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Actinoplanes teichomyceticus is an important microorganism used for industrial

production of teicoplanin, a “last line defense” glycopeptide antibiotic against multidrug
resistant cocci. This strain also produces a second group of antibiotics collectively known as
teichomycin A, complex (TeiA). Here, the ability of A. teichomyceticus to accumulate TeiA
in different media has been examined and structures of the major members of TeiA have
been determined with the help of high-resolution mass spectrometry. TeiA is not produced
in all tested media; moreover, different batches of nutrients (such as rapeseed and cottonseed
flours) affected the ability of the strain to produce TeiA. Mass spectrometry experiments
revealed that TeiA consists of 3 known and 1 novel moenomycins; the presence of other
as-yet-unknown phosphoglycolipids cannot be ruled out due to their low production level
and inherently complex biosynthetic pattern. It is likely that genes for early stage of moeno-
mycin A biosynthesis are highly similar to TeiA biosynthetic genes, and their cloning can be
pursued via homology-based searches.
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Actinoplanes teichomyceticus is a representative of rare and slow-growing actinomycetes
that possess motile spores in sporangium-like sacs [17]. Actinoplanetes often produce second-
ary metabolites not found in more common genera, such as Streptomyces, Micromonospora or
Saccharopolyspora. A. teichomyceticus is not exception from this trend: it is the only known
producer of teicoplanin (Fig. 1), a clinically valuable glycopeptide that is active against vanco-
mycin- and methicillin- resistant cocci [5, 6, 14]. Much effort has been put into physiological
and genetic studies on teicoplanin biosynthesis [2, 4, 7, 13—-16]; however, A. teichomyceticus has
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available natural producers of moenomycins. This would help estimate natural diversity within
this family of antibiotics and predict the chemical space around phosphoglycolipid scaffold ac-
cessible through combinatorial biosynthetic approaches. To date, A. teichomyceticus is the only
known non-streptomycete producer of moenomycins [3, 12]. Significant evolutionary distance
between Actinoplanes and Streptomyces may ensure significant divergence between moenomy-
cin biosynthetic pathways in these bacteria, and thus novel compounds and/or new genes for
moenomycin biosynthesis can be discovered in TeiA producer. As a first step towards exploring
the TeiA biosynthesis, I have examined the ability of 4. teichomyceticus to produce TeiA in dif-
ferent media and elucidated the structures of the major components of this complex with the help
of mass spectrometry approaches.

Materials and methods
Strain A. teichomyceticus NRRL-B16726 was used throughout this work. A. teichomy-
ceticus was incubated on dried oatmeal plates at 30°C for 7 days to obtain sporulated lawn. The
spores (average titer — 5.8x10°ml") were inoculated into various liquid media (30 ml per 300 ml
shaken flask) to study TeiA accumulation. Following media were tested: TM1 (g/1: glucose — 20,
soy flour — 10, peptone (BD Biosciences, MI, USA) — 5, yeast extract (BD Biosciences, MI,
USA) -5, MgSO,x7TH,0 - 0,5, NaCl - 1,2, CaCl, - 0,1, CaCO, — 5), TM2 (g/l: glucose — 20,
glycerol (Malincrodt Chemicals, NJ, USA) — 10, yeast extract (BD Biosciences, MI, USA) — 5,
MgSO,x7H,0 - 0,5, NaCl - 0,1, CaCl,x7H,0 —0,1), TM3 (g/1: glucose — 10, malt extract (EMD
Biochemicals, CA, USA) - 20, cottonseed flour Pharmamedia ProFlo (Protein Traders, OH, USA)
— 10, yeast extract (BD Biosciences, MI, USA) — 5, L-proline (Sigma, USA) — 0,5), TM4 (g/I:
glucose — 20, dextrin (Sigma, USA) — 80, soybean flour (Sigma, USA) — 10, rapeseed meal (vari-
ous sources: Difco, MI, USA; crude flour of Ukrainian origin; Roth, Germany) — 20, yeast extract
(BD Biosciences, MI, USA) — 5, peptone (BD Biosciences, MI, USA) — 5, MgSO x7H,O - 0,5,
NaCl - 1,2, CaCl, - 0,1, CaCO, - 5), TSB (Difco). After 5-7 days of growth, mycelia were spun
down, washed with water and extracted with 5 ml of methanol. The methanol extract was dried in
SpeedVac (Eppendorf, Germany), reconstituted in water and used for solid phase extraction and
purification of moenomycins as described [9, 10]. Thin layer chromatography of TeiA has been
performed on silica gel-coated aluminum plates (Merck,
j NJ, USA), mobile phase: 30% NH,OH:2-propanol (3:7).
- Bacillus cereus was used for biochromatography of TeiA,
wi as described [1, 9]. Agilent ESI-MS 1100 and ESI-qTOF
1450 machines (Department of Microbiology and Molecu-
lar Genetics, Harvard Medical School, Boston, USA) were
used to analyze the components of TeiA according to es-
tablished procedures [10, 18]. Cosmid moeno38-5 [8] was
used for transfer of S. ghanaensis moenomycin biosynthetic
gene cluster into 4. teichomyceticus according to described

