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ABSTRACT. Clostridium cellulolyticumproduces cellulolytic complexes (cellulosomes) made of 18

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 cohesinl from CipC and dockerin from CelA have th€zsame
(2.5 x 10719 M) as that of the entire CelA and a larger fragment of CipC, the latter of which contains,

in addition to cohesinl, 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 cohesinl, whereas modified dockerins having
twice the first segment, twice the second, or both segments but in a reverse ordédphealeies for
cohesinl 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 46-45% helical.

Clostridium cellulolyticunhas been studied over the past ~ So far, five cellulases, CelA, C, D, F, and G, froth
10 years due to its ability to produce large enzymic cellulolyticumhave been purified from recombinaascheri-
complexes, called cellulosomes, able to degrade crystallinechia coli strains overexpressing their gend<l{18). The
cellulose (). These complexes are also synthesized by otherenzymic characterization of these cellulases has revealed that

cellulolytic clostridiasuch asClostridium thermocellurand they differ in both their substrate specificities and their ability
Clostridium cellulaorans (2—4). In all cases, it has been to degrade crystalline celluloséX).
observed that these complexes are composed-e20@ell Very recently, the geneipC, which encodes the scaffold-

wall degrading enzymes (mainly cellulases) tightly bound ing protein CipC of the cellulosome, was completely
to a large scaffolding protein5¢7), devoid of enzymic sequenced1). The corresponding 1519 residue mature

activity, which binds crystalline cellulose8{10). So far, protein is composed of a N-terminal type Il cellulose binding
10 genes encoding cellulosomal polypeptides fr@n domain (CBD)! followed by a first hydrophilic domain
cellulolyticumhave been cloned and sequenced] (2, A. (called HD1), seven hydrophobic domains of 150 residues

Bélaich, unpublished results). Most of these encode cellulasescalled cohesin domains, a second hydrophilic domain (HD2),
belonging to various families of the classification of glycosyl and finally an eighth cohesin domaih2). Previous studies
hydrolases 11). Sequence analysis indicates that these have shown, by using truncated forms of the scaffoldin, that
enzymes all contain a noncatalytic domain located at their the cohesin domain is required for the docking of the
C-terminal extremity named the dockerin domdif)( which cellulases onto the scaffolding protein and that only cellulases
is found in many other clostridial enzymes involved in containing a dockerin domain are able to anchor the
cellulosome complexed 8). This peculiar domain is made  scaffolding protein CipC. It was also observed that this
of two homologous but not identical segments of 22 residues interaction is inhibited by EDTAX3). In addition, sequence
spaced by a linker of 810 residues3). comparisons with EF-hand calcium binding proteins strongly
suggest that the dockerin domain contain two calcium
This work was supported by grants from théegRe Provence Alpes  binding sites, one per conserved segméid).(
g?%g"“zzsugs";”d the EU biotechnology program (BIOTECH Contract  gjmjlar observations have been made for the cellulosomes
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mrs.fr. 1 Abbreviations: CBD, cellulose binding domain; HD, hydrophilic
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terms of both calcium dependence and the necessity ofHindlll. The resulting DNA fragment was purified by
cohesin and dockerin domains for the docking of cellulases electrophoresis and prep-A-gene (Bio-Rad) and ligated into
onto the scaffoldin. a Ncd—Hindlll linearized plasmid pA2. The resulting
The three-dimensional structures of two cohesin domains Plasmid was called pA4-H, and the inserted fragment was
from C. thermocellunhave been solved, as has the structure sequenced (Genome Express Society) by using a Perkin-
of the CBD of the scaffoldin from the same bacterium. These Elmer 373 fluorescent sequencing apparatus (Applied Bio-
domains were found to share the same overall jellyroll systems Dye terminator method).
topology composed of ning-strands connected by loops =~ The DNA fragment encoding HD1, the first cohesin
(21-23). To date, however, no structural data concerning domain of CipC, and a His tag at the C-terminus was
the dockerin domain of any cellulosome-producing clostridia prepared by PCR from pETCipl. The forward primer was
are available. A recent study has shown that, in the case ofCip17f (3-GGCGGGCCATATGACGGTGGAAACCC-
C. thermocellumboth duplicated segments are required to ACCT-3'), which has partial homology with the DNA region
bind the cohesin domair24). It has also been demonstrated €ncoding the linker region located at the N-terminus of HD1
that, despite strong sequence homologies, the cohesinfin boldface type) and introduces an ATG codon arddal
dockerin interaction is species-specific, since @ether-  site (underlined). The reverse primer used was cip2%r (5
mocellumcellulases fail to interact with the. cellulolyticum ~ CCAGCTCGAGCTAGTGGTGGTGGTGGTTACTGC-
scaffolding protein and vice versa3). Based on these data, TACTTTAAGTTCCTTTGTAG -3), which has partial
a model was proposed for the cohesin/dockerin interaction,homology with the region encoding the C-terminus of
and it was hypothesized that some conserved residues agohesinl (in boldface type) and introduces five histidine
specific positions either are involved in calcium binding or codons, a stop codon, andxd site (underlined). After
serve as specificity determinants during the complexation purification, the DNA fragment was digested bydd and
with the cohesin partnerg). Xhd and ligated into pET22b) linearized with the same

