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ABSTRACT: The cellulosome o€lostridium thermocellundW20 consists of 1426 different polypeptides

as determined by sodium dodecyl sulfapolyacrylamide gel electrophoresis. The intact cellulosome
hydrolyzes crystalline cellulose in the presence of'Cand thiols. This activity is inhibited by
ethylenediaminetetraacetic acid (EDTA). Ca is incorporated into the cellulosome and is tightly bound as
demonstrated usintfCa added to the growth medium. Upon incubation in 50 mM Tris (pH 7.5), 0.1 M
NaCl, and 5 mM EDTA at 37C, Ca is released from the cellulosome, which disintegrates into polypeptides.
The SDS-PAGE pattern of cellulosomal polypeptides is remarkably different after the EDTA treatment
when compared to this pattern of untreated cellulosomes. Polypeptide bands corresponding to molecular
masses of 160, 98, 76, and 54 kDa disappear, and new bands of masses 150, 132, 91, 71, 57, and 46 kDa
appear. N-terminal analyses of the 98, 76, 91, and 71 kDa polypeptides show that the 91 and 71 kDa
polypeptides are truncated products of the 98 and 76 kDa polypeptides, respectively. The 76 and 71 kDa
polypeptides correspond to CelS [Wang, W. K., Kruus, K., & Wu, J. H. D. (19938acteriol. 175
1293-1302]. The 71 kDa polypeptide is formed from the 76 kDa polypeptide during the EDTA treatment,
by a cleavage that occurs at asparagine residue 681. It involves the removal of 60 amino acid residues
from the C-terminal end. All catalytic subunits so far characterized contain an asparagine residue
corresponding to residue 681 of CelS. This residue is part of the conserved duplicated region found in
catalytically active subunits, and it is postulated that several of these subunits also are truncated by the
EDTA treatment. The polypeptides truncated by the EDTA treatment had reduced Ca binding capacities
compared to their native subunits, indicating a Ca-binding site within the conserved duplicated region.
This region has been implicated in the binding of the catalytic peptides to the scaffolding polypeptide
CipA, which is a structural protein of the cellulosome and has a strong affinity for calcium.

Cellulolytic enzymes have been intensely studied for 6.5 x 10° Da (Lamed et al., 1983; Wu et al., 1988). The
utilization of naturally abundant cellulose resources for the cellulosome exists also as a polycellulosome with a mass
production of valuable fuels and chemicals (Eriksson et al., calculated from 50« 10f to 80 x 1(f Da (Coughlan et al.,
1990; Bguin & Aubert, 1994). Cellulolytic fungi and  1985). The hydrolysis of crystalline cellulose by the
aerobic bacteria secrete several different cellulolytic enzymescellulosome is dependent on dithiothreitol (DTT) and calcium
which exist separately (Coughlan & Ljungdahl, 1988; ions (Johnson & Demain, 1984; Hon-nami et al., 1986).
Coughlan & Mayer, 1992). However, cellulolytic anaerobic  tha cellulosome is too stable to be disrupted by urea,

bacteria tend to secrete complexes of cellulases obse_rvableguanidme hydrochloride, and various detergents (Lamed et
on the cell surface (Lamed et al., 1987). An example is the al., 1983; Ljungdahl et al., 1988). Treatment of the cellu-

ce[lylase complex or c_eIIquso.m.e produced by the thermo- losome with sodium dodecyl sulfate (SB$) the presence
philic anaerobic bacteriu@lostridium thermocellunBayer of EDTA and thiols has been found to be the most effective

&elr_r?ar\nzdéslsr)r?:r; MaasyeZI;Se;if?é.r,e:rl-]?SS?k.)u:ltitlss CK%rEEr?SG; Z‘; way to dissociate it (Bhat & Wood, 1992; Mori, 1992; Wu
gggo)p Its mass}%as been estimated to be f(rom m?to " etal., 1988). The difficulty of dissociation of the cellulosome
' has hindered the isolation of its subunits and the study of its
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which shows anomalous migration on SDS gels (Mori, 1992). “Dockerin”, the IRE domain “Cohesin”, and the CipA type
Another cellulosomal polypeptide is CelS which has been of subunit “Scaffoldin”.

isolated in a truncated, but catalytically active, form after  |n this paper, we report that the cellulosome dissociates
treatment of the cellulosome with protease K (Morag et al., (disintegrates) with elimination of calcium by treatment with
1991). CelS, also known assShas, in addition, been EDTA. Several of the dissociated proteins were obtained
obtained in a protein aggregate from SDS-treated cellulo- in catalytically active forms, but truncated, missing part of
somes (Wu et al., 1988). This aggregate combined with the the CDR1 and the complete CDR2 sequences. We propose
largest polypeptide of the. thermocellumcellulosome,  that calcium plays an important role in the integrity of the

previously designated $ut now called CipA (cellulosome-  cellulosome. This is discussed further in the following paper
integrating protein), has some activity toward hydrolysis of (Choi & Ljungdahl, 1996).

