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Two novel polyketides, accraspiroketides A (1) and B (2), which feature an unprecedented
[6+6+6+6] + [5+5] spiro chemical architectures, were isolated from Streptomyces sp. MA37 AaccJ
mutant strain. Compounds 1-2 exhibit excellent activity against Gram-positive bacteria (MIC =
1.5-6.3 ug/mL). Notably, 1 and 2 have superior activity against Enterococcus faecium K60-39
clinical isolate (MIC = 4.0 ug/mL and 4.7 pg/mL, respectively) than ampicillin antibiotic (MIC =

25 pg/mL).

Streptomyces sp. MA37

[6+6+6+6] + [5+5]

) - Accraspiroketide A:-R = H
Accraspiroketide B:R = Cl



Phenylnaphthacenoid polyketides (PNPs) have received significant attention recently owing to
their potent antibacterial and cytotoxic activities.! To date, over 100 members of PNPs have been
reported from various Streptomyces species under the names accramycins,”® fasamycins,*
naphthacemycins,”  formicamycins,®  formicapyridines,”  streptovertimycins,®  and
streptovertidiones’ (Figure S1).

Accramycins are produced from the talented soil bacterium Streptomyces sp. MA37. 23:10-14
They display potent antimicrobial activities against clinically relevant Gram-positive pathogens,
including Enterococci clinical isolates.>* Their production in MA37 is controlled by the MarR-
family regulator accJ in the accramycin (acc) biosynthetic gene cluster (BGC).? Deletion of accJ
increased products of the acc pathway by up to 330-fold in the host producer. We have also
identified other polyketides from AaccJ strain isolated from bacteria for the first time.'* Consistent
with these findings, the deletion of forJ, a homolog of accJ in Streptomyces formicae KY5, also
increased the total productivity of formicamycin and fasamycin metabolites by six-fold.'>

Continued mining of bioactive metabolites from the Aacc/ mutant strain revealed peaks with
distinct UV patterns (Amax 225, 245, 285, 305, 335, 350, 390 nm) (Figure S25) unique from the
characteristic UV spectrum of the accramycin chromophore (Figure S26).>° Repeated

chromatography of the AaccJ extracts led to the isolation of two novel polyketides,

accraspiroketides A (1) and B (2), with an unprecedented spiro ring system (Figure 1).

RESULTS AND DISCUSSION
The isolated yellow solid 1 was named accraspiroketide A after Accra, Ghana, where the soil
samples were taken.!®!? From high-resolution mass spectrometry (HRESIMS) measurements (/2

573.0270) in the positive mode (Figures S2), we deduced that accraspiroketide A (1) has a



molecular formula of C2sHi19CI307 with eighteen indices of hydrogen deficiency (Figure 1, Table
1). The 'H NMR spectrum of 1 in CDsCN (Figure S3) displayed signals arising from one methoxy
group (0u 4.06), three methyl groups (ou 1.84, 1.85, 1.67), four methines (on 7.52, 7.03, 6.93,
6.69), and one exchangeable hydroxy proton (ou 14.86), suggesting the presence of two more
exchangeable protons in the structure of 1 (Table 1). The !*C NMR data generated from the 'H-
13C HSQC and HMBC spectra (Figures S4-S6) is indicative of a polycyclic aromatic system with
28 carbons corresponding to the above protonated units (4 x CH3, 4 x CH) and 20 non-protonated
carbons including one carbonyl (8¢ 186.3), one carboxylic acid (8¢ 169.5), three chloro-substituted
carbons (8¢ 109.9, 133.1, 133.4), and one sp’ oxygenated carbon (5c 96.9). Overall, the
spectroscopic data revealed that accraspiroketide A (1) contained the [6+6+6+6] (or
dimethyltetracen-5-(12H)-one core) (rings A-D) similar to the accramycins reported previously.?
Major structural differences of 1 from accramycin compounds were identified, including striking
low- to high-field or high- to low-field chemical shifts for three carbons, C-8 (6c 161.5), and C-9
(0c 123.2), and C-10 (¢ 146.3), as well as the appearance of new signals corresponding to
dichloro-substituted spirocycles with a carboxylic acid motif. The presence of the carboxylic acid
moiety was further confirmed by the MS? fragmentation in the negative HRMS mode, as evidenced

by 44 Da loss (Figures S14, S17-18)

