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Melithiazols are antifungal substances produced by the myxobacteria Melitangium lichenicola, Archan-
gium gephyra, and Myxococcus stipitatus. Melithiazol biosynthetic genes have been identified in M. licheni-
cola, but not in A. gephyra and M. stipitatus until now. We identified a 37.3-kb melithiazol biosynthetic gene
cluster from M. stipitatus DSM 14675 using genome sequence analysis and mutational analysis. The cluster
is comprised of 9 genes (MYSTI_04973 to MYSTI_04965) that encode 4 polyketide synthase modules, 3 non-
ribosomal peptide synthase modules, a putative fumarylacetoacetate hydrolase, a putative S-adenosylme-
thionine-dependent methyltransferase, and a putative nitrilase. Disruption of the MYSTI_04972 or MYS-
TI_04973 gene by plasmid insertion resulted in defective melithiazol production. The organization of the
melithiazol biosynthetic modules encoded by 8 genes from MYSTI_04972 to MYSTI_04965 was similar to
that in M. lichenicola Me 146. However, the loading module encoded by the first gene (MYSTI_04973) was
different from that of M. lichenicola Me 146, explaining the difference in the production of melithiazol
derivatives between the M. lichenicola Me 146 and M. stipitatus strains.
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Melithiazol> AN & FFQ Melitangium
lichenicola Me 14694 A2 WAH x4 EZoltH14]. o]

A M A (myxobacteria)ye 1H-EA EGA|Fo 2 theFst
o|Th AL A FYEL S WAstE Ao R Z 4 A ot

(13, 21]. AANFANA LA B S R E2 &

A E}o] = (polyketide, PK), H] 2] 24 ¥ E] = (non-ribosomal
peptide, NRP), E= E2|AElo|Ee} Bl HE FEE9 &
4A (PK-NRP)°|t}[21]. EjAEto| =& EAEo|= T4
A4 (polyketide synthase, PKS)o]| 2] A=, vjg| R
& Heg =t v RE HE = YA F 4 (non-ribosomal
peptide synthetases, NRPS)o]| 2] AgA = cH22]. o5
OFEHe 84 B AERA R o] RolA glon {4
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S, o2 HAANF 272 Archangium gephyra Ar 77473}
Mpyxococcus stipitatus Mx s649| A= G = 50| £2 5%
oH3]. Melithiazole Ze)7Ero] =0} w2 us HHEY &
AAZ B-methoxyacrylate A A EHof &3}, n|EEZE
gjotol| A AAHAEES JA|HTH14]. Melithiazol& Cystobacter
fuscus AJ-132789 4 E2H cystothiazole [12, 17]3} F+X
7} w-& SAFSHY, Myxococcus fulvus, Stigmatella aurantiaca
S0l A 22 ¥ myxothiazol [16, 19]4 = T3 F27} GA}F
3}t}. Melithiazol, cystothiazole, myxothiazol< &% 7} &
3t A AL Ho|=d), melithiazold} cystothiazole )
Al ZE4L myxothiazolo] H|F] oFet Ao 2 H I ETH14].

Melithiazol-> A-I, K-N9] 137 S=A7} €8 A 1o
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Fig. 1. The chemical structures of melithiazols and the
description of their producers [3, 14]. The box shows myxo-
bacteria, Melitangium lichenicola, Archangium gephyra, and
Myxococcus stipitatus, and the derivatives of melithiazols that
they produce.

(3, 14], A YA 9] FF7ol whet BAste F=A7F 2o
(Fig. 1). M. lichenicola Me 1462 melithiazol A, B, C&
MALSIT | A. gephyra Ar T747L melithiazol A, B, D, K,
L, M, N& AjALstcH14]. M. stipitatus Mx s64= M.
lichenicola Me 146 X A. gephyra Ar 77471t= TH2 A
melithiazol E, F, G, H, IZ AJAretcH14]. §=A 7o) =}o]
= WFEE 139 g0 A= o] gle R719 Aol th(Fig.
1). Melithiazol C& A9)3t RE S =X EL myxothiazol A
9 79} SASHA e AT BHS Bl vhe, npe s A
FOtMZF tigt N EZEAGS AR PO o & F2 Ao
2 B 5 t}H3, 14]. Melithiazol C= THE S EH S H|
o oFer A7 PAS Mol uhel, AZEHE Zehch M.
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stipitatus©) 2|3 AAFE = melithiazol E, F, G, H, 12| &
A+t B Al Z54-L thE melithiazol =452 A
B fARE A2 S A UTh3, 14].