In the present study, by means of site-directed mutagenesis?ndonucleases, as described abovg. The resulting plasmid
surface plasmon resonance (SPR), calcium overlay, andVas .named pETTHchohl, and the insert was sequenced as
circular dichroism (CD), several questions concerning the Previously described. _
assembly of the cellulosomes fro@ cellulolyticumwere Construction of pET-cohlA and pET-cohlB encoding
addressed: (i) Are cohesin and dockerin solely responsiblet’uncated and entire cohesinl, respectively, was performed
for the docking of cellulases to the scaffolding protein? (i) @S described above with the exception that the primers used
What role does calcium play in the folding and complexation for PCR amplification were cip18f (S5GTGGGTCATATG
processes? (iii) Is the dockerin domain structured when it is ACTGTTTTACCAAAAGATATCCCT  -3) and cip21r in

not bound to the cohesin domain? (iv) Are the upstream the case of pET-cohlA, Whereas,cip19f-(_‘33CCACG-
flanking regions of both cohesin and dockerin domains CATATGAAAGTTACAGTAGGA -3) (Ndd site and ATG

required? (v) Are the two conserved segments of the dockerinc0dons are underlined, and homologous regions are in
domain required for the complexation with the cohesin boldface type) and cip21r were used for the construction of

partner, and if so, do they have the same importance? Finally,PET-coh1B. _
the validity of various models describing the cohesin/  Construction of pET-dokeB and pET-dokeA, designed for

dockerin complex formation is discussed. the production of the dockerin domain @£lAcommencing
at the first conserved residue (pET-dokeB) or eleven residues
EXPERIMENTAL PROCEDURE upstream of the first conserved residue (pET-dokeA), was

carried out using the same procedure as for pET-coh1A. The

Strains and PlasmidDH5a (Bethesda Research Labo- primers used for the amplication by PCR from pA2 were
ratories) Escherichia colistrain was used as host for the A5f (5'-GGTGGGTCATATGGGAGATTATAACAAT-
pJF118EH derivative vectors pA24), pA3 (25), and pA4-  GATGGA-3) and A10r (5CCCCTCGAGCTTACTTAC-
H. BL21(DE3) E. coli strain was used as host for the CATACCAAG -3 in the case of pET-dokeA and A6f'(5
following pET22b(t) (Novagen) derivative vectors: pETCipl, CCGCCCGCATATGCCAAGACAGATCCTGAC 3) and
PETCip2 6), pET-HD1cohl, pET-cohlA, pET-cohlB, pET-  A10r in the case of pET-dokeB (shown in boldface type,
dokeA, pET-dokeB, pET-dokell, pET-doke22, and pPET- homologous areas; underlinedgd site in the case of A5f
doke21. and A6f primers andXhd site in the case of the primer

Construction of the Various Expression Vectdise DNA A10r).
fragment encoding modified CelA, having only the first Modified Dockerins.pET-dokell encoding a dockerin
duplicated segment of the dockerin domain and a C-terminal containing twice the first duplicated segment was constructed
His tag, was obtained from pA2, by PCR using the synthetic as follows: the region coding for the first segment was
forward primer A4f (3-GCATATTGTCCATGGAATT- amplified by PCR from pET-dokeB by use of the forward
TTGCAGGG-3), which is homologous to an internal se- primer A6f and the reverse primer A11r'{bACATAAG-
guence of theelAgene, which containsidcd site (under- CATGGTCAGC-3), which is homologous to DNA encoding
lined). The reverse primer was A9r'{6CCCCAAGCT- the linker region between the two conserved segments and
TAGTGGTGGTGGTGGTGGTEAAATTCTTTAC -3') contains aNlalll site (underlined). The amplified fragment
having partial homology (in boldface type) with the region was called SeglA. A second amplification of the DNA
encoding the first duplicated segment of the dockerin domain encoding the first duplicated segment was performed from
and introducing six histidine codons, a new stop codon, and pA4-H using the forward primer A7f (EGCTGACCAT-
a Hindlll site (underlined). The amplified fragment was GCTTATGTAAAGAAT GGAGATTATAACAATGAT -
purified (Qiaquick, Qiagen) and digested Bycd and 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

equilibrated in 30 mM Tris-HCI, pH 8.0, and 0.2 M NacCl
(TN buffer). The resin was subsequently washed with 10
Nlalll site underlined). The reverse primer was Al2r mM imidazole in TN buffer. The protein of interest having
(5-CCCCTCGAGCTTACTTACCAAGCCATAATATATTT- the C-terminal His tag was eluted by a linear gradient from
CTT-3), which has homologies with both the region 0.01to 0.15 M imidazole in TN buffer. Analysis by SBS
encoding the C-terminus part of the first segment (in boldface PAGE (Phast System, Pharmacia Biotech Inc.) of the
type) and the region encoding the C-terminus extremity of recombinant protein-containing fractions indicated that no
the dockerin domain (in italic type), and which introduces a further purification was required. The fractions were pooled,

Xhd site (underlined). This amplified fragment was named
SeglB. SeglA was digested bidd and Nlalll, whereas
SeglB was digested bilalll and Xhd. The digested
fragments were purified and ligated into Ndd —Xhd-
linearized pET22bt). The resulting plasmid was named
pET-dokell.

