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Abstract

The bioactive substances rakicidin A (1), B (2) and E (3), were isolated from Micromonospora sp. cultivated after insertion of a diffusion
growth chamber into the sponge Rhabdastrella globostellata. The three rakicidins were tested in various antibiotic bioassays revealing their
selective activity against Gram-positive bacteria including resistant strains of Staphylococcus aureus and Enterococcus faecium. With the help
of MALDI-TOF MS and RiboPrinter® analysis the relationship between the producer strain and 13 Micromonospora type strains (99% identity
in 16S rRNA sequence) could be clarified.
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Abbreviations: MRSA: Methicillin Resistant Staphylococcus aureus; VREF: Vancomycin Resistant Enterococcus faecium; MIC: Minimal Inhibition
Concentration Test; TetR: Tetracycline Resistance; ESBL: Extended-Spectrum Beta-Lactamase; JSRM: Jump Start Ready Mix; MALDI-TOF MS:
Matrix-Assisted Laser-Desorption-lonization Time-of-Flight Mass Spectrometry

Introduction

[9-11] Strain Guam1582, the producer of rakicidins A [12], B
[12] and E [13] was isolated from the shallow water sponge
Rhabdastrellaglobostellata in Guam using a recently developed
diffusion growth chamber.

Actinobacteria are one of the richest sources of secondary
metabolites [1] and more than 50% of clinical useful antibiotics
of microbial origin were produced by these microbes, especially
by the soil inhabiting genera Streptomyces and Micromonospora.
[2] It was classified as Micromonospora sp. on the basis of 16S
rRNA sequence. To date, rakicidins A (1) and B (2) have been

However, while the rate of newly discovered antibiotics
reported to inhibit tumour cell lines [14-16] without showing

from soil inhibiting actinobacteria decreased the rate of re-
isolation increased [3,4]. To further explore this well studied
source, new strains have to be isolated with alternative methods
or from unexplored environments.[4] Oceans are the world’s
biggest habitat. They cover 70% of the earth surface and have

any antibiotic activity. However, in our ongoing screening
for antibiotics strain Guam1582 stood out with activities
against methicillin resistant Staphylococcus aureus (MRSA)
and vancomycin resistant Enterococcus faecium (VREF).
These substances are described to be produced by different

a microbial abundance of 10° bacteria per mL in sea water and
Micromonospora spp. [16,12] as well as Micromonospora chalcea

10° bacteria per mL in ocean bottom sediments.[5] Not only
sea water and sediments are microbial rich environments but
also marine sponges harbour diverse and abundant microbial

strains (Rakicidin B) [14,17]. Because of the close relationship
of the marine isolate Guam1582 to M. chalcea (DSM 43026™) and
further Micromonospora type strains in the 16S rRNA sequence
(99% identity), the differentiation from the other strains was
done using MALDI-TOF and RiboPrinter analysis.

communities, which comprise up to 35% of sponge-biomass.
[6-8] These sponge associated bacteria already have been
shown to be prolific producers of bioactive natural products.
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Material and Methods
Cultivation of strain Guam1582

The pre-culture of strain Guam1582 was grown in 100 mL
of GYM medium (0.4% glucose, 0.4% yeast extract, 1% malt
extract, 0.2% CaCO,; pH 7.2; sterilized for 20 min at 121°C) in a
250 mL flask for 5 days at 30 °C and 160 rpm on a rotary shaker.
The production culture was transferred 1:10 in 50 250 mL
flasks, filled with 100 mL of medium 5294 (1% soluble starch,
0.2% yeast extract, 1% glucose, 1% glycerol, 0.25% corn steep
liquor, 0.2% peptone, 0.1% NaCl, 0.3% CaCO,: pH 7.2) laced with
artificial sea water (“Coral Ocean”, ATI) and sterilized for 20 min
at 121 °C. The cultures were grown for 7 days at 30 °C and 160
rpm on a rotary shaker.

Isolation and purification of rakicidins A, B and E

The cells were separated from the culture broth by
centrifugation. The culture broth was extracted in portions of 1
L with ethyl acetate (three times 500 mL). The combined ethyl
acetate extract was dried with Na,SO, and evaporated in vacuo
to give a crude extract, which was dissolved in 100 mL methanol
supplemented with 3% H,0 and 50 mL heptane. The methanol
layer was extracted three times with 50 mL heptane and the
methanol was evaporated in vacuo to give 129 mg crude extract.

The cells were kept in 1 L acetone for 48 h. The acetone
extract was evaporated to an aqueous mixture (300 mL) and
extracted with ethyl acetate (three times with 150 mL). The
combined ethyl acetate extract was dried with Na,SO,. It was
evaporated in vacuo to give 88 mg of crude extract, which was
dissolved in 50 mL methanol supplemented with 3% H,0 and
50 mL heptane. The methanol layer was extracted three times
with 50 mL heptane and the methanol was evaporated in vacuo
to give 28 mg crude extract.

