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ABSTRACT: Clostridium cellulolyticumproduces cellulolytic complexes (cellulosomes) made of 10-13
cell wall degrading enzymes tightly bound to a scaffolding protein (CipC) by means of their dockerin
domain. It has previously been shown that the receptor domains in CipC are the cohesin domains and that
the cohesin/dockerin interaction is calcium-dependent. In the present study, surface plasmon resonance
was used to demonstrate that the free cohesin1 from CipC and dockerin from CelA have the sameKD

(2.5 × 10-10 M) as that of the entire CelA and a larger fragment of CipC, the latter of which contains,
in addition to cohesin1, a cellulose binding domain and a hydrophilic domain of unknown function. This
demonstrates that neither the catalytic domain of CelA nor the noncohesin domains of CipC have any
influence on the interaction. Dockerin domains are composed of two conserved segments of 22 residues:
removal of the second segment abolishes the affinity for cohesin1, whereas modified dockerins having
twice the first segment, twice the second, or both segments but in a reverse order haveKD values for
cohesin1 in the same range as that observed for wild-type dockerin. These data indicate that if two segments
are required for the complexation with the cohesin, segments 1 and 2 are similar enough to replace each
other. Calcium overlay experiments revealed that the dockerin domain has one calcium binding site per
conserved segment. Circular dichroism performed on wild-type and mutant dockerins indicates that this
domain is well structured and that removal of calcium only weakly affects the secondary structure, which
remains 40-45% helical.

Clostridium cellulolyticumhas been studied over the past
10 years due to its ability to produce large enzymic
complexes, called cellulosomes, able to degrade crystalline
cellulose (1). These complexes are also synthesized by other
cellulolytic clostridiasuch asClostridium thermocellumand
Clostridium celluloVorans (2-4). In all cases, it has been
observed that these complexes are composed of 10-20 cell
wall degrading enzymes (mainly cellulases) tightly bound
to a large scaffolding protein (5-7), devoid of enzymic
activity, which binds crystalline cellulose (8-10). So far,
10 genes encoding cellulosomal polypeptides fromC.
cellulolyticumhave been cloned and sequenced (11, 12; A.
Bélaı̈ch, unpublished results). Most of these encode cellulases
belonging to various families of the classification of glycosyl
hydrolases (11). Sequence analysis indicates that these
enzymes all contain a noncatalytic domain located at their
C-terminal extremity named the dockerin domain (11), which
is found in many other clostridial enzymes involved in
cellulosome complexes (13). This peculiar domain is made
of two homologous but not identical segments of 22 residues
spaced by a linker of 8-10 residues (13).

So far, five cellulases, CelA, C, D, F, and G, fromC.
cellulolyticumhave been purified from recombinantEscheri-
chia coli strains overexpressing their genes (14-18). The
enzymic characterization of these cellulases has revealed that
they differ in both their substrate specificities and their ability
to degrade crystalline cellulose (11).

Very recently, the genecipC, which encodes the scaffold-
ing protein CipC of the cellulosome, was completely
sequenced (12). The corresponding 1519 residue mature
protein is composed of a N-terminal type III cellulose binding
domain (CBD),1 followed by a first hydrophilic domain
(called HD1), seven hydrophobic domains of 150 residues
called cohesin domains, a second hydrophilic domain (HD2),
and finally an eighth cohesin domain (12). Previous studies
have shown, by using truncated forms of the scaffoldin, that
the cohesin domain is required for the docking of the
cellulases onto the scaffolding protein and that only cellulases
containing a dockerin domain are able to anchor the
scaffolding protein CipC. It was also observed that this
interaction is inhibited by EDTA (13). In addition, sequence
comparisons with EF-hand calcium binding proteins strongly
suggest that the dockerin domain contain two calcium
binding sites, one per conserved segment (13).

Similar observations have been made for the cellulosomes
from C. thermocellumandC. celluloVorans(13, 19, 20), in
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terms of both calcium dependence and the necessity of
cohesin and dockerin domains for the docking of cellulases
onto the scaffoldin.

The three-dimensional structures of two cohesin domains
from C. thermocellumhave been solved, as has the structure
of the CBD of the scaffoldin from the same bacterium. These
domains were found to share the same overall jellyroll
topology composed of nineâ-strands connected by loops
(21-23). To date, however, no structural data concerning
the dockerin domain of any cellulosome-producing clostridia
are available. A recent study has shown that, in the case of
C. thermocellum, both duplicated segments are required to
bind the cohesin domain (24). It has also been demonstrated
that, despite strong sequence homologies, the cohesin/
dockerin interaction is species-specific, since theC. ther-
mocellumcellulases fail to interact with theC. cellulolyticum
scaffolding protein and vice versa (13). Based on these data,
a model was proposed for the cohesin/dockerin interaction,
and it was hypothesized that some conserved residues at
specific positions either are involved in calcium binding or
serve as specificity determinants during the complexation
with the cohesin partner (13).

In the present study, by means of site-directed mutagenesis,
surface plasmon resonance (SPR), calcium overlay, and
circular dichroism (CD), several questions concerning the
assembly of the cellulosomes fromC. cellulolyticumwere
addressed: (i) Are cohesin and dockerin solely responsible
for the docking of cellulases to the scaffolding protein? (ii)
What role does calcium play in the folding and complexation
processes? (iii) Is the dockerin domain structured when it is
not bound to the cohesin domain? (iv) Are the upstream
flanking regions of both cohesin and dockerin domains
required? (v) Are the two conserved segments of the dockerin
domain required for the complexation with the cohesin
partner, and if so, do they have the same importance? Finally,
the validity of various models describing the cohesin/
dockerin complex formation is discussed.

EXPERIMENTAL PROCEDURE

Strains and Plasmids.DH5R (Bethesda Research Labo-
ratories)Escherichia colistrain was used as host for the
pJF118EH derivative vectors pA2 (14), pA3 (25), and pA4-
H. BL21(DE3) E. coli strain was used as host for the
following pET22b(+) (Novagen) derivative vectors: pETCip1,
pETCip2 (5), pET-HD1coh1, pET-coh1A, pET-coh1B, pET-
dokeA, pET-dokeB, pET-doke11, pET-doke22, and pET-
doke21.

