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Actinoplanes teichomyceticus produces glycopeptide antibiotic teicoplanin, a “last
line defense” against multidrug resistant cocci. The gene cluster for biosynthesis of teico-
planin (fcp) has been cloned 8 years ago, although regulation of its production is poorly
understood because of lack of genetic toolkit to manipulate this strain as well as know-
ledge of its genome organization. In streptomycetes, regulatory gene adpA encodes a master
regulator of secondary and primary metabolism, as well morphogenesis, forming the largest
gene “modulon” known to date for bacteria. Here we analyzed the possibility that AdpA-like
protein might be involved in regulation of teicoplanin production. We used the described
consensus AdpA operator sequences, inferred from analysis of streptomycete genomes, to
screen the tcp cluster. Several putative AdpA operators were revealed within 7cp cluster,
implying that AdpA-like transcriptional factors may indeed operate in Actinoplanes. Using
comparative genomic approaches, we revealed several putative adpA4 homologues in com-
pletely sequenced Actinoplanes genomes as well as in draft sequence of 4. teichomyceticus
genome. Taken together, our data strongly support the idea that adp4-mediated regulation
influences the production of antibiotics not only in genus Streptomyces, but also in Actino-
planes.
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Actinoplanes teichomyceticus is a representative of rare and slow-growing actinomycetes
that possess motile spores and produce secondary metabolites not found in more common genera,
such as Streptomyces, Micromonospora or Saccharopolyspora [17]. A. teichomyceticus is not
exception: it is the only known producer of teicoplanin, a clinically valuable glycopeptide active
against vancomycin- and methicillin- resistant cocci [1, 5, 6, 14]. A. teichomyceticus has also
been shown in early works to accumulate second group of antibiotics referred to as teichomycin
A, complex. It is believed to consist of moenomycin-like antibiotics [1, 3, 12]. Much effort has
been put into physiological and genetic studies on teicoplanin biosynthesis [2, 4, 7, 13—16]. There
is growing interest in exploration of 4. feichomyceticus, and Actinoplanes in general, as a basis
for the development of a new class of antibiotics operating through inhibition of peptidoglycan
biosynthesis [11, 12]. In this regard, it is essential to explore all possible ways to stimulate sec-
ondary metabolism of actinoplanetes, which will lead to improvement of production of known
antibiotics as well as to activation of silent secondary metabolome. Here we decided to explore a
possibility that known pleiotropic regulators of secondary metabolism of Streptomyces have their
counterparts in Actinoplanes. Particularly, we focused on gene adpA that codes for transcriptional
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factor globally affecting the gene expression in several studied model cases [10]. In streptomyce-
tes, AdpA-dependent genes form a largest known to date modulon that is responsible for a num-
ber of essential functions as well as production of antibiotics [18]. No information is available
about existence of AdpA orthologues in genus Actinoplanes, although two completely sequenced
genomes of representatives of this genus are available. Here we present in silico evidence that
AdpA-mediated regulation may operate in Actinoplanes, and, in particular, it may be involved in
teicoplanin production by A. teichomyceticus.

Materials and methods

Genome of 4. teichomyceticus NRRL-B16726 was sequenced using Illumina approach
[9] at company Seq-IT (Germany). Details of sequencing of NRRL-B16726 genome will be
reported elsewhere. Complete sequences of 4. sp. SP50/110 and A. missouriensis genomes were
retrieved from NCBI website (www. ncbi.nlm.nih.gov/genome). Aminoacid sequences of AdpA
orthologous group were downloaded from www.streptomyces.org.uk and NCBI. Programs blast-
2seq and CLUSTALW for pairwise (multiple) sequence alignment were accessed at NCBI and
www.ebi.ac.uk, respectively [8]. Position-specific weight matrices (PSWM) for AdpA operator
sequences were built with the help of programs FIMO and TFBS, and visualized with WebLogo.
Orthology of proteins was based on results of reciprocal BLAST results. Phylogenetic analysis
of the proteins was carried out on server www.phylogeny.fr. Tree topology was verified with the
help of approximate likelihood ratio test (aLRT). In all cases aLRT values were well above mini-
mal threshold of 0.5. PSIPRED was used to analyze protein secondary structure.

