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Abstract: Recently described rhizolutin and collinolactone
isolated from Streptomyces Gç 40/10 share the same novel
carbon scaffold. Analyses by NMR and X-Ray crystallography
verify the structure of collinolactone and propose a revision of
rhizolutin�s stereochemistry. Isotope-labeled precursor feeding
shows that collinolactone is biosynthesized via type I poly-
ketide synthase with Baeyer–Villiger oxidation. CRISPR-based
genetic strategies led to the identification of the biosynthetic
gene cluster and a high-production strain. Chemical semi-
syntheses yielded collinolactone analogues with inhibitory
effects on L929 cell line. Fluorescence microscopy revealed
that only particular analogues induce monopolar spindles
impairing cell division in mitosis. Inspired by the Alzheimer-
protective activity of rhizolutin, we investigated the neuro-
protective effects of collinolactone and its analogues on
glutamate-sensitive cells (HT22) and indeed, natural collino-
lactone displays distinct neuroprotection from intracellular
oxidative stress.

Improved health care by novel treatments and technological
innovation has significantly increased life expectancy. Due to
the concomitant demographic ageing the proportion of older
people has increased and therefore, age-related diseases such

as cancer, diabetes and neurodegenerative diseases are on the
rise.[1] In 2020, over 50 million people worldwide have been
diagnosed with neurodegenerative diseases, that is, a chronical
impairment of memory and altered behavior from declining
cognitive abilities.[2] This number is estimated to double every
20 years, leading to more than 131 million cases by 2050.[3]

The most common form is Alzheimer�s disease (AD) with 50–
75% of the cases.[3] Hallmarks of AD are extracellular deposit
of misfolded forms of amyloid-b (Ab) and hyperphosphory-
lated t-protein.[4] Although 121 clinical trials are ongoing for
AD treatment targeting Ab or t-protein,[5] only one candidate
(Aducanumab, 2021)[6] has been approved since 2003. The
series of candidates failing in clinical trials is constantly
growing[7] and the rate of repurposed agents (43%) indicates
the need of novel structures.[8] Nature has proved to be an
incredibly rich source of new and unconventional structural
motifs for drug discovery and development.[9]

Recently, Kwon et al. described the discovery of rhizolu-
tin,[10] a 6-10-7-membered tricyclic system with a cyclodeca-
triene ring flanked by two lactone rings. Investigation of its
bioactivity revealed a dissociative effect on Ab and t-tangles
in vitro, with significantly reduced apoptosis and inflamma-
tion in neural cells. In vivo studies on APP/PS1 double
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transgenic mice showed substantially dissociated hippocam-
pal plaques.[10]

Herein, we present our studies on collinolactone (1),
which has originally been described by the Zeeck group[11]

and shares the same characteristic core structure elements of
its planar structure. After our careful inspection of the
structure elucidation carried out for rhizolutin, we have
strong evidence to conclude that the stereochemistry of this
initial structure has not been correctly assigned, as collino-
lactone (1) shares NMR spectroscopic data identical to
rhizolutin (Figure S1).

Like rhizolutin, 1 shows two conformers (1a and 1b) in
NMR spectra due to the rotating double bond at C13�C14.
The ratio is dependent on both solvent and temperature: with
increasing temperature, the ratio changes in favor of the syn
component. The coalescence temperature has not been
reached due to solvent and instrument limitations and was
interpolated to 398� 5.6 K (Figure S3). Reversely, the con-
version continued even at 233 K.

2D NMR experiments allowed us to study the conversion
in more detail and to state the relative configuration
(Scheme 1). For rhizolutin, only one correlation in ROESY

was observed to link the left-hand part of the molecule to the
right-hand part (Scheme 1, correlation of 12-H/10-H, marked
with an asterisk). Several correlations indicate that 7-H is in
the same plane as 12-H and 10-H. In [D5]pyridine, which was
used for the newly compiled structure elucidation of rhizo-
lutin by Kwon et al., the signal of 12-H (dH = 6.12 ppm)
overlaps with the signal from 5-H and can therefore be
misinterpreted when attempting to determine the configura-
tion at 7-H. Notably, using the solvent [D6]benzene resulted in
well separated and non-overlapping signals of hydrogens at
12-H, 7-H, and 5-H, and NOESY spectra showed a strong
correlation between 12-H and 7-H (Figure S2). In addition,
no correlation was found between 9-H and 7-H, indicating
that these hydrogens are not in the same plane. The
comprehensive set of NOE and ROE NMR experiments in
[D2]dichloromethane, [D6]benzene, and [D5]pyridine further
verifies stereochemical assignments of 1—and due to identi-
cal NMR spectra in [D5]pyridine, also of rhizolutin.

