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Allocyclinones, hyperchlorinated angucyclinones

from Actinoallomurus

Joao CS Cruz"2, Sonia I Maffioli>3, Alice Bernasconi®, Cristina Brunati®, Eleonora Gaspari’,
Margherita Sosio"3, Elizabeth Wellington? and Stefano Donadio'

A screening program on a limited number of strains belonging to the Actinoallomurus genus yielded a series of new
angucyclinones. NMR and MS analyses established that these compounds are characterized by an unusual lactone ring and
present up to four halogens per molecule, with one congener representing the first natural product containing a trichloromethyl
substitution on an aromatic system. Remarkably, this family of metabolites seems to be produced by phylogenetically distinct
Actinoallomurus isolates. Because of the unique structural features and wide distribution among Actinoallomurus, we have
designated these angucyclinones as allocyclinones. Allocyclinones possess interesting activity against different Gram-positive
bacteria, including antibiotic-resistant strains, with antibacterial potency increasing with the number of chlorine substituents.
The tetrachlorinated compound is the most abundant congener in the allocyclinone complex.
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INTRODUCTION
The importance of natural products to human health has been
acknowledged over the past few decades and still is. Among the new
chemical entities approved as drugs between 1981 and 2010, ~68%
are directly derived or inspired from natural products. This success,
despite a general disinterest by pharmaceutical companies in natural
products as a source of drug leads, underscores Nature’s ability to
deliver complex and high-affinity chemical scaffolds that have no
match in most synthetic libraries."> One therapeutic area that has
been strongly dependent on natural products has been the anti-
infectives, particularly antibacterial agents that have derived almost
exclusively from microbial products. The past few years have seen a
dramatic change in the landscape of infectious diseases, with a steady
emergence and spread of antibiotic resistance giving origin to
pathogens that can escape most available therapeutic options.>

The so-called golden era of antibiotics has yielded the vast majority
of microbial metabolites, most of them presumably discovered because
of their antibacterial potency, the amount produced by the corre-
sponding strains and/or the natural frequency of occurrence in
nature.> As these ‘low-hanging fruits’ were discovered, random
screening of microbial isolates led to progressively diminished returns
in terms of chemical novelty. Therefore, different approaches have
been proposed and implemented to increase the probability of
making metabolite discovery from microbial sources a cost-effective
endeavor.*™

One possible approach to identify new metabolites is to explore
microbial taxa that have not been previously systematically evaluated
for the production of bioactive metabolites. In this respect, screening
for antimicrobial activity may be a simple surrogate for other

biological effects, as over half of the known antimicrobial compounds
can exhibit other bioactivities.'” We previously reported on the use of
underexplored group of actinomycetes as a promising strategy to
discover novel chemistry. In particular, the genus Actinoallomurus, a
recently described member of the Thermomonosporaceae within the
phylum Actinobacteria, has proved to be a versatile producer of
bioactive compounds, including novel ones.!'"* As part of our
screening effort we came across new bioactive angucyclinones,
designated allocyclinones as described herein.

RESULTS

Identification of new angucyclinones

The procedure for screening has been previously described,!! and can
be summarized by the use of strain cultivation in shake-flasks,
followed by testing the resulting extracts for antimicrobial activity.
Active extracts were then evaluated for the novelty of the active
compound(s). With this approach, we identified Actinoallomurus sp.
ID145698 as a strain worthy of further investigation. Extracts derived
from this strain inhibited growth of Staphylococcus aureus and of a
hyperpermeable Escherichia coli strain. After HPLC fractionation and
testing of each fraction under the same conditions, LC-MS analysis
indicated that the antimicrobial activity was associated with a complex
of related halogenated molecules 1-4 (Supplementary Figure S1).

Structure determination

The structures of compounds 1-4 are shown in Figure 1 and were
determined as follows. The UV spectra of the purified molecules were
very similar with absorption up to 650 nm and the presence of three
maxima at 240, 300 and 480 nm, suggesting an angucyclinone
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Figure 1 Molecular structures of compounds 1-7. Allocyclinone A is
compound 4; allocyclinones B through D are compounds 1 through 3,
respectively.

chromophore. The isotopic pattern in the electrospray ionization mass
spectra clearly revealed the presence of at least one chlorine atom in all
congeners. The experimental isotopic patterns and those calculated
from the HR-MS-derived molecular formulas (Table 1) were in full
agreement (Supplementary Figure S2) and confirmed that compounds
1 to 4 contain one to four chlorines, respectively.

