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ABSTRACT: The cellulosome ofClostridium thermocellumJW20 consists of 14-26 different polypeptides
as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The intact cellulosome
hydrolyzes crystalline cellulose in the presence of Ca2+ and thiols. This activity is inhibited by
ethylenediaminetetraacetic acid (EDTA). Ca is incorporated into the cellulosome and is tightly bound as
demonstrated using45Ca added to the growth medium. Upon incubation in 50 mM Tris (pH 7.5), 0.1 M
NaCl, and 5 mM EDTA at 37°C, 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. (1993)J. Bacteriol. 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
utilization of naturally abundant cellulose resources for the
production of valuable fuels and chemicals (Eriksson et al.,
1990; Béguin & Aubert, 1994). Cellulolytic fungi and
aerobic bacteria secrete several different cellulolytic enzymes
which exist separately (Coughlan & Ljungdahl, 1988;
Coughlan & Mayer, 1992). However, cellulolytic anaerobic
bacteria tend to secrete complexes of cellulases observable
on the cell surface (Lamed et al., 1987). An example is the
cellulase complex or cellulosome produced by the thermo-
philic anaerobic bacteriumClostridium thermocellum(Bayer
& Lamed, 1986; Mayer et al., 1987). It is composed of
perhaps as many as 26 different subunits (Kohring et al.,
1990). Its mass has been estimated to be from 2× 106 to

6.5× 106 Da (Lamed et al., 1983; Wu et al., 1988). The
cellulosome exists also as a polycellulosome with a mass
calculated from 50× 106 to 80× 106 Da (Coughlan et al.,
1985). The hydrolysis of crystalline cellulose by the
cellulosome is dependent on dithiothreitol (DTT) and calcium
ions (Johnson & Demain, 1984; Hon-nami et al., 1986).

The cellulosome is too stable to be disrupted by urea,
guanidine hydrochloride, and various detergents (Lamed et
al., 1983; Ljungdahl et al., 1988). Treatment of the cellu-
losome with sodium dodecyl sulfate (SDS)1 in the presence
of EDTA and thiols has been found to be the most effective
way to dissociate it (Bhat & Wood, 1992; Mori, 1992; Wu
et al., 1988). The difficulty of dissociation of the cellulosome
has hindered the isolation of its subunits and the study of its
quaternary structure. It must be noted that treatment with
SDS leads to almost complete loss of ability to hydrolyze
crystalline cellulose, but with little or no loss of endoglu-
canase activity. A few polypeptides have been obtained from
the cellulosome after SDS treatment. One of them, CelA,
which has endoglucanase activity has been purified in a form
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which shows anomalous migration on SDS gels (Mori, 1992).
Another cellulosomal polypeptide is CelS which has been
isolated in a truncated, but catalytically active, form after
treatment of the cellulosome with protease K (Morag et al.,
1991). CelS, also known as Ss, has, in addition, been
obtained in a protein aggregate from SDS-treated cellulo-
somes (Wu et al., 1988). This aggregate combined with the
largest polypeptide of theC. thermocellumcellulosome,
previously designated SL but now called CipA (cellulosome-
integrating protein), has some activity toward hydrolysis of
crystalline cellulose (Wu et al., 1988). It was the first
successful demonstration of the ability of two cellulosomal
fractions interacting to degrade crystalline cellulose coop-
eratively.
A structure proposed for the cellulosome was initially

based on electron microscopic observations (Mayer et al.,
1987; Mayer, 1988). They showed the cellulosome to consist
of several rows of subunits, which were parallel to the major
axis. The subunits seem to be of similar size and aligned
with similar space between them. It was proposed that, when
the cellulosome binds to cellulose, subunits arranged in a
row cut the cellulose chain simultaneously at several places,
forming cellodextrines. This proposal has recently obtained
support by the result that CipA is a structural but nonenzy-
matic protein of the cellulosome and that it binds several
catalytically active subunits (Fujino et al., 1993). Fibers,
which were observed in electron microscopic projections to
be interconnecting the active subunits, are now considered
to constitute CipA or other scaffolding proteins. CipA has
been sequenced (Gerngross et al., 1993). It has a mass of
196 800 Da and contains one cellulose binding domain
(CBD) and nine internally repeated elements (IREs), each
of which is composed of 146 amino acid residues. The IREs
are involved in the interaction with the catalytically active
cellulosomal subunits (Fujino et al., 1992). CipA interacts
also with a protein called ORF3p, which may bind CipA to
the cell surface ofC. thermocellum(Fujino et al., 1993).
In addition to CipA and ORF3p, several genes encoding

