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ABSTRACT

A new tryptophan-polyketide hybrid, codinaeopsin, was isolated from an endophytic fungus collected in Costa Rica. The structure of
codinaeopsin, which was deduced from NMR and mass spectral data, contains an unusual heterocyclic unit linking indole and decalin fragments.
Codinaeopsin is active against Plasmodium falciparum, the causative agent of the most lethal form of malaria (IC50 ) 2.3 µg/mL or 4.7 µM).

The small molecules produced by fungi exemplify an extra-
ordinary range of molecular diversity, a comprehensive use of
biosynthetic pathways, and a remarkable ability to modulate
biological processes. They represent one-fourth of all known
bioactive natural products,1 and many commonly prescribed
medicationssincluding the �-lactam antibiotics, the immuno-
suppressive drug cyclosporin A, and the cholesterol lowering
agent lovastatinshave a fungal origin. Fungi that live in close
association with other organisms, such as the endophytic fungi
that live in the intercellular spaces of higher plants, seem to be
especially prolific producers of biologically active small mol-
ecules with which they probably regulate their hosts and
competitors.2 For the past few years, this laboratory has been
part of an International Cooperative Biodiversity Group studying
endophytic fungi from Costa Rica, a biodiversity hot spot on
the narrow strip of land connecting the North and South
American continents. A high-throughput screen for antimalarial
compounds using a library of partially purified fungal extracts
from Costa Rica led to the discovery of codinaeopsin (1), a
previously unreported tryptophan-polyketide hybrid and the
subject of this communication.

Fungal isolate CR127A was collected from a white yemeri
tree (Vochysia guatemalensis) by the National Biodiversity

Institute (INBio) in Costa Rica. The fungus was cultured and
extracted, and the resultant extract was prefractionated at INBio
by adsorbing the crude extract onto HP20 beads, washing the
beads with water, and eluting fractions with ethanol/water
mixtures of decreasing polarity. Weighed fractions were arrayed
into 384-well plates at Harvard Medical School for high-
throughput screens (HTS) in a variety of assays. A HTS live/
dead assay for the most deadly malarial parasite, Plasmodium
falciparum, identified strain CR127A as a potent screening
positive. CR127A was cultured in a rich seed medium for five
days to obtain mycelial mass, diluted into 2% malt extract broth
to simulate stressful conditions, and cultured for an additional
21 days. Ethyl acetate extracts of the fermentation broth were
initially partitioned by silica gel flash column chromatography
using 1:1 ethyl acetate:hexanes. Fractions containing the active
component (TLC: silica gel Rf ) 0.22, 1:1 ethyl acetate:hexanes)
were pooled and further purified by reverse-phase C-18 HPLC
using an acetonitrile/water gradient. Pure codinaeopsin, the
active compound, was obtained with an overall yield of 18 mg/L
of culture. CR127A was characterized by sequencing its internal
transcribed spacer (ITS) regions of rDNA and was found to be
98% identical to Codinaeopsis gonytrichoides, a leaf litter
fungus originally found in Japan.3 Morphological analysis of
CR127A confirmed this assignment.

HRESIMS analysis of codinaeopsin (m/z 501.3125) indi-
cated a molecular formula of C32H40N2O3 (calcd. m/z for [M
+ H]+, 501.3117). The structure of 1 was established from
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NMR analysis using one- and two-dimensional NMR
techniques including proton, carbon, gCOSY, gHMQC,
gHMBC, DEPT, and ROESY. Three distinct spin systems
were detected on the basis of 1H and gCOSY experimentssan
indole ring, an allylic methyl group, and an aliphatic seven-
carbon chain (Figure 1). The latter two were linked by a

long-range HMBC correlation from the C-20 methyl to C-13,
and additional HMQC and HMBC correlations adjoining
these two spin systems were used to establish the decalin
moiety of codinaeopsin (Figure 1). Surmising that the indole
functionality arises through incorporation of tryptophan, the
adjoining methylene group and heterocyclic ring were
deduced, allowing for assembly of the remainder of the
structure. The relative stereochemistry of the molecule was
established through 1H-1H coupling constants and ROESY
correlations (Supporting Information). A minor compound
determined to be the C-2′ epimer of codinaeopsin was also
isolated.

Codinaeopsin’s structure belongs to a growing family of
fungal metabolites that includes the HIV integrase inhibitor
equisetin4 (2), the antifungal agent cryptocin5 (3), and the
telomerase inhibitor UCS1025A,6 among others. These

metabolites have a scaffold derived from a linear polyketide
joined to an N-containing fragment. Codinaeopsin (1) has a
linear C16-fragment with five methyl substituents joined to
tryptophan. Equisetin (2) has a linear C14-fragment with two
methyls joined to N-methyl-serine, and cryptocin (3) has a
linear C12-fragment with two methyls joined to N-methyl-
threonine. Earlier biosynthetic studies, including the cloning
of the equisetin gene cluster7 and stable isotope labeling
studies on the GKK1032-family,8 suggest a scheme for
codinaeopsin’s biosynthesis that is outlined in Figure 2.