1 2 intergeneric conjugation protocol [2].
Results and discussion

At the first stage of the work, the ability of 4. teicho-
Fig. 2. Biochromatography  of myceticus to produce TeiA in different media has been
teichomycin Al complex of 4. examined. Several media known to give high titers of te-
teichomyceticus after methanol jcoplanin [4, 13, 15] were tested; of these, only TM3 and
extraction and solid-phase T\j4 4150 caused the accumulation of teichomycins, as evi-

purlﬁcatlon‘(Z). | - standard dent from biochromatography results (extract from TM3 is
(moenomycin A, 2 mcg).
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shown on Fig. 2 as an example). However, there was batch-to-batch 50-fold variation in ability
of A. teichomyceticus to produce TeiA when different rapeseed meals were used to prepare TM4.
Moreover, production in TM3 varied greatly (10-fold) in spite of the fact that the same media
components were used throughout the work. The production of antibiotics has long been known
to be a variable trait [17], especially in wild type strains, which can be a highly heterogenous pop-
ulation (e.g., some cells may have spontaneously lost TeiA genes, or ability to upregulate them
etc.). TeiA | variability in TM3 reflects the need for clonal selection of A. teichomyceticus in order
to isolate stable and high-producing clones. TeiA was viewed for a long time as a minor compo-
nent of all antibiotically active substances produced by A. teichomyceticus [1, 13], although no
detailed work has been devoted to TeiA. It can be concluded that production of TeiA is greatly
stimulated by certain nutritional factors, whose identity can be a subject of future research.

The TeiA moved as a single spot during thin layer chromatography (Fig. 2) because of
close structural relatedness of different moenomycins [12]. To analyze the chemical composition
of TeiA, a preparative thin layer chromatography has been used to purify the entire complex,
which was analyzed by a set of liquid chromatography and mass spectrometry approaches. The
results presented below are a summary of a series of independent fermentations in TM3 and
purifications of TeiA complex. The structures of moenomycins were inferred from the accurate
mass and collision-induced dissociation spectra produced in tandem mass spectrometry experi-
ments. These parameters were compared to reference values for known moenomycins which are
extremely well defined [10, 18].

The strain accumulated three known moenomycins, namely nosokomycins A and D, and
compound 6 (Fig. 3, Table 1), all of which were identified in S. ghanaensis fermentation broths
[10, 12]. Of these compounds, nosokomycin A (1485.6 Da) was a major one, and it was examined
in a tandem mass spectrometry experiment to confirm its identity. The expected pattern of frag-
mentation of 1485.6 Da mass peak (Fig. 4) supported the proposed structure, also providing an
evidence that the other peaks belong to moenomycin family. Besides known compounds, a new
moenomycin A analog, referred to as teichomycin A1-1 (Table 1, Fig. 3) has been identified. It is
the simplest naturally occurring moenomycin ever discovered, that combines the absence of any
modification around terminal carbohydrate ring, branching glucose unit and methyl group on the
hexose directly attached to phosphate group. From the biosynthetic point of view, teichomycin
Al-1 can be considered a shunt product on the way to nosokomycin A. In addition to the four
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Fig. 3. Structures of moenomycins isolated from A. teichomyceticus as judged from mass spectrometry
experiments.
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aforementioned moenomycins, A. teichomyceticus appeared to accumulate several other novel
moenomycins (1599.6 Da, 1151.6 Da); their structural elucidation was not pursued because of
extremely low production level.

