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Clostridium thermocellumo] A= AfAEe] 4BA Q) cellulosome 26719] M2 o} a2 FAH
o] glom 2 FAEAZA calciumd EFT glo}. ATg T2 o] BhAoA FARYAL Helsld 1 7%
< 478 BH 22 o] EAZ &3 dissociation)s}E] A =sc). o] BtAE calciumg AASGLE o A=
o SAE TN AEL MonoQ column chromatographyel] &8 F234le]l CipAS Z§Hst £3), 91 kDa
(CelK-tr), 60 kDa 3} 57 kDa 322 FAH B33} F2 46 kDa (CelA-tr), £ 71 kDa (CelS-tr) ThA L ¥
el 2YEE 34 EeHn 9HEe] BYEL crystalline cellulose -] 84S B9t £4~ Bald 71 kDa
YL 60°C~70°Coll A Afrdedal] A] caleiumo] &4 0]¢] .00}, 46 kDa AL T3] 9§9ked. 46 kDa )
AL cellodextring- cellobiose ¥ cellotriosexk$] 2 A8l cellotetraoseZ5E glucose’} A Ao] 2= g]
= Cellulosome®] A28 FFAHE o] cellobiosed] A& T2E o A FATY AL GAJo] o] HAEA W]
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2] Fgo] ¥ 571 9MTS Uk O celluloseS H-5f
3= ol B89k endoglucanases} cellobiohydrolase 5-& A E.9)
of Held HelE wiEITHS,e). vhddl 71 1A 79l
Clostridium thermocelluma cellulosome©|2} HHE X-f2is)
A B9AE AERHC F43TH1). o] BgAE 26719 A
E 02 didEs 7450 luki4). I FAGHAES 1)
9] gA4o] gle FREA (CipA)T UmR] REe] 4 e
b T ER AR UTks). R BAE zhe o
Aol dockerinol} B2)3= conserved duplicated region(CDR)®]
A3 o= B4E 7 waEo] CipAd] Agtshs o) B
gheh24). FREAQ) CipAtr AR h(scaffold)Z A 2H3-8hc}
Q7). o FRENA e #4E 2 vldSo] Ashs o)
L F cohesinolZ} W™ ¥ IRE(internally repeated elements)”}
EAETH9,10).
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AE cellulosome Q2] F 40 Hlg) A-giEefPgo] <
30%= HolHAY endoglucanaseZAdolE H3l7F f1%1EH3). 3

Yo}

Ag e Fe] shul 71 kDa cellulosome®] &}
HAA 2 de) DAL CelS2] C-terminal F-917} Aoker B
Aol AdkE 59 A WA CDRE ool Tt old F
g2 46 kDa, 91 kDa T FollXx Bol4S RY Ao
2 FE A AA CDRE calciumdl] A¥sh= B4 BY
om, caleium E3) 3}l CipAol AFH= sequenceS T3t}
@). & =%olAe calciume] AALEA A= cellulosome

Tl Rl o

THaw
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T4 ONEe) RIS PHsGoH, £4ReE T v
Ao B4 211350,
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Ml ¥ cellulosome2] 22|

Clostridium thermocellum JW20+= Ljungdahl 5-0} R 13} |}
el whe} E714 el sl UBETH19). Cellulosome?]
= Choigo] AREEF WS 018381901, Avicels: 7 BAY0
E ARsted o vkt & AN E 234 Aviee FEES B
aglom, ool BAFo] gl GARGAS ZHFE elution?]
# #2]g § Sepharose 4B (Pharmacia)® 57} B-&]31Th(3).

