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ABSTRACT: We tried to analyze the growth time for secretion of the iron containing superoxide dismutase by comparing the intra- and
extracellular enzyme activity from Streptomyces subrutilus P5 and analyze possible genetic information for this enzyme secretion. The
mycelial dry weights and glucose concentrations in culture filtrates were determined during growth. Glucose was consumed rapidly
during logarithmic growth phase and almost exhausted at 24 h of cultivation. While the intracellular activity of iron containing superoxide
dismutase was first appeared at three hours, the extracellular activity of this enzyme appeared from 7.5 h of cultivation, early logarithmic
growth phase. This early presence of the superoxide dismutase might not be the result of cell lysis but active secretion pathway. There
was no information for signal peptide responsible for the enzyme secretion in sodf. However, we found a type three secretion box in the
promoter region of sodfFthat has been known for the genes of type Il secreted proteins in other bacteria. This is the first report on the

possible existence of type lll secretion in Streptomyces.
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A+ FeSODL} NiSOD7| WA= o] It Youn et al., 1996;
Chung et al., 1999; Leclere et al., 1999). ©]& SOD+= A &2 vje}
20 2 W B =t Ni*'of] 2]8|4] FeSOD AJ4to] Al o)
A A =] AL NiSOD AgAto] - elokar aref A qick -2 4
A= Ta5e 2 L9 4539 EPilA Ta5
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2 R H FeSOD7} 2 F34 B2 5L A, o)20] %
=4 YAl o] ¢l¢lo] E 4= 9)8-& R 11319 tKSo er al., 2001).
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Fe o711 52 See A] 2810] J3 4 o 2o} irt. o] 4|25
ghalo] 33} PR HelA| g AlElold dojuich
(Lammertyn and Anné, 1998). ©]| 2] ¢]| twin-arginine dependant
translocation (Tat) A| 2 &]o] Qlt}. o] A| A’ Aj3zutke] ApH
of o} 324 L2 93] Wl Tl A A EkS Etet
L Aoz oA 9t Widdick e al., 2006). 2 Ao A= 8.
subrutilus P52] AAlo] = A2 - 2]2] FeSOD 42 H]
T4 50 20, FeSOD ] 5] A4S 2elatn], Habd 4
o]l A] FeSOD -] ol T H signal 4] o} -5 93] 114} 3}
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S. subrutilus PSS A @t 2 ARSI ATE 9] vl = 9
3}o] ISP (International Streptomyces Project) No. 2 Bl %] ¢l
yeast extract-malt extract H| X|[YEME; yeast extract (Difco) 4
g, malt extract (Difco) 10 g, dextrose (Difco) 2 g, @024 1L,
pH 7.2]15 AH8-3513ich 2 Q3 7 9-of SHHS H7I5ko] ARE-
sheleh 42 2297 PRS0 ARRE o= E. coli
DHSao|™, LB v} Y = LB H A S AR5
S =4
YEME B3} 8| Z] o] S. subrutilus P5ZE =2 3F 5 30°Cof| A
ket A7 AekeAl A stebae] 4
e w20 2 ol A 50 mlo] YEME Hjopolo] %3
4 30°Coll 4 200 rpm © 2 48 A]7 woFaLgAc, Wy FAL S
F8to] 550 nmof| A &f e =712.3-2.4 = 212 2hlshl L
4] Hjekol 700 wl (1.18 x 10" CFU/mI)Z 50 mlo] A2
YEME uljQF e} of] 1g-5}o 30°Cof| 4] 200 rpm &= 3A|7Ho] A
3] 36417171 Hjefat .0, 2t Al o] ujel Al kg o
ST} 2 ek 2172 vjoyolS WhatmanNo. 2 2 o] 7t5fo] ¢
& AZ60°COIA o 24 A3k AAZT T S-S Z Ak

i T2
3

2

Glucose Xt

Glucose =2 Glucose (GO) Assay Kit (Sigma)S A&-3}
o] 35Tk Al &= S Whatman No. 2 o242 £}+0.2
um syringe filter (Sartorius) S AM&-31o] oAl S A|7|5ke] &
H] S}t LA A ol A et A S whet A 2lstal S
540 nm &} FF =5 0]-§35+ glucoses =5 ALTsIATH