'"H-NMR spectra were acquired on each single, purified compound
1-4 (Supplementary Figures S3—S6). However, there was insufficient
material to obtain strong carbon signals in the 2D NMR spectra that
were instead obtained using the 1-4 mixture (Supplementary Figures
$7-S10). A comparison of the 'H-NMR spectra of the purified
compounds with the 2D NMR spectra of the mixture enabled
assigning signals from the latter spectra to each congener. This
approach was possible thanks to the low complexity of the proton
spectra originating from a single aromatic AB system and a few
singlets.

The presence of two hydrogen-bonded phenolic hydroxyls, above
12 ppm, followed by the detection of two quinone carbonyl groups at
185.6 and 187.8 ppm, confirmed the presence of a quinone. When
comparing the 'H-NMR spectra of compounds 1-4, we observed a
downfield shift of peaks integrating for one proton that arise from
protons at positions 5 and 6 in the aromatic AB system. A similar
behavior was observed for the third aromatic signal at position 4,
whose chemical shifts ranged from 7.63 in 1 to 8.59 in 4, reflecting the
electron withdrawing power of the substituent at the vicinal position 3,
where the molecules differ (Supplementary Figure S11). Specifically,
the substituents at position 3 range from CH; in 1 to CCl; in 4
through a stepwise replacement of each hydrogen with a chlorine
atom. The corresponding protons were clearly identifiable in each 'H-
NMR spectrum (Supplementary Figures S3—S6), whereas the position
of the C-13 substituents was assigned through their HMBC (hetero-
nuclear multiple bond correlation) correlations with H-4
(Supplementary Figure S9). The TOCSY (Total Correlation Spectro-
scopy) signals observed between CHj at 2.66 ppm and H-4 at
7.63ppm in compound 1, and between the chloromethylene at
492ppm and H-4 at 7.92ppm in compound 2, provided an
additional confirmation (Supplementary Figure S10). On the contrary,
the signals arising from common groups further away from position 3
were isochronous in compounds 1-4: two methoxy, one methyl, two
phenols and a quinone moiety. The HMBC correlations between the
quaternary carbon 14 and each of the methyl group at positions 17
and 15 (Supplementary Figure S9) indicated the presence of a lactone
ring. The position of the additional chlorine atom present in all
congeners at position 2 was also confirmed by HMBC correlations.
The position of the methoxy group on ring A was suggested by a weak
HMBC correlation between C-1 and H-4, consistent with a four-bond
correlation reported for the related chlorocyclinones.!* This
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Table 1 HR-MS data

Compound Observed mass? Calculated? Formula

1 469.0681 469.0690 Co4H17Cl0g
2 503.0289 503.0300 Co4H16Cl1,0g
3 536.9899 536.9911 Co4H15CI30g
4 570.9510 570.9443 Co4H14Cl40g

@For [M+H]* adducts.

assignment was confirmed by oxidative rupture of the internal
quinone with 30% H,0,'>!¢ that afforded a breakdown product
comprising the AB ring system and the methoxy moiety (data not
shown). The observed oxidation behavior is consistent with the
presence of the quinone moiety in ring C. The 'H and *C assign-
ments are reported in Table 2.

It should be noted that the fermentation broth of strain ID145698
contained additional molecules (Supplementary Figure S1) that, on the
basis of their UV spectra and MS fragmentations, appeared related to
the main components 1-4. Among them, compounds 5
(Supplementary Figures S12-S14) and 6 (Supplementary Figures S15
and S16) present at position 3 a carboxylic acid and a benzylic alcohol,
respectively, suggesting that they originate by formal ‘hydrolysis’ of the
halogenated congeners. Indeed, 2, 3 and 4 converted into 6, 7 and 5,
respectively, after several weeks at 4°C or overnight at 60°C
(Supplementary Figure S17). Compound 7 showed m/z values
consistent with the presence of an aldehyde at C-13. Furthermore,
other dichlomethylene-containing compounds have been reported to
convert to the corresponding aldehydes,!” suggesting that compound 7
has the structure reported in Figure 1. With hindsight, compound 7
was also detected as a minor peak in the fermentation broth of strain
ID145698 (Supplementary Figure S1). Overall, these data suggest that
compounds 5-7 might be just degradation products and not true
pathway intermediates.