cellulolytically active polypeptides of theC. thermocellum
cellulosome have been cloned intoEscherichia coliand
sequenced (Be´guin, 1990; Felix & Ljungdahl, 1993). Many
of the gene products have been expressed and characterized
and have been found to be components of the cellulosome.
They include CelA (Be´guin et al., 1985), CelB (Grepinet &
Béguin, 1986), CelD (Joliff et al., 1986), CelE (Hall et al.,
1988), CelF (Navarro et al., 1991), CelG (Lemaire & Be´guin,
1993), CelH (Yagu¨e et al., 1990), CelS (Wang et al., 1993),
CelX (Hall et al., 1988), and the xylanase XynZ (Grepinet
et al., 1988). All of these cellulosomal subunits have
conserved duplicated regions, CDR1 and CDR2, which are
each composed of 22-24 amino acid residues and are linked
together by 8-15 amino acid residues (Be´guin, 1990). In
most of the subunits, the CDRs are close to the C-terminal,
although in CelE and XynZ, they are in the middle of the
protein sequences. Evidence that binding of the catalytic
subunits to CipA involves the CDR and IRE domains has
been presented (Tokatlidis et al., 1991; Fujino et al., 1993;
Salamitou et al., 1994). The CDR domain is not essential
for the catalytic activity of the subunits (Hall et al., 1988).
It should be noted that an endoglucanase, CelC ofC.
thermocellum, does not contain the CDR domain and that it
apparently is not a part of the cellulosome (Schwarz et al.,
1988). Bayer et al. (1994) have named the CDR domain

“Dockerin”, the IRE domain “Cohesin”, and the CipA type
of subunit “Scaffoldin”.
In this paper, we report that the cellulosome dissociates

(disintegrates) with elimination of calcium by treatment with
EDTA. Several of the dissociated proteins were obtained
in catalytically active forms, but truncated, missing part of
the CDR1 and the complete CDR2 sequences. We propose
that calcium plays an important role in the integrity of the
cellulosome. This is discussed further in the following paper
(Choi & Ljungdahl, 1996).

MATERIALS AND METHODS

Bacterial Growth. C. thermocellumJW20, described by
Freier et al. (1988), was grown at 60°C under an atmosphere
of nitrogen in prereduced medium (Wiegel & Dykstra, 1984)
but with the modification that 1.5 g/L NaHCO3 was used
instead of 0.5 g/L. Avicel PH-101 (FMC Corp., Newark,
DE) (1%, w/v) was used as a carbon source. Cultures were
harvested after 3 days of growth when the cellulose particles
were coated with the yellow affinity substance (YAS),
forming YAS-cellulose (Ljungdahl et al., 1988). To label
the cellulosome with45Ca, 2.23 mg of CaCl2 containing 1
mCi 45Ca (Amersham Life Science, Arlington Heights, IL)
was added per 7 L of calcium-free medium.
Cellulolytic ActiVities. endo-â-1,4-Glucanase (EC 3.2.1.4)

[carboxymethyl cellulase (CMCase)] activity was assayed
at 60°C with a solution of 1% (w/v) CMC (low viscosity)
(Sigma, St. Louis, MO) in 50 mM Bis-Tris (pH 5.5).
Reducing sugars produced were assayed by the method of
Miller et al. (1960), using glucose as a standard. Crystalline
cellulose hydrolyzing activity (avicelase) under aerobic
conditions was determined by incubation at 60°C for 3-5
h of 100µL of enzyme solution with 900µL of 1% (w/v)
Avicel in 50 mM Bis-Tris (pH 5.5) containing 7 mM CaCl2.
Reducing sugars produced were determined with tetrazolium
blue reagent, using glucose as a standard (Jue & Lipke,
1985). Avicelase activity under anaerobic conditions was
measured as described by Nolte and Holzenburg (1990). The
enzyme solution was added to a suspension of 4% Avicel in
100 mM Bis-Tris (pH 5.5) containing 7 mM CaCl2 and 10
mM DTT. The assay mixture was flushed with nitrogen for
5 min and then incubated at 60°C for 3-5 h. Cellobiose
and glucose, the major products, were determined spectro-
metrically usingâ-glucosidase (Boehringer, Mannheim) and
glucose dehydrogenase (Sigma) in a coupled assay. Cello-
biose was used as a standard. One unit of enzyme activity
is the amount that releases 1µmol of glucose equivalent per
minute at 60°C.
Purification of the Cellulosome.Cellulosomes were

purified as previously described (Ljungdahl et al., 1988).
YAS-cellulose particles in the culture were allowed to settle.
The culture fluid containing bacteria and soluble proteins
was siphoned off and discarded. The YAS-cellulose with
bound enzyme was washed with 100 mM triethanolamine
maleate (pH 6.85) to remove residual bacteria and proteins.
The washed YAS-cellulose with the cellulosome complex
attached was packed to form a column, and the cellulosomes
were eluted with distilled water. Fractions with avicelase
activity were pooled and concentrated with an Amicon
ultrafiltration apparatus (XM50). The crude cellulosome
fraction was centrifuged at 6000g for 60 min and further
purified using a Sepharose 4B (2.6× 85 cm) column
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(Pharmacia), equilibrated with 50 mM Tris (pH 7.5) contain-
ing 0.1 M NaCl. Cellulosomes labeled with45Ca were
purified with the same method. Radioactivity of45Ca was
determined with a scintillation counter (Beckman).
Dissociation of the Cellulosome Using EDTA. The

