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Abstract

In the search for new antibiotic compounds, fractionation of Pseudomonas protegens UP46 culture extracts afforded several
known Pseudomonas compounds, including 2,4-diacetylphloroglucinol (DAPG), as well as two new antibacterial alkaloids, 6-
(pyrrolidin-2-yl)DAPG (1) and 6-(piperidin-2-yl)DAPG (2). The structures of 1 and 2 were determined by nuclear magnetic
resonance spectroscopy and mass spectrometry. Compounds 1 and 2 were found to have antibacterial activity against the Gram-
positive bacteria Staphylococcus aureus and Bacillus cereus, with minimal inhibitory concentration (MIC) 2 and 4 pg ml™!,
respectively, for 1, and 2 ug ml~! for both pathogens for 2. The MICs for 1 and 2, against all tested Gram-negative bacteria, were
>32 ug ml~!. The half maximal inhibitory concentrations against HepG2 cells for compounds 1 and 2 were 11 and 18 pug ml™!,
respectively, which suggested 1 and 2 be too toxic for further evaluation as possible new antibacterial drugs. Stable isotope
labelling experiments showed the pyrrolidinyl group of 1 to originate from ornithine and the piperidinyl group of 2 to originate
from lysine. The P. protegens acetyl transferase (PpATase) is involved in the biosynthesis of monoacetylphloroglucinol and
DAPG. No optical rotation was detected for 1 or 2, and a possible reason for this was investigated by studying if the PpATase
may catalyse a stereo-non-specific introduction of the pyrrolidinyl/piperidinyl group in 1 and 2, but unless the PpATase can be
subjected to major conformational changes, the enzyme cannot be involved in this reaction. The PpATase is, however, likely to
catalyse the formation of 2,4,6-triacetylphloroglucinol from DAPG.

Introduction

The spread of multiresistant bacterial pathogens is a major
threat to global public health. Consequently, there is a huge
need for new antibiotic drugs, especially drugs with novel
modes of action [1]. A great majority of the antibiotics used
today and in the past were developed from secondary
metabolites produced by bacteria or fungi. Many micro-
organisms produce antimicrobial compounds to gain
advantages over competing organisms, and the great
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to produce a broad range of antimicrobial compounds
[e.g 2, 3], for example, antifungal metabolites such as
pyoluteorin, pyrrolnitrins, phenazines, rhizoxins, and 2,4-
diacetylphloroglucinol (DAPG), which all have been
implicated in the biocontrol of various fungal phytopatho-
gens [4-9]. These compounds have also been described to
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have antibacterial activities as well, for example the poly-
ketide DAPG, which is active against methicillin-resistant
and vancomycin-resistant Staphylococcus aureus (MRSA
and VRSA) as well as against certain vancomycin-resistant
Enterococcus spp. (VRE [10]). DAPG is mainly produced
by isolates of the Pseudomonas fluorescens complex
[11-14], and the most effective DAPG and pyoluteorin
producing isolates of P. fluorescens are now classified as
the species P. protegens [15].

In a project aimed at finding new antibiotic drug candi-
dates, we are currently investigating bacterial and fungal
strains for the production of antibiotic compounds. In the
present paper, we describe the isolation and characterization
of two antibacterial pyrrolidinyl and piperidinyl substituted
DAPGs, 6-(pyrrolidin-2-yl)DAPG (1) and 6-(piperidin-2-yl)
DAPG (2), from P. protegens UP46. These compounds are
the first examples of alkaloids containing a DAPG moiety,
and we propose a biosynthetic route for the formation of 1
and 2 based on stable isotope labelling experiments.

Materials and methods
General experimental procedures

UV-spectra were recorded on a Hitachi U-2001 spectro-
photometer in MeOH at room temperature. 'H and '*C NMR
data were acquired at 303 K in MeOH-d, or acetone-dg on a
Bruker Avance III 600 MHz NMR spectrometer (Bruker
Biospin GmBH, Rheinstetten, Germany) equipped with a 5-
mm cryo-probe (‘H, 13C, >N, *P). Standard pulse sequences
supplied by Bruker were used for determination of 'H and *C
chemical shifts and connectivities. For structure elucidation,
ID 'H, 1D *C, COSY, DEPT-HSQC and HMBC were
applied. Chemical shifts were determined relative to signals
from MeOH-d; (6c 49.15) or residual MeOH-d3 (6y 3.31),
and acetone-dg (6c 29.92) or residual acetone-ds (6 2.05).
HPLC-MS was performed on an Agilent 1100 HPLC (Agi-
lent, Palo Alto, CA, USA) connected to a maXis Impact ESI-
QTOF MS (Bruker Daltonic GmbH., Bremen, Germany), and
UHPLC-MS was performed on an Agilent 1290 Infinity II
UHPLC connected to the same mass spectrometer. Pre-
parative HPLC was performed on a Gilson 306/306 pump
system (Gilson Inc., Middleton, WI, USA) with a Gilson 119
UV/VIS detector monitoring at 210 nm. MeCN of HPLC
gradient grade (Sigma-Aldrich, St. Louis, MO, USA) and
deionized filtered water (Millipore, Billerica, MA, USA) were
used for mobile phases.