Congener distribution in Actinoallomurus sp. ID145698

Under our experimental conditions, Actinoallomurus sp. 1D145698
reached stationary phase after ~ 72 h, whereas angucyclinone produc-
tion proceeded at a steady rate between 48 and 168h, when
380 pgml~! (as the sum of compounds 1 through 4) was observed
(Figure 2). Thereafter, the angucyclinone content declined (Figure 2),
along with a modest increase in medium pH (data not shown). In the
72-168 h interval, the relative ratio among the four main congeners
remained approximately constant, with 4 always as the main product
accounting for 60-70% of the total. This observation suggests that 4 is
the end product of the biosynthetic pathway and that hyperchlorina-
tion of the aromatic methyl at position 3 is not a consequence of
accumulation of partially chlorinated compounds.

Only a few chlorinated angucyclinones have been described so far:
chlorocyclinones,”* marmycin B'® and JBIR-88."° Among them,
chlorocyclinone D' is most related to the compounds described
herein sharing, in addition to the chlorine at position 2 and the
methoxy at position 1, a lactone fused to ring D. However, although
only one member of the chlorocyclinone family contains such a
lactone ring,'4 this moiety is a common feature of compounds 14
where it is further decorated with a methoxy group. The most
remarkable feature, however, is that chlorination in compounds 1-4
is not limited to the aromatic rings, as found in other chlorinated
angucyclinones, but also involves the methyl group at position 3.
Although aliphatic trichloromethyl groups have been previously



Table 2 13C- and H-NMR assignments for compounds 1 through 6

1 2 3 4 5 6

Position Sc

1 155.5 155.0 a

2 130.0 128.2 125.7 b 126.0 a

3 140.7 138.9 140.3 136.5 b a

4 124.8 125.1 123.7 123.2 127.4 a

4a 134.5-137°¢ 133.0

5 135.1 135.2 135.9 136.2 136.1 a

6 122.3122.7 122.4 a

6a 134.5-137¢ 136.0 a

7 187.8 187.8 a

7a 117.4 117.4 a

8 150.2 149.9 a

9 144.0 144.0 a

10 123.3 b a

11 152.4 154.0 a

1la 1175 117.4 a

12 185.6 b a

12a 134.5-137.0¢ 134.9 a

12b 122.0-127.0¢ 126.3 a

13 21.3 43.3 67.1 94.0 169.0 62.7

14 107 107.0 a

15 23.5 23.0 23.2

16 163.5 b 2

17 52.0 52.0 51.8

MeO-C-1 61.8 61.5 61.6

Position 8y (m, J Hz)

4 7.63 (s) 7.92 (s) 8.36(s) 859(s) 8.34(s) 7.95 (s)

5 8.13(d, 8.5) 8.22(d, 85) 830(d, 85 833 83(d 85 8.23(d 84)
(d, 8.5)

6 83(d, 85) 835(d, 85 838(d, 85 842 841(d 85 8.33(d 84)
(d, 8.5)

13 2.66 (s) 4.92 (s) 7.29 (s) - 5.03 (s)

15 2.02 (s) 2.02 (s) 2.02 (s) 2.02 (s) 2.03 (s) 2.02 (s)

17 3.31(s) 3.30 (s) 3.30(s) 3.31(s) 3.32(s) 3.30 (s)

MeO-C-1 3.85(s) 3.89 (s) 3.89 (s) 3.87(s) 3.95(s) 3.86 (s)

OH-8 12.28; 12.36 12.24; 12.22; 12.24; 12.36 12.4;12.3

and 12.36 12.34 12.34

OH-11

2Not available: the limited amount precluded the acquisition in a 2D-heteronuclear multiple
bond correlation (HMBC) experiment.

PNot detected in the HMBC experiment because of distance from hydrogenated carbons
(Supplementary Figure S14).