M. lichenicola Me 146 w5+9] melithiazol A3+ S}
= BE3E9 QQO4[20], A gephyra®t M. stipitatus®]
melithiazol A TA FHAE A AR Lot T M
stipitatus DSM 146752 S-AA A <Eo] ZHENLEZ[6],
H Ao = M. stipitatus DSM 14675 G724 248 &
3| melithiazol A SHAXE SMsIH O, M. stipitatus
@} M. lichenicola Me 1460] X2 T}E melithiazol = A
2 AABHE |98 FHITA ST

Mz % e

+F

Mpyxococcus stipitatus®] Al EEFdF2 M. stipitatus
DSM 146752 Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH (DSMZ)A FAsHITH M.
stipitatus KYC5959F KYC596 #F+= £ dA3Lo]A DSM
14675 99| FAA o] pSH123% pSH124 SR ES 2}
ZF AF9lste] A|z31ETh. Candida albicans ATCC 18804=
BB TAATY BEAANE oA YA

EanE 9 FF9 Az

pSH123 E2H|EE F /9 SYILFEYLEHE 5-
GGATTGACGTCGAGGAACAG-3' (SH111)3+ 5'-GGATTC
TGTCGTTGGAGGAG-3' (SH112)L Zato|w| 2 ALg-3}aL
DSM 14675 432 4HA] DNAS 3o 2 ZFaL A
-3 (PCR)S A A8to] A2 MYSTI_04973 F3AF9] W3
DNA Z7Z}(505 bp)S pCR2.1 ¥ E] (Invitrogen, USA) of 4+
Yste] Ax5HGt pSH124 StAn|EE E U2 F 719
28 1% E2H L EE 5-GGATGGAGAATCGACCAGAC-3'
(SH113)#} 5'-CCTGGCGTACTGCATCTACA-3' (SH114)&
mato|m & AME-5t9] PCR 2EL& E3) 942 MYSTI_04972
] 5 DNA 27489 bp) pCR2.1 EetAn|E )
Eof| Adste] Alxskgict.

Az EAnEL A7) HFS 5 DSM 14675 43
of =Yt e, 7hbuto] A1(100 pg/ml)o] S8l B A
oA vjR O 2N AR o Eetin|Eo] AMA
o] 28 2o A H KYC5959 KYC596 #+55 A3}
Aot FRAY o2 SetAu|E9 49 pCR2.1 H
DNA R 9o AHEAQ ZYPIFIHLEHEMISF E&
M13R)%} HMA Ao AR Fo ARAQ iy
SYLHEES Zato|ME ARESLLL, A2 #39 A4
DNAS F3 o2 A3 PCRE 53f Slsk3ich pSH123 &



ZAu| =9 F204) DNAZ S| A #els Hsire &2iw
29 2 E = 5-GOGGATAACAATTTCACACAGG-3' (M13R)
7 5-GAAGCGAGGCTCGTCCATCA-3' (SH118)& Al-4-3}
Row, pSH124 ZehAv| =9 414 DNAZ S 444 2l
& YN E YD FZYLEE 5 TGTAAAACGACG
GCCAGT-3' (M13F)3} 5'-GGACAGGCTGACGAAGACAC-
3' (SH117)= ARE-3hAH.

W) o ez

M. stipitatus®] GRHE WjFS A= VY3 [15] E=
CYE HjZ|[5]& AH&stEleH, jdFEE A2E AlA
+= CYS "R [15]& ARE3H4 ). CYS A= 0.5% casitone,
0.1% ERFZE, 0.3% 7H4 A&, 0.1% MgS04 TH;0, 0.05%
CaCly, 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (pH7.6), 0.1% mu|FYAL&H, 0.5 ug/ml
cyanocobalamined 3§33 Qoo nFHPArgHE
1889 100 mg MnCl,4H;0, 20 mg CoCly, 10 mg
CuSOy, 10 mg NasMoO42H50, 20 mg ZnCl,, 5 mg LiCl,
5 mg SnCly-2H,0, 10 mg H3BO3, 20 mg KBr, 20 mg
KI, 8 ¢ EDTA Na-Fe*'salt (trihydrate)S 83t 9l ich
C. albicans= YM HjA|[15]001A] #i)stqitt. e HF52
30T oA HiFsFAT