Strain origin, identity and maintenance

The isolate P. protegens strain UP46 was isolated from a
soil sample collected near the farm Olsbo, Runhillen,
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located around 65 km west of Uppsala, Sweden. The strain
was isolated on Nutrient Broth-Casamino Acids agar
[NBCA; 1 g Nutrient Broth (BD, Difco Ltd), 1 g Casamino
Acids Broth (BD, Difco Ltd), 14 g Bacto Agar (Saveen &
Werner) in 11 deionized water] supplemented with 1% soil
extract (SE), two fungicides (50 mg cycloheximide; 10 mg
nystatin) and three antibiotics (20 mg chloramphenicol; 20
mg erythromycin and 0.5 mg rugulosin in 11 NBCA agar).
The SE was made by shaking 100 g of the soil sample with
200 ml of sterile water in a 500-ml Erlenmeyer flask (130
rpm and 20°C, 2h) followed by sterile filtration of the
liquid phase 0.2 um filter (Sartorious™). Fungicides, anti-
biotics and SE were added to NBCA agar precooled to 50 °©
C. The strain UP46 was further purified on Vegetable
Peptone Broth Agar [VPA, 10 g Vegetable Peptone Broth
(VPB, Oxoid Ltd), 15 g Bacto Agar (BD Difco Ltd) in 11
deionized water] and identified as belonging to the genus
Pseudomonas and the group fluorescent pseudomonads by
sequencing of the 16 S rRNA (GenBank accession number
MN994375). According to sequencing of the full gene of
16 S rRNA the isolate was more than 99.9% identical to the
strains of P. protegens Pf-5 and CHAO. The isolate was
maintained as deep-frozen (—70 °C) stock culture. When
appropriate, cultures were transferred to VPA plates.

Isolates of human pathogens Escherichia coli LMG15862,
Acinetobacter baumannii LMG10417, Enterobacter cloacae
LMG2783T, Klebsiella pneumoniae 1LMG20218, Pseudo-
monas aeruginosa LMG6395, S. aureus LMGI15975 were
purchased from Belgian Co-ordinated Collections of Micro-
organisms (Gent, Belgium) and Bacillus cereus CCUG7414
originates from Culture Collection of University of Gothen-
burg (Sweden). The origin and cell/spore production of the
strains of the yeast Candida albicans (Robin) Brekhout and
the fungus Aspergillus fumigatus Fres., were as previously
described [16]. All strains were maintained as advised by the
Culture Collections and cells/spores were stored as deep-
frozen (—70 °C) stock cultures.

Culture conditions and metabolite sampling

UP46 cultures (150 ml in 500-ml Erlenmeyer flasks) were
grown in two substrates: (A) Half-strength VPB [15 g of
VPB (Oxoid Ltd.) in 1000 ml of deionized H,O] and B
MM-TCA, prepared by mixing 800 ml modified mineral
medium (MM) for Pseudomonas [17, 18], 100 ml of tryp-
tone broth [TB; 10 g of tryptone (BD Difco Ltd.), 1 g of L-
tryptophan, 5 g of NaCl, 11 of deionized water] and 100 ml
Casamino Acids-dextrose broth [CADB; 10 g of Casamino
Acids (BD Difco Ltd.), 2 g of dextrose, 1.25 g of K;HPO,,
1 g of yeast extract (BD Difco Ltd.), 11 of deionized water].
The MM, TB, and CADB media were sterilized separately
prior to mixing, and the resulting MM-TCA medium was
supplemented with 2% glycerol. The 150 ml VPB cultures



Antibacterial pyrrolidinyl and piperidinyl substituted 2,4-diacetylphloroglucinols from Pseudomonas... 741

were started either by transferring 100 ul of deep-frozen
strain stock per 150 ml of VPB or by transferring a loop (10
ul) of 24—48 h old cell material grown on VPA plates. The
MM-TCA cultures were started by transferring 5 ml of 24 h
old VPB cultures per 150 ml of MM-TCA. Cultures were
incubated on a rotary shaker (120-130 rpm) for 4—7 days at
20 °C in the dark. Extracellular metabolites were collected
using sterile nylon bags with a polymeric resin, Amberlite
XAD16 (Sigma-Aldrich; one bag with ~8 g per bag for 150
ml cultures), as previously described [19]. The resulting
extracts were subjected to HPLC-MS (below), and then
dried for preparative HPLC as described below.