A similar strategy was used to construct pET-doke22: the

concentrated by ultrafiltration (Millipore, cutoff 10 kDa), and
dialyzed overnight at 4C against 10 mM Tris-HCI, pH 8.0.
Determination of Protein Concentration and Other Ana-
Iytical Procedures.The concentration of purified proteins
was routinely estimated at 280 nmm i6 M guanidine
hydrochloride and 25 mM sodium phosphate, pH 6.5, by
using the program ProtParam tool (http://expasy.hcuge.ch/

region encoding the second duplicated segment was amplifiedsprot/protparam.html), and also by quantitative amino acid

from pET-dokeB by use of the forward primer A8f'{5
CGCCCGCATATGGCCAAGACAGATCCT-
GACCCAGTAATTGTATATGGATGTTATTCTCGAC -

3), which is homologous to both the region encoding the

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-

N-terminus of the second duplicated segment (in boldface TOF on a Voyager DE-RP (Perseptive Biosysteme), with
type) and the DNA region encoding the 11 residues located apomyoglobin as the standard.

upstream of the first segment (in italic type) and which
introduces a\dd site (underlined). The reverse primer was
A13r (5-TACATAAGCATGGTCAGKCCAAGCAGATA-
TTTTTT -3'), homologous to both the DNA encoding the
linker region between the duplicated segments (in italic type
with Nlalll site underlined), and the C-terminus part of the

Biotinylation of the ProteinsMiniCipC1, HD1-cohesinl,
cohesinlA, and cohesinlB were biotinylated with biotinyl
N-hydroxysuccinimide ester as described by Bayer and
Wilcheck 6), using the Biotin labeling kit (Boehringer-
Mannheim) according to the manufacturer’'s instructions,
except that the biotinyN-hydroxysuccinimide ester/protein

second conserved segment (in boldface type). The amplifiedratio was kept between 0.7 and 1.

fragment obtained was called Seg2A. A second amplification

Surface Plasmon Resonandée kinetic parameters of

of the region encoding the second segment was carried outhe interaction between cohesin-containing proteins and the

from pET-dokeA with the forward primer A9f (85CT-
GACCATGCTTATGTAAAGAAT-3'), homologous to the

various dockerins were determined on a BIAcore apparatus
(BlAcore), at 25°C. The biotinylated MiniCipC1, HD1-

region encoding the linker region between the two duplicated cohesinl, cohesinlA, or cohesin1B was coupled to a strepta-

segments and containingNdalll site (underlined), and the
reverse primer A10r. The amplified fragment was called
Seg2B. Seg2A was digested bidd and Nlalll, whereas
Seg?2B was digested hylalll and Xhd. After purification,
the digested fragments were ligated intoNald —Xhad-
linearized pET22bt). 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 Nyd and
Nlalll) and SeglB (digested bylalll and Xhd) into a
Ndd —Xhd-linearized pET22bt).

Expression and Purification of the Recombinant Proteins.
E. coliDH5a or BL21(DE3) was grown at 37C in Luria—
Bertani medium supplemented with ampicillin (206/mL)
to an OQy = 1.5. The culture was then cooled to 26,
and isopropyl! thig3-p-galactoside (Appligene) was added
to a final concentration of 250M. After 12—16 h, the cells
were centrifuged (10 min, 30@) resuspended in 30 mM
Tris-HCI, 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 B),(
and Bdaich et al. 5), respectively. MiniCipC1 was purified
according to Pageet al. 6). All other recombinant proteins
(the present study) contain a His tag at their C-termini and
were purified at £C as follows: NaCl (0.2 M) and DNase

vidin—dextran layer on the sensor chip’s surface. Biotinylated
recombinant proteins were injected for-5800 s, resulting

in approximately 606800 resonance units (RU) of im-
mobilized protein. The flow cell was routinely equilibrated
with 10 mM CacC}, 0.005% surfactant P20 (BlAcore), 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.®.5), Tris—
maleate (pH 5.87.5), Tris-HCI (pH 7.5-8.8), or glycine-
NaOH (pH 8.5-9.8) were used instead of Trignaleate
buffer, pH 6.5. The ligands (CelA2, CelA3, CelA4-H,
DokeA, DokeB, Dokel1l, 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 (BlAcore) to calculate the
kinetic constants. The data were interpreted on the basis of
the simple model I+ A < 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.

I (1 g/L) were added to the crude extract. The suspension Calcium Querlay Experiments.Calcium overlay was

was then loaded on-25 mL of Ni—NTA resin (Qiagen),

performed essentially as has previously been describdd (
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Briefly, proteins were subjected to native PAGE (12.5% or DokeB, starting at the first conserved residue. Finally, to
20%) and transferred onto nitrocellulose (Schleicher and determine the relative importance of each segment, three
Schill) membrane. The membrane was incubated for 15 min additional modified dockerins were constructed: Dokell,
in isoamyl alcohol (20%) and subsequently washed twice which contains twice the first segment; Doke22, which
with 60 mM KCI, 5 mM MgCh, and 10 mM imidazolium, contains twice the second segment; and Doke21, having both
pH 7.0 (KMI buffer), during 10 min. The membrane was segments but in reverse order compared to the wild-type
then incubated for 45 min at room temperature in KMI buffer dockerin domain. The three latter mutant dockerins also
supplemented witif°Ca (10 xCi/mL). The nitrocellulose contain the 11 residues located upstream of the first segment.
sheet was again washed twice with deionized water for Production and Purification of the Various Recombinant
another 10 min. The membrane was dried af@7or 3 h, Proteins All recombinant proteins were producedgncoli.

and bound**Ca was detected with a Storm 820 Phospho- Despite high production yields (usually between 0.1 and 0.2
rimager (Molecular Dynamics). The nitrocellulose membrane g/L of culture), all recombinant proteins were found in the
was then stained with Ponceau red (Sigma). soluble fraction of the bacterial lysate. The new recombinant