Table 1
Moenomycins isolated from A. teichomyceticus
Name Rt'. min Exact mass [M-H]
’ Calcd | Obsvd
Nosokomycin A 9,4 1485,6164 1485,6184
Compound 6 9,1 1404,5856 1404,5872
Nosokomycin D 9,1 1322,5801 1322,5807
Teichomycin Al-1 9,7 1309,5484 1309,5478
! conditions of liquid chromatography described in [12]
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Fig. 4. Tandem mass spectrometry of 1485.6 mass peak. Collision-induced dissociation (CID) spectrum of
1485.6 (A) and expected fragmentation pattern of nosokomycin A (B). Fragments observed in CID
of 1485.6 (and its 1486.6 isotope) that correspond to the expected fragments of nosokomycin A are
shown in black rectangle.

The teichomycin complex produced by A. teichomyceticus turned out to resemble flavo-
mycin complex of S. ghanaensis [12] pointing to genetic relatedness of the underlying biosyn-
thetic pathways. Although notable variation within moenomycin family antibiotics is observed
around terminal sugar decoration [12], pharmacophore parts of moenomycins and TeiA (first two
sugars attached to lipid-phosphoglycerate unit) are the same. Hence, genes controlling first steps
should be functionally interchangeable between S. ghanaensis and A. teichomyceticus. However,
due to differences in codon usage in these two genera [17], functionally identical genes still might
exhibit significant difference at the nucleotide level. To assess the degree of identity of moeno-
mycin biosynthetic genes (moe) between the two microorganisms, a conjugative transfer of non-
replicative cosmid moeno38-5 (carrying moe genes of S. ghanaensis [8]) has been attempted.
The rationale behind this experiment was as follows: this cosmid can only be maintained in A.
teichomyceticus cell if the homologous recombination between the cosmid and TeiA producer
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genome can occur, which in its turn requires at least 70-80% of identity between the recombining
DNAs [2]. Succesfull generation of 4. teichomyceticus moeno38-5*transconjugants would imply
high degree of similarity between moe cluster and TeiA biosynthetic genes. In spite of numerous
attempts, the generation of such transconjugants haven’t met with success. Hence, it can be as-
sumed that TeiA biosynthetic gene cluster does not carry long fragments of significant homology
to moe cluster. This result encourages further investigations of TeiA biosynthesis, as genes for
its production are apparently different and may have certain advantages over moe genes for che-
moenzymatic and biocombinatorial synthesis of novel moenomycins. PCR approaches based on
highly conserved regions of prenyl synthase moeO3, a key gene for moenomycin biosynthesis [9,
10], have therefore greater promise for identification of genes for TeiA biosynthesis.
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XAPAKTEPUCTUKA TEMXOMILUHY A, KOMILJIEKCY AHTUBIOTHUKIB, 11O
HPOAYKYETHCS IITAMOM ACTINOPLANES TEICHOMYCETICUS NRRL-B16726
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Actinoplanes teichomyceticus € IpOMHICIOBO BaXKJIMBUM MiKPOOPTaHi3MOM, 1[0 BU-
KOPHCTOBYETHCS Ul BUPOOHUIITBA TEHKOIUIaHIHY — aHTHOI10THKA “OCTAaHHBOI JIiHIT 000po-
HU y JiKyBaHHI 1H(EKIiH, BUKINKAHUX MOJTIPE3UCTEHTHUMH KOKaMu. Llel mram Takox
HPOIYKYy€ iHIIy TPyHy MeTabomiTiB, T.38. Kommieke Teiixominuny A, (TeiA). ¥V miit pobo-
Ti BUBYCHO 3JIaTHICTb A. teichomyceticus HaxonudyBati TeiA B pi3HHX PiJIKMX CepeIOBHU-
Iax, a TAKO)K BCTAHOBJIEHO XiMiuHYy OyZIOBY OCHOBHHX KOMIIOHEHTiB TeiA meTomamu mac-
cnexrpomeTpii. BusiBneno, mo TeiA He HAKONMYYETHCS Y BCIX JOCTIHKEHUX CEPEAOBHIIAX;
MOYKMBHI KOMITOHEHTH CEPEIOBHII PI3HOTO MOXOKEHHS (TaKi, SIK paricoBe Ta 0aBOBHUKOBE
0OpOIIHO) CYTTEBO BIUIMBANM Ha piBeHb npoxykuii TeiA. [Tokazano, moTeiA ckmamaeTscs
3 TPHOX BIOMHX 1 OTHOTO HOBOTO MOEHOMIIMHY. He BUKITIOUEHO HAsSBHICTh 1HIIUX MOEHO-
MiluHIB y ckiaaai TeiA, OCKiTbKM HOTO BUYEPIHUM aHalli3 yCKJIaJHEHO HU3bKUM PiBHEM
MPOIYKIIi Ta pO3TATy)KEHUM XapakTepoMm OiocuHTe3y. IMOBIpHO, 110 TeHH paHHIX eTamiB
6iocuHTe3y MOeHOMIIMHIB i TeiA € TOMOIOTiYHUMH, a BUSIBIICHHS OCTaHHIX MOXIIUBE 32 JI0-
TTOMOTOI0 BUKOPUCTAaHHS TOMOJIOT1YHHX 30H/1B UM ITpaiiMepiB Ha OCHOBI 'eHiB S. ghanaensis.