FeSOD Zg4 M=

AW FeSOD: v FolS 42 efsto] =23t A4S 50
mM potassium phosphate (pH 7.2)of| Al F--A| A o} AH-7-H
A E VCX-750 tip-type sonicator (Hitachi)E ©|-&3}o] =
S} E4 3 5 4°Co) 4] 13,000 rpm & = 1527t L4725}
o} AIZZ R A7) 8 AAS HNEFENE FeSOD ZAAR A
gk,

RIZ2] FeSOD: vjofelg g4l elsto] 7|5 A A gt 4}
o2 #|3}0] 0.2 pm syringe filter (Sartorius) ol &35} T},
o7} Pb(NOs) 7} 2555 1 mMo] 5| =% 47} 3
Rotamix RM1 (Seoulin)-& ©]-&35}0o] Zg61HA] 4°Col A 40
L HESAIZI T HESEE 4°Cof| A AR esto] =S
13l A=l A7 3 10 mM MES (pH 5.0) 2 5 ¥ A& 3}
o} AHEL 222 0 & 150 mM EDTA©| A7} 10 mM
MES (pH 5.0)01| 8-3}| 4| #] A|3Z 2] FeSOD X & 4 & A-8-5}1%
tSo et al., 2001).

FeSOD B4 @A: SODEHY 9412 9lste] ulut g 41719
£210% 2ol AAF T AL 0
(NBT) 8- of| 4204 3047+ %] 3t £-0.028 M N,N,N', N
tetramethylenediamine (TEMED)T} 2.8 x 10™ M riboflavin©]
Z£5HE] 50 mM potasium phosphate buffer (pH 7.8) 8- of] &
T 5= 2014 SOD B F9fE ALl ul o] 4A
) E2 9 Yeh w2 519 thBeauchamp and Fridovich,
1971).

A g Tl 2 Bradford §-2- 0]-8-5ho] A =Fst i
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AR DNA 22|

YEME ufjfN ol A =89 S. subrutilus P5wtA| S HEMA|
7]3L lysozyme (10 mg/ml)Z} RNase A (10 mg/ml)ES €37
37°CoflA Aetolo] grobd wj7hA] WA Z{tk. oAl 7} Bot
A guanidine solution¥} N-laurylsacosineS g0 HA4A|
DNAZ #2519t} 52 DNAL So|2.40] =] F.20°C
of B S} tH(Pitcher er al., 1989).

oPlo|H A& 2 PCR

sodF AL ZE317] 9)gh Lefo|v]S A x5Hgich
Streptomyces 2| sodFA50] 352 0 & ZA)|3}=amino acid
permease - R}L} S, subrutilus P5 sodF W) 5-2] 322 HL g
340M7kx] ] 714 S Helshol Leto|nS lxbelst
Bioneer Co.of A %225} tHTable 1). PCR ¥~ The
MiniCycler™ (MJResearch Inc.)E o]8-5}o S~aalich =
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Table 1. The primers for the amplification of the upstream region of sodF
of S. subrutilus PS

Primers Sequence

5'-GAAGCTGGTCGTGCGSATGTG-3'

p F
AATEIMEase ™ (Tm 62.2°C, 21mers)

5'-AGCCGAAGGACTCGGTGAT-3'

shR (Tm 55.7°C, 19mers)

aaPermease F : forward primer based on the base sequence of an amino acid
permease gene
sh R : reverse primer based on the base sequence of central part (322 ~ 340 nt) of sodF
of the strain P5

7]31/\4%9 °Cof|A 48, HAL 94°Cof|A 18, AZL68°C
oA 1, 11‘%71°C°ﬂ*1 420 2 303] HHE sk gie). 12 an

ulZ|gf 71°Cof|A] 108 E2F HE-E-A]7] & 4°Cof Hasl%th
& E PCR Whg-4Ha-2 1% of7F= 2 Zof| A7) sko] 2<ls)
It 2 3FPCR HES-E-2- o7& A Alof| A 2&3)o] pGEM-T
easy vector (Promega) 2] T-overhang F-9Jof] 4143} E. coli
DH5(101] HAXSAZLE PCR AHE Q] S22 95t F 2 A
BA|E $2 5L duH 0= A8 BAY S

