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COMPLETE SEQUENCE OF LANDOMYCIN E BIOSYNTHETIC GENE
CLUSTER FROM STREPTOMYCES GLOBISPORUS 1912

Streptomyces globisporus 1912 and their derivatives 1912-4Crt and 1912-2 are the producers of the
landomycin E, carotenoids and regulatory diketopiperazine, respectively. The genome DNA of two mutant
strains, 1912-2, the more effective producer of the landomycin E and regulator, and 1912-4Crt, the producer
of beta-carotene and lycopene, was sequenced by Illumina. Comparative analysis of the DNA sequences of two
neighboring contigs of 1912-2 and one contig of 1912-4Crt using GenBank data allowed localization of 36
landomycin E biosynthetic genes Ind of'S. globisporus 1912 in one cluster. Twenty of these Ind genes have been
sequenced for the first time. The new regulatory responce gene IndRR and the sensor kinase gene IndY1 were
proposed as the members of the putative two-component system. A high identity (94-95%) was found for the Ind
genes of the 1912 strain and those of the metagenomic clone AZ97, and the lower similarity (80-85%) of Ind and
lan genes of S. cyanogenus S136 encoding landomycin A biosynthesis. Two direct repeats of 21 bp were shown
in the crtY gene coding lycopene cyclase. A deletion in the IndRR gene renders the 1912-4Crt strain deficient in
landomycin E production.
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Aromatic polyketide antibiotics are known to present a major and important group of antimi-
crobial and anticancer medicinal drugs [4, 18]. The family of angucycline antibiotics occupies a
prominent place among polyketides [11, 16, 17]. The unique peculiarity of the angucycline struc-
tures is the angularly condensed ring A in the benz[a]antraquinone type tetracyclic aglycone moiety.
Natural landomycins differ among themselves by a varying phenol-glycosidically linked oligosac-
charide chain. To date, three landomycin (La) producing microorganisms have been discovered.
Streptomyces cyanogenus S136 produces LaA, B, C and D [7], Streptomyces globisporus 1912
accumulates LaE and D [12], and Streptomyces albus synthesizes LaE as a result of heterologous
expression of soil DNA from the metagenomic clone AZ97 [6]. LaE contains a trisaccharide chain:
a-L-rhodinose-(1-3)-B-D-olivose-(1-4)-B-D-olivose (Fig. 1). The deoxysugar chain of LaA is repre-
sented by hexasaccharide chain of four D-olivose and two L-rhodinose residues. Landomycin E is
one of the more potent antitumour antibiotics of the angucycline family. It induces the apoptosis of
the tumor cells in a GO/G1 phase including those resistant to doxorubicin [10, 16, 17]. LaA (lan) and
LaE (/nd) biosynthetic genes have been cloned and their similar cluster organization was described
[5, 6,17, 19]. The complete sequences of 14 /nd genes of S. globisporus 1912 (prx, Indl, E, M, GT1,
J, Z1,73, GT4, 725, Y, YR, W2, W) were established earlier[5, 16, 17] and registered in the GenBank
(access numbers: AY443343-45, AY528820, AY608714-15, AY640377, AY659997-8, DQ139409,
DQ275159, HM204451). Information about genetic organization and sequence of the landomycin
biosynthetic gene cluster may be used for the construction of hybrid enzymes by the combination of
aromatic polyketidesynthases subunit genes from different producers of angucyclines [8, 15]. The
subject of this paper was the determination of the sequences of the all /nd genes of the landomycin
E cluster from S. globisporus 1912, including 20 previously unsequenced genes, and investigating
the cause of the lack of expression of the pathway in mutant strain 1912-4Crt.

Materials and methods. Strains and media. Two strains, the derivatives of the initial wild-type
strain S. globisporus 1912, were used. The strain 1912 was isolated from a soil sample from Armenia
and is stored in the Ukrainian Collection of Microorganisms at the Institute of Microbiology and
Virology of the National Academy of Sciences of Ukraine as the strain Ac-2098 (http://www.imv.
kiev.ua/images/doc/catalog/UCM _catalog.pdf). The strain 1912-2 is the more effective producer
of landomycin E (200 mg/l) and a new regulatory diketopiperazine, generated by the action of ni-
trosoguanidine on the spores of the strain 1912 (14). The strain 1912-4Crt is the spontaneous mutant
of 1912 producing beta-carotene (7.0 mg/l) and lycopene (3.24 mg/1), and not producing landomy-
cin E [13]. Cultures were grown at 28°C in 20 ml liquid medium S[9] in 250 ml shake flask at speed
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240 rot/min during 48 h. Glycine was added to the medium at concentration 1% in order to increase
the sensitivity of the cell wall to lytic action of the lysozime.

