 %; Rf = 0.09 (CH2Cl2/MeOH 9:1 + 0.25 %
AcOH, v/v) ; m.p. : 214 8C; [a]20

D =�130 (c = 1.4, MeOH); 1H NMR
(500 MHz, DMSO): d= 10.86 (s, 1 H; NH-indole), 8.84 (d, J = 8.9 Hz,
1 H; NH-Phe), 8.39 (d, J = 4.9 Hz, 1 H; NH-Leu), 7.55 (d, J = 7.9 Hz,
1 H; 25-H), 7.35–7.33 (m, 1 H; NHe), 7.31 (d, J = 8.1 Hz), 7.25–7.08
(m, 5 H; 11-H to 15-H), 7.05 (t, J = 7.9 Hz, 1 H. 24-H), 6.96 (t, J =
7.3 Hz, 1 H; 23-H), 6.93 (d, J = 2.2 Hz, 1 H; 19-H), 6.65 (br s, 1 H; NH-
Lys), 6.34 (br s, 1 H; NH-Ile), 4.71 (dd, J = 3.4, 11.1 Hz, 1 H; 17-H),
4.61–4.52 (m, 1 H; 8-H), 4.25–4.18 (m, 1 H; 29-H), 3.90–3.79 (m, 2 H;
2-H, 35-H), 3.77–3.69 (m, 1 H; 41-H), 3.63–3.40 (m, 1 H; 9-H2), 3.24–
3.18 (m, 1 H; 18-H2), 2.92–2.74 (m, 2 H; 9-H2, 18-H2), 2.03–1.90 (m,
1 H; 36-H), 1.93 (s, 3 H; 27-H3) 1.60–1.44 (m, 2 H; 3-H2), 1.45–1.33
(m, 3 H; 5-H2, 31-H), 1.31–1.18 (m, 1 H; 4-H2), 1.20–1.01 (m, 1 H; 4-
H2), 1.12 (d, J = 6.4 Hz, 3-H, 42-H3), 0.94 (d, J = 6.7 Hz, 3 H; 37-H3),
0.87 (d, J = 6.5 Hz, 3 H; 38-H3), 0.86–0.83 (m, 1 H; 30-H2), 0.30 (d, J =
6.6 Hz, 3 H; 32-H3), 0.16 (d, J = 6.5 Hz, 3 H; 33-H3), �0.58 ppm (t, J =
11.5 Hz, 1 H; 30-H2); 13C NMR (126 MHz, MeOD): d= 175.9, 175.5,
174.4, 174.3, 172.7, 172.6, 159.7, 139.4, 137.9, 130.3, 129.9, 128.8,
127.8, 124.7, 122.8, 120.3, 119.3, 112.8, 111.1, 63.3, 60.7, 56.6, 56.6,
50.0, 49.3 ,40.1, 39.2, 39.0, 32.6, 31.6, 29.6, 29.2, 24.8, 23.5, 23.3,
21.8, 20.2, 20.1, 19.9, 19.2 ppm; IR: ñ= 3294 (w), 2965 (w), 1633 (s),
1541 (m), 1454 (w), 1224 (w), 1084 (w), 1048 (w), 879 (w), 741 (w),
700 cm�1 (w); MS: m/z (%): 803.2 [M+H]+ ; HR-MS (FAB): m/z : calcd
for C42H58N8O8 : 803.4450 [M+H]+ ; found: 803.4471; HPLC-ESI : tR =
8.3 min.

1,5-Anhydro ACHTUNGTRENNUNG[d-lysyl-(Na-oxamido-l-isoleucyl)-l-valinyl-l-leucyl-l-
N-methyl-tryptophyl-l-alanine] (56): Colourless powder; yield:
31 mg, 40 mmol, 9 %; Rf = 0.28 (CH2Cl2/MeOH 9:1 + 0.25 % AcOH,
v/v) ; m.p.: 233 8C; [a]20