Cellulase assay

Endoglucanase®} Avicelase(crystalline cellulose +-3)52)84
< Bug el oJa) 45 TH3). Phosphoric acid swollen
Avieele Kol 71&t ol metA) Azs9 om26), o] 714
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o that 32 AvicelaseZ A4 W FU51A) 37‘3'3}
ATH3). #2lE S AvicelaseZHdol 1]x]=
H7] 9l5ke] 46 kDa T A 9229150 mM Bis-Tris, pH 6.5)
o 83lg 1%(wiv) Avicel ©ll, 71 kDa T2 2kz=ol(50 mM
Bis-Tris, pH 6.0)9 €813 1% Avicel ol 2o} 40°CE ¥-¥]
80°C Afole] 2zol|A] 7 AJ7E WR3-A)7) S0l 1 23S =38t
Atk Avicelase ZAol) caleium®] Q&S 5.7 sl 7 mMe
CaCl& WHE Al 37slSdTh,

A E celtulosomeOi| M JH7HO| TA EHeiE of 23|
Cellulosome s #5171 28] Hagl Whfo] wheba a4-ie)
% cellulosomeS 50 mM Tris, 0.1 M NaCl, 5 mM EDTA &9
oA 37°Cel A 4841 WhEAIZITE 1 NRE-El S ohEal(30
mM Tris, pH 7.5)914] 12 AIRE T4 o] 2+ egaom
HEA]Z] MonoQ HR5/5 column(Pharmacia)ol| 4] -2 =
2L | mimin®] 452 NaCl gradient(0~0.45 =
of £ I%Piﬁ} 46 kDa 7 71 kDa o] v*;%‘%ﬂ%
7145k wWhlol) wet 3kelh4).

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) & &+
wEYY

SDS-PAGE%> Laemmlicfl 2]gh WH-S whskar(17). Acrylamide
T 7.5% (wiv) ©)%lch e Al e Bicinchoninic acid
P (Pierce)ol] Webr] 430 bovine serum albumind 715
whiE R 2188kt

Thin layer chromatography(TLC)S 0|88+ &2|EH4Zlof
9|8t cellodextrin2| 26| L&A

Cellulase®l] 9 cellodextrin(Sigma)2] E&J & silica gel
plate(Analtech, Inc.)& AFE-8F] TLCZ HA819TE 03 ye
46 kDa &2 71 kDa @A cellodextrin (5 ug)©] X398 &
FN(50 mM Tris, pH 7.5 2o 60°ColA 20 A17F wH&-A17
th WhS8-98 (10 ug) TLC plated] H& 3 &
glacial acetic acid-water [6:7:1(volivol)]ol14] 3
AT TLCAA H2l¥l e Lake?} Goodwino] 7]%
vheol] whe} diphenylamine stainingol] 2l&] #<1g 4= 2l
THIS).

chloroform-
7} io} H

59—‘
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EDTAZ X2|=|l0{ SHEME cellulosome TAIEHEEQ|
MonoQ column chromatographyOl| 2|8t &2|
CellulosomeS C. thermocellum©] A= A8 22

GAEIAZA EDTAS Helsle] calciumS Xﬂﬂo}ﬁ’i% o

T2 CipATZ 239 A9} v w2 9z Faldn
(3). CipAZ X33k B8 dad o] Follr UE subunitsS

EEPANE 21 ke el cellulosomeo] WIS| wf-¢- Ao &
olth. o= & subunitEo] A E o= CipAc] 1AH o]
UsE HAFEUTE CipAst A4AFA &8

oo subunits
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cellulosomeol| 4] 2 2] = QAT W3 gel filtrationo] 2)ah el
HEHES vud 52 Ao gl s JeriTha).
CalciumA Aol 9J8) cellulosomeo] A sjH1E vhalaEo] 747}
o whieln], S o) Guldo] B3ha Feelx) 4] ¢
ste] 71 S|A1E cellulosome T H2]8klth. MonoQ column
chromatography™ L 3| A E cellulosomes 57 2] subfraction
202 FYAHSHF 1) drEY subfractions S
Avicelase B35 B3 7} #4958 SDS-PAGES] 28 w4
B3I THFig. 2). Subfraction I (1*52 #53) 5 CipAs} o}
A2 ke U E subunitEER FAEUATE SAEA g
cellulosome 94] subfraction 15} HIS=8HA] 22 salt F=oA
2] ¥ 2 h(data not shown). ¢l % 2l0] anion-exchange
column chromatographyl| A W28k 548 2= -8 Yehd
t}. Subfraction IV (#31-33)9} V (#4)iz T2 46 kDa ¥ 71
kDa ©eld-S 7h7F 2gkal9tt. Subfraction 11T (#37)= Bl
EAShs ©lA R 60 kDa, 57 kDa subunits# 22 ko]
91 kDa subunit XZE38HTE Subfraction II (#42ye F& 9]
kDa subunit®} 22 ko] 60 kDa¥} 57 kDa subunitsS E8
ST Subfraction 119} MYl FH=A8HE subunitsS o] 34
2] 71421 phenyl-Sepharose. hydroxyapatite €} gel filtration