cellulosome was dissociated aerobically by incubation in a
solution containing 50 mM Tris (pH 7.5), 0.1 M NaCl, and
5 mM EDTA at 37 °C for 4-144 h. The extent of
dissociation was followed by measurement of the disappear-
ance of the intact cellulosome eluting on a Superose 6 column
(10× 30 cm, Pharmacia), by SDS-PAGE, and by measure-
ment of avicelase activity. The effect of protease inhibitors
on the dissociation was tested by addition of from 0.1 to 1
mM phenylmethanesulfonyl fluoride (PMSF), benzamidine,
pepstatin, aprotinin, or antipain (Boehringer) together with
5 mM EDTA to the cellulosome solution. Protease activity
of the cellulosome was checked by a protease detection kit
using resorufin-labeled casein (Calbiochem, San Diego, CA)
as the substrate. Reassociation of the dissociated cellulosome
was tested by addition of CaCl2 or MgCl2 to the dissociated
cellulosome and by incubation for several days. Two
proteins of 46 and 71 kDa with cellulolytic activities were
purified from the dissociated cellulosome by conventional
methods using gel filtration and ion exchange chromatog-
raphy (Choi & Ljungdahl, 1996).
Molecular Mass Estimation by Mass Spectrometry and

Metal Analysis. The 71 kDa protein was analyzed by
electrospray ionization mass spectrometry (ESIMS) on a
Finnigan TSQ700 triple quadruple mass spectrometer (Har-
vard Microchem facility). Metal content in the cellulosome
was determined with plasma emission spectrophotometry
(Jarrell-Ash 965 ICP).
Determination of C-Terminal and N-Terminal Amino Acid

Sequences.For determination of the C-terminal sequence
of the 71 kDa protein, a 420 pmol aliquot was derivatized
with iodoacetamide and then digested with trypsin (enzyme:
substrate ratio of 1:20, for 12 h at 37°C) according to
described protocol (Stone et al., 1989). Digests were checked
for complete hydrolysis using a reverse phase HPLC RP-
300 cartridge from Brownlee Lab Aquapore (Foster City,
CA). Elution was with a gradient from 0.1% trifluoroacetic
acid (TFA) in water to 0.08% TFA in acetonitrile for 60
min at a flow rate of 0.2 mL/min. The trypsin-digested 71
kDa protein (200µL total volume, pH adjusted to 5.0) was
loaded onto a 1 mL anhydrotrypsin agarose column (Takara
Biochemicals Inc., Berkeley, CA) equilibrated with 50 mM
sodium acetate (pH 5.0) containing 20 mM CaCl2. The
column was washed using 20 mL of the same buffer.
Anhydrotrypsin is catalytically inert but selectively binds
peptides that have Arg or Lys at their C-terminal. Therefore,
the wash contained only the C-terminal peptide as confirmed
by high-performance liquid chromatography (HPLC). The
sequence of the peptide was determined.
To determine N-terminal sequences of the 98 and 76 kDa

polypeptides of the cellulosome, and the 91 and 71 kDa
polypeptides of the dissociated cellulosome, the proteins on
SDS-polyacrylamide gel were transblotted to a polyvi-
nylidene difluoride (PVDF) membrane in a Bio-Rad transblot
apparatus at 30 V for 16 h at 4°C with transfer buffer
containing 192 mM glycine, 25 mM Tris (pH 8.3), and 20%
(v/v) methanol (Towbin et al., 1979). The polypeptides were
excised with a razor blade after being stained with Ponceau
S. N-terminal amino acid sequence analyses of these

samples were performed with an Applied Biosystems 477
A gas phase sequencer equipped with an automatic on-line
phenylthiohydrantoin derivative analyzer.
Protein Determination and Gel Electrophoresis.Protein

was measured using either the Micro bicinchonic acid (BCA)
method (Pierce, Rockford, IL) or the Rose Bengal method
(Elliot & Brewer, 1978) using bovine serum albumin as a
standard. SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed by the method of Laemmli (1970).
Calcium Binding to Immobilized Protein.To detect Ca

binding to protein, a45Ca-blotting technique was used
(Maruyama et al., 1984). Proteins from the SDS-PAGE
(7.5%) were transferred by electrophoresis to a PVDF
membrane as described before. The membrane was washed
with 10 mM imidazole (pH 6.8), 60 mM KCl, and 5 mM
MgCl2 for 1 h and then incubated with45Ca (1µCi/mL) for
10 min in the same buffer. The blot was washed three times
with deionized water for 5 min, allowed to dry in air for 3
h at room temperature, and then exposed to X-ray film for
24 h.