“Despite 2D-HMBC correlations were detected for these carbons (Supplementary Figure S9),
overlapping signals (Supplementary Figure S7) precluded unambiguous assignments and thus
these carbons were assigned on the basis of compound 5.

described (for example, in the cyanobacterial product barbamide?
and in muironolide, isolated from a marine spongem), to our
knowledge 4 represents the first instance of a natural product
containing an aromatic trichloromethyl substituent.

Biological activity

The entire complex (compounds 1-4) showed MIC values in the
range of 0.25-1 pg ml~ ! against all Gram-positive bacteria tested, with
the exception of Enterococcus faecium that was approximately one
order of magnitude less sensitive (Table 3). As expected, none of the
evaluated, clinically relevant resistance mechanisms affected the
activity of the compounds. Although there was no measurable MIC
against the hyperpermeable E. coli strain used in the initial screening,
growth of this strain was >50% inhibited by 32 pgml~! 1-4 when
optimal density of the culture was continuously monitored (data not
shown). This observation is consistent with the activity observed on
the fermentation broth extract.

The purified molecules were also evaluated for their antibacterial
activities. Although only a limited number of strains were evaluated,
with one exception (compounds 1 and 2 against Streptococcus
pyogenes), we observed a direct relationship between the number of
chlorines atoms and antibacterial activity, with each additional
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chlorine contributing to a 2—4-fold decrease in MIC (Table 3).
Therefore, 4 is the most abundant and most active compound in
the complex. In contrast, compounds 5-7 did not present noticeable
antibacterial activity (data not shown).

Chlorinated angucyclinones possess different biological activities,
ranging from cytotoxic as for JBIR-88 to modulators of a potential
target in diabetes, like chlorocyclinones.!*!® Further studies will be
necessary to evaluate the activity of compounds 1-4 against additional
biological targets.

Analysis of additional Actinoallomurus strains
We next analyzed other Actinoallomurus strains for the presence of
similar compounds. Remarkably, compounds 1-4 were a relatively
common encounter in Actinoallomurus, as we identified 11 additional
strains (out of 200 analyzed) producing this family of angucyclinones,
as indicated by similar HPLC profiles (Figure 3) and confirmed by
LC-MS (Supplementary Figure S18). The 12 Actinoallomurus produ-
cers were isolated from 3 distant geographic areas and belong to 3
different phylotypes (Table 4), with 9 and 2 strains clustering with the
previously described Alp24 and Alp9 phylotypes, respectively.!!
When analyzed in a single medium and at a single time point,
all the Actinoallomurus strains produced variable amounts of the
complex. However, for all strains 4 appeared to be the main congener
(Figure 3), consistent with the hypothesis that this hyperchlorinated
angucyclinone is the end product of the pathway. Overall, the
relatively high frequency at which compounds 1-4 have been detected
(that is, in 12 out of 200 screened strains) and their production by 3
phylogenetically distinct strains suggests an important role for these
angucyclinones in Actinoallomurus physiology. We thus coined the
name ‘allocyclinone’ for this family of compounds to reflect their
frequent association with Actinoallomurus. Compound 4, the likely
end product of the pathway, would then be allocyclinone A, whereas
compounds 1-3 represent allocyclinones B-D, respectively (Figure 1).

DISCUSSION
This work describes the first hyperchlorinated angucyclinone, an
additional example of halogenated metabolites produced by Actinoal-
lomurus. Indeed, this genus has been previously reported to produce
spirotetronates with multiple halogens in the pyrrole moiety!? and
NAI-107, a lantibiotic with a halogenated tryptophan residue.??
Although the presence of a third chlorine atom in the pyrrole moiety
resulted in a lower antibacterial activity in the spirotetronate
NAI-414,'? the antibacterial activity of allocyclinones increases with
the number of chlorine substituents on the methyl group.
Allocyclinones might not be uncommon metabolites within the
genus Actinoallomurus, as we identified several producer strains.
A retrospective analysis by Baltz>? highlighted the correlation between
the frequency at which different antibiotics were encountered during
screening programs and the history of antibiotic discovery during the
so-called ‘golden era’. It is thus not surprising that when systematically
evaluating a poorly explored taxon such as Actinoallomurus, the first
identified metabolites would represent the ‘low-hanging fruits” for this
genus.* Indeed, the most abundant and most active congener,
allocyclinone A, fits well within this definition: it is produced by
different phylotypes (or by a frequent phylotype such as Alp24);
it is produced in relatively high amounts by different isolates
(>100pgml~1); and it has good antimicrobial activity (MIC
<1pgml~! against S. aureus). Compounds like this are thus hard
to miss in a screening program and the low-hanging fruits within a
previously unexplored taxonomic group may still provide bioactive
compounds with novel structural features.
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Figure 2 Time course of biomass accumulation and angucyclinone production by Actinoallomurus sp. 1D145698. Columns indicate the concentrations of the
individual compounds as: light blue, 1; gray, 2; yellow, 3; and dark blue, 4. The line reports biomass as percent packed mycelial volume (PMV%). Values
correspond to the average of five flasks, and error bars indicate s.d. A full color version of this figure is available at The Journal of Antibiotics journal online.

