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Abstract
Bioassay-guided fractionation of two cyanobacterial extracts from Papua New Guinea has yielded
hoiamide D in both its carboxylic acid and conjugate base forms. Hoiamide D is a polyketide
synthase (PKS)/non-ribosomal peptide synthetase (NRPS)-derived natural product that features
two consecutive thiazolines and a thiazole, as well as a modified isoleucine residue. Hoiamide D
displayed inhibitory activity against p53/MDM2 interaction (EC50= 4.5 μM), an attractive target
for anticancer drug development.
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The protein p53 is a well characterized tumor suppressor that acts as a transcription factor to
regulate cell cycle dynamics, apoptosis, and DNA repair.1 It is encoded by the gene TP53
that is inactivated in nearly 60% of all human malignancies.2 Structurally, p53 harbors an
NH2 terminal transactivation domain, a DNA binding domain in the center, and a C-terminal
locus for regulatory function and tetramerization.3 Its function is regulated either by
mutation or deletion of the parent gene or through regulatory feedback by MDM2. MDM2, a
murine ubiquitin ligase, negatively regulates p53 function by a variety of mechanisms,
including degradation through proteosomal association and ubiquitylation. MDM2 also
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facilitates nuclear export with its export signal and binds to p53’s transactivation domain,
thereby repressing transcriptional activity.3,4 Recent studies have also shown MDM2 to
interact, albeit more weakly, with the C-terminal and core domains of p53.5 In theory,
disruption of any of these regulatory functions by MDM2 is a viable strategy to reactivate
p53, especially through inhibition of the p53/MDM2 binding interaction.

Based on site directed mutagenesis, the essential amino acids of the p53 N-terminal binding
domain that constitute the majority of the p53/MDM2 interaction and binding energy are
Phe19-Trp23-Leu26, with the three terminal atoms of the phenyl ring, the indole nitrogen of
tryptophan (Trp), and the isopropyl group of leucine (Leu) serving as the pertinent
pharmacophore.3,6 Thus, the p53/MDM2 interaction is largely hydrophobic, and the binding
interface of the two proteins is also quite small, making small, peptidic or non-peptidic
molecular mimics of the p53 binding site good candidates for inhibitors of p53/MDM2
interaction.3,6 This hydrophobic binding domain has been exploited to rationally design
synthetic p53/MDM2 inhibitors with excellent affinity. Three major classes of synthetic
p53/MDM2 inhibitors, the nutlins, spiro-oxindoles, and benzodiazepinediones, have taken
advantage of the Phe19-Trp23-Leu26 binding core to displace p53 and bind MDM2 with
much greater affinity and in vitro potency. However, maintaining in vivo potency has been
problematic for many of these inhibitors due to their poor pharmacokinetic profiles.7,8

Marine cyanobacteria are one of Nature’s most ancient organisms and offer a plethora of
bioactive secondary metabolites, many of which are active against validated targets of
human disease. Of the 678 marine cyanobacterial natural products reported in the literature,
the majority is polyketide synthase-non-ribosomal peptide synthetase derived.9 There is a
predominance of nonpolar amino acids in cyanobacterial peptide-derived compounds, and
leucine and phenylalanine, two essential amino acids of the p53 binding pocket, are
relatively common constituents in these peptidic compounds. Approximately half of all
amino acids utilized in cyanobacterial natural products are modified with the most frequent
modifications including N-methylation, N’-N’-dimethylation, ketide extension, and
halogenation to a lesser extent.9 Thus, many features of marine cyanobacterial compounds,
including their molecular weight distribution (median 604 Da), lipophilicity, and chemical
diversity, lend themselves to favorable bioactivity and medicinal chemistry profiles,
particularly as it pertains to p53/MDM2 inhibition. Herein, we describe hoiamide D (1), a
peptide-derived p53/MDM2 inhibitor, isolated in both its acid and carboxylate forms, from
two separate collections of the Papua New Guinea cyanobacterium Symploca sp. Hoiamide
D displays promising inhibitory activity towards p53/MDM2 interaction (EC50= 4.5 μM).