RESULTS

Purification of the Cellulosome and Its Composition. C.
thermocellumwhen growing on cellulose produces a yellow
compound (YAS) which attaches to the cellulose, forming
YAS-cellulose. In the presence of 0.005 mM or higher
concentrations of salt or buffers, the cellulosome has a high
affinity for YAS-cellulose. Residual YAS-cellulose from
2-3-day-old cultures is therefore a very convenient source
of cellulosomes which can be easily eluted from the YAS-
cellulose using distilled water as the solvent. The process
described earlier (Ljungdahl et al., 1988) yields an essentially
pure cellulosomal preparation at a yield of about 5 mg per
17 L of culture when 1% cellulose is the substrate. The
cellulosomes were further purified by Sepharose 4B column
chromatography. They emerged as a single protein complex
with a mass estimated between 2 and 5 million Da. Analysis
using SDS-PAGE revealed the usual pattern for pure
cellulosomes of 14 major bands, plus at least 10 minor bands
confirming previous results (Lamed et al., 1983; Kohring et
al., 1990). The 197, 98, and 76 kDa polypeptides represent
the predominant subunits. The 197 kDa CipA is the largest
subunit. It appeared as a broad band on SDS-PAGE, maybe
due to a high content of carbohydrate (Gerwig et al., 1989).
The cellulosome contains Ca, Cu, Si, Zn, Fe, and P as

determined with plasma emission spectroscopy (Table 1).
Calcium, known to be required for crystalline cellulase

Table 1: Elements Present in the Cellulosome ofC. thermocelluma

element cellulosome (mol/mg)

Ca 47 (193)
Cu 1 (4)
Si 3 (12)
Zn 4 (16)
Fe 1 (6)
P 768 (3075)

aCellulosomes (1.4 mg/mL) were dialyzed against three changes of
1 L of 50 mM Tris-HCl (pH 7.5) at 4°C for 19 h. Element content
was determined by plasma emission spectroscopy. The number in
parentheses represents the moles of metal per mole of cellulosome when
the molecular mass of the cellulosome was estimated as 4 million. The
results represent determinations of three different cellulosome prepara-
tions. The variation was less than 10%.
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activity (Johnson & Demain, 1984; Hon-nami et al., 1986),
was the major metal present. Assuming the mass of the
cellulosome to be 4× 106 Da, it contained about 190 mol
of Ca per mole of cellulosome. Most of the Ca, 73%, was
tightly bound to the cellulosome. This was ascertained by
incubation of45Ca-labeled cellulosomes with 14 mM unla-
beled CaCl2 at pH 7.5 and 37°C for 24 h. During the first
hour, 27% of the45Ca exchanged with unlabeled Ca. The
rest of the45Ca was stable and did not exchange during the
24 h of incubation. The presence of phosphorus was
unexpected and not further investigated. It could be present
as a counterion, but it has been reported that cardiolipin is
present in the cellulosome (Bolobova & Zhukov, 1991).
Cellulolytic ActiVity of the Cellulosome and Effect of

Chelating Agents.The cellulolytic activity of the cellulo-
some is inhibited by EDTA (Johnson et al., 1982). The
effects of preincubation of the cellulosome at pH 7.5 for 20
h at 37°C with several chelating agents, including EDTA,
are shown in Table 2. Althougho-phenanthroline and
8-hydroxyquinoline at high concentrations are slightly inhibi-
tory, they did not affect endoglucanase and avicelase
activities very much. The endoglucanase activity was not,
or very little, affected by EDTA and EGTA. In contrast,
the activity toward crystalline cellulose was decreased 70%
by the treatment with EDTA and EGTA. Given that Ca is
the most prominent metal in the cellulosome and that
o-phenanthroline has high affinity for iron and zinc, 2,2′-
dipyridyl for iron and 8-hydroxyquinoline for copper, iron,
and zinc (Sillen & Martell, 1964), it appears that the target
of EDTA and EGTA was calcium which is chelated by these
agents.
A time course of the effect of EDTA on the cellulolytic

activities of the cellulosome is given in Figure 1. It shows
that the endoglucanase activity was not affected even after
48 h of EDTA treatment. The avicelase activity, however,
was decreased immediately upon addition of EDTA to 70%
and then further to about 20% of the original activity during
the next 4 h of incubation. As shown in Figure 1, when the
avicelase was assayed under anaerobic conditions, a higher
activity was obtained compared with that obtained under
aerobic assay conditions. Still, only 40% of the original
activity remained, after about 12 h of EDTA treatment. It
should be noticed that during the first 3 h of the treatment
there was almost complete recovery of the avicelase activity
when assays were done anaerobically.