Isolation of chromosomal DNA. Chromosomal DNA of S. globisporus 1912-2 and 1912-4Crt
was prepared according to the standard protocol of the Kirby method, dissolved in TE buffer, pH 8.0
and stored at 4°C (9). The A, /A, index of the DNA preparations was equal to 2.1 — 2.3, and aga-
rose gel electrophoresis showed one compact and localized band of DNA.
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Fig. 1. Structure of landomycin E.

DNA sequencing. DNA sequencing was carried out in BaseClear B.V. (Leiden, Netherlands)
using the following procedures. The FASTQ sequence reads were generated according to [llumina
Casava pipeline version 1.8.3. Initial quality assessment was based on data passing the Illumina
Chastity filtering. Subsequently, reads containing adapters and/or PhiX control signal were removed
using an in-house filtering protocol. The second quality assessment was based on the remaining
reads using the FASTQ quality control tool version 0.10.0. The final quality scores per sample are
provided as Enclosure. The quality of the FASTQ sequences was enhanced by trimming off low-
quality bases using the “Trim sequences” option of the CLC Genomics Workbench version 6.0.4.
The quality-filtered sequence reads were assembled into a number of contig sequences. The analysis
has been performed using the “De novo assembly” option of the CL C Genomics Workbench ver-
sion 6.0.4.The optimal k-mer size was automatically determined using KmerGenie [3]. The contigs
were linked and placed into scaffolds or supercontigs. The orientation, order and distance between
the contigs was estimated using the insert size between the paired-end and/or matepair reads. The
analysis has been performed using the SSPACE Premium scaffolder version 2.3 [1]. The gapped
regions within the scaffolds were (partially) closed in an automated manner using GapFiller version
1.10 [2].

Results and Discussion. Sequence analysis of the genome of S. globisporus 1912. The ge-
nomes of the mutants 1912-2 and 1912-4Crt, according to Illumina paired end sequencing data, were
represented by 1438 and 917 sequences of different length, summary sizes of which put together
7,125 kb and 7,368 kb, respectively. These numbers were around 90% of the length of a mid-sized
streptomycete genome.

Sequence analysis of the landomycin E biosynthetic gene cluster. Localization of the /nd genes
in the assembled genome was identified with the BLAST program (www.ncbi.nlm.nih.gov/blast)
using information about sequences of /nd and /an genes from the GenBank data. The identity of
14 Ind genes, described earlier, and corresponding /nd genes of the contig 220/23 (length 37416 bp)
and contig 478 (length 4708 bp) of the strain 1912-2 was found to be 99-100%. The sequences of the
last 20 /nd genes of the landomycin E biosynthetic gene cluster from S. globisporus 1912 were iden-
tified and localized in the contig 220/23 on the basis of high identity (94-95%) with the /nd genes
from the metagenomic clone AZ97 (GenBank HQ828984). Comparison of the above mentioned /nd
genes and /an genes, encoding biosynthesis of the landomycin A in S. cyanogenus S136 (GenBank
AF080235), showed a lower degree of homology (identity 80-85%). Characteristics of the /nd and
lan genes from the three different clusters are presented in the Table 1. The genome of the strain
S136 contains additional three /an genes involved in the biosynthesis of the hexasaccharide chain
(lanGT3, lanZ2) and regulation (/anK). The genetic organization of the landomycin E biosynthetic
gene cluster from S. globisporus 1912 is presented in the Fig. 2. The direction of transcription of
the prx and Indl genes was reversed in comparison with earlier published data [17]. The sequence
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of 780 bp downstream of the /ndZ6 gene was identified as the new response regulatory gene /ndRR,
and the sequence of the /ndY gene was divided into two probable genes, /ndYI and IndY2. The
genes /ndRR and IndY1 belong to a putative two-component system involved in the regulation of
the landomycin E biosynthesis. The evidence for this assumption lies in a mutational change of the
IndRR sequence. This gene in the 1912-4Crt strain has deletion of 86 bp, from 31702 to 31787 bp
(GenBank KJ645792) resulting in a strain deficient in landomycin E biosynthesis. The sequence of
this deletion is underlined:

31681 TTCTGGCGGG TGGTTCCGCA ACGGCGCGGG GGCAGCTGCC GTGATCTCAC
GGCAGCTGCC

31741 CCCGCGCCGC GGTTCCCACG ATCTGACGCG GGGATTCAGC CAGGCCGTCG
CTACGGGGGC

Table 1
Characterization of landomycin A and E biosynthetic genes

Gene Strain and gene size, bp Gene localization
s Gene product
S136 AZ97 |1912-2 | Contig | Length, bp
prx - - 1499 478 2542 - 4035 endopeptidase
IndI" - 786 786 « 1081 - 1866 two-component regulatory system
IndE 1476 1485 1485 |220/23 495 - 1979 oxygenase
IndF 330 330 330 « 2018 - 2347 cyclase
IndA 1275 1236 1236 «“ 2410 - 3645 ketosynthase
IndB 1221 1218 1218 “ 3642 - 4859 chain length factor
IndC 270 273 273 “ 4950 - 5222 acyl carrier protein
IndD 786 786 786 « 5271 - 6056 polyketide ketoreductase
IndL 960 936 936 « 6095 - 7030 cyclase
IndM 2250 2238 2247 “ 7033 — 9279 oxygenase-reductase
IndO 582 582 582 « 9342 - 9923 reductase
IndP 1575 1575 1575 «“ 10011 - 11585 decarboxylase
IndG 1068 1068 1068 «“ 11969 - 13036 NDP-hexose synthetase
IndH 981 987 936 « 13084 - 14019 NDP-hexose 4,6-dehydrogenase
IndQ 1305 1305 1305 « 14112 - 15416 NDP-hexose 3,4-dehydratase
IndR 762 762 762 « 15413 - 16174 4-keto-reductase
IndS 1410 1407 1407 «“ 16207 - 17613 NDP-hexose 2,3-dehydratase
IndT 966 969 969 « 17613 - 18581 oxidoreductase
IndU 648 975 975 “ 18578 - 19552 unknown
IndV 762 762 762 « 19655 — 20416 reductase
IndGT2 1122 1176 1176 «“ 20797 - 21972 glycosyl transferase
IndX 444 417 417 “ 21969 — 22385 isobutyryl-CoA mutase
IndGT1 1173 1169 1169 “ 22480 - 23469 glycosyl transferase
IndJ 1554 1563 1566 ¢ 23787 — 25352 transporter
IndZ1 579 570 570 «“ 25404 — 25973 NDP-hexose 3,5-epimerase
IndZ3 981 951 927 « 25985 -26911 NDP-hexose 4-ketoreductase
IndGT4 1254 1251 1251 « 26970 — 28220 glycosyltransferase
IndZ4 603 585 585 “ 28251 - 28835 putative reductase
IndZ5 1194 1158 1176 « 28832 —30007 oxygenase
IndZ6 717 1500 1445 «“ 30185-31629 unknown
IndRR - - 780 « 31721 - 32500 two-component regulatory system
IndY1 - - 723 « 32595 - 33317 sensor kinase
IndY2 - - 762 « 33836 - 34597 kinase
IndYR - - 426 «“ 34653 — 35078 GntR-like regulator
IndW?2 - - 996 « 35104 — 36099 ABC transporter
IndW - - 954 “ 36096 - 37049 ATP-ase of ABC transporter

*The break between contigs 478 (Indl) and 220/23 (IndE) consists of 6 bp (5'-CGTCCG-3").

The /nd gene cluster in DNA of the strain 1912-4Crt in comparison with the 1912-2 strain was
localized in one contig N10 (length 71750 bp). Comparative analysis of both /nd clusters from
1912-2 and 1912-4Crt showed 100% identity of the /nd genes, except for [ndRR and crtY. The break
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between the 478 (GenBank KJ701191) and 220/23 (GenBank KJ45792) contigs of 1912-2 consists
of 6 bp (downstream from /ndl to IndE: 5°-CGTCCG-3"). Despite of the presence of the carotenoid
biosynthetic gene cluster in the genome, the strain 1912-2 does not produce beta-carotene and lyco-
pene under normal conditions, or after blue-light illumination, in quantities detectable by standard
methods. Gene crtY of 1912-2 contains two non-punctual direct repeats (NPDRs) of 21 bp each
flanking a sequence of 96 bp. It was proposed that site-specific recombination between these NPDRs
formed the deletion of 117 bp leading to the activation of the silent cr¢ gene cluster in the 1912-4Crt
strain (GenBank KM349312):

5'-GGGGCGTGCGGAAGTCCATCA....