Accraspiroketide A (1):R =H g
Accraspiroketide B (2): R = Cl

Figure 1. Accraspiroketides A (1) and B (2) with NOESY (+») and key HMBC (—) correlations



Rings A-D plus one ketone, plus one carboxylic acid, plus 20 sp’ carbons accounted for 16 of
the 18 indices of hydrogen deficiencies, suggesting the presence of two additional rings (E and F)
in the structure of 1. One of the rings was deduced from HMBC correlations of H-27 (6u 1.67)
with C-22 (8¢ 96.9), C-23 (dc 136.8), C-24 (6c 132.6), C-25 (6c 133.1), C-26 (8¢ 133.4), and C-
28 (dc 169.5) establishing the presence of the dichloro-substituted carbocycle with a carboxylic
acid scaffold (ring E) (Figure 1, Table 1). HMBC correlations from H-11 (6c 6.69) to C-22 (d¢
96.9) established connections between rings D and E. However, the assignments of the remaining
oxygen in the formula and the positions of carboxylic acid, methyl, dichloro-substituents in either
5- or 6-membered rings in the remaining parts of the structure presented a challenge. Two possible
structures were proposed, both of which contain a carboxylic acid (Figure S15). The first
possibility could be a pyran ring fused with the pentacyclic Ring E where the methyl group is
placed at the bridge of the pyran and Ring E. The other could be a spiro-furan structure where the
methyl group is placed in the pentacyclic ring. To determine which of the two possible structures
is correct and help assign the correct substitution patterns, computer-assisted structure elucidation
(CASE) was performed.'® The ACD/Structure Elucidator has been used to successfully elucidate

and verify structures of complex natural products, resolve structural ambiguities,'’ !

and predict
correct structures calculated by DFT.?! To this end, we entered the 1D and 2D NMR and the
molecular formula based on the MS spectral data of 1 and the mandatory -COOH, (and -COO")
fragments into ACD/Structure Elucidator, and performed -calculations using correlation
spectroscopy-based generator (CSB) using both standard and ‘fuzzy’ generation mode (Figure
S16). For the -COOH fragment, a total of 1,304 unique candidate structures were generated

(Figure S16a) where the proposed spiro-furan structure was ranked 1 while the structure with the

pyran ring was ranked 13 (Figure 1, Figure S16a). Ranking is based on overall chemical shift



deviations between experimental and predicted values using the HOSE code (dA = 2.9 ppm;
Figures S16a) which is within the errors known to produce correct structures calculated by the
ACD/Labs Structure Elucidator.!®!” Similar results were obtained using the -COO" fragment
(Figure S16b) where the spiro-furan structure was ranked 1 (dA = 3.0) while the pyran ring
containing structure was ranked 10 out of 2,776 possible structural isomers. Further calculations
were performed using NMR data acquired in DMSO-ds (Figures S20-22), the result (Figure S23)
showed the proposed structure (Figure 1) was the only structural candidate. A plot of '*C predicted
chemical shifts (calculated by ACD/Structure Elucidator) against experimental chemical shifts in
CDsCN showed an excellent linear correlation with R = 0.999 (Figure S19a-b) (Figure S24 for
DMSO-ds), further supporting the proposed structure for 1 (Figure 1). Further evidence for 1 is
provided by the fragmentation patterns in MS? analysis (Figures S14, S17-18). Taken together, the
structure of 1 was deduced to feature an unprecedented chemical architecture consisting of
[6+6+6+6] fused to a [5+5] spiro-ring system. The absolute configuration of C-23 in 1 was
determined to be R configuration. This assignment was supported by a comparison between the
time-dependent density functional theory (TDDFT) and experimental electronic circular dichroism

(ECD) spectra of 1 (Figure 2, Table S3).