The crude extract was separated by preparative RP-MPLC
[column: Kronlab ODS-AQ C,p 480%x30 mm, 15 um; solvent A:
H,0/methanol (8/2); solvent B: methanol; gradient system:
holding 50% B for 5 min, increasing to 65% B in 5 s, holding at
65% B for 5 min, increasing to 100% B in 130 min and holding
at 100% B for 30 min; flow rate 30 mL/min, UV detection at 270
nm] to give 4.3 mg of rakicidin A (1), 6.5 mg of rakicidin B (2)
and 1.4 mg of rakicidin E (3) (Figure 1).
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Figure 1: Chemical structures of rakicidins A (1; n=1), B (2;

n=2), E (3), C (4) and D (5).

Antimicrobial testing

The biological activity was tested using a minimal inhibition
concentration test (MIC). The assay was done in a 96 well
plate. Rakicidins A, B and C were solved in DMSO in a 1 mg/
mL concentrated stock solution. This solution was mixed with
the test strain (OD,: 0.01 (bacteria)/0.05 (yeast)/0D548: 0.1
(Schizosaccharomyces pombe; Rhodosporidium toruloides ) to
a final concentration of 66.6 pug/mkL in the first lane and was
diluted in 1:2 steps with the inoculated test strain medium.

In addition to a panel consisting of Schizosaccharomyces
pombe (DSM 70572), Pichia anomala (DSM 6766), Candida
albicans (DSM  1665), Mucor hiemalis (DSM  2656),
Rhodosporidium toruloides (DSM 10134), Micrococcus luteus
(DSM 1790), Bacillus subtilis (DSM 10), Staphylococcus aureus
Newman[18], Enterococcus faecium (DSM20477), Mycobacterium
sp. (DSM 43270), Escherichia coli (DSM 1116), Chromobacterium
violaceum (DSM 30191), Pseudomonas aeruginosa (PA 14), the
substances were also tested on some multi resistant bacteria:
Escherichia coli WT-3 (#644; gyrA[S83L,D87G]) (quinolone
resistant), Escherichia coli XL-1 blue (tetracycline resistance,
Tn10 (TetR) on F plasmid), Escherichia coli ESBL (DSM 22664)
(Extended-Spectrum Beta-Lactamase; produces CTX-M15
beta-lactamase), Staphylococcus aureus N315 (DSM 11822)
(MRSA) and Enterococcus faecium (DSM 17050) (VREF (vanA);
microaerophilic).

The strains were cultivated in Miiller-Hinton Broth
(Miller-Hinton Bouillon (Carl Roth, X927)), MYC medium
(0.4 % phyto peptone, 1% glucose, 50 mM HEPES; pH; 7.0;
sterilized at 121 °C for 20 min) (Candida albicans, Mucor
hiemalis, Schizosaccharomyces pombe) or Tryptic Soy Broth
(Bacto™Triptic Soy Broth, Soybean-Casein digest medium;
Hach; sterilized at 121°C for 20 min) (Enterococcus faecium).
After inoculation, the plates were incubated at 30/37 °C and 160
rpm for one day.

Cytotoxicity

To determine the cytotoxicity of rakicidins A, B and E, the
murine fibroblast cell line L929 was used as target in a minimal
inhibition concentration (MIC) assay in 96 well plates. The
cells were cultured in tissue culture flasks in culture medium
consisting of DULBCCO’s modified EAGLE’s medium (DMEM,
Bio Whittaker, Walkersville, MD) supplemented with 10%
fetal bovine serum (FBS, JRH Bioscience, Lenexa, KS). For the
cytotoxicity assay the cells were removed from the flask using
0.25% of a trypsin solution (Gibco). After removing the trypsin,
the cells were incubated for 5 min at 37 °C and under an
atmosphere with 5% CO,,.

The detached cells were resuspended in 10 ml of the culture
medium DMEM + 10% FBS and the concentration of 50,000
cells/mL were adjusted. 87 pL of culture medium was filled in
the first wells of the 96 well plate. After the addition of 3 pL
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of the compounds, the substances were diluted in 1:6 steps
with the medium stock solution. Subsequently, 120 uL of the
previously prepared L292 cell line stock solution (50,000 cells/
mL) was added to every well. The cells were incubated for 5 days
at 37 °C under an atmosphere with 5% CO,. For the analysis the
cells were examined under a light microscope.