...GGGGCGGGCGGGAGTCGAACA - 3°

Similar NPDRs of 21 bp were found in the crtY genes of many other representatives of Strep-
tomyces and Bacteria except for 100% homology of the first 6 bp 5'-GGGGCG-3" which does not
permit a site-specific recombination leading to next deletion.
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Fig. 2. Organization of the landomycin E biosynthetic gene cluster. The /nd genes,
directions of their transcription and sizes (base pair) are indicated by letters, arrows and
numbers, respectively.

The organization and sequence analysis of the carotenoid gene cluster from 1912-4Crt strain
will be present in another publication.

Start and stop codons can be found at the beginning and end of the /nd genes. The termination
codon, TGA, of the genes IndA, G, O, T, GT2, Z4 and W2 overlapped the initiation codons, ATG or
GTG, of the genes /ndB, H, R, U, X, Z5 and W, correspondingly. The rarest codon TTA, recognized
in mRNA by a developmentally important tRNA, was found in the sequences of the regulatory gene
IndI and glycosyl transferase gene GT1. The transcription of the majority of /nd genes take place
from (+) DNA strand and only the marginal genes prx, Indl in the left part of the cluster, and /ndYR,
W2 and W in the right part, are transcribed from (-) strand (Fig. 2).

So, the following new results were obtained in this paper: the sequences of 20 early described
landomycin E biosynthetic genes /nd were identified and the sizes and the direction of transcription
of some of the last 14 /nd genes were difined more precisely; the response regulatory gene /ndRR
from putative two-component system was proposed; two non-punctual direct repeats of 21 bp were
shown in the crtY gene coding lycopene cyclase; the explanation of the loss of the landomycin
E production and activation of the crt gene cluster in the strain 1912-4Crt was given; the overlapped
startstop codon ATGA (more rarely GTGA) in the structures of the seven /nd genes was identified
and the rarest codon TTA was found in the sequences of two genes.

Despite the very different origins and relationship of the three Strepfomyces strains, there is a
similarity between the landomycin A and landomycin E biosynthetic genes in respect of their size,
sequence, order of localization and common function. An unexpected surprise was the very high
similarity between the sequences and the length of the /nd genes from S. globisporus 1912 and
metagenomic clone AZ97 isolated from the soil samples of Armenia and Arizona, respectively. This
may be an example of the high degree of conservation of these genes in the nature or their recent
evolutionary divergence.

Uncharacterized sequences between the /nd genes may be further regulatory regions or have
other functions and will be the subject of future investigations.
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The differences between the landomycin biosynthetic gene clusters including the presence of
extra genes in flanking regions and varied lengths, provides useful information for future studies into
the biosynthetic mechanisms responsible for the accumulation of specific compounds and regulation
of their biosynthesis.

The function and cluster organization of 14 /nd genes of S. globisporus 1912 were established
earlier [5, 17]. The 100% identity of these sequences of 14 /nd genes identified earlier and the
same genes reported in this paper may testify to correct identification of the last 20 /nd genes of the
landomycin E cluster. Repeat Illumina analysis of the sequences of the /nd and crt gene clusters of
two strains 1912-2 and 1912-4Crt showed their 100% identity except for two genes, /ndRR and crtY,
bearing the deletions. One can suppose that above mentioned direct repeats may be the recognition
site for the unknown enzyme participating in the rearrangement of the genome DNA in S. globispo-
rus 1912.

The complete sequences of landomycin E and carotenoid biosynthetic gene clusters of S. globispo-
rus 1912 can be found in GenBank (accession numbers KJ645792, KJ701191 and KM349312).
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MOBHUM CIKBEHC ITIYYKA I'EHIB BIOCUHTE3Y JAHJOMILIMHY E
STREPTOMYCES GLOBISPORUS 1912

Pesome

Streptomyces globisporus 1912 i fioro mytantu 1912-4Crt i 1912-2 € npoayuentamu nangoMinuny E, ka-
POTHHOIIB 1 perynsiTopa AiKeTOMiNepa3sHHOBOI Npupoay, BianosiaHo. [enomua IHK nBox mramis: 1912-2 —
OinbI eeKTHBHOTO IpoxyleHTa JangoMinmuy E i perymsaropa, i 1912-4Crt — npoxynenTa Gera-KapoTHHY i
JIIKOMIHY CikBeHOBaHa 3a gonomororo [llumina. IlopiBHsnbHuI ananiz nocaigoBHocreit JJTHK nBox cycimnix
KOHTITiB mtamy 1912-2 i ognoro koutiry mramy 1912-4Crt, BuxopucrtoBytoun nani GenBank, no3sonus Jo-
KautizyBatu 36 reuiB 6iocuHTe3y nannominuHy E /nd B omHOMY myuKky. [[BaausTh i3 X TeHIB /nd CIKBEHOBaHO
BIIEPIIIC.