Construction of the Various Expression Vectors.The DNA
fragment encoding modified CelA, having only the first
duplicated segment of the dockerin domain and a C-terminal
His tag, was obtained from pA2, by PCR using the synthetic
forward primer A4f (5′-GCATATTGTCCATGGAATT-
TTGCAGGG-3′), which is homologous to an internal se-
quence of thecelAgene, which contains aNcoI site (under-
lined). The reverse primer was A9r (5′-CCCCCAAGCT-
TAGTGGTGGTGGTGGTGGTGCAAATTCTTTAC -3′)
having partial homology (in boldface type) with the region
encoding the first duplicated segment of the dockerin domain
and introducing six histidine codons, a new stop codon, and
a HindIII site (underlined). The amplified fragment was
purified (Qiaquick, Qiagen) and digested byNcoI and

HindIII. The resulting DNA fragment was purified by
electrophoresis and prep-A-gene (Bio-Rad) and ligated into
a NcoI-HindIII linearized plasmid pA2. The resulting
plasmid was called pA4-H, and the inserted fragment was
sequenced (Genome Express Society) by using a Perkin-
Elmer 373 fluorescent sequencing apparatus (Applied Bio-
systems Dye terminator method).

The DNA fragment encoding HD1, the first cohesin
domain of CipC, and a His tag at the C-terminus was
prepared by PCR from pETCip1. The forward primer was
cip17f (5′-GGCGGGCCATATGGACGGTGGAAACCC-
ACCT -3′), which has partial homology with the DNA region
encoding the linker region located at the N-terminus of HD1
(in boldface type) and introduces an ATG codon and aNdeI
site (underlined). The reverse primer used was cip21r (5′-
CCAGCTCGAGCTAGTGGTGGTGGTGGTGTACTGC-
TACTTTAAGTTCCTTTGTAG -3′), which has partial
homology with the region encoding the C-terminus of
cohesin1 (in boldface type) and introduces five histidine
codons, a stop codon, and aXhoI site (underlined). After
purification, the DNA fragment was digested byNdeI and
XhoI and ligated into pET22b(+) linearized with the same
endonucleases, as described above. The resulting plasmid
was named pET-HD1coh1, and the insert was sequenced as
previously described.

Construction of pET-coh1A and pET-coh1B encoding
truncated and entire cohesin1, respectively, was performed
as described above with the exception that the primers used
for PCR amplification were cip18f (5′-GGTGGGTCATATG-
ACTGTTTTACCAAAAGATATCCCT -3′) and cip21r in
the case of pET-coh1A, whereas cip19f (5′-CGCCACG-
CATATGAAAGTTACAGTAGGA -3′) (NdeI site and ATG
codons are underlined, and homologous regions are in
boldface type) and cip21r were used for the construction of
pET-coh1B.

Construction of pET-dokeB and pET-dokeA, designed for
the production of the dockerin domain ofcelAcommencing
at the first conserved residue (pET-dokeB) or eleven residues
upstream of the first conserved residue (pET-dokeA), was
carried out using the same procedure as for pET-coh1A. The
primers used for the amplication by PCR from pA2 were
A5f (5′-GGTGGGTCATATGGGAGATTATAACAAT-
GATGGA -3′) and A10r (5′-CCCCTCGAGCTTACTTAC-
CATACCAAG -3′) in the case of pET-dokeA and A6f (5′-
CCGCCCGCATATGGCCAAGACAGATCCTGAC 3′) and
A10r in the case of pET-dokeB (shown in boldface type,
homologous areas; underlined,NdeI site in the case of A5f
and A6f primers andXhoI site in the case of the primer
A10r).

Modified Dockerins.pET-doke11 encoding a dockerin
containing twice the first duplicated segment was constructed
as follows: the region coding for the first segment was
amplified by PCR from pET-dokeB by use of the forward
primer A6f and the reverse primer A11r (5′-TACATAAG-
CATGGTCAGC-3′), which is homologous to DNA encoding
the linker region between the two conserved segments and
contains anNlaIII site (underlined). The amplified fragment
was called Seg1A. A second amplification of the DNA
encoding the first duplicated segment was performed from
pA4-H using the forward primer A7f (5′-GCTGACCAT-
GCTTATGTAAAGAATGGAGATTATAACAATGAT -
3′), which has homologies with both the region encoding
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the N-terminus of the first segment (in boldface type), and
the region encoding the linker region (in italic type with
NlaIII site underlined). The reverse primer was A12r
(5′-CCCCTCGAGCTTACTTACCATAGCCATAATATATTT-
CTT -3′), which has homologies with both the region
encoding the C-terminus part of the first segment (in boldface
type) and the region encoding the C-terminus extremity of
the dockerin domain (in italic type), and which introduces a
XhoI site (underlined). This amplified fragment was named
Seg1B. Seg1A was digested byNdeI and NlaIII, whereas
Seg1B was digested byNlaIII and XhoI. The digested
fragments were purified and ligated into aNdeI-XhoI-
linearized pET22b(+). The resulting plasmid was named
pET-doke11.

A similar strategy was used to construct pET-doke22: the
region encoding the second duplicated segment was amplified
from pET-dokeB by use of the forward primer A8f (5′-
C G C C C G C A T A T GG C C A A G A C A G A T C C T -
GACCCAGTAATTGTATATTTGGATGTTATTCTCGAC -
3′), which is homologous to both the region encoding the
N-terminus of the second duplicated segment (in boldface
type) and the DNA region encoding the 11 residues located
upstream of the first segment (in italic type) and which
introduces aNdeI site (underlined). The reverse primer was
A13r (5′-TACATAAGCATGGTCAGCACCAAGCAGATA-
TTTTTT -3′), homologous to both the DNA encoding the
linker region between the duplicated segments (in italic type
with NlaIII site underlined), and the C-terminus part of the
second conserved segment (in boldface type). The amplified
fragment obtained was called Seg2A. A second amplification
of the region encoding the second segment was carried out
from pET-dokeA with the forward primer A9f (5′-GCT-
GACCATGCTTATGTAAAGAAT-3′), homologous to the
region encoding the linker region between the two duplicated
segments and containing aNlaIII site (underlined), and the
reverse primer A10r. The amplified fragment was called
Seg2B. Seg2A was digested byNdeI and NlaIII, whereas
Seg2B was digested byNlaIII and XhoI. After purification,
the digested fragments were ligated into aNdeI-XhoI-
linearized pET22b(+). The resulting plasmid was named
pET-doke22.