crystalline cellulose (Wu et al.,, 1988). It was the first
successful demonstration of the ability of two cellulosomal MATERIALS AND METHODS
fractions interacting to degrade crystalline cellulose coop- . .
eratively. B'actenal Growth. C. thermocellu@dw?20, described by
A structure proposed for the cellulosome was initially Freier etal. (1988), was grown at 80 under an atmosphere
based on electron microscopic observations (Mayer et al., Of nitrogen in prereduced medium (Wiegel & Dykstra, 1984)
1987; Mayer, 1988). They showed the cellulosome to consist Put With the modification that 1.5 g/L NaHGQwvas used
of several rows of subunits, which were parallel to the major instead of 0.5 g/L. Avicel PH-101 (FMC Corp., Newark,
axis. The subunits seem to be of similar size and aligned PE) (1%, w/v) was used as a carbon source. Cultures were
with similar space between them. It was proposed that, whenharvested after 3 days of growth when the cellulose particles
the cellulosome binds to cellulose, subunits arranged in aWere coated with the yellow affinity substance (YAS),
row cut the cellulose chain simultaneously at several places,forming YAS—cellulose (Ljungdahl et al., 1988). To label
forming cellodextrines. This proposal has recently obtained the cellulosome wittf*Ca, 2.23 mg of CaGlcontaining 1
support by the result that CipA is a structural but nonenzy- MCi “Ca (Amersham Life Science, Arlington Heights, IL)
matic protein of the cellulosome and that it binds several Was added per 7 L of calcium-free medium.
catalytically active subunits (Fuijino et al., 1993). Fibers, Cellulolytic Actuities. endef-1,4-Glucanase (EC 3.2.1.4)
which were observed in electron microscopic projections to [carboxymethyl cellulase (CMCase)] activity was assayed
be interconnecting the active subunits, are now consideredat 60°C with a solution of 1% (w/v) CMC (low viscosity)
to constitute CipA or other scaffolding proteins. CipA has (Sigma, St. Louis, MO) in 50 mM Bis-Tris (pH 5.5).
been sequenced (Gerngross et al., 1993). It has a mass dReducing sugars produced were assayed by the method of
196 800 Da and contains one cellulose binding domain Miller et al. (1960), using glucose as a standard. Crystalline
(CBD) and nine internally repeated elements (IREs), each cellulose hydrolyzing activity (avicelase) under aerobic
of which is composed of 146 amino acid residues. The IREs conditions was determined by incubation at®&Dfor 3-5
are involved in the interaction with the catalytically active h of 100uL of enzyme solution with 90@L of 1% (w/v)
cellulosomal subunits (Fujino et al., 1992). CipA interacts Avicel in 50 mM Bis-Tris (pH 5.5) containing 7 mM Cag£l
also with a protein called ORF3p, which may bind CipA to Reducing sugars produced were determined with tetrazolium
the cell surface of. thermocellun(Fujino et al., 1993). blue reagent, using glucose as a standard (Jue & Lipke,
In addition to CipA and ORF3p, several genes encoding 1985). Avicelase activity under anaerobic conditions was
cellulolytically active polypeptides of th€. thermocellum ~ measured as described by Nolte and Holzenburg (1990). The
cellulosome have been cloned inEscherichia coliand enzyme solution was added to a suspension of 4% Avicel in
sequenced (Bgiin, 1990; Felix & Ljungdahl, 1993). Many 100 mM Bis-Tris (pH 5.5) containing 7 mM CagCand 10
of the gene products have been expressed and characterizeé@M DTT. The assay mixture was flushed with nitrogen for
and have been found to be components of the cellulosome.5 Min and then incubated at 6€ for 3—5 h. Cellobiose
They include CelA (Bguin et al., 1985), CelB (Grepinet & and glucose, the major products, were determined spectro-
Béguin, 1986), CelD (Joliff et al., 1986), CelE (Hall et al., metrically using3-glucosidase (Boehringer, Mannheim) and
1988), CelF (Navarro et al., 1991), CelG (Lemaire &gBin, glucose dehydrogenase (Sigma) in a coupled assay. Cello-
1993), CelH (Yage et al., 1990), CelS (Wang et al., 1993), biose was used as a standard. One unit of enzyme activity
CelX (Hall et al., 1988), and the xylanase XynZ (Grepinet is the amount that releaseg:fnol of glucose equivalent per
et al., 1988). All of these cellulosomal subunits have minute at 60°C.
conserved duplicated regions, CDR1 and CDR2, which are Purification of the Cellulosome.Cellulosomes were
each composed of 224 amino acid residues and are linked purified as previously described (Ljungdahl et al., 1988).
together by 815 amino acid residues (Bain, 1990). In YAS—cellulose particles in the culture were allowed to settle.
most of the subunits, the CDRs are close to the C-terminal, The culture fluid containing bacteria and soluble proteins
although in CelE and XynZ, they are in the middle of the was siphoned off and discarded. The YA&llulose with
protein sequences. Evidence that binding of the catalytic bound enzyme was washed with 100 mM triethanolamine
subunits to CipA involves the CDR and IRE domains has maleate (pH 6.85) to remove residual bacteria and proteins.
been presented (Tokatlidis et al., 1991; Fujino et al., 1993; The washed YAScellulose with the cellulosome complex
Salamitou et al., 1994). The CDR domain is not essential attached was packed to form a column, and the cellulosomes
for the catalytic activity of the subunits (Hall et al., 1988). were eluted with distilled water. Fractions with avicelase
It should be noted that an endoglucanase, CelCCof  activity were pooled and concentrated with an Amicon
thermocellumdoes not contain the CDR domain and that it ultrafiltration apparatus (XM50). The crude cellulosome
apparently is not a part of the cellulosome (Schwarz et al., fraction was centrifuged at 60§Cfor 60 min and further
1988). Bayer et al. (1994) have named the CDR domain purified using a Sepharose 4B (2% 85 cm) column
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_(PharmaCia)' equilibrated with 50 mM Tris (pH 7.5) contain- Table 1: Elements Present in the CellulosomeCothermocellurh
ing 0.1 M NaCl. Cellulosomes labeled witfCa were

purified with the same method. Radioactivity $8€a was element cellulosome (mol/mg)

determined with a scintillation counter (Beckman). ga 4; (193)
Dissociation of the Cellulosome Using EDTAThe S 3 ((1)2)

cellulosome was dissociated aerobically by incubation in a Zn 4 (16)

solution containing 50 mM Tris (pH 7.5), 0.1 M NaCl, and Fe 1(6)