Results and discussion

Known Streptomyces AdpA operator sequences were retrieved from public sources and
used to build PSWM; it is presented as a WebLogo on Fig. 1. The PSWM was used to screen
against published sequence of teicoplanin biosynthetic gene (¢cp) cluster. Indeed, we revealed
3 AdpA-like operators upstream of gene #cp28 (Fig. 1). The latter encodes putative pathway-
specific transcriptional activator of structural genes for teicoplanin biosynthesis. This finding is
in accord with currently accepted speculation that global (pleiotropic) regulators of secondary
metabolism exert their action via modulation of expression of pathway-specific (cluster-situated)

regulatory genes [10].
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Fig. 1. Consensus AdpA operator sequence presented as WebLogo (top) and location of such sequences
(shown as back triangles) within zcp cluster upstream of gene fcp28 (bottom of the figure). Ruler
above the genes — distance in base pairs.

Of the three putative AdpA operators within #cp28 upstream region, one is in orientation
opposite to that of fcp28 transcription. However, since AdpA is known to function as a homodi-
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mer, all three AdpA operators could be recognized by AdpA and thus influence 7cp28 expression.
Having discovered that #cp cluster contains sequences similar to that of AdpA operators, a
question inevitably arises: does A. teichomyceticus genome contain orthologue of Streptomyces
AdpA protein? There is no publicly available genome sequence of 4. teichomyceticus and focused
(PCR-based) approaches towards identification of adpA genes are not developed. We therefore
set out to partially sequence A. teichomyceticus genome and to use it for identification of putative
AdpA homologues. The genome of A. teichomyceticus was sequenced using reversible termina-
tors approach (Illumina) to approximately 10-fold depth. At this stage, we miss almost 5% of the
genome of teicoplanin producer, although the quality is enough to perform an initial screening
for AdpA homologues. The genome of 4. teichomyceticus carries several genes whose translation
products resemble AdpA of Streptomyces griseus (Fig. 2). The similarity is within 37-49% range,
although no synteny was observed. The discovered A. teichomyceticus proteins are truncated at
the C-termini as compared to streptomycete ones. Analysis of secondary structure of aminoacid
sequence of the proteins with the help of PSIPRED and ClustalW revealed typical DNA-binding
domain of helix-turn-helix type. Type I glutamine amidotransferase domain was also well rep-
resented in these proteins. However, orthology of any of the studied 6 AdpA-like proteins of
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A. teichomyceticus to known AdpA proteins from either S. coelicolor or S. griseus could not be
readily established in a series of reciprocal BLAST searches. No synteny was observed between
adpA loci of streptomycetes and that of A. teichomyceticus. This is probably because Streptomy-
ces and Actinoplanes are only remotely related actinomycete genera.

We explored alternative ways to establish relatedness of A. teichomyceticus sequences to
known AdpA proteins. It is possible that AdpA sequences of S. coelicolor and S. griseus are not
optimal ones to screen Actinoplanes genome for AdpA orthologues. Phylogenetic tree of Strepto-
myces AdpA proteins is very coherent, yet it did form several distinct clades and branches clearly
divergent from SGR 4742 and SCO 2792 (AdpA proteins from S. griseus and S. coelicolor,
respectively; data not shown). AdpA protein from S. clavuligerus (SCLAV_1957) is located in
such divergent clade, and function of this protein has been experimentally verified. Recipro-
cal BLASTP searches confirmed that completely sequenced genomes of A. missouriensis and
A. sp. SE50/110 contained proteins AMIS 10050 and ACPL_1231, respectively, orthologous to
SCLAV_1957. The orthology of both Actinoplanes proteins to the other members of Streptomyces
AdpA group cannot be inferred from BLAST searches, suggesting unequal value of AdpA from
different species origin for interrogation of remotely related genomes. Nevertheless, an ability
to find Actinoplanes orthologs to certain AdpA sequences implies that non-Streptomyces AdpA
proteins might indeed exist. Additional searches turned up more AdpA orthologues from two
other genomes of the family Micromonosporaceae, a home to genus Actinoplanes: SACE 4523
(Saccharopolyspora erythraea) and Micau_ 1999 (Micromonospora aurantiaca). A resulting tree
of the aforementioned proteins is shown on Fig. 3.
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Fig. 3. Maximum-likelihood tree of Streptomyces AdpA proteins and putative AdpA from selected
Micromonosporaceae genomes. Branches with aLRT values (numbers at nodes) less that 0.8 were
collapsed. Protein abbreviations — see the text. The scale bar under the tree indicates number of aa
substitution per aa position.

