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Composting of biomaterials generally proceeds under thermophilic and slightly alkaline conditions. To enzymatically ac-
celerate decomposition of collagen-based materials, such as jellyfish, during composting, we screened bacterial strains that
produce thermostable collagenolytic activity with optimum pH at alkaline region. The best producer of such activity, strain
4-2-1, was a thermostable actinomycete, which was identified as a strain of the genus Thermobifida on the basis of 16S
rDNA sequence and cell-wall amino-acid composition. This is the first example of Thermobifida strain producing a collag-
enolytic activity. The collagenolytic activity was produced in the culture supernatant of the actinomycete and displayed the
maximum at pH 8.5 and 80°C. Proteolytic degradation of type I collagen and jellyfish could be efficiently attained by incu-
bation of these materials with culture supernatant of the strain at 70°C for 1 h and 40 h, respectively. These results suggest

that strain 4-2-1 may serve as an efficient catalyst for composting or bioprocessing of collagen-based biomaterials.

Key words: bioprocess, compost, collagenolytic enzyme, thermophilic, Thermobifida sp.
F—TJ—R: "M FFuwR, avEAL, a7—FvHREER FEWE, Thermobifida &

1. 4

27— VILRERE, Kl B/ OEREER S o
FEREL v N7 BETHY, WABWLFEO2 v 7B
TR bEAE &V, MEEHECs b b EBERL
DHge DFES I <, BUAE CUIALEE o BER ) £ S D
FIR S %\, —F, BRMTELKEMTE Tl kED
A5 = VERREEYWINBEH IR T 5D, £DIREA
ERFAIN TR I X 0 EFAUS IR T\ 5,
FOFREEAAF T AL ) RESRL 3 v AR
ME$ Bt a s —7 vEESHCHRTHILEND D
2y, 2T — 5 VR E e RS A b oo — N T &
VR SRR EEIEFR T A N TE R, 25—
yUICEHEEN BRSO R sBRII 25y —+
TR, BEN O 2 7 — 7 v AREhC B L TR
AR K OREHR & L CHFZEn IS T & 779,

MM X B REE IR Y v e A TR R L Y Sl
WrEiRc e s b, FBEARWC X Y pH BB T 5,

ill]

NAF T ux2A~DOFH%ZHIE LT, Tsuruoka H ik
Mt coa v KA MEA~FIAT % B TIlETT 0+
DO ER pH & FE oM EWE 2 7 — 7 v 5 R FRE
PERE 2 B L"), BESR OSSR 21T - 120 & e,
Okamoto H 1L HE# pH I TH » £
IRJED 60°C TH D27 — 7 v i REER & EPET % M
Bt U7c?, BT T, Uesugl S 2N HEEd B 5 BE L
7z Streptomyces omiyaensis 17 X D P I N LHEEFZE D 2
7 =7 RO THRE LY, RlEnba T —7
VO RBEROBERLAA BN TR D, Kurata b3 7
N VDT = IR RAERE T L, Alkali-
monas JEDFETH 5 & L1, %72, Yanagawa b L
7 Xk ET 5 ENT, WIREREY L b EHEEE T
IR« Z5# pH T D a5 — 7 v @i E AT 5 s
% 538t U, Brachybacterium |& ThH 5 & [ME L1295 —
e a v RA MEEBIC R\ T, FRMEREEY & HR
SRR et BRR 7 3 VEOARI X D Y pH Bk
DET AR VI THBET L NS\, 22T, £