Taxonomy

The DNA was isolated via Invisorb Spin Plant Mini Kit
(stratec molecular, Germany). For preparation 1.5 mL of a well
grown cell suspension was centrifuged for 2 min at 13000 rpm.
The cell pellet was mixed with 100 pL of lysation buffer and
incubated at 95 °C for 5 min. 300 pL lysation buffer and 20 pL
proteinase K were added, mixed up and incubated for 30 min at
65 °C. The rest of the DNA isolation was done according to the
manufacturer’s description.

For analysis of the 16S rRNA gene sequence, two primers
were used matching most of the known eubacterial orders
on the positions 27 (forward) and 1525 (reverse). For the
conduction of the 16S PCR a special mastermix was created,
containing water, primers and “Jump Start Ready Mix” (JSRM).
The JSRM is a mixture including JumpStart Taq DNA polymerase,
99 % pure deoxynucleotides and buffer in an optimized reaction
concentration. The PCR mixture had a final volume of 50 pL and
consisted of the following components: 25 pL JSRM, 22 uL H,0,
1 pL forward and reverse primer dilution as well as 1 pL of the
template DNA. The PCR within the Thermocycler started with an
activation temperature of 95 °C for 5 min. Followed by 34 cycles
of denaturation (94 °C, 0.5 min), a primer annealing at 52 °C for
0.5 min and 2 min of elongation at 72 °C. The final elongation had
a temperature of 72 °C for 10 min. The samples were sequenced
und compared to bacterial type strain sequences using the NCBI
BLAST function [19].

Another marker for the phylogenetic description based on
the ribosomes of the bacteria is the pattern of the ribosomal
proteins as analysed by matrix-assisted laser-desorption/
ionization time-of-flight spectroscopy (MALDI-TOF MS). The
sample preparation was done according to the ethanol/formic
acid extraction protocol described by Schumann [20]: about
10 mg of biomass from a liquid culture (cultivated in complex
medium DSMZ medium 65 at 30°C for 7 days) was suspended
in 300 pl H,0 and homogenised carefully. Afterwards, 900 pl
ethanol was added to the suspension. The cells were collected
after a centrifugation step and resuspended in 50 pl of 70%
formic acid. After the addition of 50 ul of acetonitrile, the
suspension was mixed and centrifuged.

The supernatant was removed immediately and aliquots of
1.5 ul were placed on each spot of a stainless-steel target plate.
After air drying, 1.5 pl of matrix solution (saturated solution of
a-cyano-hydroxy-cinnaminic acid in 50% aqueous acetonitrile
containing 2.5% trifluoro acetic acid) per spot was added.
MALDI-TOF mass spectra were recorded using a Microflex L20

mass spectrometer (Bruker Daltonics) with a N2 laser unit.
The spectra were measured in linear positive mode and the
acceleration voltage was 20 kV. In sum a spectra was collected
out of 250 shots across a spot. To analyse the data, a mass range
of 2000-20,000 m/z was observed. For internal calibration the
Bacterial Test Standard #255343 (Bruker Daltonics) was used.

Using the Flexanalysis software (version 3.3, Bruker
Daltonics), the MALDI-TOF MS spectra were smoothed, baseline
corrected and re-calibrated. A score-orientated dendrogram was
calculated by using the BioTyper software (version 3.1, Bruker
Daltonics).

The RiboPrinter® analysis was carried out as described
by Schumann & Pukall [20]. For the sample preparation, the
strain Guam1582 and the type strain M. chalcea DSM 43026
were cultivated for 10 days on GYM medium agar plates (0.4%
glucose, 0.4% yeast extract, 1% malt extract, 0.2% CaCO,, 1.5%
agar; pH 7.2). A small amount of cells was processed by the fully
automated procedure of the RiboPrinter® system (Du Pont).

Results

Rakicidins A (1), B (2) and E (3) (Figure 1) showed selective
antibiotic activity against Gram-positive bacteria, including
the methicillin resistant Staphylococcus aureus N315 (MRSA)
and the vancomycin resistant Enterococcus faeciumDSM17050
(VREF) as well as inhibition of the murine fibroblast cell line
L929. The biological activity against Micrococcus luteus (1.0
ug/mL), Bacillus subtilis (4.2 pg/mL) and the VREF strain (4.2
ug/mL) could be detected for all tested rakicidins at similar
concentration. In contrast, against S. aureus rakicidin A (1)
showed the lowest MIC value of 2.1 pg/mL and rakicidins B (2)
and E (3) higher values of 4.1 pg/mL and 8.3 png/mL, respectively.
1-3 had the same MIC values (4.1 pg/mL) against the MRSA strain
but against the VREF strain rakicidin E (3) showed considerably
decreased activity with an MIC of 16.5 pg/mL compared to 2.1
pg/mL for 1 and 2 (Table 1).

Table 1: Minimum inhibitory concentrations (MIC, pg/mL) of rakicidins

A (1), B (2) and E (3) with selected Gram-positive species and the
murine cell line L929.