D =�91 (c = 1.8, MeOH); 1H NMR (500 MHz,
MeOD): d= 7.61–7.56 (m, 1 H; 16-H), 7.39–7.34 (m, 1 H; 19-H), 7.15–
7.08 (m, 1 H; 18-H), 7.08–7.01 (m, 1 H; 17-H), 7.00–6.96 (m, 1 H; 13-
H), 5.02 (d, J = 11.2 Hz), 4.58 (d, J = 7.1 Hz), 4.29 (d, J = 11.9 Hz), 4.20
(s, 1 H; 35-H), 4.03 (s, 1 H; 2-H), 3.84–3.79 (m, 1 H; 29-H), 3.78–3.71
(m, 1 H; 6-H2), 3.43 (d, J = 15.3 Hz), 3.17 (t, J = 13.3 Hz), 2.93 (d, J =
13.6 Hz), 2.89 (s, 3 H; 21-H3), 2.02–1.94 (m, 1 H; 30-H), 1.93–1.86 (m,
1 H; 36-H), 1.85–1.74 (m, 1 H; 3-H2), 1.74–1.61 (m, 1 H; 3-H2), 1.61–
1.41 (m, 4 H; 37-H2, 5-H2, 4-H2), 1.40–1.31 (m, 3 H; 9-H3), 1.26–1.13
(m, 2 H; H-25, 37-H2), 1.08 (t, J = 13.0 Hz), 0.97–0.85 (m, 12 H; 39-H3,
38-H3, 31-H3, 32-H3), 0.46–0.39 (m, 3 H; 26-H3), 0.09–0.03 (m, 3 H;
27-H3), �0.56 ppm (t, J = 12.5 Hz, 1 H; 24-H2) ; 13C NMR (126 MHz,
MeOD): d= 176.2, 175.7, 175.1, 174.1, 172.0, 160.1, 138.0, 128.9,
124.8, 122.8, 120.4, 119.2, 112.9, 111.2, 63.5, 60.1, 59.1, 56.2, 50.2,
49.0, 40.0, 38.9, 38.7, 32.4, 31.4, 29.9, 29.8, 26.0, 24.8, 23.9, 23.3,
21.6, 20.1, 19.8, 19.2, 18.9, 16.6, 12.3 ppm; IR: ñ= 3272 (w), 2971
(w), 1633 (s), 1547 (m), 1455 (w), 1258 (w), 1087 (w), 880 (w), 803
(w), 744 (w), 674 (w), 662 (w), 631 cm� (w)1; MS: m/z (%): 769.3
[M+H]+ ; HR-MS (FAB): m/z : calcd for C39H60N8O8 : 769.4607 [M+H]+ ;
found: 769.4624; HPLC-ESI : tR = 8.0 min.
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1,5-Anhydro ACHTUNGTRENNUNG[d-lysyl-(Na-oxamido-l-isoleucyl)-l-valinyl-l-leucyl-l-
N-methyl-tryptophyl-l-serine] (57): Colourless powder; yield:
40 mg, 47 mmol, 12 %; Rf = 0.34 (CH2Cl2/MeOH 9:1 + 0.25 % AcOH,
v/v) ; m.p.: 204 8C; [a]20

D =�60 (c = 2.9, MeOH); 1H NMR (500 MHz,
DMSO) d= 10.93 (s, 1 H; NH-indole), 8.52 (d, J = 9.2 Hz, 1 H; NH-
Ser), 8.29 (d, J = 5.2 Hz, 1 H; NH-Leu), 7.57 (d, J = 7.9 Hz, 1 H; 25-H),
7.55–7.51 (m, 1 H; NHe-Lys), 7.35 (d, J = 8.1 Hz, 1 H; 22-H), 7.08 (t,
J = 7.5 Hz, 1 H; 24-H), 7.03 (d, J = 2.1 Hz, 1 H; 13-H), 6.99 (t, J =
7.4 Hz, 1 H; 23-H), 6.61–6.56 (m, 1 H; NH-Val), 6.51–6.45 (m, 1 H; NH-
Lys), 6.32–6.27 (m, 1 H; NH-Ile), 4.87–4.80 (m, 1 H; 11-H), 4.45–4.36
(m, 1 H; Ser-OH), 4.23–4.14 (m, 1 H; 8-H), 4.01–3.93 (m, 1 H; 23-H),
3.88–3.76 (m, 3 H; 2-H, 29-H, 9-H2), 3.60–3.49 (m, 1 H; 6-H2), 3.46–
3.39 (m, 1 H; 9-H2), 3.38–3.31 (m, 1 H; 12-H2) 3.07–2.99 (m, 1 H; 12-
H2), 2.87–2.79 (m, 1 H; 6-H2), 2.77 (s, 3 H; 21-H3), 1.89–1.79 (m, 1 H;
30-H), 1.77–1.67 (m, 1 H; 36-H), 1.63–1.50 (m, 2 H; 3-H2), 1.46–1.23
(m, 5 H; 25-H, 5-H2, 4-H2, 37-H2), 1.16–1.04 (m, 2 H; 4-H2, 37-H2),
1.00–0.78 (m, 7 H; 24-H2, 31-H3, 38-H3, 39-H3), 0.75 (d, J = 6.8 Hz,
3 H; 32-H3), 0.35 (d, J = 6.6 Hz, 3 H; 26-H3), 0.09 (d, J = 6.5 Hz, 3 H;
27-H3), �0.59 ppm (t, J = 12.2 Hz, 1 H; 24-H2) ; 13C NMR (126 MHz,
MeOD): d= 176.1, 176.0, 175.8, 174.8, 172.8, 172.7, 160.1, 138.1,
128.9, 124.9, 122.9, 120.4, 119.2, 112.9, 111.2, 64.5, 63.7, 60.1, 58.8,
57.4, 56.2, 49.1, 40.0, 38.9, 38.7, 32.2, 31.4, 30.1, 29.6, 26.1, 24.8,
23.9, 23.3, 21.9, 20.1, 19.8, 19.1, 16.5, 12.2 ppm; IR: ñ= 3307 (w),
2964 (w), 1638 (s), 1543 (m), 1460 (m), 1341 (w), 1233 (w), 1088
(w), 744 (m), 678 cm�1 (w); MS: m/z (%): 785.2 [M+H]+ ; HR-MS
(FAB): m/z : calcd for C42H59N8O9 : 785.4556 [M+H]+ ; found:
785.4560; HPLC-ESI : tR = 8.2 min.