Circular Dichroism SpectroscopyCD spectra were ac-  Proteins designed in the present study were all His-tagged
quired with a CD6 Jobin-Yvon apparatus (ISA, Division at the C-terminus to allow rapid purification on-NNTA
d’Instruments, S.A.). The temperature was °I0, unless resin. In all cases, the quantity of resin was kept far below
stated otherwise. The bandwidth was 1 nm with an integra- the amount necessary to bind all recombinant protein present
tion time of 30 s. The spectra were measured in a:60 in the crude extract. This induced important losses of the
optical path cuvette. The protein concentrations were-0.1 protein of interest. The complete saturation of the-NITA
0.3 mM in 2.5 mM Tris-HCI buffer, pH 8.0. Spectra were resin by the recombinant protein, however, rendered further
corrected for background contributions from the buffer by Ppurification steps unnecessary, as indicated by SB&GE
omitting the protein. Ellipticities were normalized to residue analysis (data not shown) of the fractions containing the His-
concentration by using the relationshi][= ©,M/Ic, where  tagged proteins. MiniCipC1, CelA2, and CelA3, devoid of
O, is the observed ellipticity in degreel, is the average  His tag, were purified as previously describéq 14, 15).
molecular mass of an amino acid in the polypeptlds the Mass spectrometry was performed on the purified recom-
path length in centimeters ards the protein concentration ~ binant proteins. As shown in Table 1, the measured masses
in grams per liter. Deconvolution of the far-UV CD profiles Were in very good agreement with the masses calculated from
was carried out by using standard computer proceduresthe amino acid sequences, indicating that no proteolytic
(DICHROPROT V2.4 by G. Deleage) including neural cleavage, decarboxylation, or deamination occurred during

network @8). the production and purification.
SPR Pags et al. (L3) showed that calcium was required
RESULTS for the binding of cellulases to the scaffoldin CipC. Most of

the experiments were thus performed in the presence of 10

Design of Truncated CipC and Various Dockerin Do- mM CaC}, in 50 mM Tris—maleate, pH 6.5, and 0.005%
mains.In a former study it has been shown that miniCipC1 p20 surfactant, to avoid nonspecific interactions with the
(Figure 1) containing the CBD, first hydrophilic domain sensor chip surface. In a first series of experiments, CelA2
(HD1), and first cohesin domain was able to bind the was used as the ligand, and various biotinylated fragments
dOCkerin—Containing cellulases @. Ce”U|0|ytiCUm(5). In of C|pC Containing the first cohesin domain were im-
the present study, based on sequence homologies and thghobilized on the sensor chip surface. The results reported
available crystal structures of cohesin fr@nthermocellum in Table 2 clearly demonstrate that neither the removal of
(21, 22), three new miniCips, possessing a C-terminal His the CBD (HD1-cohesinl) nor that of the CBD and the first
tag, were designed (Figure 1): HD1-cohesinl, which lacks hydrophilic domain (cohesin1A) affects the affinity of CelA
the CBD; cohesinlA, which contains the entire cohesin 1 for this cohesin domain, since the obtairésivalues remain

domain flanked by the linker regions, and finally cohesinlB, in the (2-2.5) x 1071° M range. When cohesin1B, lacking
which starts at the second conserved residue of the COheSirboth the N-terminal linker region and first h|gh|y conserved
domain and has the same C-terminal extremity as cohesinlA.residue of the cohesin domain, was used as the immobilized
A similar strategy was used in the design of the dockerin receptor, the affinity of CelA2 for this “truncated cohesin”
domains (Figure 1), although no structural data are availablewas only reduced by a factor of 4, indicating that this linker
concerning this domain, which is typical of cellulosomal region located upstream of the cohesin domain is not essential
enzymes. It was shown by Paget al. (3) that the entire  for complexation of the cellulases.
CelA (CelA2) from C. cellulolyticum binds miniCipC1, In the case of CelA4-H, which lacks the second duplicated
conversely to CelA3, a truncated form of the cellulase lacking segment, no binding was detected (see Table 2) even at high
the C-terminal dockerin domain. In the present study, an ligand concentrations (up to 1QM), thus demonstrating
attempt was made to evaluate the importance of eachthat two segments of the dockerin domain are required for
conserved segment and the flanking regions. The variousthe interaction. To confirm this absence of interaction, gel
recombinant dockerins engineered are summarized in Figureretardation with an equimolar mixture of CelA4-H and
1. Entire CelA (CelA2) was used as the reference. A first cohesinlA as well as western blots using biotinylated
modified CelA, CelA4-H, that lacks the second duplicated cohesinlA were attempted. Both of these tests also generated
segment was built. Second, two forms of the free dockerin negative results (data not shown).
domain of CelA (without the catalytic domain) were To determine the influence of the catalytic domain on the
engineered: DokeA, commencing 11 residues upstream ofbinding parameters to cohesin, DokeA, which commences
the first conserved residue of the dockerin domain, and 11 residues upstream of the first conserved residue of the
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CBD HD1 Cohesinl Cohesin2
1 160 170 250 262 397 409
miniCipC1 ~ DGGNPPPQD! | TVLPKDIPGDSE(. ............. SV‘TIDPGTQPTKELKVAV
_ | — — L
HD1 Cohesinl
170 250 262 397
HD1-cohesin1 MDGGNPPPQD! TVLPKDIPGDSFK. ............. ﬂTIDPGTQPTKELKVAVHHHHH
Cohesinl
262 397
CohesinlA TVLPKDIPGDSEEK: ........... SVIIDPGTQPTKELKVAVHHHHH
Cohesinl
263 397
CohesinlB 5 S SVTIDPGTQPTKELKVAVHHHHH
SEGMENT 1 SEGMENT 2

CelA2 O - —AKTDPDPVIVYGEygngGvi_iEgFAGLKKyIMAADHAYVKNLgnggNEV@ELAILKKYLLGMVSKLPSN
caas >