The EDTA treatment strikingly changed the SDS-PAGE
pattern of the cellulosome as shown in Figure 2. This change
seems to correlate with the time course of the decrease in
crystalline cellulolytic activity as was shown in Figure 1.
Several protein bands disappeared, and new bands of lower
masses appeared. Most noticeable was the disappearance
of bands corresponding to masses of 160, 98, 76, and 54
kDa and the appearance of new bands of masses 150, 132,
91, 57, and 46 kDa. It should also be noted that some new
bands of masses, smaller than 46 kDa, appeared. The
disappearance of the two major subunits (98 and 76 kDa)
seems to correlate with the appearance of two new major
subunits (91 and 71 kDa). The process is slow and proceeds
over a period of 48 h. Changes in other polypeptides (54
and 46 kDa) may occur within 4 h of the EDTA treatment.
The decrease in the mass of several of the polypeptides

during the EDTA treatment could be caused by proteolysis.
A protease could be a contaminant or constituent of the
cellulosome. To test this, the EDTA treatment was carried
out in the presence of several protease inhibitors: PMSF,
benzamidine, pepstatin, aprotinin, and antipain. None of
these affected the EDTA treatment. In addition, we were
not able to detect a cellulosomal protease during incubation
of the cellulosome with resorufin-labeled casein and EDTA
for 48 h. These results suggest that there is no cleavage
reaction by a protease during the EDTA treatment.
Effect of Chelation of Calcium on Dissociation of the

Cellulosome.The decrease of the cellulosomal activity in
the hydrolysis of crystalline cellulose by the EDTA treatment
could be due to a removal of Ca, or the fact that the
cellulosomes may have dissociated, or both. To test this,
cellulosomes containing45Ca were prepared by growingC.
thermocellumon 1% cellulose in medium with45CaCl2. The
cellulosomes and EDTA-treated cellulosomes were chro-
matographed on a Superose 6 column (Figure 3). It is shown
in Figure 3A that the cellulosomes before the EDTA
treatment eluted as an intact protein (OD280) complex
coinciding with crystalline cellulase activity, and45Ca. After
incubation of the cellulosomes in 50 mM Tris (pH 7.5), 0.1
M NaCl, and 5 mM EDTA at 37°C for 12 h, the elution
profile on the Superose column changed noticeably (Figure
3B). The protein fraction b eluted at a place very close to

Table 2: Effect of Chelating Agents on Cellulolytic Activities of
the Cellulosomea

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

o-phenanthroline 2 90 96
10 73 76

8-hydroxyquinoline 2 102 100
10 87 84

EDTA 1 106 32
5 100 28

EGTA 1 115 28
5 112 28

2,2′-dipyridyl 5 98 80
20 90 92

aCellulosomes (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.

FIGURE 1: Cellulase activity of EDTA-treated cellulosomes.
Cellulosomes were incubated at 37°C in 50 mM Tris, 0.1 M NaCl,
and 5 mM EDTA. Samples were taken at times indicated for assays
of cellulase activities. CMCase activity (O); avicelase activity was
measured using aerobic conditions in the presence of 7 mM CaCl2
(4) and under anaerobic conditions in the presence of 7 mM CaCl2
and 10 mM DTT (0).
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that of the cellulosomes (fraction a, Figure 3A). It contained
11% of the avicelase activity of the intact cellulosomes, about

30% of the protein, and almost no45Ca. Several new protein
fractions appeared. Fractions c 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 of45Ca. About 90% of45Ca was recovered
after peak d and was shown to be an EDTA-45Ca complex.
Free45Ca 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 SDS-PAGE (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
cellulosome representing subunits of masses 98 and 76 kDa

FIGURE 2: Analysis by SDS-PAGE (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 incubation;- indicates control samples without EDTA (two samples were
used, one stored frozen at 20°C 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.

FIGURE3: Gel filtration profiles of native cellulosomes and EDTA-
treated cellulosomes.45Ca-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 byA280 absorbance (O):
45Ca (0) and avicelase activity (4). (A) Elution profile of 45Ca-
labeled native cellulosomes (280µg). (B) Elution profile of EDTA-
treated 45Ca-labeled cellulosomes (280µg). 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.

FIGURE4: 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 (13-19); lane 5, concentrated fractions
(26-31).
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disappeared, whereas two new major bands of masses 91
and 71 kDa appeared. The SDS-PAGE analysis of peak b
in Figure 3B shows that it no longer represents the intact
cellulosome (lane 4, Figure 4). It consists mainly of the 197
kDa subunit CipA, plus low amounts of other polypeptides.
It should be noted that the 197 kDa subunit appears unaltered
by the EDTA treatment. The Superose 6 fractions c and d,
when combined, contain the 91 and 71 kDa subunits (lane
5, Figure 4) as major components and other subunits. The
CipA subunit is not present in this fraction. The results
shown in Figures 3 and 4 clearly show that the EDTA
treatment involves the breaking up of the cellulosome,
yielding a mixture of polypeptides that can be purified and
characterized. The observation that the EDTA treatment
leads to proteins of apparent lower masses suggests that the
cellulosomal subunits have been truncated or structurally
changed.
The conditions required for the dissociation of the cellu-

losome by the EDTA treatment were investigated by using
fractionation on the Superose 6 column. Variations in
concentrations of EDTA (1-20 mM), ionic strength [5-750
mM Tris-HCl (pH 7.5)], and pH (6.8-8.8) did not change
significantly the result of the EDTA treatment. However,
incubation temperature had a significant effect. The dis-
sociation occurred well at 37 or 48°C and very slowly at 4
°C, and it was dependent on aerobic conditions. It did not
proceed anaerobically. Addition of Mg2+ (2-5 mM) or Ca2+