1,5-Anhydro ACHTUNGTRENNUNG[d-lysyl-(Na-oxamido-l-isoleucyl)-l-valinyl-l-leucyl-l-
N-methyl-alanyl-l-phenylalanine] (58): Colourless powder; yield:
24 mg, 33 mmol, 7 %; Rf = 0.29 (CH2Cl2/MeOH 9:1 + 0.25 % AcOH,
v/v) ; m.p.: 226 8C; [a]20

D =�67 (c = 0.8, MeOH); 1H NMR (500 MHz,
DMSO) d= 8.85 (d, J = 9.1 Hz, 1 H; NH-Phe), 8.71 (d, J = 4.2 Hz, 1 H;
NH-Leu), 7.41 (d, J = 8.0 Hz, 1 H; NHe-Lys), 7.23–7.04 (m, 5 H; 11-H–
15-H), 6.89 (d, J = 5.2 Hz, 1 H; NH-Val), 6.53 (d, J = 8.1 Hz, 1 H; NH-
Lys), 6.26 (d, J = 7.9 Hz, 1 H; NH-Ile), 5.06–4.98 (m, 1 H; 17-H), 4.72–
4.63 (m, 1 H; 21-H), 4.47–4.39 (m, 1 H; 8-H), 3.96–3.82 (m, 3 H; 33-H,
2-H, 27-H), 3.66–3.56 (m, 1 H; 6-H2), 3.55–3.47 (m, 1 H; 9-H2), 2.85–
2.75 (m, 2 H; 6-H2, 9-H2), 1.98–1.88 (m, 1 H; 28-H), 1.76 (s, 3 H; 19-
H3), 1.74–1.67 (m, 1 H; 34-H), 1.68–1.61 (m, 1 H; 23-H), 1.61–1.52 (m,
3 H; 3-H2, 22-H2), 1.52–1.42 (m, 1 H; 5-H2), 1.42–1.28 (m, 4 H; 35-H2,
22-H2, 5-H2, 4-H2), 1.27–1.20 (m, 1 H; 4-H2), 1.17–1.06 (m, 1 H; 35-H2),
1.09 (d, J = 6.7 Hz, 3 H; 18-H3), 1.01 (d, J = 6.7 Hz, 3 H; 29-H3), 0.95
(d, J = 6.5 Hz, 3 H; 24-H3), 0.91 (d, J = 6.6 Hz, 3 H; 30-H3), 0.88 (d, J =
6.4 Hz, 3 H; 25-H3), 0.86–0.78 ppm (m, 6 H; 36-H3, 37-H3) ; 13C NMR
(126 MHz, MeOD): d= 176.0, 174.4, 174.3, 174.2, 172.8, 160.2, 139.4,
130.4, 129.9, 127.7, 61.1, 59.1, 56.9, 56.8, 56.4, 49.2, 42.5, 40.2, 39.2,
38.7, 32.6, 31.6, 29.4, 28.6, 26.0, 26.0, 23.4, 23.4, 21.8, 20.6, 19.9,
16.6, 14.4, 12.3 ppm; IR: ñ= 3307 (w), 2965 (w), 1633 (s), 1548 (m),
1454 (w), 1247 (w), 1086 (m), 1048 (m), 880 (w), 744 (w), 699 (w),
662 (w) cm�1. MS: m/z (%): 730.3 [M+H]+ ; HR-MS (FAB): m/z : calcd
for C37H59N7O8 [M+H]+ : 730.4498; found: 730.4513; HPLC-ESI : tR =
8.5 min.