SEGMENT 1
CelAd4-H AKT DPDPvIVYng_mgcwﬂgmcmmIMAADHAYVKNHHHHHH

SEGMENT 1 SEGMENT 2

DokeA AKTDPDPVIVYGg!gNgGNVﬁgFAGLKKHMAADHAYVKNLQVELQNEVﬁp_LAILKKYLLMSKLEHHHHHH
SEGMENT 1 SEGMENT 2

DokeB GQYENEGNV@FAGLKKYImADHAYVKNLgngENEVﬁQLAILKK!LLGMVSKLEHHHHHH
SEGMENT 1 SEGMENT 1

Dokell AKTDPDPVIvysgygngcnvﬂgmer.xxnmm%yvmcgqugcnv_dﬁlgmemxymmSKLEHHHHHH
SEGMENT 2 SEGMENT 2

Doke22 AKTDPDPVIVYLEVELENEV@ELAILKKYLLGMVHAYVKNLEVELENEV@LAILKKYLLGMVS KLEHHHHHH
SEGMENT 2 SEGMENT 1

Doke21 AKT DPDPvIvYLEVELENEV@LAILKK!LLGMVHAYVKNGEYENEGWEEEFAGLKKHMSKLE HHEHEH

Ficure 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 patrticipating in the calcium binding site are underlined,
and boxes represent those residues suspected of serving as selectivity determBants (

dockerin domain (Figure 1), was used as the ligand in the they indicate that the His tag grafted to the C-terminus of
BlAcore experiments. The binding parameters (Table 2) were the dockerin domain does not disturb the binding to the
almost identical to those of CelA2. As was observed in the cohesin partner. As observed in the case of CelA2, a small
case of the entire enzyme, these parameters remainedut significant decrease in the affinity (5-fold) was observed
unchanged from miniCipC1 to cohesinlA (Table 2). These when cohesin1B was immobilized on the sensor chip surface.
results strongly suggest that the catalytic domain of CelA A noticeable difference was, however, observed between
has no influence on the binding to cohesinl. Furthermore, CelA2 and DokeA: in both cases, the dissociation was very
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el
Table 1: Molecular Masses of Recombinant Cohesin- and ~|5 5 §
Dockerin-Containing Proteins PR — §
proteins theorotical (Da) measured (Da) v CXJ_ e : b
HD1-cohesinl 26 972.5 26 974492.12 - - _@
cohesinlA 17 483.9 17 4834 1.5 @ 0 0 =
cohesin1B 16 378.6 16 3767 2.4 sl=lLe LS 2
DokeA 8687.8 8688.2 1.0 AR, S x =
DokeB 7 488.4 7487.%0.3 8| 3|x2 X 10 2
Dokell 8601.6 8 600.¢ 0.5 SYe 25 c
Doke22 8 774.0 877320.3 S
Doke21 8687.8 8 687.4 0.6 —~ b
a Standard deviation. ‘2 =] é =} é %
LIxd X 3
| 4 el 2o - @~ S
ong (kg values are around 3 10“ s'i; Table 2), S|loH ~ H S
preventing new injections of ligand. To accelerate this §
dissociation and regenerate the sensor chip surface, EDTA 7 2 - o F e |E=
. i . <l b 5 & &6 © & |°©
was assayed, since it is know3] that this compound 2| S R
inhibits the cellulase/scaffoldin complex formation. Thus, the N S XX s & |3
dissociation kinetic was followed for-510 min to determine N %A & 4 o o |g
the kor, and then short injections of 10 mM EDTA were < - o e e e g
performed to remove all residual ligand. DokeA could easily % =~ = i = il = L = L = 7 g2
be removed from the sensor chip surface by injection of 10 22| x Ax o xH xH x A x |8
mM EDTA, whereas such a procedure was inefficient with S P T R R Pl B B A
CelA2. Even at concentrations up to 100 mM EDTA, only U, G HTZ PO Ho Ho HoHalH| 3
partial desorption of CelA2 was observed. One possible 5 — =
explanation for this difference is that the calcium atoms | §| .| |L]62 £3:86262382|5
remain exposed to EDTA in DokeA, whereas they are |2 |&| |7 |Tx Jxdxdxgxdx|&
protected from EDTA by the large catalytic domain in the K § 2o s TNHDONO®N o El
case of CelA2. More drastic treatments, such as the short |S5|=| 2|~ H~HoHaHrH410o
injection of 0.05% SDS and 10 mM NaOH, were able to g ﬁ o o @
completely remove residual CelA2 from the immobilized MRS = 5 5 §
protein. Such procedures, however, lead to an irreversible % E =13 < S
denaturation of the immobilized recombinant protein. Quite E = 4 o I £
unexpectedly, injection of nonbiotinylated cohesinlA or = . %
miniCipC1 up to 50uM did not desorb CelA2 or DokeA - £ - L N
but led to an increase in the RU. One possible explanation | £ 9 T;\ 5= 5= S
for this is that the cohesin domain has affinity for itself. It El 18RS R 3
was observed, for example, that at high protein concentra- |Q 31 0 m oo m S
tions, purified cohesinlA generated a single band on-SDS % T % 5
PAGE, whereas a second faster-migrating minor band § = » 5 %_E
appears when nondenaturing conditions are used during a =5 . & . @) %
electrophoresis (data not shown). It is also worth noting that © o | x < X =3
the cohesin domains 3 and 7 of CipA frabn thermocellum 2 3|5%e 3% S =
the crystal structures of which have been solved, both formed 2 <
dimers in the crystalZl, 22). f N S < R
Since the sensor chip surface was easily regenerated with = % St St £§
DokeA, and the binding parameters were very similar to g *;o X - 30
those of CelA2, the cohesin1A/DokeA couple was used to @ N Do 88
study pH dependence of the binding parameters (Figure 2) |8 " N £
in the presence of calcium. It appeared that Bgtfand Kk s Il L ‘&_>| L 9 é é
vary very little between pH 5 and 9. Large variations were kS 3 R = F o
only observed at acidic pHK6 = 6.0 107 M at pH 3.0, § =N ﬁ!: o Eg
versus 2.21x 1079 M at pH 6.5), whereas at pH 9.85 the 2 = mHoomH 25
affinity was barely 5-fold reducedkg = 1.0 x 10°° M at - | c®
pH 9.85, versus 2.21x 1071° M at pH 6.5). It was 8 L1ed &8 O o
unfortunately not possible to investigate the binding param- s f = x = x Q5
eters at a pH lower than 3.0 or higher than 10, since the |8 2l6s  ®g ® 5
sensor chip surface was irreversibly damaged at these pHs. | 2|~ Hoo @ S
Nevertheless, the results available indicate that this interac- | < E”.
tion remains strong over a wide range of pH. & Tl o fr < o % % § & §
DokeB (Figure 1) was engineered to determine whether = §> % % % $ % 5 5 5 |98
the 11 residues located upstream of the first duplicated | © 0o o 0 o 0 3
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Ficure 2: pH dependence of the DokeA/cohesinlA interaction.
The Kp values were determined in the presence of 10 mM gaCl
0.005% P20 surfactant, and 50 mM buffer (see Experimental
Procedures).