5 mM EDTA at 37 °C for 4-144 h. The extent of P 768 (3075)

dissociation was followed by measurement of the disappear- 2 Cellulosomes (1.4 mg/mL) were dialyzed against three changes of
ance of the intact cellulosome eluting on a Superose 6 columnl L of 50 mM Tris-HCI (pH 7.5) at #C for 19 h. Element content
(10 x 30 cm, Pharmacia), by SBSAGE, and by measure- was determined by plasma emission spectroscopy. The number in
. o S parentheses represents the moles of metal per mole of cellulosome when
ment of <'_:1V|celias.e activity. The effect ‘?f, protease inhibitors the molecular mass of the cellulosome was estimated as 4 million. The
on the dissociation was tested by addition of from 0.1 to 1 results represent determinations of three different cellulosome prepara-
mM phenylmethanesulfonyl fluoride (PMSF), benzamidine, tions. The variation was less than 10%.
pepstatin, aprotinin, or antipain (Boehringer) together with
5 mM EDTA to the cellulosome solution. Protease ac'Fivity. samples were performed with an Applied Biosystems 477
of ;he ceIIqu;ome was chegked by.a protease de.tectlon Kitp gas phase sequencer equipped with an automatic on-line
using resorufin-labeled casein (Calbiochem, San Diego, CA) phenylthiohydrantoin derivative analyzer.

as the sub(jstgatea(;?_gassc;ciation ?\;thel dissaci%tgd ce]lulo dsome Protein Determination and Gel ElectrophoresiBrotein
was tested by addition of Cafir MgCl; to the dissociated  \4q measured using either the Micro bicinchonic acid (BCA)

cellul_osome and by incubafcion for se\_/eral _d_a_ys. TWO' ethod (Pierce, Rockford, IL) or the Rose Bengal method
proteins of 46 and 71 kDa with cellulolytic activities were (Elliot & Brewer, 1978) using bovine serum albumin as a
purified from the dissociated cellulosome by conventional standard. SDS[;onacryIamide gel electrophoresis (SBS
methods usjng gel filtration and ion exchange chromatog- PAGE) was performed by the method of Laemmli (1970).
raphy (Choi & Ljungdghl, 1.996)' Calcium Binding to Immobilized ProteinTo detect Ca
Molecular Mass Estimation by Mass Spectrometry and binding to protein, a*Ca-blotting technique was used
Metal Analys_ls _Th(_a 71 kDa protein was analyzed by (Maruyama et al., 1984). Proteins from the SEFAGE
el_ect_rospray lonization mass spectrometry (ESIMS) on a(7.5%) were transferred by electrophoresis to a PVDF
mega_m TSQ700 tr!ple quadruple mass spectrometer (Har'membrane as described before. The membrane was washed
vard Mlcrochem faqlllty). Metal contentin the cellulosome with 10 mM imidazole (pH 6.8), 60 mM KCI, and 5 mM
was determined with plasma emission spectrophotometryMgc|2 for 1 h and then incubated wifiCa (1xCi/mL) for

(Jarrell-Ash 965 ICP). 10 min i .
o . . . . min in the same buffer. The blot was washed three times
Determination of C-Terminal and N-Terminal Amino Acid with deionized water for 5 min, allowed to dry in air for 3

SequencesFor determination of the C-terminal sequence X
of the 71 kDa protein, a 420 pmol aliquot was derivatized h a':]room temperature, and then exposed to X-ray film for
with iodoacetamide and then digested with trypsin (enzyme:
subst_rate ratio of 1:20, for 12 h at QC) according to RESULTS
described protocol (Stone et al., 1989). Digests were checked
for complete hydrolysis using a reverse phase HPLC RP- Purification of the Cellulosome and Its Composition. C.
300 cartridge from Brownlee Lab Aquapore (Foster City, thermocellunwhen growing on cellulose produces a yellow
CA). Elution was with a gradient from 0.1% trifluoroacetic compound (YAS) which attaches to the cellulose, forming
acid (TFA) in water to 0.08% TFA in acetonitrile for 60 YAS—cellulose. In the presence of 0.005 mM or higher
min at a flow rate of 0.2 mL/min. The trypsin-digested 71 concentrations of salt or buffers, the cellulosome has a high
kDa protein (20QuL total volume, pH adjusted to 5.0) was  affinity for YAS—cellulose. Residual YAScellulose from
loaded onto a 1 mL anhydrotrypsin agarose column (Takara2—3-day-old cultures is therefore a very convenient source
Biochemicals Inc., Berkeley, CA) equilibrated with 50 mM  of cellulosomes which can be easily eluted from the YAS
sodium acetate (pH 5.0) containing 20 mM CaClThe cellulose using distilled water as the solvent. The process
column was washed using 20 mL of the same buffer. described earlier (Ljungdahl et al., 1988) yields an essentially
Anhydrotrypsin is catalytically inert but selectively binds pure cellulosomal preparation at a yield of about 5 mg per
peptides that have Arg or Lys at their C-terminal. Therefore, 17 L of culture when 1% cellulose is the substrate. The
the wash contained only the C-terminal peptide as confirmed cellulosomes were further purified by Sepharose 4B column
by high-performance liquid chromatography (HPLC). The chromatography. They emerged as a single protein complex
sequence of the peptide was determined. with a mass estimated between 2 and 5 million Da. Analysis
To determine N-terminal sequences of the 98 and 76 kDausing SDS-PAGE revealed the usual pattern for pure
polypeptides of the cellulosome, and the 91 and 71 kDa cellulosomes of 14 major bands, plus at least 10 minor bands
polypeptides of the dissociated cellulosome, the proteins onconfirming previous results (Lamed et al., 1983; Kohring et
SDS—polyacrylamide gel were transblotted to a polyvi- al., 1990). The 197, 98, and 76 kDa polypeptides represent
nylidene difluoride (PVDF) membrane in a Bio-Rad transblot the predominant subunits. The 197 kDa CipA is the largest
apparatus at 30 V for 16 h at 4C with transfer buffer subunit. It appeared as a broad band on SBAGE, maybe
containing 192 mM glycine, 25 mM Tris (pH 8.3), and 20% due to a high content of carbohydrate (Gerwig et al., 1989).
(v/v) methanol (Towbin et al., 1979). The polypeptides were  The cellulosome contains Ca, Cu, Si, Zn, Fe, and P as
excised with a razor blade after being stained with Ponceaudetermined with plasma emission spectroscopy (Table 1).
S. N-terminal amino acid sequence analyses of theseCalcium, known to be required for crystalline cellulase
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Table 2: Effect of Chelating Agents on Cellulolytic Activities of
the Cellulosome

chelating agent concn (mM) CMCase (%) avicelase (%) 100

o-phenanthroline 2 90 96 _ 8ol
10 73 76 ®
8-hydroxyquinoline 2 102 100 g
10 87 84 2 eof
EDTA 1 106 32 <
5 100 28 a0l
EGTA 1 115 28
5 112 28
2,2-dipyridyl 5 98 80 201
20 90 92

o Y1 O VR R B

0 12 24 36 48
Incubation time(h)

