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a b s t r a c t

Cyanobacteria possess a unique capacity for the production of structurally novel secondary metabolites
compared to the biosynthetic abilities of other environmental prokaryotes such as bacteria of the genus
Streptomyces. Two different strategies to explore cyanobacteria-derived natural products have been
explored previously: (1) cultivation of single cyanobacterial strains, in bioreactors for example; (2) bulk
collections from the environment of so called ‘algal blooms’ that are dominated by cyanobacteria. In this
study a new environmentally friendly collection technique for obtaining large quantities of algal bloom
biomass was utilized. Algal biomass derived from eight million liters of lake water was concentrated
using a novel continuous countercurrent filtration system. Analysis of this freshwater algal bloom from
Grand Lake-Saint Marys, Ohio led to the discovery of anabaenopeptin 679 (1), as well as the known ana-
baenopeptins B, F, H and 908. Anabaenopeptin 679 is unusual in that it possesses the classical anabaeno-
peptin-like cyclic pentapeptide core, but lacks the typical sidechain attached to the constitutive ureido
group. Screening of all anabaenopeptin derivatives in an enzymatic assay for inhibitory activity toward
carboxypeptidase A identified anabaenopeptin 679 as a strong inhibitor of carboxypeptidase A with an
IC50 value of 4.6 lg/mL. This result defines a new minimal core structure for carboxypeptidase activity
among the anabaenopeptin class, and provides further insight into the structure–activity relationship
of anabaenopeptin-like carboxypeptidase A inhibitors.

� 2016 Elsevier Ltd. All rights reserved.

Freshwater algal blooms constitute a rapid growth and accumu-
lation of a complex assemblage of unicellular organisms including
phytoplankton, cyanobacteria and other prokaryotes that can lead
to discoloration and chemical contamination of affected waters.1

Freshwater cyanobacteria have been shown to produce a variety
of structurally diverse and biologically valuable natural products
including cytotoxic macrocyclic depsipeptides like cryptophycin
1,2 antimicrobial alkaloids like ambiguine H2 and cyclic peptides
with protease inhibitory activity such as the anabaenopeptins.2

Anabaenopeptins are cyclic pentapeptides produced by several
cyanobacterial species, containing a ureido moiety as part of the
amino acid sidechain adjacent to a D-lysine residue, which in turn
cyclizes the main ring system.2 Several anabaenopeptins have been

identified as potent inhibitors of exopeptidases like carboxypepti-
dase A (CPA).2

Carboxypeptidases are exopeptidase enzymes that catalyze the
cleavage of certain carboxyl-terminal peptide bonds in peptides
and proteins.3,4 Carboxypeptidase A (CPA) is considered a model
enzyme for physiologically relevant exopeptidases such as angio-
tensin-converting enzyme.4 Additionally several inhibitors of CPA
are also inhibitors of carboxypeptidase U (CPU),5 which plays an
important role in the regulation of fibrinolysis.6 Therefore car-
boxypeptidase inhibitors are considered a potential treatment
strategy for certain cardiovascular diseases.7–9 Furthermore car-
boxypeptidase inhibitors have been identified as antagonists of
human epithelial growth factor and are therefore involved in the
inhibition of tumor cell growth for certain cancers.10

The constitution of the side chain connected to the ureido moi-
ety of anabaenopeptin-like CPA inhibitors has previously been pos-
tulated as crucial for the potency of protease inhibitory effects.11,12
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Previous work has suggested that the amino acid residue attached
to the ureido group is essential to interact with CPA. Furthermore it
has been postulated that the cyclic pentapeptide moiety of anabae-
nopeptins might also be an important pharmacophoric element for
CPA inhibitory activity.12 Here we describe the isolation of a new
truncated anabaenopeptin, anabaenopeptin 679 (1), which lacks
the side chain residue usually found in this class of compounds.
This new addition to the anabaenopeptin family affords further
insight into the structure–activity relationship for this compound
class.

In order to capture novel micro-algal metabolites present at
sub-ppm concentrations, we have developed a unique continuous
counter-current filtration system. For this work, processing of eight
million liters of water from Grand Lake-Saint Marys, Ohio in May
2012 provided 3495 kg of concentrated algal biomass as a dark
green paste. Prior to solvent extraction, batches of the paste were
carefully freeze-dried yielding a friable solid. In this study a
16.5 kg aliquot of this dry material was extracted and used to cre-
ate a fraction library. In brief, freeze-dried material was extracted
exhaustively with MeOH/CH2Cl2 to give a dark green gum. This
crude material was sequentially fractionated under normal- and
reversed-phase conditions to give nine pre-fractions whose frac-
tionation provided 230 fractions. Aliquots of these fractions were
resuspended in DMSO at a standard w/v ratio for biological
evaluation.

As part of an ongoing program to use integrated biological and
chemical profiling to discover novel cytotoxic agents from natural
product libraries, this fraction library was evaluated in an image-
based cytological profiling assay against HeLa cells.13–15 Simulta-
neously, these fractions were subjected to metabolomics profiling
by UPLC-ESI-TOF mass spectrometry. In the course of analyzing
these two complex datasets an exact mass feature at 678.3618
m/z was identified as having no match to any known cyanobacte-
rial metabolite in our in-house database. Initial inspection of 1H
and 13C NMR spectra for this new metabolite suggested that it
was closely related to anabaenopeptin-like cyclic peptides,
although the molecular weight was significantly lower than other
representatives of this compound class. Given this potential struc-
tural novelty, this compound was selected for further investiga-
tion. HRMS analysis suggested a molecular formula of
C35H48N7O7 ([M�H]� = 678.3618, D0.44 ppm), indicating 15
degrees of unsaturation. Extensive examination of 2D NMR data
identified the presence of three proteinogenic (lysine, valine,
phenylalanine) as well as two nonproteinogenic (homo-tyrosine
and N-methyl-alanine) amino acids. NOESY experiments as well
as MSn fragmentation experiments allowed us to establish the

amino acid sequence of the cyclic peptide as Lys-Val-Hty-NMe-
Ala-Phe. Finally 1H–13C HMBC correlations between the proton at
the e-NHLys position and the carbon at position C1 of the
phenylalanine residue implied that the phenylalanine residue
was attached to the adjacent lysine through the lys e-NH,
completing the planar assignment of the cyclic portion of the struc-
ture and accounting for all but one of the degrees of unsaturation
(Fig. 1).
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The remaining portion of the molecule possessed a formula of
CNH2O. Examination of the proton spectrum revealed two protons,
displayed as a broad singlet at 5.68 ppm, that were not directly
linked to a carbon atom. When combined with the one additional
signal in the carbon spectrum at 158.2 ppm and the one remaining
degree of unsaturation, these data suggested the presence of a ter-
minal primary amide motif. HMBC correlations between the unas-
signed carbon at 158.2 ppm and both the unassigned broad singlet
at 5.68 ppm and the a-NH atom of the lysine amino acid indicated
the presence of a mono-substituted ureido moiety attached at the
a-CH position of the lysine amino acid (Fig. 1), thus completing the
planar structure assignment for this new metabolite (Table 1).
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Figure 1. Structure determination for anabaenopeptin 679 (1). Key 1H–1H COSY
(blue lines) and HMBC (red arrows) correlations for anabaenopeptin 679 in DMSO-
d6.
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