Table 1. 'H (800 MHz) and '3*C-NMR (200 MHz) data of accraspiroketide A (1) in CD3CN.

No. | 3Cppm | 'Hppm, mult. (J, Hz) | COSY | NOESY HMBC

1 101.2, CH 6.93, s - 19,20,21 | 21,17,5,3,18,6
2 160.2, C - - - 1,21

3 109.9, C - - - 1,31

4 159.8, C - - - OH

5 106.0, C - - - 1,31

6 186.3, C - - - 1, 15

7 106.3, C - - - 15




No. 3C ppm | 'H ppm, mult. (J, Hz) | COSY | NOESY HMBC

8 161.5,C - - - 11,13

9 123.2,C - - - 11,13, 15
10 146.3, C - - - 11, 15

11 107.3, CH 6.69,d (1.5) 13 - 8,9,10,13,22
12 165.3, C - - - 13,15

13 106.2, CH 7.03,d (1.5) 11 15 8,9,11,12,15
14 134.9, C - - - 15

6,7,9,10, 12,13, 14,

15 112.5, CH 7.52,s - 13,19, 20 17

16 150.1, C - - - 19, 20

17 39.8,C - - - 1, 15,19
18 151.8,C - - - 1,19, 20
19 | 33.5, CH; 1.84, s ; 1,15 16, 17, 18, 20
20 34.0, CH3 1.85,s - 1,15 16, 18, 19
21 | 562, CH; 4.06, s ; 1 |

2 96.9, C . . . 11,27

23 136.8, C . . . 27

24 | 1326%,C . . . 27

25 | 133.1%,C - - - 27

26 | 133.4%,C . . - 27

27 14.4, CHs 1.67,s - - 22,23,24,25,26,28
28 169.5, C - - - 27

- 14.86, s, OH - - 3,4,5

* BC chemical

chemical shifts.

shifts overlapped in 'H-13C

HMBC and correlated with predicted *C

Accraspiroketide B (2) was obtained as a yellow solid. The structure of 2 was tentatively

deduced based on HRESIMS (Figure S9) analysis and partial NMR data (Figure S10-S13, Table

S1). The molecular formula of CsHisClsO7 and MS isotopic pattern (Figure S9) indicated the

presence of 4 chlorines in the structure of 2. The position of the extra chlorine in 2 was

established by analysis of NMR data where H-11 was now showing as a singlet rather than a



doublet as in 1 suggesting that the extra chlorine group was occupying position C-13 instead of a
proton as in 1. In addition, HMBC correlations from H-11 (on 6.82) to C-9 (6¢ 123.2) and C-13
(0c 112.0). This was also supported by a comparison of the chemical shifts of chlorine-substituted
compounds at C-13 (i.e., accramycins F and J), previously isolated from MA37.2 Compound 2 has
eighteen indices of hydrogen deficiency, similar to 1. Other spectroscopic features of 2 were
similar to those of 1, except for the additional chlorine moiety and some carbon signals (C4, C6,
C8, C26, and C28) that were not detected in 600 MHz NMR due to the minute amount of the
sample. Nevertheless, the spiro ring system was deduced from HMBC correlations from H-27 (dn
1.75) to C-22 (dc 96.0), C-23 (dc 138.7) and C-24 (d¢ 131.2) (Figure S12, Table S1). The UV
profiles of compounds 1 and 2 are identical (Figure S25), indicating that they are of identical
chromophores and chemical backbone. This UV profile is distinct from those of accramycins

isolated from MA37 previously (Figure S26).2%!3

60 - Exp. ECD of Accraspiroketide A
Calcd. ECD of R

(s - — - Caled. ECD of S

Ag (M_lcm_l)

200 220 240 260 280 300 320 340 360 330 400
Wavelength (nm)

Figure 2. Experimental ECD spectra (200-400 nm) of accraspiroketide A (1) in methanol and the

calculated ECD spectra of the model molecules of 1 at the PBE0/def2-TZVP level.