1,5-Anhydro ACHTUNGTRENNUNG[d-lysyl-(Na-oxamido-l-isoleucyl)-l-valinyl-l-leucyl-l-
N-methyl-serinyl-l-phenylalanine] (59): Colourless powder; yield:
16 mg, 20 mmol, 6 %; Rf = 0.47 (CH2Cl2/MeOH 9:1 + 0.25 % AcOH,
v/v) ; m.p.: 219 8C; [a]20

D =�46 (c = 1.3, MeOH); 1H NMR (500 MHz,
DMSO): d= 8.80 (d, J = 9.1 Hz, 1 H; NH-Phe), 8.68 (d, J = 4.8 Hz, 1 H;
NH-Leu), 7.50 (d, J = 7.1 Hz, 1 H; NHe-Lys), 7.26–7.10 (m, 3 H; 12-H,
13-H,14-H), 7.04 (d, J = 7.2 Hz, 1 H; 11-H, 15-H), 6.81 (d, J = 6.5 Hz,
1 H; NH-Val), 6.53 (d, J = 6.9 Hz, 1 H; NH-Lys), 6.30 (d, J = 8.3 Hz, 1 H;
NH-Ile), 4.90–4.84 (m, 1 H; 17-H), 4.67–4.62 (m, 1 H; 21-H), 4.46–4.38
(m, 1 H; 8-H), 4.02–3.97 (m, 1 H; 33-H), 3.94–3.84 (m, 2 H; 2-H, 27-H),

3.71–3.64 (m, 1 H; 18-H2), 3.62–3.56 (m, 1 H; 6-H2), 3.50–3.43 (m,
1 H; 18-H2), 3.42–3.36 (m, 1 H; 9-H2), 2.80 (d, 1 H; 6-H2), 2.72 (t, J =
13.2 Hz), 1.98–1.90 (m, 1 H; 28-H), 1.89–1.82 (m, 1 H; 23-H), 1.80 (s,
3 H; 19-H3), 1.77–1.68 (m, 1 H; 34-H), 1.64–1.54 (m, 3 H; 3-H2, 22-H2),
1.48–1.30 (m, 5 H; 5-H2, 4-H2, 35-H2), 1.16–1.05 (m, 2 H; 35-H2, 22-
H2), 1.02–0.97 (m, 3 H; 29-H3), 0.94–0.79 ppm (m, 15 H; 24-H3, 25-H3,
30-H3, 36-H3, 37-H3) ; 13C NMR (101 MHz, DMSO): d= 174.9, 173.3,
173.1, 171.4, 170.0, 158.2, 139.3, 129.7, 129.1, 126.9, 61.8, 58.9, 58.0,
57.5, 55.3, 54.8, 48.5, 44.4, 39.2, 38.5, 38.1, 32.7, 30.8, 29.2, 27.7,
25.5, 24.9, 24.4, 22.1, 21.1, 20.0, 19.8, 16.7, 12.5 ppm; IR: ñ= 3264
(w), 2960 (w), 1644 (s), 1541 (m), 1457 (w), 1203 (w), 1050 (s), 1024
(s), 1005 (s), 822 (w), 760 (w), 700 cm�1 (w); MS: m/z (%): 746.2
[M+H]+ ; HR-MS (FAB): m/z : calcd for C37H60N7O9 [M+H]+ : 746.4447;
found: 746.4448; HPLC-ESI : tR = 7.9 min.

1,5-Anhydro ACHTUNGTRENNUNG[d-lysyl-(Na-oxamido-l-isoleucyl)-l-valinyl-l-alanyl-l-
N-methyl-tryptophyl-l-phenylalanine] (60): Colourless powder;
yield: 56 mg, 70 mmol, 16 %; Rf = 0.28 (CH2Cl2/MeOH 9:1 + 0.25 %
AcOH, v/v) ; [a]20