The vector pET-doke21, encoding a modified dockerin
domain containing segment 2 followed by the segment 1,
was obtained by ligation of Seg2A (digested byNdeI and
NlaIII) and Seg1B (digested byNlaIII and XhoI) into a
NdeI-XhoI-linearized pET22b(+).

Expression and Purification of the Recombinant Proteins.
E. coli DH5R or BL21(DE3) was grown at 37°C in Luria-
Bertani medium supplemented with ampicillin (200µg/mL)
to an OD600 ) 1.5. The culture was then cooled to 25°C,
and isopropyl thio-â-D-galactoside (Appligene) was added
to a final concentration of 250µM. After 12-16 h, the cells
were centrifuged (10 min, 3000g), resuspended in 30 mM
Tris-HCl, pH 8, and broken in a French press. The purifica-
tion of entire CelA (CelA2) and truncated CelA (CelA3) was
performed as previously described by Fierobe et al. (14),
and Bélaı̈ch et al. (25), respectively. MiniCipC1 was purified
according to Page`s et al. (5). All other recombinant proteins
(the present study) contain a His tag at their C-termini and
were purified at 4°C as follows: NaCl (0.2 M) and DNase
I (1 g/L) were added to the crude extract. The suspension
was then loaded on 2-5 mL of Ni-NTA resin (Qiagen),

equilibrated in 30 mM Tris-HCl, pH 8.0, and 0.2 M NaCl
(TN buffer). The resin was subsequently washed with 10
mM imidazole in TN buffer. The protein of interest having
the C-terminal His tag was eluted by a linear gradient from
0.01 to 0.15 M imidazole in TN buffer. Analysis by SDS-
PAGE (Phast System, Pharmacia Biotech Inc.) of the
recombinant protein-containing fractions indicated that no
further purification was required. The fractions were pooled,
concentrated by ultrafiltration (Millipore, cutoff 10 kDa), and
dialyzed overnight at 4°C against 10 mM Tris-HCl, pH 8.0.

Determination of Protein Concentration and Other Ana-
lytical Procedures.The concentration of purified proteins
was routinely estimated at 280 nm in 6 M guanidine
hydrochloride and 25 mM sodium phosphate, pH 6.5, by
using the program ProtParam tool (http://expasy.hcuge.ch/
sprot/protparam.html), and also by quantitative amino acid
analysis on a Waters Pico-tag amino acid system. N-Terminal
amino acid sequences were determined by stepwise Edman
degradation on a gas-phase sequencer (Model 470 A, Applied
Biosystems). Mass spectrometry was performed by MALDI-
TOF on a Voyager DE-RP (Perseptive Biosysteme), with
apomyoglobin as the standard.

Biotinylation of the Proteins.MiniCipC1, HD1-cohesin1,
cohesin1A, and cohesin1B were biotinylated with biotinyl
N-hydroxysuccinimide ester as described by Bayer and
Wilcheck (26), using the Biotin labeling kit (Boehringer-
Mannheim) according to the manufacturer’s instructions,
except that the biotinylN-hydroxysuccinimide ester/protein
ratio was kept between 0.7 and 1.

Surface Plasmon Resonance.The kinetic parameters of
the interaction between cohesin-containing proteins and the
various dockerins were determined on a BIAcore apparatus
(BIAcore), at 25°C. The biotinylated MiniCipC1, HD1-
cohesin1, cohesin1A, or cohesin1B was coupled to a strepta-
vidin-dextran layer on the sensor chip’s surface. Biotinylated
recombinant proteins were injected for 50-200 s, resulting
in approximately 600-800 resonance units (RU) of im-
mobilized protein. The flow cell was routinely equilibrated
with 10 mM CaCl2, 0.005% surfactant P20 (BIAcore), and
50 mM Tris-maleate buffer, pH 6.5, except for the pH
dependence experiments, for which 50 mM glycine hydro-
chloride (pH 3.0-4.0), sodium acetate (pH 4.0-5.5), Tris-
maleate (pH 5.8-7.5), Tris-HCl (pH 7.5-8.8), or glycine-
NaOH (pH 8.5-9.8) were used instead of Tris-maleate
buffer, pH 6.5. The ligands (CelA2, CelA3, CelA4-H,
DokeA, DokeB, Doke11, Doke22, or Doke21) were diluted
in the same buffer and allowed to interact with the sensor
surface by a 300 s injection. In all cases, at least three
different concentrations of ligand were injected. The obtained
sensograms were evaluated with the biomolecular interaction
analysis evaluation software (BIAcore) to calculate the
kinetic constants. The data were interpreted on the basis of
the simple model L+ A T LA, where L denotes the mobile
ligand and A the immobilized receptor. For all tested ligands,
control experiments were performed by direct injection onto
the streptavidin-dextran layer. In addition, with the excep-
tion of CelA2, the sensor chip’s surface was regenerated by
injection of 10 mM EDTA. For CelA2, complete removal
of the ligand was not possible by such treatment, and a new
surface had to be used for each concentration of CelA2.

Calcium OVerlay Experiments.Calcium overlay was
performed essentially as has previously been described (27).
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Briefly, proteins were subjected to native PAGE (12.5% or
20%) and transferred onto nitrocellulose (Schleicher and
Schüll) membrane. The membrane was incubated for 15 min
in isoamyl alcohol (20%) and subsequently washed twice
with 60 mM KCl, 5 mM MgCl2, and 10 mM imidazolium,
pH 7.0 (KMI buffer), during 10 min. The membrane was
then incubated for 45 min at room temperature in KMI buffer
supplemented with45Ca (10 µCi/mL). The nitrocellulose
sheet was again washed twice with deionized water for
another 10 min. The membrane was dried at 37°C for 3 h,
and bound45Ca was detected with a Storm 820 Phospho-
rImager (Molecular Dynamics). The nitrocellulose membrane
was then stained with Ponceau red (Sigma).