“ﬂ of| wpa} =Y = it & 7] A E->Macrogenol 2] =5}

Streptomyces FE2| sodF A5 Q7|4 E-L Clustal W2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/)E ARE5}o] )
A3}t vt NCBI GenBank )| A] S. coelicolor (accession
number AL645882.2)2}S. avermitilis (accession number BAO
00030.3)2] genome sequence 2} -3-A =} % = 2 H ¥ transcription
start siteS 7]F£O02 -50 ~ +5 GV LS
script2 &5t 29 T2 EH A G4 GTGAGCT
motife] 22 ¢J5-E FIMO tool (http://meme.nbcr.net/meme/
tools/fimo)2 AR&-3}o] Match P-value < 0.001 7|Z&0 2 74
319t} Motif logo= WEBLOGO (http://weblogo.berkeley.edu/

logo.cgi) && AHE-sto] THESITt

customized Perl

Z 1t

S, subrutilus P52| MZEEM} glucose A

YEME sljoFolo|| S. subrutilus P5E 3 2 30°Coj| A] 34|
Zro| A5 36 A|ZE7EA] B FstH A A FTFe] figE =4
St AT A H QA L o) = e o] A4S YR 9Tt
(Fig. 1). o4 HE 29| AAFF20.69 mg/mlo] 3L 6A]

n e A ASIY A2E

14 4 r25
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Fig. 1. Growth and glucose consumption during the shaking incubation of
S. subrutilus PS. ISP No. 2 (yeast extract-malt extract) liquid media were
inoculated with the activated mycelia and incubated at 30°C, 200 rpm. At
the indicated culture times, mycelia were harvested for dry weight
measurement and the culture filtrates were used for glucose assay.

C 3 6 75 9 10.5 12 15

Fig. 2. The activity staining of intracellular FeSOD during growth of S.
subrutilus P5. C, control SOD activity band (S. coelicolor A3(2)); lane
number, culture time (h). Mycelia were harvested by centrifugation (4°C,
20,000 % g), resuspended in potassium phosphate buftfer (50 mM, pH 7.2),
and disrupted by sonication (4°C). The homogenates were centrifuged at
4°C, 13,000 rpm and the supernatants were used for the activity staining
on 10% native gel. The SOD activity bands were appeared as clear zones
on deep blue background which was developed by light induced reaction
in potassium phosphate buffer (50 mM, pH 7.2), containing 28 uM
riboflavin-0.1% nitro blue tetrazolium.

DA = 28 717F A = e 7F 21 o] 3518 18AIZI7HA] A4
7S Uepd the A4 7](12 mg/ml) ol E4)8+3ich YEME
Hj kol 9] glucose 5 E=7.5A1 7H7FA] 2 mg/ml Y] 2] 9] S ==
FrABHR7E 2L o] 5 Al A 0 & 2FA5} 3T S glucose= A
TR0l HolEiA AR AR HE $-24 A1t
o] 2 A= 2hx 5] | Qi

MIZLH FeSOD &

A Z U] FeSOD 42 vl oF 3 A1 7HLE] 3] n|3}A LHEbLEA]
6 A1 ZHEE 18A|717HA] S71 o= PARS BTk 10159 &
/32 A3 A= A cKFig. 2). = A2 FeSOD+= v F
Z7] 56 YA X =A7 7] oF AR H A7t B4 SIS
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Fig. 3. The activity staining of intracellular FeSOD during growth of S.
subrutilus PS.