100 Ky

PH G5 7 A VITH D, 2 2Eim itk % 7o =
T —r v REERERE T A ERHNE L, FDERE
B % A TEBRT s DR L7,

2. MHERUAE
2.1. WMEMRUEESEY

BRE PO H R R R AT b, HFREGT
70°C T GY #R#H® (1.5% Bacto Gelatin, 0.01% Bac-
to Yeast Extract, 0.85% NaCl, 0.5% KH,.PO., 0.001%
MgSO.7H0, 1.5% %K ; pH 8.5) 4B T % IF & i
EWE SR LT, ChB DMK ARERET 59,
GY ¥ a2 % L= GY &R (1.5% Bacto Gelatin,
0.5% Bacto Yeast Extract, 1.0% Bacto Peptone, 0.85%
NaCl, 0.5% KH,PO., 0.001% MgSO.7H,0O; pH 8.5),
A\ T Nutrient Broth F5HIC X HiciERk =+ 2 &Nz fo
NB & Z 551 (0.5% Bacto Yeast Extract, 0.5% K = % =
1.0% Bacto Peptone, 0.5% NaCl; pH 8.5) % i\~ TIR&
¥ (170 mpm) %17 - 72, BEETHBIIE, B 1
H&EMEE U CRiils s Lo, sl os®#m s b
AR #E RE M 1/500 MBS U 7o Thermobifida fusca
NBRC 14071" ¥k J% 08 Thermobifida alba NBRC 15853" ik
o O) BLEEEE AR 0 DEA L, NB & HS
WA F T BERE & RRRICBE 2 21T - 72,

Bacto Yeast Extract, Bacto Peptone } O Bacto Gelatin
i% Becton, Dickinson and Company #H2>bHEA L1z, £
DM ORI, FricHEE Lo WR Y FIEMEE T2 Bk
I OEh 7 v — P ERBEAL TRV,

2.2. DEMEMONTERTE

WG U o5 RE %, 16S rRNA % 2 — P
% DNA (16S rDNA) DOEFEEFIHFEM: 2 faiE & LTl
TDFHBTEM L7, PrepMan Ultra Reagent (Applied
Biosystems #L%) #H\ T, 5#EkD 7 4 DNA % i
W17, fhitH L7 DNA #8f1 L L, 16S 1DNA fio 7
54 <=—%{fiH L T 16S rDNA s T % #iE L 72, PCR
7514 <—%&L CTIL9F (5-GTGTTTGATCCTGGCT-
CAG-3"), 339F (5'-CTCCTACGGGAGGCAGCAG-3'),
785F (5'-GGATTAGATACCCTGGTAGTC-3'), 1099F
(5-GCAACGAGCGCAACCC-3"), 1510R (5-GGCTAC-
CTTGTTACGA-3"), 1242R (5'-CCATTGTAGCACGT-
GT-3), 802R (5-TACCAGGGTATCTAATCC-3"), 536R
(5-GTATTACCGCGGCTGCTG-3") # i} L =", PCR
BEIE PE A DI FERLS 2 CEQ™2000XL DNA Analysis Sys-
tem (Beckman Coulter #£8) # F\~Cf##HT L, BLAST"
W X B HRBERER S DAY 0 BRE L, MEw
MIRERE~= 75 K 7 ) 9 v DR LR o5 81E, A
HY ROEAR? oF e, BEEE s n<r 75
7 4 =& HCTHH LT,

2.3. AT UEENERE

25— Y RIEE OWE DI, 7 7 R
D27 =5 ¥R TH% Azocoll (Calbiochem #:BL) 7%
FHEL L CHAL %, Azocoll 25 mg, 4 mM Tris-HCI
(pH 8.5), Tween 80 2.5 mg, HEFHMR L ks FiE &R
EL, REBEN25ml & 785 IGERRHE E L,

fl

B 50 LD IGTRIE THRFF L TR\ I KIGERIR IR
Wanz, RICHBIAELIC, FHELRWERD 60 41
VF¥F =LK, BbCKIGKEKEGTHEEDIT
IMEEE AN v 7 > — (pH4.5) % 5ml Iz )G % 51k
S, a7 =7 v fRiEkE RISEo LEo
540 nm I KT B WIEE OB (dAs) D REL D,
1 73 [ Azocoll 1 pg % 5383 A &% 1 Unit & L7,

i, 1 Mas—rvonsfillkciiy v 7F v il
k25— v (Sigma-Aldrich #:#!, Collagen from bo-
vine achilles tendon) ##&E & L TH\, #E 2 mg ioxf
UR5#E B35 0.5 ml Nz 0 MR DT A BHLCHIZS L7,
75 v 2T, BEREONRD D ICRER OB A N2
72

7 7B E Llch @iy, —icaRELT
WBL TR 77 (AAWERASHE) »b &
w2 5 rEEERE L, Thbb, s 7 -kl
KTEEEE L, 0.8% DR Kic—BiRE L -,
3mmADAT VLV AAy v T Lz 57 B L
L, 7 57 B 1 gt LESE L Sml 2 EA &%,
e Ok F 2 BRCBE L, 77 v 272IB\\T
ik, B5EE B oD 0 R EH ORHA N2 1,