Table 3 Antibacterial activities of the allocyclinone complex and of purified congeners

Strain MIC (ug mi~1)

Species Code Resistance phenotype 1-4° 1 2 3 4 Van
Staphylococcus aureus ATCC 6538P 0.5 32 2 1 0.25 1
Staphylococcus aureus ATCC 25922 MR 0.13
Staphylococcus aureus L3797 Gl 0.25 16
Streptococcus pyogenes L49 0.5 4 16 2 0.25 0.5
Streptococcus pneumoniae L44 2 0.5
Enterococcus faecalis L559 0.25 2
Enterococcus faecalis L560 VanA 0.5 64 16 1 0.5 >64
Enterococcus faecalis A3650 1 2
Enterococcus faecium L568 16 4
Enterococcus faecium L569 VanA 8 >64 >64 8 4 >64
Escherichia coli ATCC 25922 >64 >64
Escherichia coli L4242 >64 >64

Abbreviations: Gl, glycopeptide intermediate; MR, methicillin resistant; Van, vancomycin; VanA, vancomycin resistant.
2Relative complex composition: 1, 32%; 2, 14%; 3, 20%; and 4, 34%.
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Figure 3 HPLC traces (270 nm) of MeOH extracts from the 12 Actinoallomurus strains identified as producers of allocyclinones (Table 4). Note the 10-fold
enlargement of the chromatograms for some of the extracts. A full color version of this figure is available at The Journal of Antibiotics journal online.
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Table 4 Identified Actinoallomurus strains producing allocyclinones

Strain ID? Country (area) of isolation Phylotype® Accession No.©
145529 Togo (unknown) Alp37 KR781097
145530 Madagascar (Masoala) Alp24 KR781088
145534 Italy (Tuscany) Alp24 KR781089
145535 Italy (Tuscany) Alp24 KR781090
145538 Italy (Tuscany) Alp24 KR781091
145542 Italy (Tuscany) Alp24 KR781092
145543 Italy (Tuscany) Alp24 KR781093
145544 Italy (Tuscany) Alp24 KR781094
145546 Italy (Tuscany) Alp24 KR781095
145689 Madagascar (Masoala) Alp9 KR781099
145698 Italy (Lombardy) Alp9 KR781098

2All strains are from NAICONS collection.
bPhylotypes Apl9 and Alp24 have been previously described.!!
CAccession numbers of 16S rRNA gene sequence.

EXPERIMENTAL PROCEDURES

General procedures

NMR spectra were measured in CDCl; on a Bruker (Bruker Italia Srl, Milano,
Italy) 400 MHz instrument using tetramethylsilane as an internal reference.
HR-MS analyses were performed on an Exactive benchtop mass spectrometer
(Thermo Fisher Scientific Spa, Milano, Italy), equipped with a nanospray
ionization/electrospray ionization ion source by direct infusion of compounds
dissolved in MeOH-H,O 8:2. LC-MS and UV data were recorded on a Thermo
LCQ equipped with heated electrospray ionization ion source with a Dionex
Ultimate 3000 HPLC Column (Atlantis T3, 3 um, 100 A, 4.6 X 50 mm) under
the following conditions: phase A, 0.1% HCOOH; phase B, MeCN; flow rate,
0.8 ml min~!; 10% phase B for 1 min followed by a linear gradient from 10 to
95% phase B in 6 min, and additional 2 min at 95% phase B. HPLC analyses
were carried out using a Shimadzu LC-2010AHT (Shimadzu Corporation,
Kyoto, Japan) equipped with a 5 pm (125 X 4 mm) LiChrosphere RP18 column
(Merck Millipore, Darmstadt, Germany) under the following conditions: phase
A, 0.1% TFA; phase B, MeCN; linear gradient from 10 to 90% phase B in
30 min; and detection at 270 nm.