C, control SOD activity band (S. coelicolor A3(2)); lane number, culture
time (h). Mycelium-free culture filtrate was obtained by centrifugation
(4°C, 20,000 x g) and microfiltration using syringe filter (0.2 ym). SOD
was precipitated by 1 mM Pb (NOs),, washed with MES buffer (10 mM,
pH 5.0), and redissolved in MES buffer containing 10 mM EDTA. Native
gel electrophoresis and activity staining were performed as described in
Fig. 2.
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M|IZ2| FeSOD &t

A|E 2] FeSOD 242 7.5 712 E] 3lulslA| LERL}7] A]
Zkato] 18A177hA] Z7kekal L o) o= AT 4E 02 &
A5 cHFig. 3). Z A3 U] FeSOD7} & @3}l 24417 3o
Az o] & Bkl & 4= 9tk o] Al7|= A7) 27
of BT = o] F2] 2B E A oS 7Fet A 2]
SOD &/go] WebgthFig. 3). uioFel 2] thill e = ulj ok
2713217l 0.022 ug/mlof| Al 2=237] F7|(15417h
0.034 pg/ml7HA] 3ol ATk o] Fofli= A A 5] Zhaato] vl of
7136 A17h 01| 0.015 ug/miE VFER QLck. A| 3] thal 2] of

S7he AI3E2] SOD EA8AJ o] F7HA 7|9 dAJsh= A o2
A2 = A 7] o] f-of Al £ ) T A o F e 7 A E A RE
A2} SOD B4 AT e A= Ae ¢

91

sodF &7 24

Qo A Aggtufe} ZHol S subrutilus P5 2] FeSOD= X|4=
A7 27100 Az ol A AATE AT 22 Al szgFo 2 ] Eth
wfab gl o] ful 7] o] g aof Sehz AL o4k 4
Ik, ik 0 2 g o] ofu] Sretol u]7| o
I 9 3}signal peptide 7} A 5H= A 0 2 G2 A QX7 sodF
o] = signal peptideo]| B Q3F SAAYRL =52 Frh

(Kim ez al., 2014). A 2317 Mot Bradyrhizobium japonicum
Ol A= type [Tl 220171212 w2 whal 2 §ai7pe] Tl
of type three secretion (#ts) B A 2= E4 A7) A E2 2031 Q)
= Aol & A It Zehner et al., 2008). & A3 of| A = sodF
O A Aol 4] o]et fFARRE Bo] Al Fo] EATI=A] o &
ZALsL At Streptomyces w559 sodF 374 9 2] 354
TR HlES AASE A3 S coelicolor (SCO2633)2} S.
avermitilis (SAV_5413)9] sodF A} FA| oA FF52o=2
amino acid permease -3 A X7} sodF e} -2 Ao 2 =
A sH= A-S &A= St http://www.ncbi.nlm.nih.gov/, http:/
avermitilis.Is kitasato-u.ac.jp). Amino acid permease 2} superoxide
dismutase 31X} 7| A Q2 HE Zato|HE A 23} PCR
= F3Y5to] P2 DNA AHE9] Q7|4 92 w4151] oF 350
bp HE9] sodF AFA] 92 AA5Fa1(GenBank FJ005091)
2 @ADL ofn] YA Tk FEET waset S
coelicolor A3 (2) 2] 7-9-ll+= sodF 13} amino acid permease A}
o]o]| transposase -3 AR} Qx| Sl=t|| ¥} A S. subrutilus P5 2]
sodF V2 2Fo]l=amino acid permease -5-AA}7} ) 2|51 o] A
2.8, avermitilis 2} -2 v o] ck(Fig. 4). 12|31 Streptomyces
9] sodFol| A 2 A cis-HFE 4] & (TTGCAN;TGCAA) O]
2~ +15 Aol A WA ATl Fig. 4). 0] SEA AL N
of oJ3t sodF o] FAALIAIF WAE A o= FZbE L Qlot
(Kim et al., 2000). Z1E}o]| -10 &), AARA| L (+1) L 2}
o|HZ QIAFIRBS) 5ol A UcKFig. 4). THH -35
(GTGAGCT) u]&sl 24 (AG) W -11 (A) A< B
Japonicum @] 2] 2 /3 A [AA o A BHE] X aes BFAL}
Aol Axshe Ao UekttiFig. 5). o] ARIRIE S
subrutilus P5 2] FeSOD 2] £-1H] & A] type 11 £H] 7| FLof 9]
3t Zlog =5 = QIATE S, avermitilisE B)E3 THE
Streptomyces ©] sodFo| A= o] 2|3t @7 A g v Fo] Zs}t
2] QFafek. Type 11 1] 7|7 42} 8 A4l gk o2} )
A Alatell o3t «5= Al FoA e Fadt AT gt
31 42| It Tseng et al., 2009).