Accraspiroketides share the same [6+6+6+6] structural scaffold as polyketide-derived
antibacterials, accramycin compounds (Figure S21).%2 The putative enzymes encoded in the acc
BGC are highly conserved in PNPs.! Hence, it is highly unlikely that the enzymes in the
accramycin pathway are responsible for the unique spiro-furan structural features of 1 and 2 among
PNPs. However, the structural similarity between accraspiroketides and accramycins and the same
carbon numbers in the backbones indicated that they should derive from a common biosynthetic
intermediate 3 (Scheme 1).2* Intermediate 3 accumulated in this genetically modified AaccJ hyper
producing strain. The biosynthesis of 1 and 2 could be derailed from the original accramycin
pathway to be hydroxylated by a promiscuous hydroxylase from another pathway or a
housekeeping enzyme, followed by spontaneous oxidation to give the hydroxyl ortho-quinone 5.
The abstraction of H at the hydroxyl group at Ring C would lead to the exo-ring closure, providing
5, which contains the 5-membered spiro furan ring system according to Baldwin’s rules for ring
closure. A follow-on Favorskii-type rearrangement was envisioned to provide 6 containing the last
5-membered cyclopentane ring system. Reducing the carbonyl group in 6 followed by dehydration,
would give the most advanced intermediate 8. It is likely that the promiscuous chlorination enzyme
AccV and the O-methyltransferase AccTW would finally install the ring systems in 9 with chlorine
and methoxy groups to generate 1 and 2, respectively. AccV shows high homology (68 %/78 %)
to ForV halogenase in formicamycin BGC.°

Favorskii-like rearrangement, although rare, has been found in bacterial polyketide
metabolites.?® The first example of naturally occurring "favorskiiases” is EncM in the biosynthesis
of the antibiotic enterocin, which contains a unique tricyclic caged core.>* EncM catalyzes the
peroxyflavin-independent oxygenation-dehydrogenation dual oxidation of a highly reactive

poly(B-carbonyl) thioester. More recently, the new favorskiiase, GrhO5 has been found in the
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biosynthesis of the rubromycin family featuring a bisbenzannulated [5,6]-spiroketal
pharmacophore.?* This flavin-dependent enzyme utilizes the common intermediate, collinone, as
a universal pentangular precursor to generate a [6,6]-spiroketal moiety as part of the advanced
intermediate dihydrolenticulone.?

However, no gene encoded for flavin-dependent favorskiiase could be identified within or in
proximity to the putative acc BGC. A BLAST search using GrhOS5 as the sequence query allowed
the identification of only one open reading frame (orf), which encodes the protein sequence sharing
high homology with GrhO5 (55 % amino acid identity). This orf lies in another PKS II BGC in
the draft genome of MA37. The orf was subjected to gene inactivation to provide a double mutant.
However, there was no perturbance in the production of 1 and 2 in this mutant, demonstrating no
involvement of this putative flavoprotein encoding gene. The enzyme(s) responsible for the spiro
system in 1 and 2 remains to be identified. It is worth noting that this is, although rare, not
unprecedented as exemplified in cooperation to produce a natural product between a BGC and

genes remotely located on the genome, either located or within a different BGC.26-28
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0 HO OH
methylation
S/ACP halogenation
13 acetate ACCABC —— Sg-accramycin A
units  minimal PKS 1. AccDLR
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ghydrolase, decarboxylase)
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hydroxylation l
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- -
exo-ring spontaneous
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closure
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1) ring contraction