segment have any influence on the binding to cohesin. SPR

experiments with DokeB as the injected ligand show that
the affinity for cohesinlA is approximately 600-fold reduced
compared to CelA2 or DokeA. Botk,, (20-fold reduced)

andky (30-fold increased) were affected by the removal of

Fierobe et al.

-

FiGUure 3: Calcium overlay experiment. (A) Nitrocellulose mem-
brane colored with Ponceau red, and (B) detection of bdt@d

with a Phosphorimager. The amounts of proteins used are as
follows: Lane 1, 5ug of cohesinlA; lane 2, &g of cohesinlA

and 2.7ug of DokeA,; lane 3, 2.7g of DokeA.

A

i

123 456 7 8

— e

-

these residues. This suggests that these 11 residues, or a

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 cohesinl1A,

FiGURE 4: Calcium overlay experiment. (A) Nitrocellulose mem-
brane colored with Ponceau red, and (B) detection of bdt@e

with a Phosphorimager. The amounts of proteins used are as
follows: Lane 1, 5ug of CelA3; lane 2, &g of CelA2; lane 3, 6

ug of CelAd-H, lane 4, 2.7g of DokeA; lane 5, 3.1g of DokeB;

the 11 upstream residues were maintained in the modified!ane 6:2.9g of Dokel1l; lane 7:3.ag of Doke22; lane 8, 3.4g

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 it&p value compared to DokeA,
whereas Doke22 had only a 3-fold increaseKin These
variations are almost exclusively due to an increalsgd

whereas thé,, 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 cohesinlA. 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 BindingPags et al. (3) have shown that, as in
the case ofC. thermocellum(19), calcium is required for

of Doke21.

check this hypothesis, the calcium overlay technique was
used (see Experimental Procedures). The results shown in
Figure 3 indicate that cohesinlA domain does not bind
calcium, contrary to the DokeA or DokeA/cohesinlA
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, Dokel1, 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

the interaction to occur. SPR experiments performed in the X-ray diffraction have not been obtained to date. To gain
present study also confirm that EDTA inhibits the complex some insight on the structure of this key domain, the CD
formation and can even dissociate the complex in the caseapproach was thus tried. The far-UV spectrum of DokeA in
of DokeB. Sequence comparisons strongly suggest that thethe presence of 2 mM Cagkecorded at 10C, is shown in
dockerin domain contains two EF-hand calcium binding sites, Figure 5A. This spectrum is characteristic ofiéhelix-rich
located at the beginning of each conserved segnminQ) domain. A stepwise increase in temperature on the same
(Figure 1). It has never been demonstrated, however, thatprotein sample, to 25, 37, and 8Q, had no effect on the
the dockerin domain of. cellulolyticumbinds calcium. To spectrum of the dockerin. At higher temperatures<66



Molecular Study of the Dockerin/Cohesin Interaction

30000

25000 L
20000 }
15000
10000 | f

5000

[®] (deg.cm?.dmol )

-20000

wavelength (nm)
30000

25000 |

20000 |

15000 L

10000 L

[®] (deg.cm®.dmol?)

-10000

-15000 |

-20000

wavelength (nm)
30000

25000 |

20000 |

15000 |

10000 |

5000

-5000 |

[®] (deg.cm?.dmol)

-10000 |

-16000 |

-20000

wavelength (nm)

Ficure 5: Far-UV CD spectra of the wild-type and modified
dockerin domains recorded at 1G, in 2.5 mM Tris-HCI pH, 8.0.
(A) DokeA in the presence of 2 mM Calt—), or 2 mM EDTA
(-++). (B) Dokell @), Doke21 H), and Doke22[{) in the presence
of 2 mM CaCl. (C) DokeA () and DokeB @) in the presence of
2 mM CacCl.
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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 Cel&

protein a-helix (%) p-strand (%) a-helix (res) S-strand (res)

DokeA 40-45 10-15 31-35 8-12
DokeB 23-28 15-20 15-19 10-13
Dokell 3742 10-15 29-32 8-12
Doke22 3744 10-15 29-34 8-12
Doke21 40-44 10-15 29-34 8-12

aSee Figure 5 in the presence of 2 mM CacCl

to the spectrum of DokeA recorded in the presence of 2 mM
CaCl. This result indicates that the removal of calcium has
very minor effects on the secondary structure of this domain.
The CD spectra of Dokell, Doke21, and Doke22, recorded
in the presence of 2 mM Caglwere 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-28% 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 deecm?-dmol?, respectively. In the
case of Dokell, the molar ellipticity value at this wavelength
is —14 100 deecn?-dmol™t, whereas in the case of Doke22
the ellipticity value is decreased tel8 400 degcn?-dmol 2.
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 m 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 CacClb.