chromatographyel] 2JeiAc o o] F-&15#] 2ehth(data not

shown). o]s= "1 FE S0 ZAE= subunitge] A& AgtE o]
UE TS HolFE= Aotk IL subfractionSel = Zh
subunits¥ L 7*3 H] Tﬁrol PR GESFHFig. 1 & 2). 46 kDa
St 71 kDa @ A2 7h2h CelA®F CelS9F 22 N-terminal

pu M
sequenceS ZEil AATH2.3.25). CelAt= L AgFo] 56 kDao)
o Aol C thermocellum®] WA A 6M urea®A| sholl A

0.5 M NaCl
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Fig. 1. MonoQ column chromatography of EDTA-treated cellulosome.
Cellulosome was incubated at 37°C in Tris, pH 7.5 and 0.1 M NaCl
and 5 mM EDTA for 48 h, dialyzed against 30 mM Tris, pH 7.5 for 12
hr, and loaded on a MonoQ column(0.5x5 cm, Pharmacia). The
column was eluted with 10 m/ of the starting buffer and then with
NaCl gradient from 0 to 0.45 M at a flow rate of 0.8 m//min. Fraction
size collected was 0.5 ml. Protein elution was monitored at 280 nin
( ). (A ) indicates Avicelase activity and one unit denotes umole of
glucose formed per min.: dotted line, NaCl gradient.
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Fig. 2. SDS-PAGE (7.5%) of fractions separated by MonoQ column
chromatography as performed in Fig. 1. The numbers at the bottom of
the gel represent the fraction. — indicates control sample without
EDTA. + indicates cellulosome incubated with EDTA. CipA
corresponds to band of about 200 kDa as shown in fractions 52 & 53.

=5 2y ]01 endoglucanase® 574 AATH22). wabA 46
kDa ©9AL Cterminusoll Al oF 10 kDa7}F2] peptide”} &
oy Aog FFT & Ak CelAw ek AXF E colidlA

BEE O SA4e] o gatedirh23). vl CelS (S8% F
A= C thermocellum A intactSHAl 257 B2 H A 29A
Wb cellulosome2 proteinase K2 #2]38 w A S8
o] Aty &) S8-tr= B} EUrh S8-tr& C-terminusol|A] oF
7 kDa A57)} AdE Aoz F4E 2 cellobiohydrolaseZ
SRIFATH21). CelSe= BE=3F A2 E colidlA] E2] 5 A=,
FAANA FFE o] ol 2L 76 kDaolATH(16).

22| 8 chiE ol MRA 2 EM 0[X]E= calciume| HEF
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Fig. 4. Analysis of the degradation products of cellodextrin by the 46
kDa protein by thin layer chromatography (TLC). 5 ug of each
cellodextrin was incubated with 0.3 pg of 46 kDa protein for 20 hr at
60°C, spotted to TLC plate and partitioned for 3 hr at room
temperature in chloroform-glacial acetic acid-water[6:7:1(vol/vol)].
Sugars were visualized by diphenylamine staining as described in
Materials and Methods. Lanes 1, 2, 3 and 4 indicate degradation
products from cellobiose, cellotriose, cellotetraose and cellopentaose,
respectively; lanes 5 and 7, cellodextrin markers; lane 6, degradation
products from phosphate-swollen cellulose (26).
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Fig. 3. Effect of calcium on cellulose degrading activities of the 46 kDa protein (A) and 71 kDa protein (B). The 46 kDa protein of amount indicated
was mixed with cellulose in 50 mM Bis-Tris, pH 6.5 and the 71 kDa protein in 50 mM Bis-Tris, pH 6.0, in the presence of 7 mM CaCl,( O ) or in
the absence of CaCl( [ ), and then incubated for 7 h at given temperatures. Reducing sugars produced were determined with tetrazolium blue

reagent, using glucose as a standard (12).
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cellulosome®] FE subunits2] EeHAJo] calciumol] &&2]
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calciumol]