Strains and growth conditions

Actinoallomurus strains were from the NAICONS collection (Table 4). Strains
were maintained on S1-5.5 plates.!! For the initial screening, a loopful of
mycelium was used to inoculate shake-flasks containing AF-A medium
(dextrose 10 g, soybean meal 4 g, yeast extract 1 g, NaCl 0.5 g, MES 1.5g, in
1-1 deionized water, adjusted to pH 5.6 before sterilization).

For characterization of allocyclinones, frozen stocks of Actinoallomurus sp.
1D145698 were used to inoculate AF-A medium and incubated for 72 h as
above. Then, a 5% inoculum was transferred into fresh medium (4 x 100 ml)
and incubated as above for the required amount of time. Biomass accumulation
was measured as percent packed mycelial volume (PMV%) after centrifuging
cultures for 10 min at 3000 r.p.m. in a graduated tube. For metabolite analysis,
culture samples were mixed with 2 vol MeOH/AcOH 92:8, incubated for 1 h at
room temperature and analyzed by HPLC as above after separating the residual
biomass. Congener ratio was established assuming identical molar absorptions
at 270 nm. Compounds concentrations were measured using pure 4 as
reference standard.

PCR amplification and analysis of the 16S rRNA gene sequences were
performed as previously described.>* Strains were assigned to the same
phylotype when the identity of their 16S rRNA gene sequences was > 99.5%.
Accession numbers are listed in Table 4.

Compound purification and analysis

After cultivating Actinoallomurus sp. ID145698 in medium AF-A for 192 h, the
entire culture (400 ml) was acidified to pH 5 with AcOH, and centrifuged
(3000 r.p.m. for 10 min) to separate the mycelium from the cleared broth. The
former was treated with EtOH (100 ml) for 1h at room temperature under
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shaking, then the biomass was removed by centrifugation and the supernatant
was evaporated to dryness, yielding ~ 100 mg of solid. The cleared broth was
extracted with EtOAc (150 ml) and the organic phase was collected and dried,
providing an additional 50 mg of solid. The two extracts showed similar
congener distributions and were separately submitted to the following
purification procedure with comparable results. Each extract was resolved by
preparative TLC (Analtech Preparative Silica Gel GF with UV254 2000 pm;
Sigma-Aldrich, St Louis, MO, USA) in dichloromethane—-MeOH 9:1 containing
0.5% (v/v) AcOH. The main spot at Rr 0.9 was excised and compounds 1-4
were recovered by elution with MeOH, providing a total of 13 mg from both
extracts. Additional spots at R¢ 0.2 and 0.5 afforded 5 (4 mg) and 6 (1 mg),
respectively.

An aliquot (500 pg) of the mixture 1-4 was further purified by HPLC
obtaining pure 1 (65 pg), 2 (178 pg), 3 (100 pg) and 4 (176 pg). Quantities
were estimated by integrating the area of the respective peak from the HPLC
chromatogram.

Stability of purified 2, 3 and 4 was assessed at 10 mgml~! in DMSO.
Solutions were analyzed by LC-MS before and after heating overnight at 60 °C.

Antimicrobial assays

All MICs were determined by broth microdilution in sterile 96-well microtiter
plates, using Miiller Hinton broth (Difco Laboratories, Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) containing 20 mgl~! CaCl, and
10 mg1~! MgCl, for all strains except for Streptococcus spp. that were grown
in Todd Hewitt broth (Difco Laboratories). Strains were inoculated at 5 X 105
CFUs per ml and incubated at 37°C for 20 h. For growth inhibition of
E. coli 14242 (a AtolC derivative of MG1641), the same procedure was used
except the ODsgy was continuously measured in a BioTek Synergy2 plate reader
(BioTek Instruments, Winooski, VT, USA). Compounds were dissolved in
DMSO at 10 mgml~! and diluted with the culture medium immediately
before testing. All strains were either from the ATCC (Manassas, VA, USA) or
the NAICONS collection and relevant resistance phenotypes are reported in
Table 3.
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