For upscaling the production of compounds 1 and 2, the
strain UP46 was cultured in Yeast Extract- Malt Extract
Medium (ISP2 [20]) supplemented with L-proline (1 g 1’1).
Ten 150-ml cultures in 500-ml Erlenmeyer flasks were
incubated for 4-7 days on a rotary shaker at 20 °C in the
dark. Extracellular metabolites were collected using adsor-
bents, as above.

For labelling with '*C labelled substrates, 10-ml UP46
ISP2 cultures in 100-ml Erlenmeyer flasks were started by
inoculating a loop of UP46 cells growing on VPA plates.
After incubation overnight at 20 °C in the dark, 10 ml of
ISP2 medium containing 20 mg of '*Cs ornithine (CIL,
Cambridge Isotope Laboratories Inc., MA, USA) or *Cq
lysine (CIL) was added to the cultures. Each culture was
immediately provided one sterile nylon bag with ca 2g
Sepabeads® SP850 adsorbent (Mitsubishi Chemical Co.,
Tokyo, Japan). The cultures were incubated on a rotary
shaker (130 rpm) for 3 days at 20 °C in the dark. At the
harvest, the adsorbent bags were washed with deionized
H,O to remove attached bacterial cells and then extracted
with 2ml of MeOH prior to UHPLC-MS analysis (as
below).

Analysis by HPLC-MS and UHPLC-MS

VPB and MM-TCA culture extracts (above), as well as
HPLC fractions (below) were analyzed by HPLC-MS on a
reversed phase HPLC column (3.0x50mm, 2.6um,
Accucore RP-MS, Thermo Scientific, Waltham, MA, USA),
using a gradient of MeCN in water (10-95% MeCN in 3
min, 95% MeCN for 4 min, at 0.8 ml min’l, with 0.2%
formic acid). Culture extracts from '*C-labelling experi-
ments were analyzed by UHPLC-MS on a reversed phase
UHPLC column (2.1 x50 mm, 1.5 um, Thermo Accucore
Vanquish RP-MS, Thermo Scientific), using a gradient of
MeCN in water (10-95% MeCN in 3 min, 95% MeCN for
1.2 min, at 0.9 ml min~"', with 0.2% formic acid). For both
HPLC-MS and UHPLC-MS, the mass spectrometer was
operated in positive mode with scanning of m/z 50-1500,
and calibration of the mass spectra was obtained by using
sodium formate clusters.

Isolation of compounds 1 and 2

VPB and MM-TCA culture extracts were dried under
nitrogen and re-dissolved in 1.5 ml 50% MeCN, and frac-
tionated by gradient reversed phase preparative HPLC
(21.2x 100 mm, 5 pm, Hypersil Gold, Thermo Scientific,
Waltham, MA, USA) by applying a linear gradient aqueous
10-95% MeCN in 10 min, followed by a 10 min hold at
aqueous 95% MeCN (flow 10 ml min~!). Collected frac-
tions were assayed for antibacterial activity and were ana-
lysed by HPLC-MS as described above.

To obtain more of compounds 1 and 2, ten liquid cultures
of P. protegens UP46 (each 150 ml) were extracted using
adsorbents (Amberlite XAD 16) as above. The combined
and dried extracts were re-dissolved in 9 ml 50% MeCN,
centrifuged and subsequently fractionated by gradient pre-
parative HPLC (8 x 1 ml injected, same column and con-
ditions as above). Fractions containing a mixture of
compounds 1 and 2 (fractions 23-26) as indicated by
HPLC-MS (as above), were pooled and dried under reduced
pressure. The dry sample was dissolved in 1 ml aqueous
25% MeCN before further fractionation using reversed
phase preparative HPLC (column and flow as above) using
aqueous 25% MeCN. Following analysis by HPLC-MS (as
above), fractions containing compounds 1 and 2 (fractions
51-56 and 58-63, respectively) were pooled and dried, and
the purification was repeated once on the same column and
conditions, to finally yield 1.42 mg of compound 1 and
0.75 mg of compound 2.