£2| &l subunitE 0| 2| &t cellodextrin®| 23f
Cellulosome S Ad-FAS Halate] cellobioseS T8 AHE-R Al
Abslc}, o] =
amorphous cellulose® F3late] 2] F472] oligosaccharide =S
Asith1n). WA Z47ke] MR ok 5A49] subunitso] E4
%?ﬁﬂ% HA)ste] OB HEAHED] cellobiose® FAAY <+ <)
A ZALslE Aol Zw|9)e dolth CelSy o] Aol A
recombinant FEL AHE HE|E cellodextring H-3l5k= E4
of sl AR Aek16,21). 22y Celao] 213} cellodextrin®]
e EAlC disire deixl vb gloh CelAY: amorphous

9] cellulosome subunitE- cellodextrin &-&-

cellulose®  W-3ll3Fed  cellobiose, cellotriose® F8 AHEZ
glucose® & o ] ’*]-Ti s TH22).  Glucoset
cellulosome®] 9]+ 4 e Aol ofUt) ot 7] A

JIFJ 4

glucose”t KA+ 1 %}/ S8l 46 kDa THH Ao 2|3t
cellodextrin®} 3| Y-S 2A18ITE Amorphous celluloset= 1.
38 ukel #o] cellotriose. cellobiose} glucose® -3 & i Th
(Fig. 4, lane 6). ©] subuniti= cellobiose®} cellotrioseZ -85}
3T Cellotetraose™ cellotriose, cellobiose 2} glucose® ¥-

- o

= AT} Cellopentaoset= cellobiose9} cellotriosei -8} ¥ 9tk
(Fig. 4). ©x= CelA7} cellodextrin cellobiose & cellotrioseTH]

= Ajate] Rafghe Bl Fr.
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Mg ZH= subunitE Z+2| synergism
Folek ozt AwdlA "
exoglucanaseAtolol A3 4] synergismo] TakE]o] St 1]
ol Aol A9] exoglucanaseolls= 4429l bindingdh= -
(CBD)9} 248 Hoj= F9] ARelell intrasynergism©] 9’01‘41/}
Il B AkT). o19k HISEH cellulosome $AA] CelS$}F CipA
o] CBDAFOJO] intersynergism©] EILE ATH(15). Synergism &
g A CelDeb SRrAbelel T FHEUTE 2.
Cellulosomedl|= B8 “£5-2) 47 1do] sl Mz & Sol
A& 2h= 2 endogl ucanaqe## —Lr Z52 exoglucanase”} &
AFFcH13.25). B AgolMs el HirE cellulosome?]
subunits 9ol R ?}*é:o— Zh= subunits AFo] o]
synergism®] EABR=AE ZAFSFATE 46 kDab 71 kDa T 2
& T8 e EsjelyE 2Abekledl §]’“°] &
oke] 7h/Re] vhAS ARG wel nwd s uf B AjolE B
o7 gkttt ol F v g Atolol] synergismo] HoJUhA] G5

£ X #t} (data not shown).