Ficure 1: Cellulase activity of EDTA-treated cellulosomes.
Cellulosomes were incubated at 32 in 50 mM Tris, 0.1 M NacCl,

and 5 mM EDTA. Samples were taken at times indicated for assays
of cellulase activities. CMCase activit®y]; avicelase activity was

- . . . measured using aerobic conditions in the presence of 7 mM,CaCl
activity (Johnson & Demain, 1984; Hon-nami et al., 1986), () and under anaerobic conditions in the presence of 7 mMCaCl

was the major metal present. Assuming the mass of theand 10 mm DTT ().
cellulosome to be 4 1C° Da, it contained about 190 mol
of Ca per mole of cellulosome. Most of the Ca, 73%, was The EDTA treatment strikingly changed the SBIBAGE
tightly bound to the cellulosome. This was ascertained by pattern of the cellulosome as shown in Figure 2. This change
incubation of**Ca-labeled cellulosomes with 14 mM unla- seems to correlate with the time course of the decrease in
beled CaGlat pH 7.5 and 37C for 24 h. During the first  crystalline cellulolytic activity as was shown in Figure 1.
hour, 27% of the**Ca exchanged with unlabeled Ca. The Several protein bands disappeared, and new bands of lower
rest of the*>*Ca was stable and did not exchange during the masses appeared. Most noticeable was the disappearance
24 h of incubation. The presence of phosphorus was of bands corresponding to masses of 160, 98, 76, and 54
unexpected and not further investigated. It could be presentkDa and the appearance of new bands of masses 150, 132,
as a counterion, but it has been reported that cardiolipin is 91, 57, and 46 kDa. It should also be noted that some new
present in the cellulosome (Bolobova & Zhukov, 1991).  bands of masses, smaller than 46 kDa, appeared. The

Cellulolytic Actwity of the Cellulosome and Effect of disappearance of the two major subunits (98 and 76 kDa)
Chelating Agents.The cellulolytic activity of the cellulo- seems to correlate with the appearance of two new major
some is inhibited by EDTA (Johnson et al., 1982). The subunits (91 and 71 kDa). The process is slow and proceeds
effects of preincubation of the cellulosome at pH 7.5 for 20 over a period of 48 h. Changes in other polypeptides (54
h at 37°C with several chelating agents, including EDTA, and 46 kDa) may occur within 4 h of the EDTA treatment.
are shown in Table 2. Althouglo-phenanthroline and The decrease in the mass of several of the polypeptides
8-hydroxyquinoline at high concentrations are slightly inhibi- during the EDTA treatment could be caused by proteolysis.
tory, they did not affect endoglucanase and avicelase A protease could be a contaminant or constituent of the
activities very much. The endoglucanase activity was not, cellulosome. To test this, the EDTA treatment was carried
or very little, affected by EDTA and EGTA. In contrast, out in the presence of several protease inhibitors: PMSF,
the activity toward crystalline cellulose was decreased 70% benzamidine, pepstatin, aprotinin, and antipain. None of
by the treatment with EDTA and EGTA. Given that Ca is these affected the EDTA treatment. In addition, we were
the most prominent metal in the cellulosome and that not able to detect a cellulosomal protease during incubation
o-phenanthroline has high affinity for iron and zinc, 2,2  of the cellulosome with resorufin-labeled casein and EDTA
dipyridyl for iron and 8-hydroxyquinoline for copper, iron, for 48 h. These results suggest that there is no cleavage
and zinc (Sillen & Martell, 1964), it appears that the target reaction by a protease during the EDTA treatment.
of EDTA and EGTA was calcium which is chelated by these  Effect of Chelation of Calcium on Dissociation of the
agents. Cellulosome. The decrease of the cellulosomal activity in

A time course of the effect of EDTA on the cellulolytic  the hydrolysis of crystalline cellulose by the EDTA treatment
activities of the cellulosome is given in Figure 1. It shows could be due to a removal of Ca, or the fact that the
that the endoglucanase activity was not affected even aftercellulosomes may have dissociated, or both. To test this,
48 h of EDTA treatment. The avicelase activity, however, cellulosomes containinfCa were prepared by growir@.
was decreased immediately upon addition of EDTA to 70% thermocellunon 1% cellulose in medium witfCaCb. The
and then further to about 20% of the original activity during cellulosomes and EDTA-treated cellulosomes were chro-
the next 4 h of incubation. As shown in Figure 1, when the matographed on a Superose 6 column (Figure 3). Itis shown
avicelase was assayed under anaerobic conditions, a highein Figure 3A that the cellulosomes before the EDTA
activity was obtained compared with that obtained under treatment eluted as an intact protein (§fp complex
aerobic assay conditions. Still, only 40% of the original coinciding with crystalline cellulase activity, afCa. After
activity remained, after about 12 h of EDTA treatment. It incubation of the cellulosomes in 50 mM Tris (pH 7.5), 0.1
should be noticed that during the first 3 h of the treatment M NaCl, and 5 mM EDTA at 37C for 12 h, the elution
there was almost complete recovery of the avicelase activity profile on the Superose column changed noticeably (Figure
when assays were done anaerobically. 3B). The protein fraction b eluted at a place very close to

a Cellulosomes (1.4 mg/mL) were incubated aerobically in 50 mM
Tris (pH 7.5) and 0.1 M NaCl including chelating agents as given for
20 h at 37°C. Endoglucanase (CMCase) activity and crystalline
cellulolytic (avicelase) activity were determined under aerobic condi-
tions. Enzyme activity is expressed as percent of activity obtained
without a chelating agent.
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FiGUurRE 2: Analysis by SDSPAGE (7.5%) of cellulosomal components of samples obtained as indicated during incubation with EDTA.