6-(pyrrolidin-2-yl)DAPG (1). Compound 1 was obtained
as white amorphous solid. UV A, (MeOH) nm (log e):
287 (4.55); NMR-data, see Table 1; HRMS: m/z 280.1178
[M + H]" (caled. for C 4H;gNOs, 280.1179).

6-(piperidin-2-yl)DAPG (2). Compound 2 was obtained
as white amorphous solid. UV Ay, (MeOH) nm (log &):
287 (4.53); NMR-data, see Table 1; HRMS: m/z 294.1331
[M + H]" (caled. for C;sHyNOs, 294.1336).

In vitro bioassay

Chromatographic fractions were assayed for antimicrobial
activity using an earlier developed protocol (“Microtiter plate
assay 27) [21], with the following organisms: E. coli
LMG15862, A. baumannii LMG1041T, E. cloacae
LMG2783T, K. pneumoniae LMG20218, P. aeruginosa
LMG6395, S. aureus LMG15975, C. albicans and A. fumi-
gatus. Further steps of purification of compounds 1 and 2,
were done with S. aureus LMG15975 as activity indicator.

MIC determination

Minimal inhibitory concentration (MIC) was measured by
means of a broth micro-dilution method in 96-wells

SPRINGER NATURE



742

J. J. Levenfors et al.

Table 1 13C and '"H NMR data (150 and 600 MHz, respectively) for
compounds 1 and 2 (303 K in MeOH-d,)

1 2
oy, mult (J, Hz) ¢, mult

Pos. 8¢, mult Sy, mult (J, Hz)

1 180.9, C - 180.6, C -

2 109.0, C - 109.1, C -

3 1754, C - 175.6, C -

4 100.9, C - 100.6, C -

5 168.6, C - 168.0, C -

6 101.0, C - 104.5, C -

1 205.6,C=0 - 205.5, C -

2" 320, CHs 2.65, s 319, C 2.65, s

1’ 203.0,C=0 - 2029, C=0 -

2/ 32,6, CH; 2.58, s 32.6, CH;j 257, s

1’ 584,CH 4.85, dd 54.9, CH 447, dd
(10.5, 7.6) (12.3, 3.5)

2’ 30.8, CH, 2.21, obsc. m  28.9, CH, 222, m
2.06, obsc. m 1.80, m

3 257,CH, 2.20, obsc. m  24.3, CH, 1.92, m
2.06, obsc. m 1.62, m

4" 457, CH, 3.49, dt 23.8, CH, 1.89, m
(11.2,7.9)
3.29, obsc. m 1.75, m

5 - - 46.0, CH, 342, m

2.94, td
(12.8, 3.0)

microtiter plates as previously described [19], using E. coli
LMGI15862, A. baumannii LMG1041T, E. cloacae
LMG2783T, K. pneumoniae LMG20218, P. aeruginosa
LMG6395, S. aureus LMGI15975, C. albicans and A.
fumigatus, as test organisms. The MIC was defined as the
lowest concentration of each compound with no visible
growth of pathogen. All MIC tests were performed in tri-
plicate and repeated at least twice.

In vitro cytotoxicity determination

In vitro cytotoxicity, half maximal inhibitory concentration
(ICsy), was determined by a fluorometric microculture
cytotoxicity assay, based on hydrolysis of fluorescein dia-
cetate to fluorescein by HepG2 cells with intact plasma
membranes, as previously described [22].

Studies of PpATase crystal structures
The programs Coot LIDIA 0.8.9 Ligand Sketcher and

AceDRG (version: 212) [23-25] of the CCP4 Program
Suite (version 7.0.077; [26]) were used to generate atom
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coordinate and cif dictionary files for the ligands piperidine
and 1-piperideine, and the R- and S-enantiomer, respec-
tively, of compounds 1 and 2. Atom coordinate and struc-
ture factor files were retrieved from the Protein Data Bank
for protein crystal structures of P. protegens PpATase,
without ligand (PDB code 5SM3K) and soaked with MAPG
(MAPG; PDB code SMGS5) [27]. Coot 0.8.9.2 [23, 24] was
used for examination of the structures. The PhlC subunits
from both structures (2 in 5SM3K; 8 in 5MGS5) were
superposed with each other.