3. HReEE
3.1. M-I nEBREERONRERERE

BREE o M B S SR AL TR 0> O DR o0 T L 7o i
BEME R T TR GY SR TR L, KiEE
WLiEFhoas—» v RiEEE2HE Ui, D8O 5
B, W ODOKOREER EECE V2 5 — 7 v g
HERRLR, WThbfifastc 2 5 -7 v REEE Y S
WL TWBZEDNREINE, ThBbD 5, 70°C
5 80°C DEEFEILRE TR\ NT a 5 — 5 v 5 fREMED
Dy o 1z 4-2-1 BRim o T, 16S rDNA DO IEELS] (%
1500 bp) 1T X A5 HFE R RAT. £ DORER, 4-2-1 8
1% T. fusca NBRC 140717 #k & 98.6 %, T. alba NBRC
15853" #k & 97.6% DHFEMEAE R L, WELE Thermobifi-
da By I NG LHEES R (Fig Do 7, #ily
BET 3 VM LT 0A, Z7AR IV TT=v
meso- > 7 I AN VEEABEHEIRN DI bt
Thermobifida J& DALF 5 BF R E A% L T, T
fusca T E¥ Thermobifida J&\% 2 v R A b Hc—fRIIC
HETAHETHY, ML S RN 70T
T—EEREET DL, L, BRI R I7ETHD
25— VRGBT D &S BERIGHEIC O W TR 0
7o <, KR Thermobifida J& DB DEEHRW iz 2 7 —
7V RIEE DT B L WS D TORETH 5,

32, EEREFEOAS—TUNBERDER

70°C /25 80°C IR\ T 2 T — 7 v S fRIEME DN E A -
72 4-2-1 BRi2 2>\~ T, NB iR % B\~ T 50°C Tk
WReR L, BERELEPD80CE T 2T —7 v
R % T, fusca NBRC 140717 #% K% 8 T. alba NBRC
15853 kD RS EW L O L R L 2 (Fig. 2),
4-2-1 BR o iEME 13555 6 HW TG IR AW, o
#% 30 HEChTe » TIRZ B LT 5 T2, 4-2-1 kD
WIREAER IR 4 HRR TR A L 7D, 8 HELITIX



Mt 2 7 — & v oy iR SR 101

100 4-2-1
77 Thermobifida fusca ATCC 277307 (AF002264)
86 Thermobifida alba JCM 30777 (AF002260)

— Thermobifida cellulosilytica TB 100T (AJ298058)
100 E Streptomonospora alba YIM 90003" (AF462347)
Streptomonospora salina YIM 900027 (AF178988)

94 Nocardiopsis halophila DSM 444947 (AJ421018)

Nocardiopsis dassonvillei DSM 431117 (X97886)

98
100 [ Nocardiopsis alba DSM 433777 (X97883)

Thermobispora bispora ATCC 199937 (U58523)

||
0.01

Fig. 1. Phylogenetic tree showing relationships between isolated
strain, 4-2-1, and related bacteria.
The tree was constructed by the neighbour-joining method'”
based on full-length 16S rDNA sequences of strain 4-2-1 and
related bacteria. The numbers at the branch points are boot-
strap values. Nucleotide sequence accession numbers are
shown in parentheses. The bar indicates 0.01 substitution per
nucleotide position.
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Fig. 2. Time course of production of collagenolytic activity in cul-
ture supernatant of Thermobifida strains.
The collagenolytic activity was determined at 80°C and pH 8.5
using Azocoll as a substrate as described in the text. The ac-
tivities in culture supernatant of strain 4-2-1 (), Thermobifi-
da fusca NBRC 140717 (O), and Thermobifida alba
NBRC15853T (A\) are shown. Values are means of duplicate
determinations.
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Fig. 3. Effect of tempereture on collagenolytic activity in culture
supernatant of strain 4-2-1 and Thermobifida alba.
The collagenolytic activity was determined at pH 8.5 using
Azocoll as a substrate as described in the text. [ ], strain 4-2-
1; O, Thermobifida alba NBRC15853".
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Fig. 4. Effect of pH on collagenolytic activity in culture superna-

tant of strain 4-2-1 (left panel) and Thermobifida alba
NBRC158537 (right panel).
The collagenolytic activity was determined using Azocoll as a
substrate at 80°C in the following buffers (20 mM): acetic ac-
id-sodium acetate (pH 4.4-5.7, []), sodium phosphate
(pH 5.9-8.0, @), Tris-HCI (pH 6.1-8.1, A\), Glycine-NaOH
(pH 7.5-10.1, M), Na,CO,/NaHCO, (pH 9.0-9.9, O).