Circular Dichroism Spectroscopy.CD spectra were ac-
quired with a CD6 Jobin-Yvon apparatus (ISA, Division
d’Instruments, S.A.). The temperature was 10°C, unless
stated otherwise. The bandwidth was 1 nm with an integra-
tion time of 30 s. The spectra were measured in a 50µm
optical path cuvette. The protein concentrations were 0.1-
0.3 mM in 2.5 mM Tris-HCl buffer, pH 8.0. Spectra were
corrected for background contributions from the buffer by
omitting the protein. Ellipticities were normalized to residue
concentration by using the relationship [Θ] ) ΘoMr/lc, where
Θo is the observed ellipticity in degrees,Mr is the average
molecular mass of an amino acid in the polypeptide,l is the
path length in centimeters andc is the protein concentration
in grams per liter. Deconvolution of the far-UV CD profiles
was carried out by using standard computer procedures
(DICHROPROT V2.4 by G. Deleage) including neural
network (28).

RESULTS

Design of Truncated CipC and Various Dockerin Do-
mains.In a former study it has been shown that miniCipC1
(Figure 1) containing the CBD, first hydrophilic domain
(HD1), and first cohesin domain was able to bind the
dockerin-containing cellulases ofC. cellulolyticum(5). In
the present study, based on sequence homologies and the
available crystal structures of cohesin fromC. thermocellum
(21, 22), three new miniCips, possessing a C-terminal His
tag, were designed (Figure 1): HD1-cohesin1, which lacks
the CBD; cohesin1A, which contains the entire cohesin 1
domain flanked by the linker regions, and finally cohesin1B,
which starts at the second conserved residue of the cohesin
domain and has the same C-terminal extremity as cohesin1A.

A similar strategy was used in the design of the dockerin
domains (Figure 1), although no structural data are available
concerning this domain, which is typical of cellulosomal
enzymes. It was shown by Page`s et al. (13) that the entire
CelA (CelA2) from C. cellulolyticum binds miniCipC1,
conversely to CelA3, a truncated form of the cellulase lacking
the C-terminal dockerin domain. In the present study, an
attempt was made to evaluate the importance of each
conserved segment and the flanking regions. The various
recombinant dockerins engineered are summarized in Figure
1. Entire CelA (CelA2) was used as the reference. A first
modified CelA, CelA4-H, that lacks the second duplicated
segment was built. Second, two forms of the free dockerin
domain of CelA (without the catalytic domain) were
engineered: DokeA, commencing 11 residues upstream of
the first conserved residue of the dockerin domain, and

DokeB, starting at the first conserved residue. Finally, to
determine the relative importance of each segment, three
additional modified dockerins were constructed: Doke11,
which contains twice the first segment; Doke22, which
contains twice the second segment; and Doke21, having both
segments but in reverse order compared to the wild-type
dockerin domain. The three latter mutant dockerins also
contain the 11 residues located upstream of the first segment.

Production and Purification of the Various Recombinant
Proteins. All recombinant proteins were produced inE. coli.
Despite high production yields (usually between 0.1 and 0.2
g/L of culture), all recombinant proteins were found in the
soluble fraction of the bacterial lysate. The new recombinant
proteins designed in the present study were all His-tagged
at the C-terminus to allow rapid purification on Ni-NTA
resin. In all cases, the quantity of resin was kept far below
the amount necessary to bind all recombinant protein present
in the crude extract. This induced important losses of the
protein of interest. The complete saturation of the Ni-NTA
resin by the recombinant protein, however, rendered further
purification steps unnecessary, as indicated by SDS-PAGE
analysis (data not shown) of the fractions containing the His-
tagged proteins. MiniCipC1, CelA2, and CelA3, devoid of
His tag, were purified as previously described (5, 14, 15).

Mass spectrometry was performed on the purified recom-
binant proteins. As shown in Table 1, the measured masses
were in very good agreement with the masses calculated from
the amino acid sequences, indicating that no proteolytic
cleavage, decarboxylation, or deamination occurred during
the production and purification.

SPR. Page`s et al. (13) showed that calcium was required
for the binding of cellulases to the scaffoldin CipC. Most of
the experiments were thus performed in the presence of 10
mM CaCl2, in 50 mM Tris-maleate, pH 6.5, and 0.005%
P20 surfactant, to avoid nonspecific interactions with the
sensor chip surface. In a first series of experiments, CelA2
was used as the ligand, and various biotinylated fragments
of CipC containing the first cohesin domain were im-
mobilized on the sensor chip surface. The results reported
in Table 2 clearly demonstrate that neither the removal of
the CBD (HD1-cohesin1) nor that of the CBD and the first
hydrophilic domain (cohesin1A) affects the affinity of CelA
for this cohesin domain, since the obtainedKD values remain
in the (2-2.5) × 10-10 M range. When cohesin1B, lacking
both the N-terminal linker region and first highly conserved
residue of the cohesin domain, was used as the immobilized
receptor, the affinity of CelA2 for this “truncated cohesin”
was only reduced by a factor of 4, indicating that this linker
region located upstream of the cohesin domain is not essential
for complexation of the cellulases.

In the case of CelA4-H, which lacks the second duplicated
segment, no binding was detected (see Table 2) even at high
ligand concentrations (up to 100µM), thus demonstrating
that two segments of the dockerin domain are required for
the interaction. To confirm this absence of interaction, gel
retardation with an equimolar mixture of CelA4-H and
cohesin1A as well as western blots using biotinylated
cohesin1A were attempted. Both of these tests also generated
negative results (data not shown).