2) ring opening

AccV

promiscuous
chlorinase

1and 2 -
AccTW
O-methylation

Scheme 1. Proposed biosynthetic pathway for accraspiroketides A (1) and B (2)

Since aromatic polyketides often possess pharmacological properties,!?® we performed
antibacterial assays with 1 and 2. Compounds 1 and 2 displayed excellent activity against
Staphylococcus aureus (ATCC 25923), Enterococcus faecalis (ATCC 29212), and Enterococcus
faecium clinical isolates (K59-68 and K60-39) with minimum inhibitory concentrations (MIC) in
the range of 1.5-6.3 pg/mL (Table 2). The addition of chlorine substituent in 2 did not enhance its
bioactivity against the tested pathogens. Remarkably, 1 and 2 exhibited superior activity against

E. faecium K60-39 than the ampicillin antibiotic (25 pg/mL) with MIC values of 4.0 pg/mL and

12



4.7 ng/mL, respectively. More extensive experiments are needed to assess the modes of action of
1 and 2. Altogether, the bioactivity profiles of 1 and 2 illustrate a promising pharmacophore for

developing antibiotics that target the E. faecium clinical isolates.

Table 2. Minimum inhibitory concentration (MIC) values of accraspiroketide A (1) and

accraspiroketide B (2)

Compound MIC (pg/mL)

SA EF EF K59-68 | EF K60-39
Accraspiroketide A (1) | 3.1 3.1 1.5 4.0
Accraspiroketide B (2) | 6.3 3.1 1.5 4.7
Ampicillin 0.5 1.0 1.5 25

SA - S. aureus (ATCC 25923), EF - E. faecalis (ATCC 29212), EF K59-68 - E. faecium K59-68,
EF K60-39 - E. faecium K60-39

EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were measured on an ADP 410
polarimeter (Bellingham + Stanley Ltd. 2007). NMR spectroscopic data were recorded at 25 °C on
a Bruker Avance NEO 800 MHz with a He-cooled cryoprobe using methylsilane as the internal
standard. The residual solvent peak was used as an internal chemical shift reference (CD3OD: d¢
49.0, du 3.31; DMSO-ds: dc 39.52, on 2.50, CD3CN: ou 1.3, 6u1.93). High-resolution mass
spectrometry (HRMS) analysis was performed on a Linear Trap Quadropole (LTQ) Orbitrap
coupled to an Agilent 1260 HPLC. The data were obtained in positive ion mode using the
following conditions: capillary temperature 300 °C, capillary voltage 37 V, sheath gas flow rate

25 arbitrary units, auxiliary gas flow rate 20 arbitrary units, and spray voltage 4.5 kV.

13



Chromatographic separation was carried out using a poroshell 120 EC-C18 column (2.1 % 100
mm, 2.7 pm, Thermo Scientific, UK) with a solvent gradient from 5 % water/acetonitrile (both 0.1
% v/v formic acid) to 100 % acetonitrile (30 min, 0.5 mL/min). Semipreparative HPLC was carried
out using an Agilent 1260 Infinity HPLC system with a diode array detector. Unless otherwise

stated, all culture media and solvents used in the study were obtained from Fisher Scientific (UK).

Bacterial strain and culture conditions. The bacterial strain's source and the accJ gene deletion
in Streptomyces sp. MA37 was previously reported.>> The AaccJ mutant strain of MA37 was
cultured in four 2-L baffled flasks containing 500 mL of ISP2 broth (4.0 g glucose, 4.0 g yeast
extract, 10.0 g malt extract, in 1 L H>O). The flasks were incubated for seven days on a rotary
shaker at 180 rpm and 28 °C in the presence of light (Incu-shake FL16-2, UK).

Extraction and Isolation. At the end of 7 days, Diaion® HP-20 resin was added to the bacterial
cultures (3 g/50 mL), followed by overnight incubation at the same temperature and shaking
conditions (28 °C, 180 rpm). The cultures were filtered, and the resin was extracted with methanol
(3%). The methanol extracts were combined and concentrated under a vacuum to yield 7.0 g of
total crude extract.