D =�122 (c = 1.8, MeOH); m.p.: 197 8C; 1H NMR
(500 MHz, MeOD): d= 10.35 (s; NH-indole), 9.29 (d, J = 7.3 Hz, 1 H;
NH-Phe), 8.44 (br s, 1 H; NH-Ala), 7.92 (d, J = 7.4 Hz, 1 H; NHe-Lys),
7.62 (d, J = 7.2 Hz), 7.48 (br s, 1 H; NH-Val), 7.35 (d, J = 7.8 Hz), 7.31–
7.17 (m, 11-H, 12-H, 13-H, 14-H, 15-H, 5 H), 7.15–7.09 (m, 1 H; 24-H),
7.08–7.02 (m, 1 H; 23-H), 6.96 (s, 1 H; 19 H), 5.28 (d, J = 11.2 Hz), 4.74
(d, J = 9.5 Hz), 4.42–4.31 (m, 1 H; 29-H), 4.29–4.20 (m, 1 H; 38-H),
4.14–4.04 (m, 1 H; 2-H), 3.89–3.78 (m, 1 H; 6-H2), 3.75 (d, J = 6.1 Hz),
3.49 (d, J = 13.8 Hz), 3.31–3.25 (m, 1 H; 18-H2), 3.05–2.95 (m, 2 H;
18-H2, 6-H2), 2.89 (t, J = 13.4 Hz), 2.11–2.03 (m, 1 H; 33-H), 2.00 (s,
3 H; 27-H3), 1.96–1.82 (m, 2 H; 39-H, 3-H2), 1.79–1.70 (m, 1 H; 3-H2),
1.69–1.62 (m, 1 H; 5-H2), 1.61–1.53 (m, 1 H; 5-H2), 1.52–1.37 (m, 2 H;
40-H2, 4-H2), 1.35–1.15 (m, 2 H; 40-H2, 4-H2), 1.13–1.03 (m, 3 H; 34-
H3), 1.03–0.87 (m, 9 H; 38-H3, 41-H3, 42-H3), 0.00 ppm (br s, 3 H; 30-
H3) ; 13C NMR (126 MHz, MeOD): d= 174.7, 174.5, 173.3, 172.8, 171.8,
159.0, 138.4, 137.0, 129.3, 128.7, 127.5, 126.6, 123.7, 121.6, 119.0,
117.9, 111.5, 109.9, 61.6, 59.9, 57.9, 55.8, 55.2, 45.1, 39.2, 38.1, 37.6,
31.5, 30.4, 28.2, 27.7, 24.9, 22.9, 20.7, 19.3, 18.7, 15.4, 14.6,
11.1 ppm; IR: ñ= 3323 (w), 2972 (w), 1640 (s), 1554 (m), 1454 (w),
1086 (m), 880 (w), 741 (w), 672 cm�1 (w); MS: m/z (%): 803.2
[M+H]+ ; HR-MS (FAB): m/z : calcd for C42H59N8O8 : 803.4450 [M+H]+ ;
found: 803.4471; HPLC-ESI : tR = 8.1 min.

1,5-Anhydro ACHTUNGTRENNUNG[d-lysyl-(Na-oxamido-l-isoleucyl)-l-valinyl-l-serinyl-l-
N-methyl-tryptophyl-l-phenylalanine] (61): Colourless powder;
yield: 29 mg, 35 mmol, 8 %; Rf = 0.30 (CH2Cl2/MeOH 9:1 + 0.25 %
AcOH, v/v) ; m.p. : 210 8C; [a]20

D =�89 (c = 2.0, MeOH); 1H NMR
(500 MHz, DMSO) d= 10.80 (s, 1 H; NH-indole), 8.93 (d, J = 8.8 Hz,
1 H; NH-Phe), 8.50 (s, 1 H; NH-Ser), 7.66–7.61 (m, 1 H; NHe-Lys), 7.53
(d, J = 7.9 Hz), 7.31 (d, J = 8.1 Hz, 1 H; 22-H), 7.24–7.05 (m, 6 H; 11-
H–15-H, NH-Val), 7.03 (t, J = 7.5 Hz, 1 H; 24-H), 6.99–6.91 (m, 2 H;
23-H, 19-H), 6.53–6.47 (m, 1 H; NH-Lys), 6.30–6.24 (m, 1 H; NH-Ile),
5.18–5.12 (m, 1 H; 17-H), 4.75–4.68 (m, 1 H; 8-H), 4.55–4.47 (m, 1 H;
29-H), 4.45–4.37 (br s, 1 H; OH-Ser), 3.99–3.91 (m, 1 H; 38-H), 3.92–
3.84 (m, 2 H; 32-H, 2-H), 3.68–3.59 (m, 1 H; 6-H2), 3.39–3.31 (m, 1 H;
9-H2), 3.16 (dd, J = 5.7, 15.3 Hz), 3.01–2.92 (m, 1 H; 30-H2), 2.86–2.72
(m, 3 H; 18-H2, 6-H2, 9-H2), 2.35–2.30 (m, 1 H; 30-H2), 1.97–1.88 (m,
1 H; 33-H), 1.87 (s, 3 H; 27-H3), 1.77–1.66 (m, 1 H; 39-H), 1.65–1.55
(m, 2 H; 3-H2), 1.53–1.32 (m, 4 H; 40-H2, 5-H2), 1.32–1.22 (m, 1 H; 4-
H2), 1.22–1.14 (m, 1 H; 4-H2), 1.13–1.02 (m, 1 H; 40-H2), 0.98 (d, J =
6.7 Hz, 3 H; 34-H3), 0.89 (d, J = 6.7 Hz, 3 H; 35-H3), 0.87–0.77 ppm
(m, 6 H; 41-H3, 42-H3) ; 13C NMR (126 MHz, MeOD): d= 176.4, 175.8,
174.6, 174.5, 174.3, 172.5, 160.1, 139.4, 138.0, 130.4, 129.9, 128.6,
127.8, 125.0, 122.8, 120.2, 119.1, 112.8, 111.1, 63.1, 61.7, 60.9, 58.8,
56.8, 56.4, 53.0, 40.2, 39.3, 38.6, 32.5, 31.7, 29.4, 28.9, 26.1, 24.2,
21.8, 20.3, 19.8, 16.5, 12.2 ppm; IR: ñ= 3295 (w), 2959 (w), 1636 (s),
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1544 (m), 1249 (w), 1083 (w), 741 (m), 700 cm�1 (w); MS: m/z (%):
820.2 [M+H]+ ; HR-MS (FAB): m/z : calcd for C42H59N8O8 : 819.4400
[M+H]+ ; found: 819.4402; HPLC-ESI : tR = 8.2 min.