To determine the influence of the catalytic domain on the
binding parameters to cohesin, DokeA, which commences
11 residues upstream of the first conserved residue of the
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dockerin domain (Figure 1), was used as the ligand in the
BIAcore experiments. The binding parameters (Table 2) were
almost identical to those of CelA2. As was observed in the
case of the entire enzyme, these parameters remained
unchanged from miniCipC1 to cohesin1A (Table 2). These
results strongly suggest that the catalytic domain of CelA
has no influence on the binding to cohesin1. Furthermore,

they indicate that the His tag grafted to the C-terminus of
the dockerin domain does not disturb the binding to the
cohesin partner. As observed in the case of CelA2, a small
but significant decrease in the affinity (5-fold) was observed
when cohesin1B was immobilized on the sensor chip surface.
A noticeable difference was, however, observed between
CelA2 and DokeA: in both cases, the dissociation was very

FIGURE 1: Diagram of the recombinant proteins used. (Top) Cohesin-containing proteins: boxes represent the domains of CipC (CBD, HD,
cohesin), and numbers refer to the residue number in the mature protein. The primary sequences between the boxes are the linker regions
defined on the basis of sequence comparisons. (Bottom) Dockerin-containing proteins: the white oval is the catalytic domain of CelA, and
residues in boldface type are the conserved segments of the dockerin domain. Residues participating in the calcium binding site are underlined,
and boxes represent those residues suspected of serving as selectivity determinants (13).
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long (koff values are around 3× 10-4 s-1; Table 2),
preventing new injections of ligand. To accelerate this
dissociation and regenerate the sensor chip surface, EDTA
was assayed, since it is known (13) that this compound
inhibits the cellulase/scaffoldin complex formation. Thus, the
dissociation kinetic was followed for 5-10 min to determine
the koff, and then short injections of 10 mM EDTA were
performed to remove all residual ligand. DokeA could easily
be removed from the sensor chip surface by injection of 10
mM EDTA, whereas such a procedure was inefficient with
CelA2. Even at concentrations up to 100 mM EDTA, only
partial desorption of CelA2 was observed. One possible
explanation for this difference is that the calcium atoms
remain exposed to EDTA in DokeA, whereas they are
protected from EDTA by the large catalytic domain in the
case of CelA2. More drastic treatments, such as the short
injection of 0.05% SDS and 10 mM NaOH, were able to
completely remove residual CelA2 from the immobilized
protein. Such procedures, however, lead to an irreversible
denaturation of the immobilized recombinant protein. Quite
unexpectedly, injection of nonbiotinylated cohesin1A or
miniCipC1 up to 50µM did not desorb CelA2 or DokeA
but led to an increase in the RU. One possible explanation
for this is that the cohesin domain has affinity for itself. It
was observed, for example, that at high protein concentra-
tions, purified cohesin1A generated a single band on SDS-
PAGE, whereas a second faster-migrating minor band
appears when nondenaturing conditions are used during
electrophoresis (data not shown). It is also worth noting that
the cohesin domains 3 and 7 of CipA fromC. thermocellum,
the crystal structures of which have been solved, both formed
dimers in the crystal (21, 22).

Since the sensor chip surface was easily regenerated with
DokeA, and the binding parameters were very similar to
those of CelA2, the cohesin1A/DokeA couple was used to
study pH dependence of the binding parameters (Figure 2)
in the presence of calcium. It appeared that bothkon andkoff

vary very little between pH 5 and 9. Large variations were
only observed at acidic pH (KD ) 6.0 10-7 M at pH 3.0,
versus 2.21× 10-10 M at pH 6.5), whereas at pH 9.85 the
affinity was barely 5-fold reduced (KD ) 1.0 × 10-9 M at
pH 9.85, versus 2.21× 10-10 M at pH 6.5). It was
unfortunately not possible to investigate the binding param-
eters at a pH lower than 3.0 or higher than 10, since the
sensor chip surface was irreversibly damaged at these pHs.
Nevertheless, the results available indicate that this interac-
tion remains strong over a wide range of pH.

DokeB (Figure 1) was engineered to determine whether
the 11 residues located upstream of the first duplicated

Table 1: Molecular Masses of Recombinant Cohesin- and
Dockerin-Containing Proteins

proteins theorotical (Da) measured (Da)

HD1-cohesin1 26 972.5 26 974.9( 2.1a

cohesin1A 17 483.9 17 483.1( 1.5
cohesin1B 16 378.6 16 376.7( 2.4
DokeA 8 687.8 8 688.2( 1.0
DokeB 7 488.4 7 487.5( 0.3
Doke11 8 601.6 8 600.9( 0.5
Doke22 8 774.0 8 773.3( 0.3
Doke21 8 687.8 8 687.6( 0.6

a Standard deviation.
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segment have any influence on the binding to cohesin. SPR
experiments with DokeB as the injected ligand show that
the affinity for cohesin1A is approximately 600-fold reduced
compared to CelA2 or DokeA. Bothkon (20-fold reduced)
andkoff (30-fold increased) were affected by the removal of
these residues. This suggests that these 11 residues, or at
least some of them, are directly or indirectly involved in the
complex formation with the cohesin domain. This point is
further discussed in the context of circular dichroism
experiments below.

Because of the lowered affinity of DokeB for cohesin1A,
the 11 upstream residues were maintained in the modified
dockerins having various combinations of segments 1 and
2. The binding parameters for cohesin1A obtained with these
mutant dockerins are summarized in Table 2. In all cases,
the affinity for cohesin1A was reduced compared to either
wild-type DokeA or CelA2 but remained in the same range
nonetheless. Doke21 was found to have the lowest affinity,
with a 16-fold increase in itsKD value compared to DokeA,
whereas Doke22 had only a 3-fold increase inKD. These
variations are almost exclusively due to an increasedkoff,
whereas thekon values observed are at most reduced by a
factor of 2, compared to wild-type dockerin. The use of
CelA4-H as the ligand has shown that two segments are
required for the binding to cohesin1A. The experiments
performed with the mutant dockerins indicate that the type
of segment or the order in the dockerin domain can be
changed without drastically affecting the dockerin’s function.