70°C, 30 hr

Fig. 5. Enzymatic digestion of type I collagen and jellyfish.

(Upper panels) Type I collagen, 2 mg (dry weight), was incu-
bated with 0.5 ml of un-inoculated medium (A, used as a
blank) or 0.5 ml of culture supernatant of strain 4-2-1 (B) at
70°C and pH 8.5 for 0 min (left) and 60 min (right).

(Lower panels) Jerryfish, 1 g (wet weight), was incubated with
5 ml of un-inoculated medium (C, used as a blank) or 5 ml of
culture supernatant of strain 4-2-1 (D) at 70°C and pH 8.5 for
0 hr (left) and 30 hr (right).

WAL, YT XLV ABEEOIMas —» v
Bi#& B a 70°C TIEA S w60 o OREEZHZE L 1
LA, TI5vrTIRIRE A EBEBY OB RD
bhishoteh, BEE SRR Ciias—» v
HBENHERTE W IREEFE T I iz (Fig. 5, upper
panels), X BT, 80°C ThMIICIEMA I ®IcE A,
60 FERICIXIEBEI R TERVWRELS I, &
oD M, 421 BPVEET D a7 — 7 v 55 fREE
F1% 70°C 725 80°C D EIR B CI M2 7 — 7 v Tkt

f

T 55 EE A RO & L MR S e,

ZIT, Reas—rvEREEREThHL 7 775k
AT R A AT > feo 18 a 5 — 7 v o fRER & A
U BB T2 5 7 B wek4 % ol 217 -
ok 25, 70°C T 15 KRk 7 5 7 E O 5 sk
DT in b, 30 BEBC B S » B R TR T
Z7oWIRREE THAEE L 7- (Fig. S, lower panels) .

4-2-1 MiEEE Lo 3 5 — 7 v o s B4 5 D
FORRERNS, 421 R EET ABERE D EIRT T AN
VWG FCa s —r vERWAERERY ST bEER L
LCHRATE S Z LRI NI, 5%, 4-2-1 k04
ETHHEME 2 7 — 7 v 5 MRBEFR D\ T REANC fEAT
L, "M AT awA~DILHXBHTTETH S, F
K, KEEFNas—r v EEEREREwDO 2 v KA b
L FIHE R, N1 F v AFER#EEO—Bh &b 2 &
IR L 720,

E | &

ARG KT Hehicn, REOFRIUC ZH I 12
P letBE K v AT A BT HEE VAT 2 T4
HI OGBS, YOCAEHAREAK Y 2 —0
TR L E T, ¥, FREEZZETTHEH
7o T, EROY E—1rZ LTI WRESE N1 T
7 77 VIRRRE R ORBEHMIE S A, HFESAI A
L REH T L ET,

X ()

Altschul, S.F., W. Gish, W. Miller, E.-W. Myers, and D.J.
Lipman. 1990. Basic local alignment search tool. J. Mol. Biol.
215: 403-410.

Kurata, A., M. Miyazaki, T. Kobayashi, Y. Nogi, and K.

Horikoshi. 2007. Alkalimonas collagenimarina sp. nov., a psy-

chrotolerant, obligate alkaliphile isolated from deep-sea sedi-

ment. Int. J. Syst. Evol. Microbiol. 57: 1549-1553.

3) Lund, T, and P.E. Granum. 1999. The 105-kDa protein com-

ponent of Bacillus cereus non-haemolytic enterotoxin (Nhe)

is a metalloprotease with gelatinolytic and collagenolytic activity.

FEMS Microbiol. Lett. 178: 355-361.