Kntouosi cnosa: Actinoplanes, Te#XOMilluH A, MOGHOMIIIMH, Mac-CIIEKTPOMETPIS.
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Actinoplanes teichomyceticus UCTIONB3yeTCs s TPOU3BOJICTBA TEHKOIUIAHMHA —
aHTHOI0THKA “TIOCTIEAHEH JINHUU 000POHBI” IPOTHB ITOJIHPE3NCTEHTHBIX KOKKOB. A. teicho-
myceticus TaKkxKe TPOIYIUPYET BTOPYIO IPYIITY METaOOINTOB, U3BECTHBIX KaK KOMILIEKC
tefixomnmuna A, (TeiA). B aToii paboTe nsydena cnocoOHOCTh 4. teichomyceticus HaKo-
wiaTh TeiA B pa3mHYHBIX KHIKUX CPelaX, a TAKXKe YCTAHOBJIECHO XHMMHUYECKOE CTPOCHHE
OCHOBHBIX KOMITOHEHTOB TeiA C IOMOIIBIO BBICOKOPA3AeIbHOW MAacC-CIIEKTPOMETPHHU.
[Tokazano, uro TeiA He HakOIUIIETCS BO BCEX HCIIOIB30BAHHBIX Cpelax; MMUTATEIbHBIC
KOMITOHEHTHI Pa3HOTO IPOUCXOXKJICHHUS (Takne, KaK parcoBasl MM XJIONKOBas MyKa) 3Ha-
YHUTEIHHO BIHMSIM Ha yPOBEHB Ipoaykunu TeiA. YcranosieHo, 4o TeiA cocTouT n3 Tpex
HU3BECTHBIX U OJHOIO HOBOIO MOeHOMMIUHA. He nckirodeHo Hanmuuue APYrux, 10 CHX
IIOp HEONHCAHHBIX, MOGHOMHUIIMHOB B cocTaBe TeiA, Tak Kak IOJHEIH aHaIn3 KOMIUIEK-
ca YCIIO)KHEH HH3KMM YPOBHEM IIPORYKIUH U Pa3BETBIEHHBIM XapaKTepoM OMOCHHTE3a.
BeposTHO, TeHbI paHHHX 3TAIlOB OMOCHHTE3a MOSHOMHIIMHOB U TeiA rOMOIOTHYHEL; HICH-
TUQUKAIYS TTOCIISTHIX BO3MOXKHA € TIOMOIIBIO0 TOMOJIOTHYHBIX 30H/I0B HJIH IIpaiiMepoB Ha
OCHOBE TeHOB S. ghanaensis.

Kniouesvie  cnosa:  Actinoplanes, TelxoMuumuH A, MOCHOMHIMH, Macc-
CIIEKTPOMETPHSL.