(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 Treatment.The
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
polypeptides shift to the 91 and 71 kDa polypeptides,
respectively, during the EDTA treatment. This conclusion
is based on the gradual change of band densities upon SDS-
PAGE with time of EDTA treatment. Therefore, N-terminal
sequences of the four proteins were determined. Results are
given in Figure 5, which shows that the 98 and 91 kDa
proteins have the same N-terminal sequence, as have the 76
and 71 kDa proteins. This strongly indicates the conversion
of the 98 and 76 kDa proteins to the 91 and 71 kDa proteins,
respectively. Recently, the CelS component of theC.
thermocellumATCC 27405 cellulosome was cloned and
sequenced. As shown in Figure 5, it has the same N-terminal
sequence as the 76 and 71 kDa subunits (Wang et al., 1993).
The molecular mass of CelS is 80 670 Da as deduced from
the amino acid sequence. We feel that the CelS polypeptide
corresponds to the 76 kDa subunit of our cellulosomal
preparation. A truncated protein (S8-tr) which was identified
as cellobiohydrolase has been isolated from the cellulosome
after treatment with protease K (Morag et al., 1993). The
S8-tr protein has been identified as a product of CelS by
peptide mapping (Morag et al., 1993). The CelS obtained
as a recombinant protein fromE. coli was recently shown
to be an exoglucanase (Kruus et al., 1995).
The 98 kDa polypeptide, like the 76 kDa CelS protein, is

a major component of the cellulosome. A search for the

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 proteins ofC. thermocellum
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; Béguin, 1990; Gilkes et al., 1991) and may constitute
an additional subunit of the cellulosome. However, a 1,4-
â-cellobiosidase fromC. thermocellum(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
kDa subunit is the same as the 138 kDa cellobiosidase.
Figure 2 shows that it is likely that the 54 kDa subunit is

converted to the 46 kDa subunit during the EDTA treatment.
The N-terminal sequence of the 46 kDa subunit matches that
of CelA (Figure 5) (Be´guin et al., 1985). CelA has
previously been isolated from the broth ofC. thermocellum
culture (Petre et al., 1981) and also from the cellulosome
(Mori, 1992). ThecelA gene has been sequenced and found
to encode a protein of 488 amino acids with a mass of 52 500
Da (Béguin et al., 1985). The mass reported for CelA
obtained by SDS-PAGE analysis varies between 48 and 56
kDa. We feel that the 54 kDa protein observed on the SDS-
PAGE of Figure 2 corresponds to CelA and that the 46 kDa
is a truncated form of CelA.
Upon examination of Figure 2, it is noticeable that, when

a protein band disappears as a result of the EDTA treatment,
there follows the appearance of a new protein band of from
5 to 8 kDa less mass. The results indicate that many of the
cellulosomal subunits undergo a similar degradation during
the EDTA treatment. The results of the N-terminal analysis
(Figure 5) demonstrate that a cleavage does not involve the
N-terminal part.
To investigate if a cleavage occurs at the C-terminal end,

the 71 kDa protein was purified and analyzed by mass
spectrometry to accurately assess its molecular mass. It was

FIGURE 5: N-terminal and C-terminal sequences of cellulosomal
proteins. Footnotes: a, protein obtained from intact cellulosomes;
b, protein obtained from EDTA-treated cellulosomes; c, CelS is a
80 670 Da protein fromC. thermocellumATCC 27405 (Wang et
al., 1993); d, CelA consists of 488 amino acids with a mass of
52 503 Da [it was obtained fromC. thermocellumNCIB 10682
(Béguin et al., 1985)]; e, C-terminal amino acid residues of the 71
kDa protein (Thr-674 to Asn-681) and CelS (Thr-674 to Asn-741).
Parentheses represent uncertainty, and X represents an undetermined
amino acid.
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found to be 73 694 Da, indicating, by subtraction from the
native CelS having a mass of 80 670 Da, that a peptide of
6976 Da was cleaved off. This was checked by determina-
tion of the C-terminal end of the 71 kDa protein. Its
sequence was L-Y-G-D-V-N, which corresponds to the
amino acid sequence 676-681 of CelS. Thus, the sequence
data demonstrate that the carboxyl end of the 71 kDa protein
is 60 amino acid residues shorter than that of CelS as was
deduced from the gene sequence and that the C-terminal
cleavage occurred after Asn-681 (Figure 5). This 60-amino
acid sequence corresponds to a mass of 6645 Da, which fits
well with the assays of the molecular masses for the 76 and
71 kDa polypeptides.
Genetic analyses of a number of genes encoding cellulo-