Streptomycesol|MQ] tts BIA ZAM

u]=+ NCBI genome sequence R ZEE] S coelicolor
(accession number AL645882.2)2} S. avermitilis (accession
number BA000030.3) -4 3| 2 2E] 115 uF A0} QAFSE o 7] A]
B& 23 Qe EHT A { A A8 tHmatch P <
0.001, http://meme.nbcr.net/meme/tools/fimo). Fig. 604 X
L} 70 S, coelicolor2] 27112] 8-HAZHSCO3977, SCO5991)
@}S. avermitilis 2] SAV2253 0| A tts BF A7} AT A © 2 o
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CLUSTAL 2.1 multiple seguence alignment
-10
Avermitilis_ sod -———CCCITTTGCGTG————— CCCTCGCACGCACATCCACTCTCCTGCTGYTAGCGTGCA 51
P5_FE3-2:§_U::S‘:‘:E&!.’: AGGTAGGGARCCCTTAGGTGAGCTGCGGARTAGATACTGYTAGCGTGCA €0
- - - - <+ I R S T R R A

Avermitilis_sod
PS_Fescd upstream

Start codon

GACCGGATARACACG

e ek

Fig. 4. Base sequence alignment of the sodF upstream regions of S. subrutilus P5 and S. avermitilis. *, identical; RBS, ribosome binding site; arrows, inverted
repeat; +1, transcription start. http://www.ebi.ac.uk/Tools/services/web/toolresult.ebi?jobld=clustalw2-120150522-033618-0091-84508974-pg

-35

24 11

P5_Fesod upstream CTTAGETGAGCT
B. japonicum gunA2 AGCTCETCAGCT
B. japonicum nopB TCTCCETCAGGT]

GCGGAATIAGATACTGCTAG GCAG
TCTCGAAAGICCAACCTTCC CATT
TTTCGTJAGLCTCGGCAGCC GAAC

TTTCGAAAGLTAAAGCCCC CATG

B. japonicum nopL  CGATCETCACGT]
* ok ok *

* *

Fig. 5. Sequence similarty of the sodF upstream region of S. subrutilus PS to the upstream of nodulation genes of B. japonicum. * indicates identical base. Box

indicates type I1I secretion box motif.

-50 -45 -40 -35 -30 -25 -20 -15 -10

1 1 1 1

GAGCGCGACCAGGGTGAGCGACAAACAGCCGT GGAACGAGGAGAGAAGCTGTGAG SCO3977
GCACCGCGTGACCTAGGGT GGCCGTGACCACGGACAGCGCAGGAGCGGCGATGAA SCO5991

5 1+ Gene

S.coelicolor

-50 -45 -40 -35 -30 -25 -20 -15 -10

-5 -1 +5

CTTGTGTGACCTGT GGT GCGCGACCCGT CCGAAGGAGGAGGGGCCGCGTCATGOG SAV2253 S.avermitilis

GTGAGCT AG WA

Fig. 6. Type Il secretion box motifs in the Streptomyces genomes. Sequence information was extracted from NCBI GenBank (BA000030.3 for S. avermitilis,
AL645882.2 for S. coelicolor A3(2)). Type 111 secretion motif (GTGAGCT/AG/A) was searched using FIMO tool (http://meme.nbcr.net/meme/tools/fimo)

with Match P-value < 0.001.

E| R 21} SCO3977 (putative protease)2] 732~ HF A7 A
2 A 57| o] Bazokitol s BEAS} 714 S AL o] E

Tz 0% 22 40| §7A%0] 2|k Strepromyces Tl

to > o @ o
e o

o F

S. subrutilus P52 FeSOD= X447 | 2 7] 5 g vfjofol
of| A Tt o] Al7|olli= A o] AR = A 2] dofut
2| ¢7] wjizell o] Al7] 8] A|3E 2] FeSOD+= F-2H9| A 0 2 A
.2 §2H 50| Rrk ul]2te) 23iel 1ol
o}, gk A 0] o) 5=} 15A17) ol FATHA 7
2E A9 A 329 FeSOD 2Hd-2 78HA 521 = e} Z1euh
s0dF®] @7] 4 Goll= signal sequenceo]] H3E= SR
7FEAEIA] et whebA FeSOD 9] i8] =N-2eho] signal

peptide S ZH= QUEA Q1 BH] A A9 ubs ThE 7|20 2 F]