1,5-Anhydro ACHTUNGTRENNUNG[d-lysyl-(Na-oxamido-l-isoleucyl)-l-alanyl-l-leucyl-l-
N-methyl-tryptophyl-l-phenylalanine] (62): Colourless powder;
yield: 47 mg, 58 mmol, 13 %; Rf = 0.22 (CH2Cl2/MeOH 9:1 + 0.25 %
AcOH, v/v) ; m.p. : 203 8C; [a]20

D =�118 (c = 2.0, MeOH); 1H NMR
(500 MHz, DMSO): d= 10.87 (s, 1 H; NH-indole), 8.71 (d, J = 8.8 Hz,
1 H; NH-Phe), 8.45 (d, J = 4.9 Hz, 1 H; NH-Leu), 7.56 (d, J = 7.7 Hz, 1
ArH, 22-H), 7.48 (d, J = 7.4 Hz, 1 H; NHe-Lys), 7.32 (d, J = 7.9 Hz, 1
ArH, 25-H), 7.27–7.21 (m, 2 ArH, 12-H,14-H), 7.20–7.15 (m, 1 ArH,
13-H), 7.12–7.03 (m, 3 H; 11-H, 15-H, NH-Val), 6.99–6.94 (m, 2 ArH,
23-H, 19-H), 6.44 (d, J = 6.2 Hz, 1 H; NHa-Lys), 6.20 (d, J = 8.3 Hz,
1 H; NHa-Ile), 4.81 (d, J = 10.5 Hz, 1 H; 17-H), 4.56–4.48 (m, 1 H; 8-
H), 4.24 (br s, 1 H; 29-H), 4.09–3.99 (m, 1 H; 35-H), 3.96–3.83 (m, 2 H;
39-H, 2-H), 3.67–3.54 (m, 1 H; 6-H2), 3.37–3.35 (m, 1 H; 9-H2), 3.14 (d,
1 H; 19-H2), 2.93–2.79 (m, 2 H; 6-H2, 19-H2), 2.71 (t, 1 H; 9-H2), 1.96
(s, 3 H; 27-H3), 1.76–1.67 (m, 1 H; 40-H), 1.61–1.50 (m, 2 H; 3-H2),
1.48–1.33 (m, 4 H; 5-H2, 41-H2, 31-H), 1.31–1.16 (m, 2 H; 4-H2) 1.25
(d, 3 H; 36-H3, J = 6.9 Hz), 1.15–1.02 (m, 1 H; 41-H2), 0.94 (t, J =
12.5 Hz), 0.88–0.76 (m, 6 H; 42-H3, 43-H3), 0.36 (d, J = 6.4 Hz, 3-H,
32-H3), 0.11 (d, J = 6.4 Hz, 3 H; 33-H3), �0.58 ppm (t, J = 11.6 Hz, 1 H;
30-H2) ; 13C NMR (126 MHz, MeOD): d= 175.9, 175.8, 175.7, 175.6,
174.3, 172.6, 160.3, 139.3, 137.9, 130.3, 130.0, 128.8, 127.7, 124.7,
122.8, 120.3, 119.2, 112.9, 111.1, 63.2, 59.2, 57.1, 56.0, 50.8, 48.9,
39.9, 39.6, 39.4, 38.5, 32.7, 29.4, 29.0, 26.0, 25.0, 23.5, 23.3, 21.5,
20.2, 17.3, 16.6, 12.3 ppm; IR: ñ= 3307 (w), 2971 (w), 1636 (s), 1551
(m), 1454 (w), 1086 (w), 879 (w), 741 (w), 699 (w), 662 cm�1 (w);
MS: m/z (%): 817.2 [M+H]+ ; HR-MS (FAB): m/z : calcd for
C43H61N8O8 : 817.4607 [M+H]+ ; found: 817.4627; HPLC-ESI : tR =
8.3 min.