The samples were those of Figure 1. Staining was with Coomassie blue. The numbers at the bottom of the gel represent the incubation time
(in hours).+ indicates cellulosome containing EDTA without incubatienjndicates control samples without EDTA (two samples were

used, one stored frozen at 2@ for 1 month and the second stored at room temperature for 2 weeks); S indicates molecular marker
proteins. Long lines at the right side of the gel indicate bands disappearing during incubation; short lines indicate new bands appearing

during incubation.
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Ficure 3: Gel filtration profiles of native cellulosomes and EDTA-
treated cellulosomeé>Ca-labeled cellulosomes were fractionated
on a Superose 6 column with 50 mM Tris (pH 7.5) and 0.1 M
NaCl at a flow rate of 0.5 mL/min and a fraction size of 0.6 mL.
The protein elution profile was monitored Byg, absorbanced):
45Ca @) and avicelase activityA). (A) Elution profile of 4°Ca-
labeled native cellulosomes (28@). (B) Elution profile of EDTA-
treated 4°Ca-labeled cellulosomes (280g). In panel B, the
cellulosomes had been incubated for 12 h in elution buffer with 5
mM EDTA at 37°C before being applied to the Superose 6 column.
An enzyme unit is expressed in micromoles of reducing sugar
formed per minute.

that of the cellulosomes (fraction a, Figure 3A). It contained
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Ficure 4: SDS-PAGE (7.5%) of fractions corresponding to peaks
b—d separated by gel filtration chromatography as performed in
Figure 3B: lane 1, molecular mass markers; lane 2, cellulosomes
before EDTA treatment; lane 3, EDTA-treated cellulosomes; lane
4, concentrated fractions (£39); lane 5, concentrated fractions
(26—31).

30% of the protein, and almost A¥Ca. Several new protein
fractions appeared. Fractions ¢ and d were mixtures of
polypeptides. Combined they contained the major part of
the protein, about 16% of the original avicelase activity, and
a small amount of°Ca. About 90% of*Ca was recovered
after peak d and was shown to be an EDT#ACa complex.
Free*>Ca would have eluted at place f as indicated. Fraction
e consisted of a mixture of smaller polypeptides. As will
be discussed later, they may be C-terminal portions of
truncated proteins of catalytically active subunits formed
during the EDTA treatment.

The fractions obtained from the Superose 6 column of
Figure 3B were analyzed using SBBAGE (Figure 4). Lane
2 represents the intact cellulosome before the EDTA treat-
ment and lane 3 the cellulosome after this treatment. The
results are completely in agreement with those previously
shown in Figure 2. The two major bands of the intact

11% of the avicelase activity of the intact cellulosomes, about cellulosome representing subunits of masses 98 and 76 kDa
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disappeared, whereas two new major bands of masses 91
and 71 kDa appeared. The SBBAGE analysis of peak b Protein Sequence
in Figure 3B shows that it no longer represents the intact

cellulosome (lane 4, Figure 4). It consists mainly of the 197 98 kDpa" LEDKS(SKXLPDYKNDLLY B
. . . 91 kDaP LEDKS(S)JKLPDYKN
kDa subunit CipA, plus low amounts of other polypeptides. 76 KDa® GPTKAPTK D@
It should be noted that the 197 kDa subunit appears unaltered 71 kDab GPTKAPTKDGTXYKDLFXE
by the EDTA treatment. The Superose 6 fractions ¢ and d, Celi; GPTKAPTKDGTSYKDLFLE
H H . 46 ab AGVPFNTXYPYGPX
Whe_n combined, contain the 91 and 71 kDa subunl_ts (lane colnd AGUPFNTKTPYGRT
5, Figure 4) as major components and other subunits. The 71 KDa® (674) TKLYGDVN (681)
CipA subunit is not present in this fraction. The results Cels® (674) TKLYGDVNDDGKVNSTD
shown in Figures 3 and 4 clearly show that the EDTA AVALKRYVLRSGISINT

DNADLNEDGRVNSTDLG

treatment involves the breaking up of the cellulosome, TLKRYILKEIDTLPYKN (741)

yielding a mixture of polypeptides that can be purified and
characterized. The observation that the EDTA treatment Ficure 5: N-terminal and C-terminal sequences of cellulosomal
leads to proteins of apparent lower masses suggests that thgroteins. Footnotes: a, protein obtained from intact cellulosomes;

cellulosomal subunits have been truncated or structurally P, Protein obtained from EDTA-treated cellulosomes; c, CelS is a
changed y 80 670 Da protein fronC. thermocellumATCC 27405 (Wang et

. . ) L. al., 1993); d, CelA consists of 488 amino acids with a mass of
The conditions required for the dissociation of the cellu- 52503 Da [it was obtained fror€. thermocellunNCIB 10682

losome by the EDTA treatment were investigated by using (Béguin et al., 1985)]; e, C-terminal amino acid residues of the 71
fractionation on the Superose 6 column. Variations in kDa protein (Thr-674 to Asn-681) and CelS (Thr-674 to Asn-741).
concentrations of EDTA (220 mM), ionic strength [5750 Parentheses represent uncertainty, and X represents an undetermined
mM Tris-HCI (pH 7.5)], and pH (6.88.8) did not change amino acid.

significantly the result of the EDTA treatment. However,
incubation temperature had a significant effect. The dis-
sociation occurred well at 37 or £& and very slowly at 4
°C, and it was dependent on aerobic conditions. It did not
proceed anaerobically. Addition of Mg(2—5 mM) or C&*
(2—5 mM) did not lead to any reassociation of the cellulo-
somes after dissociation with EDTA.