3 endoglucanase 2}
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3k

Cellulosomee- W-¢- Austar, Al &) 4 (dissociation)d}7]
olf¢ P 7RI Y. e, o] BAES Y] AR
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2 calciums A ABHEE ] a4 = Ak, o]2fgh 2} Fof] BE
w7 S Bl o] EARHY 548 v 2o
238 = Itk AA, subunitEE A E o] Fol = AL CipA
o] Ag=o] Utk o= calcium 2-& TFE F4:0)L-0] subunits
Afele] HES SIS © B TR 947) obd 5 9l
th= 218 AlARgTh T ®AL 71 kDa (CelS-oltt 91 kDa
(CelK-tr) ThillF o] Bo ofy <ubfracti0n——§ (Fig. 1)2 CipA7}k
S e B2 AaAEsledS Btk ol CipA7)
A allell 2]l o) 0}” Hof Frh A, 54
a‘@iﬂ A Alell subcomplex7F EAER= AL o subunits
o] TEIAR CipAZ} G Aehely Bel 40w AR 3)
fi "] S}, 123k subunitso] 1A 0 R T EGEA]=
ArEjofop & FEolr). CelA-tr ol njokalolx] Haj
?} (clA-Q]- vEF7FA 2 phosphate swollen  Avicel S
Aél,)\\]—‘é‘]-]:]»(ﬂ’))

cellotriose, cellobiose 9} glucose S
cellulosomeol] 9]3l cellobiose® ¥-3] 5 7] w&o] ©
CelAol] tst AAAR1 7142 ofd 4= QUth Lcllu]osomeoﬂ
8= endoglucanases= -4 0.8 440l 2RE381L A ol
AMAJE oligodextrins-& TH2 endoglucanase$} exoglucanase”}
glucose”} o cellobiose® A4S 21 EAjo] 24E Ao
2 FAREC @A) CelSe CelK(13)2F 7 cellulosomed] &4
ke T3 exoglucanase®]™ & endoglucanaseE3} €7 4
w3k Ao AMRHECH Tefu) B o A= C-terminal H-9)7}
A CelA®} CelSE Afrag Ealsk=tl 2421 synergism
Holz] okt 11 ol F shRv T dhlgo] AAETH
oﬂ}\-]bh 7R ] r/]uﬂg/&}o]oﬂ R Mol AHEo] glS = 2
t} w 1;]

FAH R B TR Cndoglu«.anascﬂ

Ani A

*d[o [ o

7Fs A 0.2 cellulosomes exoglucanasedl] H]&iA]
EAshs Aoz Hol,

Fgole] digafa il T3 Kol synergismo] T8
B WY 4 Sl Al cellulosomeoﬂ ol e g8 o
FrAaEsle multi-cutting event. & 2445 2= B2 subunits0]

CipAdl] Y& F-a551, dfiof Faso] FAl dfa
Akl Ao s AETheo). olygh 7HEe Sy

H2+= cellulosome®} AN F AL wh 13e] o]t dfi FallE
A& intact cellulosome T} %0/(5_ “*01115 Zolt} (3). T
Argei cellulosome®] TEHQ! 540] $4E 28 subunits:

T 2
Atol 2 synergisme Al 7o
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ABSTRACT : Characterization of Subunits Dissociated from Cellulosome of Clostridium thermocellum
JW20

Sang Ki Choi (Microbial and Bioprocess Engineering Laboratory, Korea Research Institute of
Bioscience and Biotechnology, Taejon 305-333, Korea)

The cellulosome of Clostridium thermocellum consisting of 26 different polypeptides contains calcium. The
polypeptides dissociated when calcium was removed. Most of dockerin region in the catalytic polypeptides
cleaved during dissociation. The dissociated polypeptides were well separated by MonoQ column chro-
matography into CipA containing fraction, a fraction still complexed with 91 kDa (CelK-tr), 60 kDa and 57
kDa polypeptides, and fractions containing mainly single polypeptide of 46 kDa (CelA-tr) or 71 kDa
polypeptide (CelS-tr). Most of the fractions hydrolyzed crystalline cellulose. The purified 71 kDa polypep-
tide was strictly dependent on calcium for crystalline cellulose hydrolyzing activities at 60°C-75°C but 46
kDa polypeptide was not. 46 kDa polypeptide digested cellodextrin as cellobiose or cellotriose unit, and glu-
cose was produced together with cellobiose and cellotriose from cellotetraose. It seems that cellulosome pro-
duces final product, cellobiose, through coordinated regulation of activities of various subunis.