The crude extract was subjected to vacuum liquid chromatography on silica gel 60 (Acros
Organics™ ultra-pure 60A 40-63u) eluted with a gradient system of n-hexane-ethyl acetate-MeOH
to give ten major fractions (F1-F10). The accraspiroketide compounds were detected in fraction 6,
displaying unique UV patterns distinct from the other accramycin-containing fractions (Figures
S25-S25). Fraction 6 was further fractionated with semipreparative C18 HPLC (ACE 250 x 10
mm), using a linear gradient from 95:5:0.1 (H20:MeOH:TFA) to 100 % MeOH for 45 minutes

with a flow rate of 1.5 mL/min. The HPLC separation afforded accraspiroketides A (1) and B (2).
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Accraspiroketide A (1). 22.2 mg; yellow solid; [0]*’p —2.16 (¢ 0.10, MeOH); UV (MeOH) Amax
180, 200, 240, 300, 400 nm; 'H and '*C NMR data, see Table 1; molecular formula: C2sH19Cl307;
HRESIMS m/z calculated for CasH20C1307 [M + H]" = 573.0269; observed [M + H]" = 573.0270;
A=0.22 ppm.

Accraspiroketide B (2). 0.9 mg; yellow solid; [a]*’p —3.46 (¢ 0.10, MeOH); UV (MeOH) Amax
180, 200, 240, 300, 400 nm; 'H and '*C NMR data, see Table S1; molecular formula: C2sH;sC1407;
HRESIMS m/z calculated for CasH19Cl4O7 [M + H]" = 606.9879; observed [M + H]" = 606.9877;
A =-0.45 ppm.

Calculation of theoretical ECD spectra. In general, conformational analyses were carried out
via random searching in the Sybyl-X 2.0 using the MMFF94S force field with an energy cutoff of
5 kcal/mol. The results showed the four lowest energy conformers (Table S3). Subsequently,
geometry optimizations and frequency analyses were implemented at the B3LYP-D3(BJ)/6-31G*
level in CPCM methanol using ORCAS5.0.1.3° All conformers used for property calculations in this
work were characterized to be stable points on potential energy surface (PES) with no imaginary
frequencies. The excitation energies, oscillator strengths, and rotational strengths (velocity) of the
first 60 excited states were calculated using the TD-DFT methodology at the PBEO/def2-TZVP
level in CPCM methanol using ORCAS5.0.1.%° The ECD spectra were simulated in SpecDis V1.71
using the overlapping Gaussian function with a sigma/gamma value of 0.2 eV (half the bandwidth
at 1/e peak height, sigma = 0.30 for all).’! Gibbs free energies for conformers were determined by
using thermal correction at B3LYP-D3(BJ)/6-31G* level, and electronic energies evaluated at the
wB97M-V/def2-TZVP level in CPCM methanol using ORCAS5.0.1.2° To get the final spectra, the

simulated spectra of the conformers were averaged according to the Boltzmann distribution theory

15



and their relative Gibbs free energy (AG). By comparing the experiment spectra with the calculated

model molecules, the absolute configuration of the only chiral center was determined to be R.

Antibacterial Assays. Compounds 1 and 2 were evaluated for antibacterial activities against
Staphylococcus aureus ATCC 25923, Enterococcus faecalis ATCC 29212, and Enterococcus
faecium clinical isolates (K59-68 and K60-39) by broth microdilution method according to
published protocols.** The clinical strains, which belonged to the complex clonal 17 sub-cluster,
were obtained from the bloodstream of patients at the University Hospital of North Norway. The
positive control consisted of ampicillin (Sigma), and the negative control was DMSO. The assays

were performed in triplicate to determine the minimum inhibitory concentrations.
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