Samples of the spongy, purple cyanobacterium Symploca sp. were collected by SCUBA near
Kape Point, Papua New Guinea in 2006. The collection was extracted with CH2Cl2:MeOH
(2:1) to yield a crude extract (1.37 g) that was further processed using normal phase silica
vacuum liquid chromatography to generate nine subfractions (A-I).10 The ninth and most
polar fraction (I) displayed inhibitory activity in the p53/MDM2 assay and was further
purified using RP C18 solid phase extraction to yield an additional four relatively pure
subfractions. The most polar subfraction (>95% pure) contained the new natural product,
hoiamide D (23.6 mg), and harbored the greatest inhibitory activity (EC50= 4.5 μM).

The HRESIMS measurement of hoiamide D (1), [M+H]+ m/z 743.3535, established its
formula as C35H58N4O7S3 with an isotopic pattern consistent with the presence of three
sulfur atoms.11 The IR spectrum of 1 displayed an absorption band at 3381 cm−1, indicating
the presence of a hydroxy group while the 1H NMR spectrum revealed two distinctive low-
field shifts, a sharp singlet at δH 8.22 (δC 122.6) and a doublet at δH 6.85 that were
indicative of a substituted alkene and an amide, respectively. A singlet at δH 3.23 (δC 56.2)
revealed the presence of an O-Me substituent, and two sharp high-field singlets between
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1.4-1.6 ppm were suggestive of deshielded methyl groups. 2D COSY, HSQC, TOCSY, and
HMBC experiments were subsequently used to elucidate three partial structures (A-C) with
key HMBC correlations used to provide attachment points and complete the planar structure,
as described below.

TOCSY data afforded a two-spin system for substructure (A) with one spin system
consisting of H-2/H-3/H-9 and the other spin system consisting of H4-H8. A COSY
correlation between H-4 and the amide proton at δH 6.85, as well as HMBC correlations
between H-4/C-5, H3-8/C-5, H-6a/C-3, and H3-7/C-6, supported construction of a modified
isoleucine with a hydroxy at C-3 (δC 71.8, δH 3.51). The C-3 methine was coupled to the
C-2 methine via a COSY correlation and through to the C-1 carbonyl with a 3-bond HMBC
correlation. A methyl (δC 13.8, δH 0.85) was then assigned to C-2 via H-2/C-9 and H3-9/C-1
HMBC correlations, thus completing the planar substructure (A) or 4-amino-3-hydroxy-2,5-
dimethylheptanoic acid (Ahdhe), a structural feature characteristic of the hoiamide class
(Figure 2).

Substructure (B) featured two consecutively coupled α-methyl thiazoline rings and a
thiazole. Preliminary data analysis suggested that two methylenes with chemical shifts δH
3.59/3.13 (δC 40.9); δH 3.74/3.76 (δC 42.2) were adjacent to heteroatoms, and a low-field
singlet at δH 8.21 (δC 122.6) implied the presence an olefinic proton of a heterocycle. Atom
counting and the presence of three deshielded quaternary carbons C-14/18/21 (δC 177.7,
162.5, 169.9) also suggested that these sp2 carbons were proximate to a nitrogen and a sulfur
atom in each ring. HMBC correlations were then used to construct the rings of the
triheterocyclic system, as follows. A correlation between the C-12 methylene (δC 40.9) and
the deshielded sp2 C-14 (δC 177.7) permitted assignment of C-12 adjacent to the sulfur atom
with C-14 placed between the sulfur and nitrogen atoms. An additional HMBC correlation
between H2-12 and the relatively shielded quaternary carbon at C-11 (δC 84.4) necessitated
placement of C-11 adjacent to a nitrogen atom and between the C-12 methylene and the
carbonyl at C-10. Further HMBC correlations between H3-13/C-10/11/12 permitted
assignment of an α-methyl group on C-11 of the thiazoline ring. In a similar fashion, the
second thiazoline ring was constructed with HMBC correlations between the C-16
methylene, the deshielded sp2 C-18 (δC 162.5), and the relatively shielded quaternary carbon
at C-15 (δC15 83.6). Additional correlations between H3-17/C-15/16 permitted assignment of
an α-methyl group on C-15 of the second thiazoline ring as well. The third ring was
constructed with HMBC correlations from a low-field olefinic proton at δH 8.21 (δC 122.6)
to two sp2 quaternary carbons at C-19/21which implied the presence of a thiazole ring and
satisfied the remaining degrees of unsaturation for the molecule. Further correlations
between H-16a/16b/C-14 and H-20/C-18 demonstrated the consecutive nature of the
triheterocyclic ring system to complete substructure (B).