A correlation between 9-H and 7-H is displayed in the
summary image of ROESY correlations provided by Kwon
et al. for rhizolutin.[10] However, we were unable to identify
this correlation between hydrogen atoms at dH = 4.67 ppm
and dH = 3.31 ppm with reasonable certainty in the provided

data as well as in our own recorded ROESY and NOESY
spectra of collinolactone (1).

X-ray crystallography is highly valuable to determine the
absolute configuration.[12] All our crystallization attempts of
natural product 1 failed due to its flexible scaffold. The
fixation of the flexible methyl group at C-14 using one
equivalent of meta-chloroperoxybenzoic acid (mCPBA)[13]

led to 3 as the main product and a crystal suitable for X-ray
crystallography. NMR spectra showed only one distinct set of
signals, indicating a rigid scaffold. Structure elucidation[14]

revealed that a transannular cyclization has occurred for
which we propose a possible mechanism (Scheme S3). Con-
sequently, there is no indication that the cyclization influ-
enced the stereochemistry of the initial scaffold (Fig-
ure 1B).[15] To the best of our knowledge, we conclude that
the initial stereochemical structure assignment of rhizolutin
was not unambiguous and that collinolactone (1) is the correct
structure.

In addition to structure elucidation, the biosynthetic
pathway of compound 1 isolated from Streptomyces Gç 40/
10 was investigated. From its structure, we assumed a product
from a type I polyketide synthase (PKS) assembly line and
therefore, we performed feeding experiments using 13C-
labeled common PKS building units. Analyses of the

Figure 1. A) Structure of collinolactone (1) and the proposed structure
of rhizolutin by Kwon et al. (left) and flipped by 1808 (right). B) X-Ray
structure of semisynthetic tetracyclic collinolactone analogue 3.

Scheme 1. Important NOE correlations of rotamers (1a, 1b). Blue
arrows mark NOE above ring plane (* key correlation), black NOE
below ring plane. The substructure marked in red is responsible for
the dynamic interconversion of the two rotamers (atom numbering,
see ref. [10]).
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13C NMR spectra after precursor feeding revealed that three
propionate and six acetate units were incorporated. Cultiva-
tion of the strain under 18O2 atmosphere led to the incorpo-
ration of 18O between C-11 and C-12, which was confirmed
using the oxygen-18 isotope shift upon 13C carbon as de-
scribed before.[16]

The genome sequence of the producer strain was analyzed
using antiSMASH 5.1.2.[17] At least 40 biosynthesis gene
clusters (BGCs) were identified, supporting the previously
described high biosynthetic potential of the strain.[11, 18]

Based on the feeding experiments and identified cluster
regions, five potential PKS BGCs of 1 were identified and
knockouts from each candidate BGC were prepared using
CRISPR-BEST[19] technology or suicide vectors (Tables S1
and S2). In case of the BGC encoded in region 1.23, a stop
codon was introduced at the beginning of gene colL (Fig-
ure S4), leading to premature termination of translation and
thus the inactivation of its gene product. Dysfunctional colL
abolished the production of 1 (Figure S5) and indicates that
region 1.23 codes for the collinolactone (col) BGC.

A recent study on the biosynthesis of neoabyssomicin
proposed a Baeyer–Villiger oxidation type II mechanism
involving a flavin reductase and a luciferase-like monooxy-
genase (LLM).[20] The genes encoding one flavin reductase
and two LLMs were identified in region 1.23 (Figure S4),
suggesting a similar oxidation mechanism in the biosynthesis
of 1. A detailed analysis of the involved biosynthetic genes is
currently ongoing.

Based on the genetic information and feeding experi-
ments, we hypothesize that the PKS-derived linear nonake-
tide (Figure S6) undergoes cyclization forming an 18-mem-
bered macrolactone (Scheme 2). A subsequent [6+4] cyclic
rearrangement or [4+2] cyclization followed by a [3,3]-Cope
rearrangement, which was studied in detail more recently,[21]

leads to the intermediate product 4, which can be isolated in
small yields (0.3 mgL�1). The incor-
poration of molecular oxygen via
Baeyer–Villiger-like oxidation
(BVO) leads to the final product
1 (35 mg L�1).