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, Dokell,
Doke21, and Doke22 seem to share very similar secondary
structures, whereas in the case of the truncated dockerin,
DokeB, the percentage of-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 numbeadfelical ands-strand

°C) the protein sample started to precipitate, which made residues, since these values may be biased by a number of

all ellipticity measurements impossible.
The profile of the metal-free form of DokeA (in the

factors: deconvolution methods, amino acid composition
(occurrence of aromatic residues), e89)( In addition, since

presence of 2 mM EDTA) was very similar (see Figure 5A) no other structural data concerning the dockerin from CelA
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or any homologous dockerin fror€. cellulolyticum C. amounts in the cytoplasmic compartment Ef coli in a
thermocellumor C. cellulavoransare available to date, it  soluble form. An attempt was also made in the present study
was not possible to correlate the values given in Table 3to produce a protein containing the CBD immediately
with a dockerin of known structure. These numbers therefore followed by the first cohesin domain i&. coli, but this
must not be considered as absolute values. These secondamgcombinant protein formed inclusion bodies when induction
structure percentages, however, are well correlated to thewas performed at 28C, and no recombinant protein was
SPR data (see above), which indicate, in the case of DokeB,detected in the soluble fraction of the crude extract. This
a drastic decrease in the affinity for cohesinlA, whereas aggregation was partly avoided by decreasing the temperature
Dokell, Doke21, and Doke22 hag values for cohesinlA  of induction to 15°C. This observation suggests that the

in the same range as that of DokeA. hydrophilic domains may prevent the aggregation of the
scaffoldin due to the large number of hydrophobic cohesin
DISCUSSION domains.

it has b h h ‘ hat th The SPR data obtained when DokeA was used as the
t has been shown over the past few years that the .4 550 proves that the dockerin domain is independent
dockerin/cohesin interaction plays a key role in the a{ssembly and that the catalytic domain of CelA does not interfere with
of tge ce::u:osomes f;c;rﬁ:l.;h%moczllum, C. ceglulqutlc?]m the binding to cohesin. The present study also demonstrates
or C. cellulovorans (13, 19, 20) and presumably in Other  yha+ aq expected due to sequence comparisons, the dockerin
cellulosome-producing clostridia such @pstridium josui domain of CelA alone is able to bind calcium. Tavares et

(32) or Clostridium papyrosalens(32, 33). Recently itwas 5 35 gggested a model according to which complexation
demonstrated that, despite sequence homologies between the: the cohesin may increase the affinity for Caby

dockerin and cohesin fror@. thermocellumandC. cellu-  gapijizing the structure of the EF-hand motifs of the dockerin

Iontllcum, the ceIIl_JIases fr_orﬁ. cellulolyticurwere unqble or by contributing directly to the coordination of €aThe

to bind the cohesin domains fro ther_mocellu_rrand vice calcium overlay experiments, however, do not indicate

versa (3). The latter study opens new fields of investigation, pether the affinity for calcium increases when the dockerin

since hybrid miniscaffoldin containing both types of cohesin g iy complex with the cohesin partner. The same technique,
can be designed to bind cellulases or other enzymes harborlngipp"ed to the various dockerin mutants, also indicates that

the appropriate dockerins, at specific positions. However, each conserved segment can bind calcium, as suggested by

investigations to determine the boundaries of the domainsthe sequence comparisons between dockerins and calcium
involved, the independence of these domains, the strengthoinding loops in the EF-hand motiflg 29). It has been
of the interaction, and, in the case of the dockerin domain, observed in the case of the docker,in o.f CelS fr@m