Substructure (C) consisted of an extended 10-carbon chain with two hydroxy and three
methyl groups, and a methoxy substituent. COSY correlations were used to consecutively
assign the H-22 methylene with three methines H-23/24/25. An additional COSY correlation
was used to assign a methyl group at C-24 (δH24 2.08), and an HMBC correlation between
C-23 and the H-35 O-methyl allowed placement of the O-methyl at this position. COSY
correlations were also used to assign the H-26/27/28 methines and two methyl groups at
C-26 (δH261.52) and C-28 (δH281.54), respectively. A 3-bond HMBC correlation between
H3-33 and C-25 allowed connection of C25/C26. Further COSY correlations were then used
to place the H-29 and H-30 methylenes adjacent to the terminal C-31 methyl group. HMBC
correlations between the C-28 methine and both H-29a/H-29b protons then permitted
connection of C-28/29. Accounting of the remaining atoms and chemical shift reasoning
allowed hydroxy groups to be placed at C-25 (δC 69.4) and C-27 (δC 72.7) to complete
substructure (C).
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Finally, a key HMBC correlation between the C-10 carbonyl and the H-13 α-methyl
connected substructure (A) with substructure (B), and HMBC correlations between C21 and
H22/H23 permitted connection of substructure (B) to (C), thereby completing the proposed
planar structure of 1 (Figure 1).

Colon cancer selectivity-guided fractionation of a second collection of mat-forming
Symploca sp. obtained near Kolaio island, Papua New Guinea in 2003 yielded 2 with a
HRESI [M+H]+ m/z 743.3535 mass identical to 1.12,13 Independent structure elucidation of
2 led to the same planar structure of 1. However, subsequent analysis of spectroscopic and
analytical data revealed subtle differences between 1 and 2 that suggested the possibility of
either different stereoisomers, different ionic states, or some other small difference. First,
ΔδC values of C-1-C-4 and C-6 and ΔδH values of H-2 and H-3 are significant between 1
and 2 with the greatest ΔδC nearly 3 ppm at C-1 (Figure 3a). One hypothesis accounting for
the carbon shift difference was the possibility of different stereoisomers. However, coupling
constant analysis did not reveal significant differences between 1 and 2. Another possibility
to account for the carbon shift disparity was a difference in ionic states. The more
deshielded carbon of 1 (δC 179.5) suggests 1 may be the conjugate base of 2. Second, 1 and
2 were obtained by different chromatographic conditions; 1 was isolated under neutral
conditions while 2 was purified with an acidified buffer. A LC-ESI-MS co-injection
experiment, with simultaneous elution of 1 and 2 in various chromatographic conditions,
also provided supporting evidence of constitutional equivalence but different ionic states.
Third, the IR spectrum of 1 showed absorption of carbonyls at 1661 and 1580 cm−1,
indicating the presence of an amide and carboxylate anion while the spectrum of 2 showed
strong absorption of a carbonyl at 1673 cm−1, indicating the presence of an amide and
carboxylic acid. The working hypothesis of different ionic states was finally proven by
protonation of 1 with 0.1N trifluoroacetic acid, followed by comparison of spectroscopic
data (supplemental info).14 The 1H and 13C data of protonated 1 are spectroscopically
identical to those of 2, and optical rotation values are similar. In addition, protonation of 1
changed chiroptical property of 1 and the CD absorption curve of protonated 1 is almost
identical to that of 2 and semisynthetic 2. Therefore, the proposed planar structure of 1 was
amended to reflect its negatively charged state (Figure 1), and the HRESI [M+H]+ m/z
743.3535 mass of 1 is likely the result of reduction during electrospray ionization.