&3l Al Als1d Al2E

E Aozt AR E tHKondo ef al., 1994; Ananthalakshmy and
Gunasekaran, 1999; Park et al., 2003). W& =0tz &
o] o] 3 HIH 2] ol Er]7 4 TEe A o' A A Jlrk
(Bendtsen et al., 2005).

Mycobacterium tuberculosis ]| A+ signal sequence {1+=
SOD7} SecA2et= THal| Hof] ofafA] Ajazyre g FH]Ethal
A A =] 9 Braunstein et al., 2003). & A1 3] A of| ] o} LA
Aol 9ztste] A& Clustal W dendrogramo] €]J5}H S.
coelicolor®] SecA (WP_003975807.1)= M. tuberculosis 2]
SecA2 (WP_003409221.1) X th= SecAl (AFN51245.1)9]
AlSSl= Tl R 2 of AZItH(Fig. 7). SecAl+=signal peptide
7} 2 Q 3t 21| 7] AF-S- 2K Braunstein ez al., 2003). 3 x| 7}
A Streptomyces | A SecA22} -G-AFSE el o] H1 % Hi=
glov g B A3 S subrutilus P54 %= FeSOD7} SecA2
of g 2|7} ol AL e Ao 2 Az, o
A Rhizobium leguminosarum2] SodA7} signal peptide+= ¢l
A9EN-U 107]2] opu] Al X17] 7} 2 Q3 A 22 FEf <]
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M. tuberculosis SecA2
R. leguminosarum Sech
B. subtilis SecA
S. coelicolor Sech
M. tuberculosis SecA1l

Fig. 7. A dendrogram constructed based on the amino acid sequences of
various SecA proteins using Clustal W2. M. tuberculosis SecAl
(AFNS51245.1), M. tuberculosis SecA2 (WP_003409221.1), S. coelicolor
SecA (WP_003975807.1), Bacillus subtilis SecA (BAA01122.1), and R.
leguinosarum SecA (WP_029871116.1).

SecA o] Q54 EH|E= A 07 1 15| tHKrehenbrink et
al.,2011). S. subrutilus P52} S. coelicolorof| 4] 815 % FeSOD
OIN-Tt ofu) A A -2 R. leguminosarum 2] SodA 1=t}
Z3(Kim et al., 2014), Streptomyces 2} Rhizobium7}2] SecA
FAM = A e THFig. 7). ZL2] 2 & signal peptide §l=
SecA E-H| 7|20 S, subrutilus PS5O EAY SR = 42 Ao =2
A2y,

& AN = sodF /F7AFoAA 1s W27}

g

EAjste g
type Il FH| 7|55 ©]-8-8F FeSOD £H] 75732 AAI5H3
th Type Il 24| 7| 5= 2 E. coli 50| 13 578 Alatoll Al
e A QJR|9F Streptococcus pyogenes T 2H-2- 13k oFA WY
3 Al Al 254 Tl A o] JH| = Tl e o] §l&o] HAlk
9IthMadden ef al., 2001). @A7HA] type T H1]7] 77}
Streptomyces | A HILE| A= 9AQk O} o] =Fof| A= #-4
A AL E35l0] Streptomycesol| X & Eu|chlE & A z2}7}
A7} A5-S T FH A2 (scabies) 2] <l
0 2 2 A A Streptomyces scabies7 | <33A| ol B QA
2 owlgl 7|ZRe & ukE A Q1] otk Z Lo ol oA
at ZH 712N Ak WAge] HHES WRAT oo w
typ 11 21] 7] Eeke] B AL 8] = AL Su| 28 A7)

JcHJoshi et al., 2010). T3t v H Q421 S. subrutilus7};

tts box S 7=

—

SH= o] thi v AR EThe] Aakagol A ojwl 4

g
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