1,5-Anhydro ACHTUNGTRENNUNG[d-lysyl-(Na-oxamido-l-isoleucyl)-l-serinyl-l-leucyl-l-
N-methyl-tryptophyl-l-phenylalanine] (63): Colourless powder;
yield: 45 mg, 54 mmol, 12 %; Rf = 0.25 (CH2Cl2/MeOH 9:1 + 0.25 %
AcOH, v/v) ; m.p. : 221 8C; [a]20

D =�89 (c = 2.2, MeOH); 1H NMR
(500 MHz, DMSO) d= 10.86 (s, 1 H; NH-indole), 8.54 (m, 2 H; NH-
Phe, NH-Leu), 7.55 (d, J = 7.7 Hz, 1 H; 22-H), 7.40 (d, J = 8.0 Hz, 1 H;
NHe-Lys), 7.32 (d, J = 8.1 Hz), 7.27–7.15 (m, 3 H; 12-H, 14-H, 13-H),
7.09–7.02 (m, 3 H; 11-H, 15-H, 24-H), 6.99–6.93 (m, 2 H; 23-H, 19-H),
6.56 (d, J = 6.1 Hz, 1 H; NH-Lys), 5.96 (br s, 1 H; NH-Ile), 4.80–4.73 (m,
1 H; 17-H), 4.58–4.50 (m, 1 H; 8-H), 4.27–4.19 (m, 1 H; 29-H), 4.04–
3.97 (m, 1 H; 35-H), 3.94–3.88 (m, 1 H; 2-H), 3.86–3.78 (m, 1 H; 39-
H), 3.67–3.57 (m, 2 H; 6-H2, 36-H2), 3.30–3.28 (m, 1 H; 9-H2), 3.14
(dd, J = 2.9, 14.7 Hz), 3.01–2.95 (m, 1 H; 36-H2), 2.89–2.80 (m, 2 H; 6-
H2, 18-H2), 2.68–2.61 (m, 1 H; 9-H2), 1.92 (s, 3 H; 27-H3), 1.81–1.72
(m, 1 H; 40-H), 1.71–1.58 (m, 2 H; 3-H2), 1.58–1.40 (m, 3 H; 5-H2, 4-
H2), 1.39–1.33 (m, 1 H; 41-H2), 1.32–1.26 (m, 1 H; 30-H2), 1.26–1.15
(m, 1 H; 4-H2), 1.14–1.00 (m, 1 H; 41-H2), 0.99–0.87 (m, 1 H; 30-H2),
0.87–0.78 (m, 6 H; 42-H3, 43-H3), 0.35 (d, 32-H3, J = 6.6 Hz), 0.12 (d,
J = 6.6 Hz), �0.59 ppm (d, J = 21.7 Hz); 13C NMR (126 MHz, MeOD):
d= 176.4, 175.8, 174.6, 174.5, 174.3, 172.5, 160.1, 139.4, 138.0,
130.4, 129.9, 128.6, 127.8, 125.0, 122.8, 120.2, 119.1, 112.8, 111.1,
63.1, 61.7, 60.9, 58.8, 56.8, 56.4, 53.0, 40.2, 39.3, 38.6, 32.5, 31.7,
29.4, 28.9, 26.1, 24.2, 21.8, 20.3, 19.8, 16.5, 12.2 ppm; IR: ñ= 3295
(w), 2932 (w), 1634 (s), 1537 (m), 1456 (m), 1226 (w), 1086 (w), 743
(m), 699 cm�1 (w); MS: m/z (%): 833.2 [M+H]+ ; HR-MS (FAB): calcd
C43H61N8O9 : 833.4556 [M+H]+ ; found: 833.4558; HPLC-ESI : tR =
8.6 min.

Carboxypeptidase A inhibition assay : Bovine pancreatic CPD
(Sigma) was dissolved at a concentration of 7 nm in Tris-HCl
(1.0 m)/NaCl (0.5 m) buffer. Kinetic analysis at 37 8C with the sub-
strate N-(4-methoxyphenylazoformyl)-Phe-OH at pH 7.5 in Tris-HCl

(1.0 m)/NaCl (0.5 m)/NP-40 (0.025 %)/DMSO (1 %) and monitoring of
the decrease in the AAF-Phe-OH absorption at 355 nm gave KM

and Kcat values of 272 (�49) mm and 5 s�1 (Kcat/KM = 18 000).