Calcium Binding.Pagès et al. (13) have shown that, as in
the case ofC. thermocellum(19), calcium is required for
the interaction to occur. SPR experiments performed in the
present study also confirm that EDTA inhibits the complex
formation and can even dissociate the complex in the case
of DokeB. Sequence comparisons strongly suggest that the
dockerin domain contains two EF-hand calcium binding sites,
located at the beginning of each conserved segment (13, 29)
(Figure 1). It has never been demonstrated, however, that
the dockerin domain ofC. cellulolyticumbinds calcium. To

check this hypothesis, the calcium overlay technique was
used (see Experimental Procedures). The results shown in
Figure 3 indicate that cohesin1A domain does not bind
calcium, contrary to the DokeA or DokeA/cohesin1A
complex, thus confirming that the dockerin does contain
calcium binding site(s). In a second set of experiments
(Figure 4), the calcium overlay technique was applied to
different forms of CelA or its dockerin domain. With the
exception of CelA3, which lacks the entire dockerin domain,
all proteins were found to bind calcium. The fact that CelA4-
H, Doke11, and Doke22 were able to bind the divalent cation
strongly supports the hypothesis that each duplicated segment
contains a calcium binding site.

Circular Dichroism. To date, no structural data are
available concerning the dockerin domain. Crystallization
attempts are currently underway, but suitable crystals for
X-ray diffraction have not been obtained to date. To gain
some insight on the structure of this key domain, the CD
approach was thus tried. The far-UV spectrum of DokeA in
the presence of 2 mM CaCl2, recorded at 10°C, is shown in
Figure 5A. This spectrum is characteristic of aR-helix-rich
domain. A stepwise increase in temperature on the same
protein sample, to 25, 37, and 50°C, had no effect on the
spectrum of the dockerin. At higher temperatures (55-60

FIGURE 2: pH dependence of the DokeA/cohesin1A interaction.
TheKD values were determined in the presence of 10 mM CaCl2,
0.005% P20 surfactant, and 50 mM buffer (see Experimental
Procedures).

FIGURE 3: Calcium overlay experiment. (A) Nitrocellulose mem-
brane colored with Ponceau red, and (B) detection of bound45Ca
with a Phosphorimager. The amounts of proteins used are as
follows: Lane 1, 5µg of cohesin1A; lane 2, 5µg of cohesin1A
and 2.7µg of DokeA; lane 3, 2.7µg of DokeA.

FIGURE 4: Calcium overlay experiment. (A) Nitrocellulose mem-
brane colored with Ponceau red, and (B) detection of bound45Ca
with a Phosphorimager. The amounts of proteins used are as
follows: Lane 1, 5µg of CelA3; lane 2, 6µg of CelA2; lane 3, 6
µg of CelA4-H, lane 4, 2.7µg of DokeA; lane 5, 3.1µg of DokeB;
lane 6:2.9µg of Doke11; lane 7:3.5µg of Doke22; lane 8, 3.1µg
of Doke21.
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°C) the protein sample started to precipitate, which made
all ellipticity measurements impossible.

The profile of the metal-free form of DokeA (in the
presence of 2 mM EDTA) was very similar (see Figure 5A)

to the spectrum of DokeA recorded in the presence of 2 mM
CaCl2. This result indicates that the removal of calcium has
very minor effects on the secondary structure of this domain.
The CD spectra of Doke11, Doke21, and Doke22, recorded
in the presence of 2 mM CaCl2, were also quite similar to
that of DokeA (Figure 5B). Some small but significant
differences in the height of the peaks were, however,
observed at 191 and 207 nm. The molar ellipticity values of
the mutants at 191 nm were reduced by 15-20% compared
to DokeA. Analysis of the peak centered at 207 nm reveals
a more interesting feature since “signature” for each type of
segment emerges from the signal at this wavelength. The
molar ellipticity values at 207 nm in the case of DokeA and
Doke21, which both contain the two types of segments, are
-17 000 and-16 800 deg‚cm2‚dmol-1, respectively. In the
case of Doke11, the molar ellipticity value at this wavelength
is -14 100 deg‚cm2‚dmol-1, whereas in the case of Doke22
the ellipticity value is decreased to-18 400 deg‚cm2‚dmol-1.
Conversely, the spectrum of the “truncated” dockerin,
DokeB, displays marked differences compared to that of
DokeA (Figure 5C). Although the overall shape is quite
similar, the molar ellipiticity values were significantly
reduced compared to the other dockerins. Such a decrease
cannot be attributed to an important error in the determination
of the protein concentration, since great care was taken to
determine this crucial parameter. Indeed, two different
procedures were used (amino acid composition and absorp-
tion at 280 nm in 6 M guanidine hydrochloride), which
generated very similar protein concentrations (within 5%
deviation) for all proteins. The large variations in the CD
spectrum of DokeB versus DokeA are most probably due to
important changes in the secondary structure of the truncated
dockerin. As for DokeA, spectra of the various dockerin
mutants were also recorded in the presence of 2 mM EDTA
and vary very little compared to those in the presence of 2
mM CaCl2.

At this point, the secondary structure of the various
dockerin domains was inferred from the far-UV CD spectra.
The results are summarized in Table 3. It is worth noting
that, as expected in view of their spectra, DokeA, Doke11,
Doke21, and Doke22 seem to share very similar secondary
structures, whereas in the case of the truncated dockerin,
DokeB, the percentage ofR-helices drops to approximately
25%, and a higher score for random coils is observed (35%).
However, caution needs to be exerted regarding these per-
centages and the absolute number ofR-helical andâ-strand
residues, since these values may be biased by a number of
factors: deconvolution methods, amino acid composition
(occurrence of aromatic residues), etc. (30). In addition, since
no other structural data concerning the dockerin from CelA

FIGURE 5: Far-UV CD spectra of the wild-type and modified
dockerin domains recorded at 10°C, in 2.5 mM Tris-HCl pH, 8.0.
(A) DokeA in the presence of 2 mM CaCl2 (s), or 2 mM EDTA
(‚‚‚). (B) Doke11 (4), Doke21 (9), and Doke22 (0) in the presence
of 2 mM CaCl2. (C) DokeA (s) and DokeB (b) in the presence of
2 mM CaCl2.