Identification of Dissociated Proteins by N-Terminal and
C-Terminal Sequencing and the Demonstration That the 76
kDa Polypeptide Had Lost a Peptide of 60 Amino Acid
Residues at the C-Terminal during the EDTA TreatmEné¢
dissociation phenomenon could involve the formation of
truncated polypeptides. To investigate this, we compared
the 98 and 76 kDa polypeptides of the cellulosome with the
91 and 71 kDa proteins of the dissociated cellulosome. As
shown in Figure 2, it seems that the 98 and 76 kDa L .
polypeptides shift to the 91 and 71 kDa polypeptides, kDa subunit is the same as the 138 kDa cellobiosidase.

respectively, during the EDTA treatment. This conclusion  F19ure 2 shows that itis likely that the 54 kDa subunit is
is based on the gradual change of band densities upor-SDS converted to the 46 kDa subunit during the EDTA treatment.

PAGE with time of EDTA treatment. Therefore. N-terminal The N-terminal sequence of the 46 kDa subunit matches that
sequences of the four proteins were determinea. Results aré’f QeIA (Figurg 5) (Beuin et al,, 1985). CelA has
given in Figure 5, which shows that the 98 and 91 kDa previously been isolated from the broth®f thermocellum
proteins have the same N-terminal sequence, as have the 7 uItu_re (Petre et al., 1981) and also from the cellulosome
and 71 kDa proteins. This strongly indicates the conversion (Mo, 1992). ThecelA gene has been sequenced and found

of the 98 and 76 kDa proteins to the 91 and 71 kDa proteins, to encgde.a protein of 488 amino acids with a mass of 52 500
respectively. Recently, the CelS component of tBe Da (Beuin et al.,, 1985). The mass reported for CelA

thermocellumATCC 27405 cellulosome was cloned and ©OPtained by SDSPAGE analysis varies between 48 and 56
sequenced. As shown in Figure 5, it has the same N-terminaIkDa' We feel that the 54 kDa protein observed on the SDS

sequence as the 76 and 71 kDa subunits (Wang et al., 1993)PAGE of Figure 2 corresponds to CelA and that the 46 kDa
The molecular mass of CelS is 80 670 Da as deduced from!S & truncated form of CelA.
the amino acid sequence. We feel that the CelS polypeptide Upon examination of Figure 2, it is noticeable that, when
corresponds to the 76 kDa subunit of our cellulosomal & protein band disappears as a result of the EDTA treatment,
preparation. A truncated protein (S8-tr) which was identified there follows the appearance of a new protein band of from
as cellobiohydrolase has been isolated from the cellulosome t0 8 kDa less mass. The results indicate that many of the
after treatment with protease K (Morag et al., 1993). The cellulosomal subunits undergo a similar degradation during
S8-tr protein has been identified as a product of CelS by the EDTA treatment. The results of the N-terminal analysis
peptide mapping (Morag et al., 1993). The CelS obtained (Figure 5) demonstrate that a cleavage does not involve the
as a recombinant protein frof. coli was recently shown  N-terminal part.
to be an exoglucanase (Kruus et al., 1995). To investigate if a cleavage occurs at the C-terminal end,
The 98 kDa polypeptide, like the 76 kDa CelS protein, is the 71 kDa protein was purified and analyzed by mass
a major component of the cellulosome. A search for the spectrometry to accurately assess its molecular mass. It was

N-terminal sequence of the 98 and 91 kDa proteins using
the Swiss-Prot and other data banks failed to find an absolute
matching sequence among the protein€othermocellum

that have been sequenced. Thus, it is possible that the 98
kDa polypeptide has not been recognized during the exten-
sive genetic work withC. thermocellum{(Hazlewood et al.,
1988; Beyuin, 1990; Gilkes et al., 1991) and may constitute
an additional subunit of the cellulosome. However, a 1,4-
[-cellobiosidase fronC. thermocellunf{GenBank accession

no. X80993 submitted by V. V. Zverlov, unpublished)
contains the sequence LEDNSSTLPPYKNDLLYE, which
is similar to the N-terminal of the 98 kDa subunit (Table 2).
The exceptions are three amino acids underlined in the
sequence. From the sequence data, this cellobiosidase has
a mass of 138 077 Da. It is therefore unlikely that the 98
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Cels 643 RFWHEVDLAVAMGLATHFPDITYKVEGTP ST KIRTPAUDRIIARELE A v A RN ViRi G

Cela 407 ittt i i e ettt YGDVNGDG VNSTDLTMLKRY\LKSV
CelB 492 L.t i et s APPTDTVEYGDVNGDGEVNS@DE; L 5
CelE 379 QALMRGAGVEPLVSPTPTPTLP TP SEHTViNAN IR {eddia el ISR TINMERoICIITIAI SRR G

CelD 7 NAALIEALAGFVNYNSPQNEVLYGDVN DGKVNSTDLT}?