REEE PP

M. stipitatus #+FE5E 2% Amberlite XAD-16 A
(Sigma, USA)Z ¥ 50 ml CYS Hj Ao A 7¢ SoF A&
Hjeket F RS 3t S 50% oFELE 23],
100% oAl E2 2 23] &35t I AFL7|E AHESHo] of
AETE AAS 5, F2 $8HE oot HER &
E3% T AXA7|A 80% WEH2of S35t

HPLC (High Performance Liquid Chromatography) £

Zorbax SB-C18 Z#(4.6% 150 mm, 5 um)< A5t
Agilent 1260 VL Infinity Series HPLC A|A®& ARE-3}%
t}(Agilent Technologies, USA). ©|5A A= 0.1% ZEAS
g 254, oA BE 0.1% T2AS F43 o EY
EIZ A& 9h $4£2 05 m/min® 2 XS 308 7+
60% B &1, 3050 7t 60%9]| A 100% B &0 7]&7], 50—
55% 7F 100% B &0f, 1283 55-60% 7+ 60% B Ui &

A7 B4 24
A& 10 W€ 6 mm Fo]t] A3 (Advantec MFS, Japan)
o Z4A71 &, AZA7)1L, C. albicans ATCC 188047} &=
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OAAALE AT 74 B4 L antiSMASH X2
a2, 9] ©]83t%tt. Conserved domain®] 42 o]z
FYPEHRAE (NCBD)Q| CD-Search Z2I1H[8]& AL
AT AEHEL Clustal X2 Z2IH[7]S o] &3H 2
o, AE450] 242 MEGA 6 T2 IH[18]& AH&-3tT).
R
SAA BAH o]g M. stipitatus DSM 14675 32
melithiazol &4 A} &

Melithiazol 34 A& Weinig 5ol &5t M.
lichenicola Me 1462 232 ¥ A& WA 9 tH20]. A GEA
Aite| @2 M. lichenicola Me 1462] melithiazol AJ$Hg
SARES Al 719 polyketide synthase (PKS) G-Az}e} &+
70 9] non-ribosomal peptide synthetase (NRPS) -§H X},
223 g 7)) PKS-NRPS 4 F3&z 45 ot
[20]. M. lichenicola Me 146 o] 9| A. gephyra Ar 774731}
o8 M. stipitatus 73| A = melithiazol AJ4to] H il &
lom (1, 14] 2o Z/NE A. gephyra DSM 22612] &
A (Accession No. CP011509)2} M. stipitatus DSM
146759 - A| (Accession No. CP004025) [6]°] melithiazol
WY §AA ZAFEA 2AFO] Hteh

antiSMASH (antibiotics & Secondary Metabolite Analysis
SHel) T2 2 oY nf23F2 Rd(hidden Markov
model (HMM)) Z2utYo] 7| 2ste] FE9 FHA FEHE
RE Tobe £ ol ATAEE A4 $HALE W
Wol, 2R 2120] o A BAE ABSHe 2wl
th2, 9]. antiSMASH &4 Z1}, A. gephyra DSM 22612
SAA = M. lichenicola Me 1462] melithiazol 23t &
AAZE T FARE f-- A o] AR gkt kAR M.
stipitatus DSM 146759 §AA o= G714 < 6,360,714-
6,398,046 bpoll Y& <o 37.3 kb A7|9 FHALE
(MYSTI_04973-MYSTI_04965)©] M. lichenicola Me 146
27014 $AE melithiazol A4 FHALT FAT T
29 OIAWAES BT FH5A0] 2 AR B4
A oh(Fig. 2). Melithiazol2 cystothiazole [12,17] &
myxothiazol [16, 19]1%%= FZ 27} FAR, o] 4%
2 Cystobacter fuscus AJ-132782) cystothiazole AY g4
SARE[4] 2 Stigmatella aurantiaca DW4/3-12] myxothiazol
S A6 F-AAF 0] FAFSHATHFig. 2).
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A. Myxococcus stipitatus DSM 14675
6,398,046 bp
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4 N
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Q) g &
& & &
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orf5 ctaB ctaC ctaD
D. Stigmatella aurantiaca DW4/3-1
mtaA mtaB mtaC mtaD