Table 3: Secondary Structure Content in Percentage and in Number
of Residues As Determined from the Far-UV Region of the CD
Spectra of the Recombinant Wild-Type and Mutant Dockerin
Domains of CelAa

protein R-helix (%) â-strand (%) R-helix (res) â-strand (res)

DokeA 40-45 10-15 31-35 8-12
DokeB 23-28 15-20 15-19 10-13
Doke11 37-42 10-15 29-32 8-12
Doke22 37-44 10-15 29-34 8-12
Doke21 40-44 10-15 29-34 8-12

a See Figure 5 in the presence of 2 mM CaCl2.
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or any homologous dockerin fromC. cellulolyticum, C.
thermocellum, or C. celluloVorans are available to date, it
was not possible to correlate the values given in Table 3
with a dockerin of known structure. These numbers therefore
must not be considered as absolute values. These secondary
structure percentages, however, are well correlated to the
SPR data (see above), which indicate, in the case of DokeB,
a drastic decrease in the affinity for cohesin1A, whereas
Doke11, Doke21, and Doke22 haveKD values for cohesin1A
in the same range as that of DokeA.

DISCUSSION

It has been shown over the past few years that the
dockerin/cohesin interaction plays a key role in the assembly
of the cellulosomes fromC. thermocellum, C. cellulolyticum,
or C. celluloVorans (13, 19, 20) and presumably in other
cellulosome-producing clostridia such asClostridium josui
(31) or Clostridium papyrosolVens(32, 33). Recently it was
demonstrated that, despite sequence homologies between the
dockerin and cohesin fromC. thermocellumand C. cellu-
lolyticum, the cellulases fromC. cellulolyticumwere unable
to bind the cohesin domains fromC. thermocellumand vice
versa (13). The latter study opens new fields of investigation,
since hybrid miniscaffoldin containing both types of cohesin
can be designed to bind cellulases or other enzymes harboring
the appropriate dockerins, at specific positions. However,
investigations to determine the boundaries of the domains
involved, the independence of these domains, the strength
of the interaction, and, in the case of the dockerin domain,
the role of each conserved segment, are still required. It is
these questions that have motivated the present study.

It is clear from the SPR data that neither the CBD nor the
hydrophilic domain, located upstream of the first cohesin
domain of CipC, has any influence on the binding parameters
of the cohesin1/CelA interaction. This result strongly sug-
gests that the first cohesin domain is functionally indepen-
dent. It was also shown that the first cohesin domain from
CipC is unable to bind calcium.

The cohesin domains of CipC are spaced by very short
linkers, of about 8-10 residues (12), which is contrary to
CipA from C. thermocellum, for which spacers are 25
residues long (34). To investigate the importance of these
linkers, the upstream linker and the first conserved residue
of the cohesin domain (L262), which by comparison to the
available crystal structures ofC. thermocellumcohesin
domains is expected to participate to the firstâ-strand, were
removed. The obtained truncated cohesin, cohesin1B, had
only 4-fold reduced affinity for CelA2, indicating that these
residues are not critical for binding. The role of the
hydrophilic domain was not clarified by our experiments
since it appears that it has no influence on the binding of
CelA2 to the cohesin domain. It has been previously shown
(8) that this domain, which is also found in the scaffoldins
from C. thermocellum, andC. celluloVorans(34), does not
interfere with the binding of the CBD of CipC to crystalline
cellulose. Since this domain is not involved in the main
functions of the scaffoldin, i.e., binding of cell wall degrading
enzymes and binding to cellulose, its role might be at a
different level. It has been shown in the present and former
studies (5, 8) that the free CBD, the free first cohesin domain,
the miniCipC1, and HD1-cohesin1 are produced in large

amounts in the cytoplasmic compartment ofE. coli in a
soluble form. An attempt was also made in the present study
to produce a protein containing the CBD immediately
followed by the first cohesin domain inE. coli, but this
recombinant protein formed inclusion bodies when induction
was performed at 25°C, and no recombinant protein was
detected in the soluble fraction of the crude extract. This
aggregation was partly avoided by decreasing the temperature
of induction to 15°C. This observation suggests that the
hydrophilic domains may prevent the aggregation of the
scaffoldin due to the large number of hydrophobic cohesin
domains.

The SPR data obtained when DokeA was used as the
ligand also proves that the dockerin domain is independent
and that the catalytic domain of CelA does not interfere with
the binding to cohesin. The present study also demonstrates
that, as expected due to sequence comparisons, the dockerin
domain of CelA alone is able to bind calcium. Tavares et
al. (35) suggested a model according to which complexation
with the cohesin may increase the affinity for Ca2+ by
stabilizing the structure of the EF-hand motifs of the dockerin
or by contributing directly to the coordination of Ca2+. The
calcium overlay experiments, however, do not indicate
whether the affinity for calcium increases when the dockerin
is in complex with the cohesin partner. The same technique,
applied to the various dockerin mutants, also indicates that
each conserved segment can bind calcium, as suggested by
the sequence comparisons between dockerins and calcium
binding loops in the EF-hand motif (13, 29). It has been
observed in the case of the dockerin of CelS fromC.
thermocellum, however, that only the first segment was able
to chelate the divalent cation (27). Our results with Doke22
clearly show that the second segment of the dockerin of CelA
can also bind Ca2+. In a recent study, Lytle and Wu (24)
have separately overproduced each duplicated segment of
the dockerin from CelS and shown by gel retardation that a
stable complex with cohesin 3 from CipA was formed only
when the two types of segments were present. The experi-
ments performed in the present study with CelA4, which
only contains the first segment of the dockerin and the linker
region, also indicate that, in the case ofC. cellulolyticum,
two segments are also required to interact with the cohesin
domain.