Hoguit perynsropHuit ren /ndRR i reH ceHCOpHOI KiHa3u /ndY] 3anporoHOBaHi SIK WICHH MOXIIUBOI 1BO-
KOMIIOHEHTHO{ CHCTeMHU. 3HaliIeHO BHCOKY ileHTHUHICTb (94-95%) reHiB /nd mramy 1912 i MeTareHOMHOTO
kIoHy AZ97 i meHury noxioHicTs (80-85%) reniB Ind i lan S. cyanogenus S136, siki komyI0Th 6i0CHHTE3 JaH-
noMminuny A. [TokazaHo fBa He MYHKTyaJbHi IPsMi TOBTOpH i3 21 11.0. B TeHi crtY, sKuil KOAye TiKOIMiH [IHKIa3y.
JHemnenist B reHi /ndRR Bukiikae Brpary mramoM 1912-4Crt 3qaTHOCTI IpoayKyBaTy naHgoMinuH E.

KnrwuoBi cuoBa: Streptomyces globisporus, nanaominuH E, my4ok 010CHHTETUYHHX I'€HIB, CEKBEHY-

BaHHA.

B.I1. Mayeniox, JI.B. llonuwiyk, B.B. JIyk anuyk

HUncmumym muxpobuonoeuu u supyconoeuu um. /I.K. 3abonomnoeo HAH Ykpaunei
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MOJIHBIN CUKBEHC KJIACTEPA TEHOB BUOCUHTE3A JIAHJIOMHUIIUHA E
STREPTOMYCES GLOBISPORUS 1912

Peszome

Streptomyces globisporus 1912 u ero mytantsl 1912-4Crt u 1912-2 sBisitoTCS POy LIEHTAMH JIAHIOMHIIH-
Ha E, KapOTHHOUIOB M peryisaropa JUKeTONUIIepa3nHOBOMW NpUpoibl, coorBeTcTBeHHO. [eHomuas JTHK nByx
mramMmoB: 1912-2 — Goree s dexruBHOTO NpoayeHTa Janaomunnsa E u perynsropa u 1912-4Crt — nposyreH-
Ta OeTa-KapoTHHA ¥ JIMKOIIMHA CHKBEHHPOBaHa ¢ roMolipto [llumina. CpaBHUTENBHBIN aHAIM3 MTOCIIEI0BATENb-
Hocreit JIHK nByx cocennux koHTUTrOB mTamMa 1912-2 u onHoro kontura mramma 1912-4Crt, ucrons3yst 1aH-
uele GenBank, mo3Bosmia okanu3oBarh 36 TeHOB OnocuHTe3a nannomununa E S. globisporus 1912 B onHOM

Kiacrepe. [IBaiaTe U3 9THX T'eHOB /nd CUKBEHHPOBAHO BIICPBEIE.
HoBelii perynsitopHbiil reH [ndRR v reH CeHCOpHOU KuHa3bl /ndY ] npeliokeHbl Kak BO3MOXHBIC YJICHBI
JIBOKOMITOHEHTHOM crcTeMbl. HaiiieHo BBICOKYIO MICHTHYHOCTh (94-95%) renoB Ind wrtamma 1912 u mera-
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TEHOMHOTO KJI0Ha AZ97 u MeHbIyio cxoxecThb (80-85%) reHoB /nd u lan S. cyanogenus S136, KoaupyrOUMX
6nocunTte3 nanmomuiuHa A. [Toka3aHo 1Ba He IMyHKTyalbHbIC IpsIMbIE IOBTOPEI U3 21 1m.0. B reHe crtY, Ko-
JMPYIOLIETO JINKOIMH uKiasy. Jlenenus B reHe /ndRR BeI3bIBaeT morepro mramMmoM 1912-4Crt ciocobHOCTH
MIPORYIUPOBATh JTaHAOMHIVH E.

KnroueBble cioBa: Streptomyces globisporus, nannomuiiyt E, knactep OHOCHHTETHYECKHUX I'€HOB,
CeKBEHHPOBaHHUE.

A npec aBtopa: Mayenrox b.I1. UuctutyT MukpoGuonoruu u supyconoruu uM. JI.K. 3a6onornoro HAH
VYkpaunsl, yi. Akagemuka 3adonotHoro, 154, Kues, 03143, VkpauHa.
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