« & &® S O
%) %) Q) D~ \O° \O
SN SN Gy
*%« 4%« *\%« 4%'\4"0«*5.3&
N\ A A AR\
T 3x
[} g [}
melE melF melG E S
£3F
ctakE ctaF ctaG © o 0o
; Y
g5
mtaE mtaF mtaG
10 kb

Fig. 2. Biosynthetic gene clusters of melithiazol, cystothiazole, and myxothiazol. Melithiazol biosynthetic gene clusters from
Myxococcus stipitatus DSM 14675 (A) and Melitangium lichenicola Me 146 [20] (B), cystothiazole biosynthetic gene cluster from
Cystobacter fuscus AJ-13278 [4] (D), and myxothiazol biosynthetic gene cluster from Stigmatella aurantiaca DW4/3-1 [16] (D) are shown.
B Polyketide synthase (PKS); ll Non-ribosomal peptide synthetase (NRPS); Z PKS/NRPS hybrid.

Agdsddold ogt AP A% 884

M. stipitatus DSM 146752 G-Z Ao A &A= MYSTI_
04973-MYSTI_04965 ] 7} melithiazol A4 Az
AA] Felst7] st} EgtAmE A T8 A4 EE
/d Wo|FE AZSIAL melithiazol JAF A HE ZARSIITH &
gAu|E A o3t 42 B84 Blo| AL Fig.
3o HGch WA 53 ALY WE A g AEA T
#9o] Lato| o] (pSH1239] 7% SH1113} SH112 Zato]u,
pSH1249] A2 SH113% SH114 Zato]n|)E AL PCR
< E3) MYSTI 04973 S-A=+e] Y3 DNA 27ZH505 bp)at
MYSTI_04972 &-Ax}2] 3 DNA Z7ZH489 bp)S ZE3}
=, Z47+9] DNA 27h& 7hdutol 4l 2] fHAE 7HA
I %= pCR2.1 HHo| 49lste EetAnE pSH1233%
pSH124E5 A| 23} th(Fig. 3). 12| A7|HF< F3 &
Zte] ZEtAu|Eg oY FF2A M. stipitatus DSM 14675
of =t ZhytutolAl A Wo|FE AETLEH
KYC5953} KYC596 #+& ZtZ Azxs¢thFig. 3).
pCR2.1 E&tA0|E WE A= M. stipitatus Yol 7}
EA5HA] ZohH, Fe A2 A3t AE FEol glojA 4
A= YA = b=ttt w2k pSH123 E= pSH124 &

http://dx.doi.org/10.4014/mbl.1606.06008

St = oY ¢ DSM 14675 w50 =3t 7t
wtol4lol ol wiA| oA wjeFstd Eetin =Tt A
Az o3 2293 DNA 2717} YT A E 9 FAA
=2 ARl #F AEEnFig. 3). EF2tAn =9 4
< QA A EBA A Fo] AERAQ] Zeto|H (pSH123
o] 7% SH118, pSH1249 7$ SH117 Zzto|ny)e}
pCR2.1 ¥ E| DNA°] AR Al Zeto]m(pSH1239 7 -
M13R, pSH1249] 7% M13F Z}to|H)E ARE-3 PCRe
Sl A AThFig. 3).

EetAu| = A9l 28t melithiazol A4k 434
Zotan|E AdEdHolo] o8] AA| melithiazol B4ks
o] FAEHUEA Fstr] {sto] opFF #32 DSM
14675 FF2 ZTAU|E A o]Fl KYC5953 KYC596
wFE A2 gt FFEES AR T, AR WEF
2229 HPLCE B4ttt 1 A3} KYC5953 KYC596
o3 WFFEEY HPLC AZuEIH A= ofgF <
DSM 14675 3 WFFEE9 AZEIHA HEH
40187} 41.2% 937t AHHSS AT & A ch(Fig.
4). =3, DSM 14675 &F WlFFE=9 40.18 4 4128
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Fig. 3. A gene disruption strategy. a, b, and c refer to the arbi-
trary regions in the target gene. SH111 and SH112 were PCR
primers used for amplifying an internal DNA fragment of MYS-
TI_04973. M13R and SH118 were PCR primers used for verifying
the insertion of pSH123.
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Fig. 4. High-performance liquid chromatography chromato-
grams of the culture extracts of Myxococcus stipitatus strains
DSM 14675, KYC595, and KYC596. Melithiazol E and F isolated
from M. stipitatus KYC4013 [1] were used as standards. Inserts in
the panel D and E are UV spectra of the respective melithiazols.