The SPR data for the dockerin mutants containing twice
the first segment (Doke11), twice the second segment
(Doke22), or both types of segment but in a reverse order
compared to the wild type (Doke21) show that although two
segments are required to interact with the cohesin domain,
the type of segment is not really important since theKD

values obtained are 3-16-fold higher compared to the wild-
type dockerin domain, DokeA. This observation was quite
unexpected since the dockerin domain from CelA is quite
atypical for aC. cellulolyticumdockerin: among the residues
suspected of serving as selectivity determinants, according
to Page`s et al. (13), the characteristic couple AL is found in
the first segment, whereas the sequence AF is found in the
second segment, while in all other known dockerin domains
from C. cellulolyticumthe sequences AL, AI, or AV are
found at this specific position. The replacement of an
aliphatic residue by an aromatic one does not seem to alter
the binding to cohesin since Doke22 had the best binding
parameters compared to either Doke11 or Doke21. The latter
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result suggests that a certain amount of flexibility is permitted
at this position, which was identified as critical by Page`s et
al. (13). Doke21 was found to be the mutant having the
lowest affinity for the cohesin domain despite the fact that
it contains, like the wild-type dockerin, the two types of
segments. This observation is not very surprising since in
the two other dockerin mutants, one segment out of two
remains in a wild-type configuration, whereas in Doke21,
the flanking regions of both segments have been changed.

Analysis of the properties of DokeB, which commences
at the first conserved residue of the dockerin domain, i.e.,
one residue upstream of the first putative calcium binding
loop, also provides additional information concerning this
domain: This truncated dockerin still binds calcium, thus
indicating that at least one of the calcium binding sites
remains operational, but it interacts with the cohesin domain
with a 600-fold lower affinity compared to DokeA. Removal
of the 11 residues located upstream of the first conserved
amino acid of the dockerin thus has an important effect on
the binding to cohesin, although these residues are not
conserved among the cellulases fromC. cellulolyticumor
C. thermocellum. The most probable explanation for this drop
in affinity is that these residues, or at least some of them,
are involved in the correct folding of the first segment.

Whether the dockerin domain is structured or adopts a
folded structure only upon calcium binding or upon interac-
tion with the cohesin domain has become a major issue in
our understanding of the cellulosome assembly. It has been
observed that the free dockerin domain of CelD (without
the catalytic domain) fromC. thermocellumis insoluble in
the absence of detergents or chaotropic agents (36), and it
was suggested that complexation with the cohesin partner is
required for high-affinity calcium binding and protein
stability and/or structure (35, 36). Page`s et al. (13) proposed
a structural model for the dockerin domain based on sequence
comparisons and secondary structure predictions, in which
the calcium binding loop of each conserved segment is
followed by anR-helix. These last authors do not mention,
however, if the dockerin domain has this type of structure
in a free or cohesin-bound state. In the present study, CD
spectroscopy gave unambiguous answers concerning the
structure of the free dockerin domain of CelA fromC.
cellulolyticum. The CD data demonstrate for the first time
that this domain (DokeA) has a well-defined secondary
structure in the free state. As many as 40-45% of the
residues would belong toR-helices, whereas only 10-15%
of the residues would be folded inâ-strands. These data are
in good agreement with the recently published secondary
structure predictions based on primary sequence analysis
(13). The presence of 2 mM calcium, or 2 mM EDTA, does
not affect the secondary structure of the polypeptide at
concentrations ranging from 0.1 to 0.3 mM. One could argue
that, in the case of structural calcium, 2 mM EDTA might
not be sufficient to trap all proteic calcium. The concentration
of EDTA had to be kept as low as possible during the CD
experiments, however, to lower the noise due to that
compound. Electrophoresis under nondenaturing conditions
was thus used to verify that under the same conditions (2
mM EDTA, 0.2 mM DokeA, and 2.5 mM Tris-HCl, pH 8.0)
no complex with cohesin1A (0.2 mM) was formed. Further-
more, it was observed that 1 mM EDTA was enough to
completely inhibit the binding of DokeA to cohesin1A during

the SPR experiments. We are therefore confident that the
CD spectrum recorded in the presence of 2 mM EDTA
represents the calcium-free state of DokeA. A secondary
structure independent of the calcium binding seems quite
common in EF-hand domains or proteins. For example, this
characteristic has been observed for the integrinR5â1 EF-
hand domain (30) and in the S100 family proteins (37, 38).
It is of interest to note that although the secondary structure
of these EF-hand proteins does not significantly change upon
Ca2+ binding, these proteins were found to have very
different apparent binding constants for this metal, varying
from 103 M-1 (37) to 3 × 107 M-1 (38). Therefore, the
absence of structural changes upon Ca2+ binding gives no
indication about the affinity of DokeA for the divalent cation.

The CD data concerning Doke11, 22, and 21, show that
duplication or permutation of the conserved segments led to
some minor but significant changes in the secondary structure
of the dockerin domain. These small changes concern the
yield of R-helix residues, which, according to the deconvo-
lution methods used, is at most 5% lower than that of wild
type. The overall secondary structure of these mutants, how-
ever, can be considered to be very close to that of the wild
type. This is supported by their strong affinity for the cohesin
domain, which remains within the range of that observed
for the wild-type dockerin. In contrast, the 600-fold lower
affinity of DokeB for cohesin1A is best explained by the
large variations observed in the CD profile as compared to
DokeA. The analysis of the spectrum indicates a decrease
in R-helix content to approximately 25% of the residues. In
our opinion, this reflects considerable modification in the
secondary structure of the first segment, or even an absence
of structure since the percentage of random coil residues
increases to 35% (versus 20-25% for the other dockerins).
As suggested above, the nonconserved upstream residues,
which are lacking in DokeB, therefore appear necessary to
allow the first segment to adopt a correct folding.

In conclusion, it was shown that both cohesin and dockerin
are functionally independent domains. As suggested by
primary sequence analysis, each conserved segment of the
dockerin domain can bind calcium. Two segments of the
dockerin are required for an interaction with the cohesin to
occur, but the kind of segment, first or second, is not
important in the complexation with the cohesin partner. It
was also demonstrated that the free dockerin has a well-
definedR-helix-rich structure and that filling or emptying
the calcium binding sites affects the secondary structure of
this domain very little.
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