CeleG 493 ..ttt it e e et e

CelF 662 ..ttt i i ettt

CelX -

CelH - B 3P T P SEid:(G DIZN DNAVNSTDLLMLKRYILKSp
XynZz 404 .......... LYL{FKGPVNIDWETFGVESSHTLEMLINGIEONTINE iAo AR SIHLIAGT s
Cels 703 Isaﬂmn ....... NADLNEDG;VNSTDLGILKRYbeEIDTLPYK@.. ............
CelA 441 TNpSRE....... AADVNRDGIE IE] f ettt
CelB 525 VENINKH...... AADVN GTVNSTDL“I%KRYMLRSISELPYK ..............
CelE 439 EEFPEPSG.. NI:sAADVNLD EK@NSTDLﬁ%QKWYLLRSIDKEP'EﬁSQTPDEDNPGILYN
CelD 609 sSTLPEsxaAFER. ..NADVNRDGWVNsﬁD;TILERYL‘REIQKLPI ................
CelG THLKRYLLRS IDKL Pk
CelF R LERY'L{LI“KFP Be........ e eean
CelX 192 DINSIN.....VTNESOMNiIENTINVENSIT SISASATIBBAN. . o o o o v e e e v oo s o eoeeeen
(oT- 0. SR LW ANE L eV SE@INEKFISAAD NRDRKVISSTDLTILKRYLL{ SN T [Shof i P b o
Xynz TEF GQGDVQTPNPSVTPTQT

Ficure 6: Alignment of the conserved duplicated regions (CDRs) of enzymatlcally active subunits of the cellulogdntkesmocellum

For CelS, the CDR1 includes residues 67®0 and the CDR2 residues 7A034. The cellulosomal subunits are assumed to be cleaved
during dissociation by treatment of EDTA at a specific site after N-681 as found with CelS. The cleavage site of CelS is marked with an
arrow. Lightly shaded residues represent residues having similar chemical properties, and darkly shaded residues are identical

found to be 73 694 Da, indicating, by subtraction from the CDR1 domain supports the idea that the CDR domains are
native CelS having a mass of 80 670 Da, that a peptide of involved in the binding of the subunits to the CipA. The
6976 Da was cleaved off. This was checked by determina- cleavage may require the intact cellulosome or at least that
tion of the C-terminal end of the 71 kDa protein. Its the subunits are bound to CipA. Thus, the 76 and 98 kDa
sequence was L-Y-G-D-V-N, which corresponds to the subunits obtained from SDSPAGE by electroelution when
amino acid sequence 67681 of CelS. Thus, the sequence treated with EDTA did not undergo cleavage.
data demonstrate that the carboxyl end of the 71 kDa protein A search was done to find the C-terminal ends cleaved
is 60 amino acid residues shorter than that of CelS as wasoff from the cellulosomal polypeptides during the EDTA
deduced from the gene sequence and that the C-terminatreatment. The fraction representing peak e in Figure 2B
cleavage occurred after Asn-681 (Figure 5). This 60-amino could harbor these C-terminal ends. It was concentrated and
acid sequence corresponds to a mass of 6645 Da, which fitssubjected to SDSPAGE (10 to 20% gradient). Western
well with the assays of the molecular masses for the 76 andblots were performed with anti-bCDR1 and anti-bCDR2
71 kDa polypeptides. antibodies prepared as described by Choi and Ljungdahl
Genetic analyses of a number of genes encoding cellulo-(1996). With anti-bCDRZ2, five bands having masses 18, 25,
somal proteins fron€. thermocelluniave revealed that these 30, 38, and 46 kDa were detected. With anti-bCDR1, two
proteins, which are enzymatically active subunits, have the bands with masses of 288 kDa were found. It was
two reiterated domains CDR1 and CDR2, at the C-terminal expected that these peptides should be about 7 kDa, but they
end (Figure 6). For CelS, CDR1 includes amino acid are larger. It should be noted that the difference in mass
residues 676700 and CDR2 residues 73034. These between the peptides is about 7 kDa, which may suggest
domains have been postulated to be involved in binding thethat they interact and form aggregates. Although these
catalytically active subunits to the scaffolding subunit CipA results do not confirm the formation of C-terminal peptides
(Tokatlidis et al., 1993; Salamitou et al., 1994; Yaron et al., of 7 kDa by the EDTA treatment, they demonstrate the
1995). The cleavage of CelS at the C-terminal end by the presence of small peptides in the cellulosome after the
EDTA treatment occurs at Asn-681. This is a residue of treatment. However, the analyses using N-terminal and
the CDR1 domain which is conserved in all cellulosomal C-terminal sequences provide the evidence of formation of
polypeptides listed in Figure 6. We postulate that the EDTA 7 kDa peptides due to the treatment with EDTA.
treatment affects all of these subunits forming truncated Calcium Binding Properties of Cellulosome Components
polypeptides of from 59 to 78 amino acids shorter than the The treatment of the cellulosome with EDTA disintegrates
corresponding peptides of the intact cellulosome. It was the cellulosome with formation of truncated subunits. It also
mentioned earlier that after the EDTA treatment many involves the removal of calcium. The possibility that the
subunits appear to have from 5 to 8 kDa less mass than whertruncated subunits were less prone to bind calcium was
analyzed without the EDTA treatment. Thus, the EDTA investigated. The results are shown in Figure 7. Although
treatment causes the cellulosome to disintegrate rather tharthe truncated subunits bind calcium as demonstrated in lane
dissociate. Apparently, it involves a cleavage to form 4, it is obvious by comparison of lanes 3 and 4 that the
truncated subunits. That this cleavage occurs within the polypeptides after the EDTA treatment bind less Ca. This
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1 2 3 4 lulosomal complexes. We considered the possibility that Ca
could be involved in the stabilization of the cellulosome.

200 kDa ) This was based on reports that the hydrolytic activity toward
-~ CipA crystalline cellulose is dependent on?Cand is almost
completely inhibited by EDTA and that this inhibition is
91712 I':DDH: - 98 kDa reversed more effectively by Ca than by any other metal
e 91 kDa (Johnson et al., 1982, 1984; Hon-nami et al., 1986) A further
— — - 76 kDa indication was the demonstration of Ca-binding sites of CelD
66 kDa 71 kDa (Juy et al., 1992; Chauvaux et al., 1995). Our findings that
—— 54 kDa Ca is the major metal of the cellulosome (Table 1) and that
; it is tightly bound support the idea that Ca plays a structural
45 kDa — role in the cellulosome. It may in addition have a catalytic
role, since free Ca greatly stimulated crystalline cellulase
activity.
Treatment of the cellulosome with EDTA released the
A B tightly bound Ca of the cellulosome which then dissociated