somal proteins fromC. thermocellumhave revealed that these
proteins, which are enzymatically active subunits, have the
two reiterated domains CDR1 and CDR2, at the C-terminal
end (Figure 6). For CelS, CDR1 includes amino acid
residues 676-700 and CDR2 residues 710-734. These
domains have been postulated to be involved in binding the
catalytically active subunits to the scaffolding subunit CipA
(Tokatlidis et al., 1993; Salamitou et al., 1994; Yaron et al.,
1995). The cleavage of CelS at the C-terminal end by the
EDTA treatment occurs at Asn-681. This is a residue of
the CDR1 domain which is conserved in all cellulosomal
polypeptides listed in Figure 6. We postulate that the EDTA
treatment affects all of these subunits forming truncated
polypeptides of from 59 to 78 amino acids shorter than the
corresponding peptides of the intact cellulosome. It was
mentioned earlier that after the EDTA treatment many
subunits appear to have from 5 to 8 kDa less mass than when
analyzed without the EDTA treatment. Thus, the EDTA
treatment causes the cellulosome to disintegrate rather than
dissociate. Apparently, it involves a cleavage to form
truncated subunits. That this cleavage occurs within the

CDR1 domain supports the idea that the CDR domains are
involved in the binding of the subunits to the CipA. The
cleavage may require the intact cellulosome or at least that
the subunits are bound to CipA. Thus, the 76 and 98 kDa
subunits obtained from SDS-PAGE by electroelution when
treated with EDTA did not undergo cleavage.
A search was done to find the C-terminal ends cleaved

off from the cellulosomal polypeptides during the EDTA
treatment. The fraction representing peak e in Figure 2B
could harbor these C-terminal ends. It was concentrated and
subjected to SDS-PAGE (10 to 20% gradient). Western
blots were performed with anti-bCDR1 and anti-bCDR2
antibodies prepared as described by Choi and Ljungdahl
(1996). With anti-bCDR2, five bands having masses 18, 25,
30, 38, and 46 kDa were detected. With anti-bCDR1, two
bands with masses of 25-38 kDa were found. It was
expected that these peptides should be about 7 kDa, but they
are larger. It should be noted that the difference in mass
between the peptides is about 7 kDa, which may suggest
that they interact and form aggregates. Although these
results do not confirm the formation of C-terminal peptides
of 7 kDa by the EDTA treatment, they demonstrate the
presence of small peptides in the cellulosome after the
treatment. However, the analyses using N-terminal and
C-terminal sequences provide the evidence of formation of
7 kDa peptides due to the treatment with EDTA.
Calcium Binding Properties of Cellulosome Components.

The treatment of the cellulosome with EDTA disintegrates
the cellulosome with formation of truncated subunits. It also
involves the removal of calcium. The possibility that the
truncated subunits were less prone to bind calcium was
investigated. The results are shown in Figure 7. Although
the truncated subunits bind calcium as demonstrated in lane
4, it is obvious by comparison of lanes 3 and 4 that the
polypeptides after the EDTA treatment bind less Ca. This

FIGURE 6: Alignment of the conserved duplicated regions (CDRs) of enzymatically active subunits of the cellulosome ofC. thermocellum.
For CelS, the CDR1 includes residues 676-700 and the CDR2 residues 710-734. 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
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is especially seen when the 98 and 76 kDa subunits of lane
3 are compared with the 91 and 71 kDa truncated subunits.
The results demonstrate that the CDR domains have Ca-
binding properties. That the truncated subunits bind Ca was
not surprising since it has been shown that endoglucanase
CelD fromC. thermocellumcontains three Ca-binding sites
which do not involve the CDR domains (Juy et al., 1992;
Chauvaux et al., 1995). All of our attempts to reassociate
the cellulosome after the extensive EDTA treatment failed.
This can now be explained since both the CDR domain and
Ca would be involved in the attachment of the catalytically
active subunit to the scaffolding subunit CipA. It should be
noticed that the CipA subunit apparently binds as much Ca
after the EDTA treatment as it does before this treatment.
In addition, some other subunits larger than 116 kDa are
shown to bind a substantial amount of Ca. The roles of these
subunits of the cellulosome have not been determined, but
it is possible that they serve a function similar to that of
CipA.