Carboxypeptidase B inhibition assay : Porcine pancreatic CPD
(Sigma) was dissolved at a concentration of 7 nm in Tris-HCl
(1.0 m)/NaCl (0.5 m) buffer. Kinetic analysis at 37 8C with the sub-
strate N-(4-methoxyphenylazoformyl)-Arg-OH at pH 7.5 in Tris-HCl
(1.0 m)/NaCl (0.5 m)/NP-40 (0.025 %)/DMSO (1 %) and monitoring of
the decrease in the AAF-Arg-OH (Anisylazoformylarginine) absorp-
tion at 355 nm gave KM and kcat values of 203 (�20) mM and 5 s�1

(Kcat/KM = 24 000).

IC50 determination : The reaction volume was 100 mL, and the final
substrate concentration was 150 mm (ca. 0.6 KM). The reaction was
started by the addition of AAF-Phe-OH (10 mL) to a solution (90 mL)
containing the CPD, which had been incubated for 15 min with
ten different concentrations from a twofold dilution series of inhib-
itors. Reaction rates were determined from the slope of the ab-
sorbance change at 355 nm and related to control values in ab-
sence of the inhibitor. IC50 values were measured in triplicate and
calculated from linear extrapolations of reaction velocity as a func-
tion of the logarithm of concentration.

Computational studies : Conformations for the macrocycles were
generated with the low mode conformational search method
(LMOD) in Macromodel 9.1[37] with use of the MMFF forcefield[38]

and GB/SA solvation; 35 000 conformations were generated. An
RMSD threshold of 0.25 � for all ring atoms and the first atoms of
the sidechains was used to identify unique conformations. All con-
formations with an energy of more than +50 kJ mol�1 relative to
the global minimum were discarded. The remaining conformations
were energy-minimised by use of the truncated Newton conjugat-
ed gradient (TNCG) option. The line search parameter was set from
1 to 0 to choose the direction of minimisation steps; default values
were used for the remaining parameters. Convergence (RMSD gra-
dient = 0.05 kJ mol�1 ��1) was reached after a maximum of 10 000
iterations. Ligands were docked by use of GOLD version 4.0,[39] with
the chemscore scoring function. The binding site was defined by a
20 � sphere around the carbon in the carboxylic acid moiety of
Glu72, coordinating the active site zinc atom. The genetic algo-
rithm settings were set to “automatic” with an “autoscale factor” of
1. Ten solutions per input conformation were generated from Mac-
romodel. For the NP 1, the best-scoring docking pose was selected
out of the conformers within 10 kJ mol�1 of the global minimum.

Abbreviations : [a]20
D : optical rotation at 20 8C and 589 nm; AAF-

Arg-OH: N-(4-methoxyphenylazoformyl)phenylarginine; AAF-Phe-
OH: N-(4-methoxyphenylazoformyl)phenylalanine; All : allyl ; Aq. :
aqueous (solution); BVA(s): brunsvicamide(s) ; Cbz: benzyloxycar-
bonyl ; CPD: carboxypeptidase; CSM(s): cyanobacterial secondary
metabolite(s) ; DIC: N,N’-diisopropyl carbodiimide; DiFUMP:
difluoro ACHTUNGTRENNUNGumbelliferyl phosphate; DMF: N,N’-dimethylformamide;
DMSO: dimethyl sulfoxide; Fmoc: fluorenylmethoxycarbonyl ; GB/
SA: generalised Born equation solvation solvent-accessible surface
area; HATU: 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroni-
um hexafluorophosphate; HOAt: 1-hydroxy-7-azabenzotriazole;
HOBt: N-hydroxy ACHTUNGTRENNUNGbenzotriazole; ESI: electrospray ionisation; HR-MS
(FAB): high-resolution mass spectrometry (fast atom bombard-
ment); Kcat : turnover number; KM: Michaelis–Menten constant;
LMOD: low mode conformational search method; MMFF: Merck
molecular force field; MptpB: M. tuberculosis tyrosine phosphate-ACHTUNGTRENNUNGase B; NP(s): natural product(s) ; NP-40: nonionic detergent; PDB:
Protein Data Bank; pNPP: p-nitrophenol phosphate; RFID: radio fre-
quency identification; RMSD: root mean square deviation; SPPS:
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solid-phase peptide synthesis; TES: triethylsilyl ; TFA: trifluoroacetic
acid; TRIS: 2-amino-2-hydroxymethyl-propane-1,3-diol ; TNCG: trun-
cated Newton conjugated gradient; Vmax: maximum velocity.
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