Early steps assemble the polyketide unit shown. Methyl
branches may arise from incorporation of propionate instead
of acetate or from transfer of methyl groups to an acetate-
derived polyketide. Stable isotope labeling studies using
[1-13C]-acetate and [S-13CH3]-L-methionine resulted in the
enrichments shown in Table 1. Enrichment of carbons 1, 3,
5, 7, 9, 11, 13, and 15 with C-1 of acetate and of pendant
methyl groups with the S-methyl group of methionine
conforms to the acetate-methionine pathway normally
observed for fungi.9 These steps are likely catalyzed by an
iterative type I polyketide synthase (PKS), which uses each
active site in the multifunctional enzyme repeatedly during
assembly.10 These PKS modules also contain the methyl-
transferase domains. A nonribosomal peptide synthetase
(NRPS) module then introduces an L-tryptophan, and sub-
sequent intramolecular condensation yields the central het-
erocyclic ring characteristic of this family.11 Most frequently,
this ring is a tetramic acid (2,4-pyrrolidindione) as seen in
equisetin (2) and cryptocin (3). In codinaeopsin, the ring
differs by having a reduced carboxylate carbon and an
oxidized CR of tryptophan. This formal oxidation-reduction
could also be accomplished by a series of tautomeric shifts
involving enol and imine intermediates within the ring. This
latter mechanism is consistent with finding both C-2′ epimers
in the culture supernatant. However, these and other questions
about the biosynthesis of codinaeopsin will require analyzing
the PKS-NRPS cluster involved in its biosynthesis. The linear

Figure 2. Proposed biosynthesis of codinaeopsin. Completed structure shows labeling patterns observed in feeding experiments. PKS,
polyketide synthase; SAM, S-adenosyl methionine; NRPS, nonribosomal peptide synthase (condensation-adenylation-thiolation).

Figure 1. Select COSY and HMBC correlations observed in
codinaeopsin.
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PKS-assembled unit is then cyclized, possibly by an in-
tramolecular Diels-Alder-like addition similar to those
which have been established for solanapyrone12 and
lovastatin.13

The initial antimalarial activity of codinaeopsin was
discovered using the high-throughput whole parasite screen
previously described,14 and the same screen was used to

follow biological activity during the isolation. Pure codi-
naeopsin has an IC50 of 4.66 µM (2.33 µg/mL) in this assay
against the 3D7 strain of P. falciparum, the common drug-
sensitive laboratory strain. It has essentially the same activity
against the pyrimethamine- and mefloquine-resistant HB3
strain and the chloroquine-pyrimethamine- and mefloquine-
resistant Dd2 (Supporting Information). The practical utility
of these observations will require further studies.

In summary, codinaeopsin (1), a stereochemically rich
tryptophan-polyketide hybrid with an unusual heterocyclic
link, has been isolated from an endophytic fungus from Costa
Rica. Codinaeopsin belongs to a family of small molecules
with a broad range of biological activities, and further studies
in other assays are in progress.
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Table 1. NMR Assignments of Codinaeopsin in CD3OD (600
MHz) and 13C Abundance after Administration of Labeled
Precursors

position δC δH

[1-13C]-
acetate
enrich-
ment

[S-13CH3]-
L-Met

enrich-
ment

1 170.5 3.3
2 137.1
3 199.8 4.1
4 49.6 3.43 (dd, J ) 12.4, 7.0 Hz)
5 47.2 1.50 (dd, J ) 12.4 Hz) 5.6
6 33.4 1.20 (m)
7 48.3 0.61, 1.49 5.9
8 28.7 1.72 (m)
9 49.9 0.85, 1.41 4.3
10 37.7
11 136.8 5.21 (s) 5.4
12 130.5
13 53.1 2.47 (d, J ) 7.0 Hz) 6.0
14 137.3
15 124.5 4.51 (q, J ) 6.5 Hz) 5.6
16 13.5 1.29 (3H, d, J ) 6.5 Hz)
17 25.4 0.22 (3H, d, J ) 6.7 Hz) 46.9
18 23.1 0.82 (3H, d, J ) 7.5 Hz) 41.2
19 22.6 0.82 (3H, s) 44.3
20 22.7 1.37 (3H, s) 39.4
21 14.2 1.30 (3H) 43.2
1′ 157.0 7.34 (s)
2′ 88.5
3′ 34.5 3.32 (d), 3.44 (d, J ) 14.0 Hz)
4′ 109.0
5′ 129.3
6′ 119.3 7.57 (d, J ) 7.8 Hz)
7′ 120.2 7.01 (dd, J ) 7.5 Hz)
8′ 122.3 7.06 (dd, J ) 7.5 Hz)
9′ 112.4 7.29 (d, J ) 8.0 Hz)
10′ 137.7
11′ 125.4 7.10 (s)

Scheme 1
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