DISCUSSION

Electron microscopic (Mayer et al., 1987; Mayer, 1988)
and genetic studies (Fujino et al., 1993; Gerngross et al.,
1993) have revealed that the cellulosome fromC. thermo-
cellumhas a highly ordered structure. Structural proteins
and catalytically active subunits form a very stable complex,
which withstands most denaturing agents and conditions
(Lamed et al., 1983; Ljungdahl et al., 1988). This has made
it difficult to obtain individual subunits from the cellulosome
for studies of their catalytic and other properties. Only CelA
and a truncated form of CelS have been directly obtained
from the cellulosome (Mori, 1992; Morag et al., 1993). Other
cellulosomal components have been obtained as extracellular
protein aggregate (Wu et al., 1988) or as recombinant
proteins expressed inE. coli, other bacteria, or yeast.
One goal of this investigation was to find a mild method

for dissociation of the cellulosome into subunits or subcel-

lulosomal complexes. We considered the possibility that Ca
could be involved in the stabilization of the cellulosome.
This was based on reports that the hydrolytic activity toward
crystalline cellulose is dependent on Ca2+ and is almost
completely inhibited by EDTA and that this inhibition is
reversed more effectively by Ca than by any other metal
(Johnson et al., 1982, 1984; Hon-nami et al., 1986) A further
indication was the demonstration of Ca-binding sites of CelD
(Juy et al., 1992; Chauvaux et al., 1995). Our findings that
Ca is the major metal of the cellulosome (Table 1) and that
it is tightly bound support the idea that Ca plays a structural
role in the cellulosome. It may in addition have a catalytic
role, since free Ca2+ greatly stimulated crystalline cellulase
activity.
Treatment of the cellulosome with EDTA released the

tightly bound Ca of the cellulosome which then dissociated
with the formation of several truncated polypeptides. The
formation of truncated polypeptides was unexpected. It
shows that the EDTA treatment with removal of Ca is not a
simple dissociation. It is an irreversible process involving
the disintegration of the cellulosome. The SDS-PAGE
analyses of the polypeptides of the cellulosome after the
EDTA treatment demonstrated that several of them moved
on the gel with a lower molecular mass of about 7 kDa
(Figure 2). Prominent examples were the polypeptides of
98 and 76 kDa, which after the EDTA treatment moved as
91 and 71 kDa polypeptides, respectively. The 76 kDa
polypeptide identified as CelS after N-terminal sequencing
(Wang et al., 1993) was cleaved at the C-terminal after
asparagine residue 681, yielding the 71 kDa polypeptide,
which was 60 amino acid residues shorter than the 76 kDa
subunit. The asparagine 681 is part of the CDR1 domain
which has been suggested to be involved in the binding of
the catalytic subunits of the cellulosome to the scaffolding
subunit CipA (Fujino et al., 1993; Salamitou et al., 1994;
Yaron et al., 1995). As shown in Figure 5, an asparagine
residue corresponding to asparagine residue 681 of CelS is
present in all of the catalytically active subunits of the
cellulosome so far analyzed. We suggest that all of them
are cleaved by the EDTA treatment in a way similar to that
of CelS.
At the present time, we do not know the mechanism for

the cleavage reaction. It occurs in the presence of several
proteinase inhibitors, and a search for a proteinase was
negative. Thus, we feel the cleavage reaction which occurs
aerobically is nonenzymatic. There are examples of specific
cleavages of proteins catalyzed by metal-EDTA complexes.
These reactions require O2 and are thought to involve oxygen
or hydroxyl radicals (Kim et al., 1985; Erma´cora et al., 1992;
Stadtman, 1993). These radicals can be generated by the
oxidation of a transition metal via the Fenton reaction.
Calcium is not considered a transition metal, and if involved,
it would be a first example of a protein cleavage involving
an EDTA-calcium complex. The possibility still exists that
copper, iron, or zinc which are present in low amounts in
the cellulosome (Table 1), could be involved in the cleavage
reaction. However, the truncated polypeptides have less Ca-
binding capacity than their parental subunits, which shows
that the C-terminal ends with the CDR domains have Ca-
binding sites.
From the results presented by Wu et al. (1988), it has been

suggested that CipA interacts with the catalytic subunits and
is required for the hydrolysis of crystalline cellulose by the

FIGURE 7: Calcium binding by cellulosomal components of the
cellulosome before and after EDTA treatment. Proteins separated
by SDS gel (7.5%) were transblotted to PVDF membranes and
overlaid with 0.1 mCi45Ca per 100 mL of buffer as described in
Materials and Methods. Lanes 1 and 3 represent the cellulosome
before EDTA treatment and lanes 2 and 4 the cellusome after this
treatment for 12 h. (A) Coomassie blue staining of the SDS gel.
(B) Autoradiography of the45Ca-overlaid membrane. Long lines
indicate CipA, 98, 76, and 54 kDa bands of the cellulosome before
EDTA treatment, and short lines represent the 91 and 71 kDa bands
of the dissociated cellulosome.

4904 Biochemistry, Vol. 35, No. 15, 1996 Choi and Ljungdahl

+ +

+ +



cellulosome. As shown in Figure 3B, Avicel is hydrolyzed,
albeit at a lower rate than the intact cellulosome, by fractions
c and d which do not contain CipA. This indicates that CipA
is not required for the hydrolysis of crystalline cellulose. It
is possible, however, that fractions c and d may contain
scaffolding proteins other than CipA.
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