Proteins Micau 1999 and AMIS10050 were subjected to pairwise blast2seq alignment
with six AdpA-like sequences found in 4. teichomyceticus genome (At-1 to At-6, see also Fig.
2). The results of these analyses are summarized in Table 1. Of the six proteins compared, At-2
and At-5 displayed the highest similarity to both AMIS 10050 and ACPL 1231. Respective ex-
pectation (¢) values were close for both At-proteins, making it challenging to determine the best
A. teichomyceticus hit to AMIS 10050 and ACPL_1231. Reciprocal BLAST with the respective
genomes confirmed that only At-2 protein is orthologous to AMIS 10050, although the former
failed to show orthology to ACPL_1231. Thus, while, Streptomyces AdpA sequences behave as
typical cluster of orthologous proteins, the AMIS 10050, ACPL_1231 and At-proteins do not
show the same robust behavior, irrespective of the type and parameters of BLAST search being
employed.
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Table 1

Results of BLASTP comparison of AMIS10050 and ACPL 1231
to A. teichomyceticus homologues

A.t. protein comparison to AMIS 10050 comparison to ACPL 1231
Name! | Size,aa | ID/SE % | e-value® | Gaps SUID,% | e-value | Gaps
At-1 327 43/59 3e77 10/317 44/60 2e! 10/316
At-2 333 45/59 3e® 4/313 44/59 Te® 12/316
At-3 322 44/58 3e%0 8/319 43/58 5¢77 12/323
At-4 317 46/62 6e7? 6/314 47/62 8e7? 6/318
At-5 338 47/62 flens 5/314 46/62 2P 5/318
At-6 298 35/48 2e® 2/262 36/48 5% 2/262

Comments. 'As mentioned in Fig. 2
ZPercentage of identity and similarity
3The lowest e-values, showing the most significant similarity, are highlighted in grey

Our work is the first attempt to identify in Actinoplanes a functional counterpart of Strepto-
myces pleiotropic regulator AdpA. Here we provide initial bioinformatic evidence that 7cp cluster
of A. teichomyceticus contains putative operator sequences for Adp family proteins. We partially
sequenced A. teichomyceticus genome and identified a set of genes encoding AdpA homologues.
Comparative genomic analyses of the other completely sequenced Actinoplanes genomes revealed
proteins showing orthology to certain Streptomyces AdpA proteins. These A. missouriensis and A.
sp. SE50/110 orthologs of AdpA allowed us to narrow down the list of 6 A. teichomyceticus AdpA-
like protein to two candidates for the role of true AdpA protein. It should be noted that, unlike
in Streptomyces, the Actinoplanes AdpA-like sequences under study diverged from Streptomyces
AdpA significantly enough to prevent any reliable prediction of AdpA orthologs for the entire
genus Actinoplanes from the results of BLAST or synteny only. Despite these challenges, our data
suggest that AdpA-like regulation may operate in Actinoplanes, and we currently are pursuing
experimental verification of the identified AdpA homologues from A. teichomyceticus.
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Actinoplanes teichomyceticus TpOZyKy€e TIIKONENTHAHUNA aHTHOIOTHK TeHKOILIa-
HiH, IO € aHTHOIOTHUKOM “OCTaHHBOI JIiHII 00OPOHK™ MPOTH MYITBTHPE3UCTEHTHUX KOKIB.
Knacrep reniB 6iocuHTe3y TeiKomIaHiHy (fcp) KIOHOBAaHO § POKIB TOMY, XO4a PETYIALIsL
MPOIYKIIi IIbOT0 aHTUOIOTHKA MOTAHO 3PO3yMila BHACTIAOK OpaKy po3poONeHHUX METOIIB
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TCHEeTMYHUX MAHIMYJALIH MM BUAOM, a TAKOXK BiICYTHOCTI AaHUX Mpo OynoBy reHoma A.
teichomyceticus. Y CTpENTOMILIETIB PETYIATOPHUH I'eH adpA KOIy€e OHH 13 KIIIOYOBHUX PETy-
JIATOPIB BTOPUHHOTO Ta NMEPBUHHOTO METa00IIi3My, a TAaKOXK Mopdorenesy, GopMyrodn Haii-
OUTBIIMI HA CHOTOHI TEHHUH “MOAYJOH”, IO OMHMCAHO y OakTepiil. Mu mpoaHamisyBaau
rirnotesy npo te, 1o AdpA-noni6Huii 6inok Moxxe OyTH 3a1iHO Y Pery/sLil NpoayKii Tek-
KOIUTaHiHy. BUKOpHCTOBYI0YM ONICaHy KOHCEHCYCHY ONepaTopHy NOCTiT0BHICTh AdpA ams
CTPENTOMILIETIB, MU 31CHIIN MOIIYK BiAMOBIIHUX ONEPaToOpiB y fcp-Kiactepi. Busisneno
KiJbKa iMOBipHHX orepatopiB AdpA, 110 Bkasye Ha Te, o AdpA-3aeKHa peryssiiis Moxe
($yHKIiOHYBaTU B Actinoplanes. 3 BUKOPUCTaHHSAM HU3KU METO/IB NOPIBHAIBHOI TEHOMIKH
BHUSIBJICHO KiJIbKa TOMOJIOTIB adpA y TIOBHICTIO MPOCEKBEHOBAHUX FeHOMax Actinoplanes, a
TaKOXK Y YOPHOBIH MOCIITOBHOCTI TeHOMa A. teichomyceticus. Y cymi Hallli IaHi y3romKy-
FOTBCS 3 IPUITYIIEHHAM, 10 adpA-3aexHa peryssiis BIUTMBAE Ha TPOIYKIIil0 aHTHOI0THKIB
HE TIIBKH B pofi Streptomyces, ane il y poai Actinoplanes.