Rakicidin A | Rakicidin B | Rakicidin E
Micrococcus luteus
(DSM1790) 1.0 1.0 1.0
Bacillus subtilis (DSM10) 4.2 4.2 4.2
Staphylococcus aureus 21 41 83
Newman* ' ' ’
S.aureus N315

(DSM11822) (MRSA) 21 21 16.5

Enterococcus faecium
(DSM20477) 4.1 4.1 8.3

E. faecium (DSM17050)
(VREF) 4.1 4.1 4.1
Murine cell line L929 1.2 1.2 1.2
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*Staphylococcus aureus strain Newman was obtained from PD Dr.
Markus Bischoff, Saarland University Hospital, Homburg.[18]

For the taxonomic description of strain Guam1582, 16S rRNA
sequence analysis was performed. The sequence showed 99%
similarity to 13 Micromonospora type strains (M. echinospora
DSM 438167, M. Citrea DSM 43903", M. endolithica DSM 43813,
M. sagamiensis subsp. Flava DSM 448877, M.endolithicaDSM
44398" M. Rosaria DSM 803", M.sagamiensis DSM 439127, M.
Echinofusca DSM 43913", M.chalcea DSM 43026", M. Inyonensis
DSM 46123", M.chersina DSM 44151", M. pallida DSM 438177,
M.halophytica DSM 43171". MALDI-TOF analysis suggested that
the closest relative of strain Guam1582 was the type strain M.
Chalcea DSM 43026" (Figure 2). This strain is also known to be
the producer of rakicidin B (2).[17,14] However according to the
different Pvull RiboPrinter patterns (Figure 3) strain Guam1582
and M. Chalcea are not identical at strains level. Studies on the
metabolic profile of the M. Chalcea type strain DSM 43026T
merely verified the production of rakicidin A (1) and B (2) but
not ofrakicidin E (3).
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Figure 2: MALDI-TOF Dendrogram of producer strain Guam
1582 and the closest related Micromonospora type strains.
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Figure 3: Comparison report of the RiboPrinter® Microbial
Characterization System of the strain Guam1582 and the
Micromonospora chalcea type strain FH2172T (=DSM 430267). )

Discussion

To date, rakicidins A (1) and B (2) have only been reported
to inhibit tumour cell lines [14-16] In 1995 McBrien et al. [12]
provided IC,, values for 1 and 2 against the murine cell line
M109 (MADISON lung carcinoma 109) of 40 ng/mL and 200
ng/mL, respectively, but stated simultaneously that 1 and 2 did
not show any antibacterial or antifungal activities. However, an
antimicrobial activity of a raw extract has been described for 1in
the study of Songsumanus et al. [17] against the Gram-positive
bacterium Kocuria rhizophila. Of the other two rakicidins known
in this family, rakicidin C (4, Figure 1) did not show any activity

[21,22] against Gram-positive or -negative bacteria as well
as against various cell lines whereas rakicidin D (5, Figure 1)
inhibited the invasion of murine carcinoma colon 26-L5 cells
with an IC, of 3.3 pg/mL.[22] In contrast, we observed in liquid
cultures that rakicidins A (1) and B (2) as well as the variant
E (3) were selectively active against Gram-positive bacteria
including VREF and MRSA strains.

With the help of the MADI-TOF MS and RiboPrinter®
analysis we were able to define the close relationship between
the Isolate Guam1582 (producer strain of rakicidin A, B and
E) and the closest relatives detected by the analysis of the 16S
rRNA sequence. It became clear that in most cases, especially
in such huge Actinomycetes families like Micromonospora, it
is necessary to use phylogenetic analysis methods of different
taxonomic resolution [21] to distinguish between the strains
which are very closely related in the 16S rRNA sequence. We
could demonstrate that our isolate is on the one hand a very
close relative of the type strain M. chalcea, which was described
in literature to be the producer of rakicidin B, but with the help
of the RiboPrinter® analysis we were able to show that they are
not identical at the strains” level.

Conclusion

In this study the antibiotic activity of the rakicidins A, B and
E against Gram-positive bacteria could be shown. Especially the
activity against the methicillin resistant Staphylococcus aureus
N315 (MRSA) and the vancomycin resistant Enterococcus faecium
DSM 17050 (VREF) were interesting new insights. However,
the activity against the murine cell line was between 2 and 16
times stronger than against tested multi resistant bacteria and
therefore, further studies will probably deal with the cytotoxic
instead of the antibiotic activity of these substances.

With the help of different taxonomic approaches, we could
show that the producer strain Guam1582 is very close related
to 13 Micromonospora type strains (especially to M. chaleca),
however with the help of MALDI-TOF and RiboPrinter®
approaches, it could be demonstrated that it is an individual and
probably new strain.
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