The piperidine and 1-piperideine molecules were manu-
ally placed in the active site, between Cys 88 and the PG
ligand in the crystal structures. The ligand ring nitrogen was
positioned at the oxyanion hole, i.e., at the position of the
oxygen of the acetyl moiety bound to Cys 88. The mole-
cules were then moved around manually to try and find
position(s) where they might fit. The product molecules
were placed in the active site, and their aromatic rings were
aligned flat with that of the PG ligand, with the piperidine
moiety near the oxyanion hole. The piperidine moiety was
rotated and flipped from chair to boat/skew conformation to
see if it might fit. Thereafter the molecules were rotated
within the plane of the ring to try and find orientation(s)
where they might fit. Similarly, compounds 1 and 2 were
placed in the active site of superimposed PhIC subunits,
aligned with the PG ring in the ligand complexes, to test if
they might fit. The active site of the PhlC subunits was also
examined in MacPyMol (PyMOL v1.8.6.0 Enhanced for
Mac OS X, Schrodinger LLC), in surface representation to
identify cavities adjacent to the PG ring that could poten-
tially accommodate acetyl (or other) substituents on
the ring.

Results and discussion
Isolation of compounds

Analysis of P. protegens UP46 culture extracts, using
HPLC-MS, followed by comparison of MS-data with
databases, indicated the presence of several well-known
Pseudomonas produced compounds, including DAPG
(Fig. 1), pyrrolnitrin and pyoluteorin. The data analysis
further suggested the presence of two possibly unknown
substances with m/z 280.1178 (1) and 294.1331 (2). Gra-
dient HPLC fractionation of the culture extracts, followed
by bioassays against a panel of bacteria and fungi, gave a
number of fractions with antibacterial and/or antifungal
activities. Subsequently, HPLC-MS analysis showed the
presence of DAPG, pyrrolnitrin and pyoluterin in active
fractions, but also that compounds 1 and 2 have activity
against S. aureus and A. baumannii. The presence of DAPG
in active fractions were subsequently verified by NMR
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HO OH
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DAPG 1,n=1

2 n=2
Fig. 1 Structures of 2,4-diacetylphloroglucinol (DAPG) and com-
pounds 1 and 2

Fig. 2 Key HMBC correlations for structure determination of com-
pounds 1 and 2 in methanol-dy. The indicated HMBC correlations
from the hydroxyl group for 2 were observed in acetone-ds

analysis followed by comparison with literature data [28].
Following culture upscaling, the tentative new compounds
1 and 2 were isolated by a combination of gradient and
isocratic preparative HPLC, which yielded 1.42 mg of 1 and
0.75 mg of 2, and the structures were characterized by NMR
and MS, as described below.

Structure analysis

Based on MS-data, the molecular formula C4H;7NO5 was
proposed for compound 1 and C;5H;¢NOs for compound 2
(unsaturation index seven for both), i.e., the compounds
differed by a -CH,- group. When analysed by one-
dimensional '"H NMR spectroscopy, compound 1 and 2
both had two methyl signals at ca 6y 2.6 (Table 1) and in
HMBC experiments (Fig. 2), these methyl signals displayed
correlations to sp2 carbons at 6c ca 203-206 and 6¢c ca
101-109, suggesting two aromatic acetyl groups in each
compound just as in DAPG. This proposed both compounds
to be DAPG derivatives, and since the compounds lacked
the aromatic H-6 signal of DAPG, this suggested 1 and 2 to
be C-6 substituted DAPGs. Analysis of COSY and HSQC-
data, showed the presence of a CH-CH,-CH,-CH, spin-
system in 1 and a CH-CH,-CH,-CH,-CH, spin-system in 2
(Table 1). For both 1 and 2, the CH proton had an HMBC
correlation to the methylene carbon at the other end of the
spin-system (Fig. 2), suggesting these spin-systems to be
part of ring-closed structure elements of the compounds.
According to the '3C chemical shifts for the terminal
methylene groups (d¢ ca 46), the rings should be closed via
a nitrogen atom, in agreement with a pyrrolidin-2-yl group