Kniouosi cnosa: Actinoplanes, teiikornanid, AdpA, TeHOMHUI aHaTi3.
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Actinoplanes teichomyceticus TpoIyIUpyeT TIHKONENTUAHBIA aHTHOMOTHK TEH-
KOIUIAaHWH, KOTOPBIN SIBJISICTCSI QHTHOMOTHMKOM “TIOCIENHEH JMHUKM OOOPOHBI” INPOTUB
MYJIBTHPE3HCTEHTHBIX KOKKOB. Kiactep reHoB OwocnHTe3a TeWKOIUIaHWHA (fcp) KIO-
HUPOBaH 8§ JIeT Ha3aj, OAHAKO PETry/SLUs MPOAYKIMU TEHKOIUIaHWHA c1abo M3ydeHa H3-
32 HOYTU IIOJHOIO OTCYTCTBHUS METOJOB I€HETUUECKUX MAHUIYJSLMNA 3TUM BUIOM, a
TaK)Ke OTCYTCTBHSI JaHHBIX O CTPOCHUM TeHoma A. feichomyceticus. Y CTPENTOMHIIETOB
PETYISTOPHBIN I'eH adpA KOMUPYeT OAUH U3 KITIOUEBBIX PErYIITOPOB BTOPUYHOTO U EPBHY-
HOTO MeTaboi3Ma, a Takke Mopdorenesa, GOpMHUPYst caMblii OOJIBIIOI Cpear N3BECTHBIX
ceroyiHs OaKTepUaIbHBIX TeHHBIX “MOJYJIOHOB”. MBI pOaHAIN3UPOBAIIM THUIIOTE3Y O TOM,
4yr0 AdpA-nono6HsIl 0eI0K MOXET Yy9acTBOBaTh B PETYSIUH MPOTYKIUU TEHKOILTAHU-
Ha. Vcronb3ysi ONMCaHHYI0 KOHCEHCYCHYIO OIEpaToOpHyIo IocienoBaTenbHOCTh AdpA
B CTPENTOMUIIETAX, Mbl BBIIOJIHWIN IOUCK COOTBETCTBYIOILUX ONEPaTOPOB B IIpeAeiax
fcp-knacTepa. BEIsBIEHBI HECKOJIBKO BEpPOSITHBIX omepatopoB AdpA, YTO yKas3bIBaeT Ha
BeposiTHOCTH AdpA-3aBucuMoil perymsiuu B Actinoplanes. C MCIONB30BaHUEM psizia Me-
TOJIOB CPAaBHUTEIHHOH TC€HOMHKHU BBISBICHBI HECKOJIBKO T'OMOJIOTOB adpA B TOJHOCTBHIO
IIPOCEKBCHNPOBAHHBIX TeHOMax Actinoplanes, a Taxke B 4epHOBOI I10CIIEI0BATEIILHOCTH
reHoMa A. teichomyceticus. B cyMMe Hamy JaHHbIE COIACYIOTCS C MPEANIOIOKEHAEM, YTO
adpA-3aBUCHMast PETYISIIHS BIMSET HA MPOAYKINIO aHTHOMOTHKOB HE TOJIBKO B poze Strep-
tomyces, HO ¥ B poje Actinoplanes.

Kurouesvie cnosa: Actinoplanes, teiikoruianus, AdpA, TeHOMHBIN aHAIH3.