Overexpression of the colA
gene encoding a putative luxR-
type positive transcription factor
under control of the strong pro-
moter kasOp*[22] led to a 7-fold
increased production compared to
the wild-type strain (Figure S7).

A common approach to inves-
tigate the potential mode of action
is using (semi)-synthetic modifica-
tions of the original scaffold to tune
molecular properties.[23] Collinolac-
tone was acylated with acetic acid
anhydride (leading to 5) and by
benzoic acid (leading to 6) using
a classic Steglich approach for ste-
reochemically hindered secondary
alcohols (Scheme 3). Our goal was
to improve cellular uptake assuming

that acylated compounds cross lipid bilayers more readily and
are then unmasked by intracellular esterase activity. During
synthesis, the formation of small amounts of collinolactenone
(7) was observed as a side product. We propose a six-
membered transition state for the reaction which is heavily
influenced by the leaving group ability of the ester-linked
acid.

The use of Burgess dehydration gave direct synthetic
access to larger amounts (milligram scale) of 7, which features
an a,b-unsaturated Michael system and is therefore favored
to be targeted by non-specific nucleophilic attacks, for
example, of free thiol group containing metabolites or
proteins. Since small amounts of 7 were always present in
purified samples of 5, we were looking for semisynthetic
analogues not prone to form 7—presumably resulting in less
reactive derivatives.

Scheme 3. Chemical derivatization of 1. Abbreviations: DIC: N,N’-Diisopropylcarbodiimide, DMAP:
4-Dimethylaminopyridine, r.t. : room temperature.

Scheme 2. Proposed biosynthesis of compound 1 via a type I PKS
pathway deduced from isotope-labeled precursor feeding experiments.
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When oxidizing the hydroxy group of 1 to get 8 using 2-
iodoxybenzoic acid (IBX), formation of 7 was no longer
observed as hydrogen bonding is decreased for ketones
compared to hydroxy groups.

Organocopper reagents such as Gilmann cuprates and
Stryker�s reagent tolerate a range of functional groups such as
lactones and alkenes making them useful for synthesis of
complex natural products.[24] We used Gilmann cuprates to
incorporate a methyl group at C-9 (yielding 9) with the
stereoconfiguration determined by NOESY correlations.

Stryker�s reagent has been used for selective hydration of
the double bond in 1,4 position (to give 10), while all other
double bonds in the cyclodecatriene system remained unaf-
fected (Scheme 3). Hydrogenation of the double bond (10)
and the insertion of a methyl group (9) successfully sup-
pressed the de novo formation of 7 as anticipated. One
commonly used approach to improve pharmacological prop-
erties is the replacement of hydroxy groups by fluorine.[25]

Compound 11 was synthesized using diethylaminosulfur
trifluoride (DAST), which replaces primary and secondary
hydroxy groups by fluorine under stereochemical conver-
sion.[26] All synthesized compounds except 3 show two distinct
sets of signals in the NMR.

Interestingly, also the biosynthetic intermediate 4 does
not show an additional set of signals. This indicates that the
scaffold of 4 is more rigid and becomes flexible as soon as the
molecular oxygen is incorporated forming e-lactone in 1.

All obtained compounds were tested in distinct sets of
bioassays to investigate their biological properties. None of
the compounds showed activity against Bacillus subtilis and
Escherichia coli or the fungus Rhodotorula rubra. Initial
eukaryotic vertebrate cell viability screening revealed that 7
and 5 showed inhibitory effects against L929 cell line (Fig-
ure S8). Fluorescence microscopy imaging of PtK2 cell line, as
a model for the investigation of mitosis,[27] was used to study
the potential mode of action. In cells treated with either 7 or 5
at 30 hours after seeding, the formation of monopolar
spindles was observed. This phenotype was first described
for the synthetic product monastrol and is assumed to be
initiated by the motility inhibition of mitotic kinesin Eg5.[28]

No phenotype formation was observed for other derivatives
as expected, because formation of 7 was inhibited by chemical
modifications (Figure 2). This indicates that the Michael
acceptor plays a major role in target binding.