FiGure 7: Calcium binding by cellulosomal components of the with the formation of several truncated polypeptides. The
cellulosome before and after EDTA treatment. Proteins separatedformation of truncated polypeptides was unexpected. It

by SDS gel (7.5%) were transblotted to PVDF membranes and : ;
overlaid with 0.1 mC#**Ca per 100 mL of buffer as described in shows that the EDTA treatment with removal of Ca is nota

Materials and Methods. Lanes 1 and 3 represent the cellulosomeSIMPle dissociation. It is an irreversible process involving
before EDTA treatment and lanes 2 and 4 the cellusome after thisthe disintegration of the cellulosome. The SERAGE
treatment for 12 h. (A) Coomassie blue staining of the SDS gel. analyses of the polypeptides of the cellulosome after the

.(B(%.A‘:togdfgégp% of tg“ézclfbo"sr'aéd mfetrr?brarﬁei Long ”Qefs EDTA treatment demonstrated that several of them moved
indicate CipA, 98, 76, an a bands of the cellulosome before .

EDTA treatment, and short lines represent the 91 and 71 kDa bandson. the gel with a. lower molecular mass of about 7 kDa
of the dissociated cellulosome. (Figure 2). Prominent examples were the polypeptides of

] ] ] 98 and 76 kDa, which after the EDTA treatment moved as
is especially seen when the 98 and 76 kDa subunits of laneg1 and 71 kDa polypeptides, respectively. The 76 kDa
3 are compared with the 91 and 71 kDa truncated subunits. 5q\yneptide identified as CelS after N-terminal sequencing
The results demonstrate that the CDR domains have Ca-\ang et al., 1993) was cleaved at the C-terminal after
binding properties. That the truncated subunits bind Ca was gsparagine residue 681, yielding the 71 kDa polypeptide,
not surprising since it has been shown that endoglucanasgyhich was 60 amino acid residues shorter than the 76 kDa
CelD fromC. thermocelluntontains three Ca-binding sites  gypunit. The asparagine 681 is part of the CDR1 domain
which do not involve the CDR domains (Juy et al., 1992; \yhich has been suggested to be involved in the binding of

Chauvaux et al., 1995). All of our attempts to reassociate {he catalytic subunits of the cellulosome to the scaffolding
the cellulosome after the extensive EDTA treatment failed. gypynit CipA (Fujino et al., 1993; Salamitou et al., 1994

This can now be explained since both the CDR domain and ygron et al., 1995). As shown in Figure 5, an asparagine
Ca would be involved in the attachment of the catalytically yesjque corresponding to asparagine residue 681 of CelS is
active subunit to the scaffolding subunit CipA. It should be present in all of the catalytically active subunits of the

noticed that the CipA subunit apparently binds as much Ca cg|jylosome so far analyzed. We suggest that all of them
after the EDTA treatment as it does before this treatment. gre cleaved by the EDTA treatment in a way similar to that

In addition, some other subunits larger than 116 kDa are 5t cgls.
shown to bind a substantial amount of Ca. The roles of these A the present time, we do not know the mechanism for
subunits of the cellulosome have not been determined, butihe cleavage reaction. It occurs in the presence of several

it _is possible that they serve a function similar to that of proteinase inhibitors, and a search for a proteinase was
CipA. negative. Thus, we feel the cleavage reaction which occurs
DISCUSSION aerobically is nonepzymatic. There are examples of specific
cleavages of proteins catalyzed by metaDTA complexes.
Electron microscopic (Mayer et al., 1987; Mayer, 1988) These reactions require;@nd are thought to involve oxygen
and genetic studies (Fujino et al., 1993; Gerngross et al.,or hydroxyl radicals (Kim et al., 1985; Erroara et al., 1992;
1993) have revealed that the cellulosome frGmthermo- Stadtman, 1993). These radicals can be generated by the
cellumhas a highly ordered structure. Structural proteins oxidation of a transition metal via the Fenton reaction.
and catalytically active subunits form a very stable complex, Calcium is not considered a transition metal, and if involved,
which withstands most denaturing agents and conditionsit would be a first example of a protein cleavage involving
(Lamed et al., 1983; Ljungdahl et al., 1988). This has made an EDTA—calcium complex. The possibility still exists that
it difficult to obtain individual subunits from the cellulosome copper, iron, or zinc which are present in low amounts in
for studies of their catalytic and other properties. Only CelA the cellulosome (Table 1), could be involved in the cleavage
and a truncated form of CelS have been directly obtained reaction. However, the truncated polypeptides have less Ca-
from the cellulosome (Mori, 1992; Morag et al., 1993). Other binding capacity than their parental subunits, which shows
cellulosomal components have been obtained as extracellulathat the C-terminal ends with the CDR domains have Ca-
protein aggregate (Wu et al., 1988) or as recombinant binding sites.
proteins expressed iB. coli, other bacteria, or yeast. From the results presented by Wu et al. (1988), it has been
One goal of this investigation was to find a mild method suggested that CipA interacts with the catalytic subunits and
for dissociation of the cellulosome into subunits or subcel- is required for the hydrolysis of crystalline cellulose by the
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cellulosome. As shown in Figure 3B, Avicel is hydrolyzed,

Biochemistry, Vol. 35, No. 15, 199@1905

FEMS Microbiol. Lett. 51231-236.

albeit at a lower rate than the intact cellulosome, by fractions Hon-nami, K., Coughlan, M. P., Hon-nami, H., & Ljungdahl, L.

¢ and d which do not contain CipA. This indicates that CipA
is not required for the hydrolysis of crystalline cellulose. It

G. (1986)Arch. Microbiol. 145 13—19.

Johnson, E. A., & Demain, A. L. (198#rch. Microbiol. 137 135—

138.

is possible, however, that fractions ¢ and d may contain Johnson, E. A., Sakajoh, M., Halliwell, G., Madia, A., & Demain,

scaffolding proteins other than CipA.
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