9 FYT £ AT S HolA FUth(Fig. 5). M.
stipitatus KYC4013 #5255 £2]3t melithiazol =4
S v 2EtgS o, DSM 14675 43 vjF22E9) 40.1
B 13 melithiazol F& 5¢

o A GAIEE BHRe,

Fig. 5. Defects in antifungal substance production due to plasmid insertion mutations. Paper discs of 6 mm diameter containing
HPLC fractions, from 39.50 min to 41.50 min, of DSM 14675 extract (A), KYC595 extract (B), and KYC596 extract (C) were placed on plates
inoculated with Candida albicans ATCC 18804, and the plates were incubated for 2 days.
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41.28 9 3L melithiazol E9F TUT A AA S B}
(Fig. 4). PDA E49] 2J3t 40.18 139} 41.28 9=9] UV
23328 EY A melithiazol F @ melithiazol EQ} Y
3l oFAto| gl o]= DSM 14675 43 WjFZEE 9 40.1
5 1039} 41.28 13 EF 0] melithiazolo] ¥, KYC5959}
KYC596 #39] A% ZatAu|E AH¢lo] 93] melithiazol
Absol AAE S HolSqltth webA ol2et Axte M
stipitatus DSM 14675 @59 MYSTI_04973-MYSTI_
04965 G-HA A5 ] melithiazol A A SAXY S A HZ
oz Yehfgct. 3, 42-448 Atojo] HQ mIEL
phenalamide f- = &[1]¢1 5], melithiazol G, H, 19} &2

£ $E A 5L phenalamide®} 4o Uebg o2 <3 &
= gag Bolx] g2 Ao F AlRdth

Melithiazol A AR 2] B4

M. stipitatus DSM 14675 432 melithiazol 34 &
AR YT FFo 2 AAE = MYSTI_04973%-H
MYSTI_049657}2] 2] 97 §-AA2 T = o] 9lchFig. 2,
Table 1). antiSMASH &4 23, f342& F43t= A
HA F-HAAHMYSTI_04973)= 3-methyl butyryl-CoAd] &
o] & ¢l acyltransferase (AT), ketosynthase (KS), I T}
AT, 71831 acyl carrier protein (ACP) =W ¢S Zk= PKS

£ g5k AR ASEH(Table 1). & WA 22
(MYSTI_04972)= cysteineZ 7| A2 AlME-3l= NRPSE &
335t AR AFHUY A WA |AAMYSTL
04971)= cysteine2 7| &2 AE-35l= NRPS2 malonyl-
CoAo] Eo0|Z¢l AT, dehydratase (DH), ketoreductase
(KR), ACP = 2l& zH= NRPS-PKS EA A& ¢35 313}
< ALE JESH o] HA FHAAMYSTI_04970)= KS,
methyl malonyl-CoAd] £©]% Q1 AT, o-methyl transferase
(oMT), KR, ACP =H[}l& 2= PKSE 43 3st= 2 0=
AEEAT. oA HA FHAMYSTI04969)+= KS,
malonyl-CoA¢]| £0]Z <l AT, oMT, ACP =H|2& Zt=
PRSE ¢Eshats A2 ATt of 4 WA 2A%
(MYSTI_ 04968)« glycines 7|2 AM4-3l= NRPSE ¢
S35t A02 dZH9Th AT WA SATOMYSTL
04967)= fumarylacetoacetate (FAA)-hydrolaseS o & 3}
5t= Ao 2 o AEQITE M. lichenicola Me 1469] 3%, &
+ A FAAMYSTL 04967)7F o2 35}t6l= THid 2
melithiazol Ao TA3}R] Y= ALSZ B EHATH20].
o g WAl ol F MA F AR MYSTI_04966, MYSTI_
04965+= Z}Z} S-adenosylmethionine-dependent methyl
transferase (SAM)%} nitrilaseE ¥&3}5l= 202 o225
At} M. lichenicola Me 1462] 3% melKe} meld S A}

Table 1. Comparison between the melithiazol biosynthetic genes from Myxococcus stipitatus DSM 14675 and from Melitangium

lichenicola Me 146.