in 1 and a piperidin-2-yl group in 2. In both 1 and 2, the
respective CH proton further had HMBC cross-peaks to one
carbon atom at 6¢c ca 101-104, and to two carbon atoms at
ca 6c 168 and ca oc 181. This suggested linkage of the
putative pyrrolidinyl/piperidinyl group to a carbon atom in
an aromatic ring, situated between two oxygen substituted
carbons, supporting the hypothesis that 1 and 2 indeed are
6-substituited DAPG derivatives. After adding the two
acetyl groups to the structures of the proposed DAPG
derivatives, the unsaturation index seven was fulfilled for
both 1 and 2, and after adding hydroxyl functions to the
open positions (C-1, C-3, and C-5), the proposed structures
for 1 and 2 (Fig. 1) were in accord with their respective
molecular formula. When compound 2 was analysed by
NMR in acetone-dg, a sharp OH-signal appeared at oy
15.34, along with two broad OH-signals at oy 11.49 and 6y
7.14, suggesting one of the three hydroxyl functions (6y
15.34) to be strongly hydrogen bonded to a neighbouring
acetyl group. The sharp OH-signal shared correlations in
HMBC with the piperidinyl CH and with one of the acetyl
methyl groups (Fig. 2), which positioned the hydrogen
bonded OH between these two groups. The presence of
this hydrogen bond in the structure, also explained why
C-1/C-5, C-2/C-4, the C-2/C-4 acetyl groups, and the C-1/
C-5 hydroxyl groups were not equivalent, but gave indivi-
dual signals in NMR. Compound 1 was thus concluded to be
6-(pyrrolidin-2-yl)DAPG [or 1,1°-(2,4,6-trihydroxy-5-(pyr-
rolidin-2-yl)-1,3-phenylene)bis(ethan-1-one)] and compound
2 to be 6-(piperidin-2-yl)DAPG [or 1,1°-(2,4,6-trihydroxy-5-
(piperidin-2-yl)-1,3-phenylene)bis(ethan-1-one)].

Neither compound 1 nor compound 2 gave measurable
optical rotation. Either the specific rotations were too small
to measure, or the compounds were subjected to racemi-
zation during sample workup/isolation or by bacterial
enzymes in the cultures, or when biosynthesised. When
analysed by NMR in MeOH-d,, the H-1""" signals of 1 and 2
were not decreasing in intensity with time, as would be
expected if these hydrogens were easily exchanged. Fur-
thermore, there are many alkaloids with a piperidinyl or
pyrrolidinyl group linked to an aromatic ring, without
reported problems with racemization during workup/isola-
tion, leaving this possibility less probable. Possible race-
mization during biosynthesis is further discussed below.

There are some DAPG structural analogues isolated and
described from natural sources, including phloroglucinol
(PG, benzene-1,3,5-triol), 2-acetylphloroglucinol (mono-
acetylphloroglucinol, MAPG), and 2.4,6-triacetylphlor-
oglucinol (TAPG), produced by e.g., P. fluorescens [11], and
a methylene bridged C-6 dimer of DAPG in P. aurantiaca
[29]. Other examples include prenylated MAPGs and DAPG
from different plants of the Rutaceae or Hypericaceae
[30-33], and a PG carrying one 3-(3,4-dihydroxyphenyl)
propanoyl substituent and one carboxycarbonyl substituent,
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found in the plant Balanophora involucrata [34], but com-
pounds 1 and 2 are the first examples of alkaloids containing
a DAPG moiety. In addition to these natural DAPG analo-
gues, recent synthetic efforts have resulted in a few bis-
pyrrolidine functionalized PG analogues [35].

Biological activity of compounds 1 and 2

During bioassay-guided fractionation, compounds 1 and 2
showed activity against S. aureus and A. baumannii, but
when the MIC values towards these pathogenic bacteria
were determined on isolated compounds, the activity was
much better towards S. aureus. The MIC against S. aureus
was 2 ug ml~! for both 1 and 2, whereas the MIC against A.
baumannii was >32ugml~'. The MIC against B. cereus
was 4 and 2 ug ml~!, respectively, for 1 and 2. DAPG was
also tested against S. aureus and B. cereus, and it was
slightly more potent than 1 and 2 against both S. aureus and
B. cereus (MIC 0.5 and 1ugml™', respectively). These
MICs are similar to previously reported values for DAPG,
e.g., MIC 0.25 to 1 pg ml™! against ten clinical MRSA
isolates [36] and MIC 5-6 pg ml~! against B. subtilis
[8, 37]. Compounds 1, 2 and DAPG, were found to have
MIC > 32 pg ml~! against all tested Gram-negative bacteria,
including E. coli, K. pneumoniae and P. aeruginosa. Pre-
viously, the MICs for DAPG against these three Gram-
negative bacteria were reported to be in the range 12.5 to 25
ug ml~! [37], and these differences could be due to the MIC
determination protocols used or due to differences between
the tested bacterial strains. The ICsy of the compounds
against the human liver cell line HepG2 was determined to
be 11, 18 and 7 ug ml’l, for compounds 1, 2 and DAPG,
respectively. Thus, regarding the clinically important
pathogen S. aureus, the MIC/ICs ratio for compound 1 and
2 was ~6 and 9, respectively, which suggested the com-
pounds to be too toxic for further evaluation for develop-
ment into new antibiotic drugs.