Matsushita, O., C.M. Jung, S. Katayama, J. Minami, Y. Takahashi,

and A. Okabe. 1999. Gene duplication and multiplicity of

collagenases in Clostridium histolyticum. J. Bacteriol. 181:

923-933.

5) Matsushita, O., C.M. Jung, J. Minami, S. Katayama, N. Nishi,
and A. Okabe. 1998. A study of the collagen-binding domain
of a 116-kDa Clostridium histolyticum collagenase. J. Biol.
Chem. 273: 3643-3648.

6) Matsushita, O., K. Yoshihara, S. Katayama, J. Minami, and A.
Okabe. 1994. Purification and characterization of Clostridium
perfringens 120-kilodalton collagenase and nucleotide sequence
of the corresponding gene. J. Bacteriol. 176: 149-156.

7) FJINESEE, RS F. 2001, 16S rDNA &z T D& ALY
WD, pp. 88-117. HABMEF M, BB O L
[AE. HAYZ=FH Y 2 —,

8) Nakayama, T., N. Tsuruoka, M. Akai, and T. Nishino. 2000.
Thermostable collagenolytic activity of a novel thermophilic
isolate, Bacillus sp. strain NTAP-1. J. Biosci. Bioeng. 89:
612-614.

9) Okamoto, M., Y. Yonejima, Y. Tsujimoto, Y. Suzuki, and K.

Watanabe. 2001. A thermostable collagenolytic protease with

a very large molecular mass produced by thermophilic Bacillus

1

~

2

~

4

=~



10)

11)

12)

13)

14)

Mt 2 5 — 7 v o IR % 103

sp. strain MO-1. Appl. Microbiol. Biotechnol. 57: 103-108.
Saitou, N., and M. Nei. 1987. The neighbor-joining method: a
new method for reconstructing phylogenetic trees. Mol. Biol.
Evol. 4: 406-425.

Sugahara, T., M. Ueno, Y. Goto, R. Shiraishi, M. Doi, K. Akiyama,
and S. Yamauchi. 2006. Immunostimulation effect of jellyfish
collagen. Biosci. Biotechnol. Biochem. 70: 2131-2137.
EARME—EE. 2001, fbao SRR, pp. 49-81. H AR
B, BB oS EFE. AARFEHBey 2 —.
Tsuruoka, N., Y. Isono, O. Shida, H. Hemmi, T. Nakayama,
and T. Nishino. 2003. Alicyclobacillus sendaiensis sp. nov., a
novel acidophilic, slightly thermophilic species isolated from
soil in Sendai, Japan. Int. J. Syst. Evol. Microbiol. 53: 1081—
1084.

Uesugi, Y., J. Arima, H. Usuki, M. Iwabuchi, and T. Hatanaka,
2008. Two bacterial collagenolytic serine proteases have differ-
ent topological specificities. Biochim. Biophys. Acta. 1784:
716-726.

15)

16)

17)

18)

19)

WHIfkE. 1982. #ifakE pp. 5-45. BBRTHE, #ED
DAL IR, PR v 2 —.

Yanagawa, T., T. Kawabata, Y. Ogushi, S. Kohno, K. Ozaki, K.
Nagao, Y. Morikawa, T. Miyoshi, D. Hoshii, Y. Nishikawa,
and T. Naganuma. 2004. Pilot system for mass degradation of
jellyfish by marine bacterial enzyme. Mar. Biotechnol. 6 (Special
Proceeding Issue), S218-S222.

Yoshihara, K., O. Matsushita, J. Minami, and A. Okabe, 1994.
Cloning and nucleotide sequence analysis of the colH gene
from Clostridium histolyticum encoding a collagenase and a
gelatinase. J. Bacteriol. 176: 6489-6496.

Yu, M.S,, and C.Y. Lee, 1999. Expression and characterization
of the prtV gene encoding a collagenase from Vibrio para-
haemolyticus in Escherichia coli. Microbiology 145: 143-150.
Wlodawer, A., M. Li, A. Gustchina, N. Tsuruoka, M. Ashida, H.
Minakata, H. Oyama, K. Oda, T. Nishino, and T. Nakayama.
2004. Crystallographic and biochemical investigations of
kumamolisin-As, a serine-carboxyl peptidase with collagenase
activity. J. Biol. Chem. 279: 21500-21510.