M. stipitatus DSM 14675

M. lichenicola Me 146

Product . L Product .
C,f"f size Pff:c';ts: PKS/NRPS motif S'm(t';;”ty Gene size ';Le:c';f: PKS/NRPS motif
(aa) (aq)
04973 1,878 PKS AT1(3-metbut)-KS-AT2-ACP (77) melB 1,050 PKS KS-AT(isobut)-ACP
04972 1,348 NRPS C-A(cys) 77 melC 1,323 NRPS C-A(cys)
04971 3,199 NRPS/PKS  C-A(cys)-PCP-KS-AT(mal)-DH- 74 melD 3,284 NRPS/PKS  C-A(cys)-PCP-KS-AT(mal)-
KR-ACP DH-KR-ACP
04970 1,916 PKS KS-AT(mmal)-oMT-KR-ACP 77 melE 1,912 PKS KS-AT(mmal)-oMT-KR-
ACP

04969 1,357 PKS KS-AT(mal)-oMT-ACP 81 melF 1,360 PKS KS-AT(mal)-oMT-ACP
04968 1,739 NRPS C-A(gly)-PCP-TE 83 melG 1,747 NRPS C-A(gly)-PCP-TE
04967 341 FAA hydrolase 80 melH 329  FAA hydrolase
04966 295 SAM 83 melK 301 SAM
04965 348 Nitrilase 83 melJ 335 Nitrilase

A, adenylation; aa, amino acid; ACP, acyl carrier protein; AT, acyltransferase; C, condensation; cys, cystein; DH, dehydrase; FAA hydro-
lase, fumarylacetoacetate hydrolase; gly, glycine; isobut, isobutyrate; KR, ketoreductase; KS, ketosynthase; mal, malonate; mmal,
methyl malonate; NRPS, Non-ribosomal peptide synthetase; oMT, o-methyl transferase; ORF, open reading frame; PCP, peptidyl car-
rier protein; PKS, polyketide synthase; SAM, S-adenosylmethionine-dependent methyltransferase; TE, thioesterase; 3-metbut, 3-

methyl butyrate.

Similarity: similarity to the corresponding proteins of M. lichenicola Me 146.

* indicates a presumably inactive domain.

http://dx.doi.org/10.4014/mbl.1606.06008
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A2 (melE, MYSTI_04970)2] AT E]91-& methyl malony-
CoAZ 7142 Wo} Bolk AL Ueh} U 24L
A Ao 2 =AU cH(Fig. 6). AW, M. lichenicola Me
146 #5729 A HA FAHZ melB2) AT E1|Ql0] isobutyryl-
CoAof Eo]Z el Aof u|3}[20], M. stipitatus DSM 14675
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Me 1462 A2 T}E starter moleculeS AFESIOZH A=
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CoA, propyl-CoA 5& 7|2 E A£-3}9 melithiazol E, F,
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Predicted substrate

— Malonyl-CoA
MYSTI_04971-AT

IMYSTI_04973-AT1 |

— 3-Methyl butyryl-CoA

MelE-AT
MYSTI_04970-AT

100

99

— Methyl malonyl-CoA

— lIsobutyryl-CoA

0.1

[MYSTI_04973-AT2 | — (Inactive)

Fig. 6. Phylogenetic tree of the acyltransferase (AT) domains encoded by melithiazol biosynthetic genes. AT domains of the mel-
ithiazol biosynthetic genes from Myxococcus stipitatus DSM 14675 (MYSTI) and Melitangium lichenicola Me 146 [20] (Mel) were aligned
using the Clustal X2 program, and a phylogenetic tree was generated using the MEGA 6 program. The bootstrap values were expressed
as percentages of 1,000 replications. The scale bar represents 0.1 substitutions per amino acid position. AT domains of MelB and MYS-
TI_04973 are boxed. Predicted substrates of AT domains are shown on the right side of the tree.
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