DAPG has earlier been indicated to be involved in the
biocontrol of various fungal phytopathogens, as shown by
decreased biocontrol potency of DAPG knock-out strains [8]
and higher frequency of DAPG producing fluorescent pseu-
domonads in disease suppressive soils compared with con-
ducive soils [9]. The MICs for compounds 1 and 2, and
DAPG against two fungi, A. fumigatus and C. albicans, were
higher than the highest tested concentration, >32pug ml™".
This is in line with the reported in vitro MICs for DAPG
against a selection of fungal pathogens (64128 ug ml~' [8]).

Biosynthetic considerations
It is well-known that most alkaloids containing pyrrolidine
or piperidine rings are biosynthesised starting from orni-

thine or lysine, respectively. To test this, cultures of P.

SPRINGER NATURE

protegens were fed with '*Cs-ornithine and "*Cg-lysine,
respectively, and culture extracts were analysed by
UHPLC-MS. Compound 1 from cultures with *Cs-orni-
thine feeding showed a 44 increase in m/z, whereas com-
pound 2 from cultures with '3C4-lysine feeding showed a
+5 increase in m/z. This clearly demonstrated that four
carbons from ornithine were incorporated into 1, and that
five carbon atoms from lysine were incorporated into 2.
This is in line with the expected biosynthesis of pyrrolidine/
piperidine alkaloids, including decarboxylation of ornithine/
lysine and transamination to the respective aminoaldehyde
and formation of cyclic imines (1-pyrroline/1-piperideine),
which, after protonation, are good substrates in Mannich-
like reactions with an activated aromatic ring such as
DAPG, leading to 1 and 2 (Fig. 3).

The biosynthesis of DAPG has been extensively stu-
died during the last twenty years [27, 38—41], and the phl
biosynthetic gene cluster has been shown to be respon-
sible for synthesis of DAPG, via the synthesis of PG and
subsequent acetylation to obtain DAPG [39]. This gene
cluster was found to be present in all investigated DAPG
producing Pseudomonas strains, in a study using bacterial
strains collected world-wide [12]. Acetylation of PG to
MAPG and DAPG requires the presence of phlA-C [38]
and the functional acetyltransferase (ATase) is a multi-
component enzyme composed of PhlA, PhIB, and PhIC
[40], which catalyzes the disproportionation of two
MAPG molecules to one PG and one DAPG molecule
[40]. Recently, Pavkov-Keller et al. [27] described the
crystal structure of the functional multicomponent P.
protegens ATase (PpATase), and they showed that the
PhIC unit is the protein catalysing the actual acetylation
step. The acetyl group from one MAPG was proposed to
be relocated to the sulthydryl group of a cysteine residue
of PhlC, and then transferred to another MAPG in a
Friedel-Craft type of acylation [27] (Fig. 4, top). This
multicomponent PpATase has been shown to accept

-C02
trans am.

@
( nwz/\ OH
HO

R4 =Hor Ac

R, =H or Ac 2n=2

Fig. 3 Proposed biosynthesis of compounds 1 and 2 from ornithine
(n=1) or lysine (n=2), respectively, and phloroglucinol, 2-acet-
ylphloroglucinol, or 2,4-diacetylphoroglucinol
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Fig. 4 Top: Acetylation of MAPG to DAPG [27], or acetylation of
DAPG to TAPG, by a Pseudomonas protegens acetyltransferase
(PpATase). Bottom: Hypothetic biosynthesis of 6-(pyrrolidin-2-yl)
DAPG (1, n=1) and 6-(piperidin-2-y)DAPG (2, n=2), from 1-
pyrroline/1-piperideine and DAPG, by PpATase. Depicted is initial

several different acetyl donors, but also different acetyl
acceptors, and in addition also to catalyse N-acetylation or
O-acetylation instead of C-acetylation of some substrates
[42, 43]. P. protegens UP46, used in the current study, is
99% identical to P. protegens Pf-5 (16 S rRNA), which
has phlA-H in the genome [44], and thus, UP46 is highly
likely to have phlA-H in the genome.