The images were further analyzed to investigate effects on
cell cycle following a previously published procedure.[29] After
treatment with DMSO (30 hours post seeding), an increased
number of cells was found in G1 phase compared to non-
treated cells (Figure S9). Note that DMSO itself was reported
as an inducer of a reversible arrest in G1 phase.[30] Similar
effects were observed for cells treated with 7 and 5 (DMSO
concentration as in control) while cells incubated with
1 showed a similar distribution compared to the non-treated
cells. This indicates that 1 might help to overcome the
negative effects of DMSO. However, a modulative effect on
the cell cycle compared to the non-treated control could not
be observed. Cells influenced by contact inhibition, due to
high cell density, did not show these effects (Figure S9).

We have profiled our compounds in an Ab agregation
assay using a previously described procedure.[31] Compound
1 showed similar effects towards Ab aggregation inhibition as
described for rhizolutin.[10] In addition, compound 10 was
found to reduce the formation of Ab aggregates by 25%. No
inhibitory effects could be observed for other derivatives
(Figure S11).

Kwon et al. have further investigated the protective effect
of rhizolutin against Ab-induced cytotoxicity. For their
studies, they incubated murine hippocampal HT22 cells with
pre-aggregated Ab and measured effects on cell viability.[10]

We have performed similar experiments with the same cell
line in an oxytosis assay for 1 and derivatives 3–11 using the
same cell line. The assay is based on the treatment with
extracellular glutamate, which causes the production of
intracellular stress that ultimately leads to cell death.[32]

At this point, it should be emphasized that the activity of
compounds in this assay is therefore based on an intracellular
effect which was not triggered by Ab. In a first step,
compounds were tested for cytotoxic effects on HT22 cells
before an oxytosis assay was performed (Figure S10). Besides
the already mentioned effects on cell viability for compounds
5 and 7, no additional effects were observed for the
derivatives. As expected, the addition of glutamate causes
cell death, whereas co-treatment with quercetin (conc. 25 mm,
positive control) protects against this effect (Figure 3).
However, 1 also protects against glutamate-induced oxidative
stress in a dose-dependent manner. Remarkably, no other
derivative (3–11) showed any effect of neuroprotection at
concentrations up to 25 mm (Figure S10). Therefore, the
activity of compound 1 is highly specific and even small
structural changes are associated with a loss of activity. It
might be linked to other phenomena also, for example, to cell
uptake or different metabolism.

In summary, we have compared the stereochemical
aspects of rhizolutin and collinolactone by NMR experiments.
X-ray crystallography strongly supports the proposed struc-
ture of 1. In addition, we have complemented our study by
investigation of the biosynthesis of 1 and identified the
corresponding gene cluster. Cell viability was studied for the
natural and semisynthetic derivatives of 1; compound 5 and 7
showed effects on L929 cell line in the micromolar range and
further fluorescence microscopy studies revealed the forma-
tion of monopolar spindles. Finally, the neuroprotective effect
of collinolactone and its derivatives against oxidative stress
was analyzed using a glutamate-induced based neurotoxicity

Figure 2. Fluorescence microscopy images of PtK2 cells during mitosis
(scale bar 5 mm). Green: Microtubules form the mitotic spindles;
Blue: DNA, condensed to chromosomes. Cells were incubated with
concentrations of 25 mm for 12 hours, starting after 30 h of cultivation:
a) negative control with 0.2% DMSO; b) monastrol (positive control
for monoastral phenotype); c) collinolactenon (7); d) acetylcollinolac-
tone (5).

Angewandte
ChemieCommunications

23215Angew. Chem. Int. Ed. 2021, 60, 23212 –23216 � 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

http://www.angewandte.org


assay. Only compound 1 was found to have neuroprotective
properties, indicating a highly specific interaction with
cellular targets.
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Figure 3. Collinolactone (1) was studied for neurotoxic effects (A) and
neuroprotection (B) against glutamate-induced oxidative stress at 1–
25 mm using HT22 cell line. 1% SDS served as positive control for
neurotoxic effects whereas quercetin (25 mm) served as a positive
control for neuroprotection. Results of the modified MTT tests are
presented as means � SEM of three independent experiments, each
performed in sextuplicate, and refer to untreated control cells which
were set as 100% values. Levels of significance: ***p<0.001;
##p<0.01; ###p<0.001.
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