To ascertain the absolute configuration of the Me-Cys residues, compound 1 was subjected
to ozonolysis and oxidative workup prior to acid hydrolysis. The hydrolysate was analyzed
by chiral HPLC and only D(S)-2-methylcysteic acid was detected.15

To determine the configuration of the remaining 10 stereocenters, semisynthetic hoiamide
D, prepared by base hydrolysis of hoiamide A, was used for comparative analysis.16

Semisynthetic hoiamide D was identical to 2 by LC-ESI-MS analyses (retention time, UV
spectrum, and m/z value) and 1H and 13C NMR data analyses, had a similar optical rotation
value and an identical CD spectrum to protonated 1 and 2 which indicated that natural
hoiamide D (1 and 2) and semisynthetic hoiamide D were stereochemically identical (Figure
3b). The absolute configuration of natural hoiamide D (1 and 2) was thus determined as 2R,
3S, 4S, 5S, 11S, 15R, 23S, 24R, 25R, 26S, 27S and 28R.

The carboxylate anion (1) was screened in a panel of assays to determine its biological
activity, and its greatest bioactivity was inhibition of p53/HDM2 (human homologue)
interaction. A HTR-FRET-based competition assay was used to characterize antagonists of
the p53/HDM2 binding interaction based on the ability of antagonist molecules to compete
with biotin-labeled p53 protein (bio-QETFSDLWKLLP-Ac) binding to GST-tagged HDM2
(GST-MPRFMDYWEGLN).17 FRET was detected (ex 320 nm, em 615, 665 nm) when
donor labeled, Europium (Mab GST-Eu cryptate, Cisbio 61GSTKLB), and acceptor labeled,
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XLent (streptavidin-XLent, Cisbio 611SAXLB), complexes were in close proximity due to
the anti-GST/GST-HDM2 interaction and the streptavidin/biotin-p53 interaction. The
carboxylate anion (1) inhibited the p53/HDM2 protein binding (EC50= 4.5 μM; 95%
confidence interval: 2.8-7.3 μM) with minimal cytotoxicity to the mammalian H460 cell line
at 40 μM (16% ± 1), compared to control.18 Compound 2 was not tested in the p53/HDM2
assay, although the carboxyl group would be deprotonated at the pH (7.4) of the media
utilized in the assay.

Chlorofusin (IC50= 4.6 μM), isolated from a marine fungus Fusarium sp., was the first
natural product reported to inhibit p53/MDM2 interactions.19 A second natural product
inhibitor, the non-peptidic hexylitaconic acid (IC50= 230 μM), was isolated from a marine
fungus Arthrinium sp. in 2006, followed by sempervirine (IC50= 29.4 μM).20,21 Hoiamide D
is the second peptide-based natural product inhibitor of p53/MDM2 interaction reported, and
is one of the most potent. Of note, however, there are rationally designed synthetic
inhibitors, such as the spiro-oxindoles and benzodiazepinediones, with nanomolar efficacy.

Hoiamide D joins three other hoiamides isolated to date, comprising a recently described
class of cyanobacterial compounds featuring a triheterocylic system. Hoiamide A and B are
cyclic whereas hoiamide C and D are linear.22,23 In fact, hoiamide C may be an extraction
artifact of hoiamide D given the utilization of ethanol in the storage conditions of the
biological material. Hoiamide A and B exhibited potent inhibition of calcium oscillation in
rat cortical neurons and micromolar activation of voltage-gated sodium channels (VGSC)
with hoiamide A reported to be a partial agonist at site 2 of the mammalian VGSC.23 Both
hoiamide C and D were inactive in these assays, suggesting that a cyclic architecture is
required for this potent neuromodulatory activity.23 However, the activity of hoiamide D (1)
in the p53/HDM2 assay suggests that this molecular class has the capacity to interact with a
variety of cellular targets, and thus, members of this group should be attractive targets for
total synthesis24 and evaluation in a diversity of biological assays.
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Figure 1.
Structures of the conjugate base of hoiamide D (1), the acid form of hoiamide D (2), and
hoiamide C (3).
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Figure 2.
Partial structures of 1 and 2 with key COSY and HMBC correlations.
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Figure 3.
Comparison of 13C NMR chemical shifts and CD spectra of 1 (-COO− form), 2 (-COOH
form), protonated 1 and semisynthetic 2 (A) 13C NMR chemical shifts comparison; (B) CD
absorption curve of 1 and 2 with protonated 1 and semisynthetic 2.
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Figure 4.
Inhibition of p53/MDM2 binding by hoiamide D (1). EC50= 4.5 μM; 95% confidence
interval: 2.8-7.3 μM (n=2).
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