As mentioned above, no optical rotation was measured
for compounds 1 and 2, and one possible explanation is that
1-piperideine/1-pyrroline is enzymatically added to PG/
MAPG/DAPG in a non-stereo specific reaction. Such a
reaction could hypothetically be catalyzed by the pro-
miscuous PpATase, if the central acetyl delivering cysteine
of PpATase may accept a 1-piperideine/1-pyrroline instead
of an acetyl group, for subsequent transfer to PG/MAPG/
DAPG in a nucleophilic substitution reaction (Sy2 type;
Fig. 4, bottom). However, studies of the crystal structures of
the PpATase [27] indicated that the cavity for acetyl transfer
to/from Cys 88 appears to be too small to accommodate a 1-
piperideine molecule without clashing into surrounding
residues, Gly385, Phel48, Tyr298 and/or His144. In addi-
tion, the R- and the S-enantiomers of compounds 1 and 2
were placed at the active site of the superposed PhIC sub-
units, aligned with the PG ring in the ligand complexes, and

O OH
R1
—————— »
HO OH
7 NH o
His347 R4 = H or Acetyl
Gly385
‘0 His56
. ~
N ,,NVNH
; H ,
N R O/H
A
o . n > 1/2
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' Cys88 HO (6] N7 NH
o) \’(\

attack from the deprotonated sulfhydryl group onto the imine from
below, but the attack can also be from above, from an intact sulfhydryl
group, and the imine may also be protonated. In addition, to enable the
bottom reaction, major conformational changes of the PpATase is
required

were rotated and moved around at the active site to try and
find any orientation where they might fit. However, no such
position could be found. In particular, the cavity that would
hold the pyrrolidinyl/piperidinyl group if added by the
enzyme (between Cys88 and Gly385), is well defined by the
folded structure, without obvious signs of flexibility. The
outer carbon atoms of the pyrrolidinyl/piperidinyl group
clash with the protein at Gly385 and will be in the way for
interaction between Gly385 and the ring nitrogen. Thus,
without substantial conformational changes of the PpATase,
the enzyme is not likely to catalyse this reaction, and this is
thus not the reason for the absence of measurable optical
rotation for 1 and 2.

In the current study, DAPG was found in supernatants of
P. protegens, but also small amounts of MAPG as well as
traces of TAPG were detected, as based on HRMS data
from UHPLC analysis. TAPG has previously been isolated
from P. fluorescens [11], but its biosynthesis has not been
described. As suggested by the promiscuity of PpATase, we
investigated, using the crystal structures of PpATase [27], if
PpATase also may accept DAPG as an acetyl acceptor to
produce TAPG (Fig. 4, top). Using this static model, there is
not enough space to accommodate both acetyl groups of
DAPG to allow transfer of a cysteine bound acetyl group.
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However, one acetyl group should fit in a cavity lined by the
side chain of Trp 211, which seems to act as a lid covering
the active site and has been observed in closed and open
conformation [27]. The other acetyl group may fit in another
cavity after conformational changes of the protein, invol-
ving a short alfa-helix between two surface loops. These
conformational adaptations of PpATase are likely to allow
the binding of DAPG to the active site, for subsequent
acetylation, to produce TAPG. In addition, we tested if the
PpATase may acetylate piperidyl-PG/MAPG to piperidyl-
MAPG/2. As mentioned above, assuming conformational
changes of a short alfa-helix between two surface loops and
flexibility of the Trp211 side chain, the enzyme should be
able to accommodate a DAPG for acetylation to TAPG. The
cavity, which is lined by the flexible side chain of Trp211,
may also be able to hold a piperidyl group, which would
enable the acetylation of piperidyl-PG/MAPG to piperidyl-
MAPG/2.

Conclusion and outlook

The new antibacterial alkaloids 6-(pyrrolidin-2-yl)DAPG
(1) and 6-(piperidin-2-y)DAPG (2), were isolated and
characterized from P. protegens UP46, and these com-
pounds are the first examples of alkaloids containing a
DAPG structure element. Stable isotope labelling experi-
ments showed the pyrrolidinyl/piperidinyl group of these
compounds to originate from ornithine and lysine, respec-
tively, as expected for these types of alkaloids. No optical
rotation was observed for 1 and 2. The published crystal
structure of the enzyme PpATase was studied to investigate
if this enzyme could introduce the pyrrolidinyl/piperidinyl
group of 1 and 2 in a non-stereospecific fashion. The results
indicated, however, that this is not the case, unless the
PpATase can undergo substantial conformational changes.
Thus, the pyrrolidinyl/piperidinyl groups of 1 and 2 are
likely to be transferred to the aromatic core of the com-
pounds by another enzyme, and future studies may show if
this process may be non-stereospecific or not. On the other
hand, the studies showed that the PpATase, which has been
shown to biosynthesise DAPG, also may be involved in the
biosynthesis of TAPG.

Compounds 1 and 2 were both found to have good MICs
against S. aureus and B. cereus, but their ICsy against
human cells were slightly too high to merit further studies
as putative future antibiotic drugs. It is however possible,
that future chemical optimization of the compounds may
result in compounds with retained or improved antibacterial
properties along with decreased toxicity.
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