the role of e_ach conserved segment, are still required. It isthermocellumhowever, that only the first segment was able
these questions that have motivated the present study. ¢, chelate the divalent catio®T). Our results with Doke22
Itis clear from the SPR data that neither the CBD nor the clearly show that the second segment of the dockerin of CelA
hydrophilic domain, located upstream of the first cohesin can also bind C4. In a recent study, Lytle and W24)
domain of CipC, has any influence on the binding parametershave separately overproduced each duplicated segment of
of the cohesinl/CelA interaction. This result strongly sug- the dockerin from CelS and shown by gel retardation that a
gests that the first cohesin domain is functionally indepen- stable complex with cohesin 3 from CipA was formed only
dent. It was also shown that the first cohesin domain from when the two types of segments were present. The experi-
CipC is unable to bind calcium. ments performed in the present study with CelA4, which
The cohesin domains of CipC are spaced by very short only contains the first segment of the dockerin and the linker
linkers, of about 810 residues¥2), which is contrary to region, also indicate that, in the case®f cellulolyticum
CipA from C. thermocellum for which spacers are 25 two segments are also required to interact with the cohesin
residues long34). To investigate the importance of these domain.
linkers, the upstream linker and the first conserved residue The SPR data for the dockerin mutants containing twice
of the cohesin domain (L262), which by comparison to the the first segment (Dokell), twice the second segment
available crystal structures of. thermocellumcohesin (Doke22), or both types of segment but in a reverse order
domains is expected to participate to the fiisdtrand, were compared to the wild type (Doke21) show that although two
removed. The obtained truncated cohesin, cohesinlB, hadsegments are required to interact with the cohesin domain,
only 4-fold reduced affinity for CelA2, indicating that these the type of segment is not really important since e
residues are not critical for binding. The role of the values obtained are-316-fold higher compared to the wild-
hydrophilic domain was not clarified by our experiments type dockerin domain, DokeA. This observation was quite
since it appears that it has no influence on the binding of unexpected since the dockerin domain from CelA is quite
CelA2 to the cohesin domain. It has been previously shown atypical for aC. cellulolyticumdockerin: among the residues
(8) that this domain, which is also found in the scaffoldins suspected of serving as selectivity determinants, according
from C. thermocellumandC. celluloworans(34), does not to Pags et al. ((3), the characteristic couple AL is found in
interfere with the binding of the CBD of CipC to crystalline the first segment, whereas the sequence AF is found in the
cellulose. Since this domain is not involved in the main second segment, while in all other known dockerin domains
functions of the scaffoldin, i.e., binding of cell wall degrading from C. cellulolyticumthe sequences AL, Al, or AV are
enzymes and binding to cellulose, its role might be at a found at this specific position. The replacement of an
different level. It has been shown in the present and former aliphatic residue by an aromatic one does not seem to alter
studies §, 8) that the free CBD, the free first cohesin domain, the binding to cohesin since Doke22 had the best binding
the miniCipC1, and HD1-cohesinl are produced in large parameters compared to either Dokell or Doke21. The latter
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result suggests that a certain amount of flexibility is permitted the SPR experiments. We are therefore confident that the
at this position, which was identified as critical by Pagst CD spectrum recorded in the presence of 2 mM EDTA
al. (13). Doke21 was found to be the mutant having the represents the calcium-free state of DokeA. A secondary
lowest affinity for the cohesin domain despite the fact that structure independent of the calcium binding seems quite
it contains, like the wild-type dockerin, the two types of common in EF-hand domains or proteins. For example, this
segments. This observation is not very surprising since in characteristic has been observed for the integBd1 EF-
the two other dockerin mutants, one segment out of two hand domain30) and in the S100 family protein8T, 38).
remains in a wild-type configuration, whereas in Doke21, Itis of interest to note that although the secondary structure
the flanking regions of both segments have been changed.of these EF-hand proteins does not significantly change upon
Analysis of the properties of DokeB, which commences C&* binding, these proteins were found to have very
at the first conserved residue of the dockerin domain, i.e., different apparent binding constants for this metal, varying
one residue upstream of the first putative calcium binding from 1 M~ (37) to 3 x 10" M~! (38). Therefore, the
loop, also provides additional information concerning this absence of structural changes uporf'Cainding gives no
domain: This truncated dockerin still binds calcium, thus indication about the affinity of DokeA for the divalent cation.

indicating that at least one of the calcium binding sites  The CD data concerning Dokell, 22, and 21, show that
remains operational, but it interacts with the cohesin domain dup"cation or permutation of the conserved segments led to
with a 600-fold lower affinity compared to DokeA. Removal  some minor but significant changes in the secondary structure
of the 11 residues located upstream of the first conservedof the dockerin domain. These small changes concern the
amino acid of the dockerin thus has an important effect on yjeld of a-helix residues, which, according to the deconvo-
the binding to cohesin, although these residues are notjution methods used, is at most 5% lower than that of wild
conserved among the cellulases fr@n cellulolyticumor type. The overall secondary structure of these mutants, how-
C. thermocellumThe most probable explanation for this drop - ever, can be considered to be very close to that of the wild
in affinity is that these residues, or at least some of them, type. This is supported by their strong affinity for the cohesin
are involved in the correct folding of the first segment. domain, which remains within the range of that observed
Whether the dockerin domain is structured or adopts a for the wild-type dockerin. In contrast, the 600-fold lower
folded structure only upon calcium binding or upon interac- affinity of DokeB for cohesinlA is best explained by the
tion with the cohesin domain has become a major issue inlarge variations observed in the CD profile as compared to
our understanding of the cellulosome assembly. It has beenDokeA. The analysis of the spectrum indicates a decrease
observed that the free dockerin domain of CelD (without in a-helix content to approximately 25% of the residues. In
the catalytic domain) fronC. thermocellunis insoluble in - our opinion, this reflects considerable modification in the
the absence of detergents or chaotropic age88k @nd it  secondary structure of the first segment, or even an absence
was suggested that complexation with the cohesin partner isof structure since the percentage of random coil residues
required for high-affinity calcium binding and protein increases to 35% (versus-205% for the other dockerins).
stability and/or structure3g, 36). Pags et al. (3) proposed  As suggested above, the nonconserved upstream residues,

a structural model for the dockerin domain based on sequencevhich are lacking in DokeB, therefore appear necessary to
comparisons and secondary structure predictions, in whichgllow the first segment to adopt a correct folding.

the calcium binding loop of each conserved segment is
followed by ana-helix. These last authors do not mention, .. functionally independent domains. As suggested by

however, if the dockerin domain has this type of structure primary sequence analysis, each conserved segment of the

in a free or cohesin-bound state. In the present study, CD yockerin domain can bind calcium. Two segments of the
spectroscopy gave unambiguous answers conceming theyockerin are required for an interaction with the cohesin to
structure of the free dockerin domain of CelA fro@ occur, but the kind of segment, first or second, is not

cellulolyticum The CD data demonstrate for the first time  jhortant in the complexation with the cohesin partner. It
that this domain (DokeA) has a well-defined secondary a5 aiso0 demonstrated that the free dockerin has a well-

structure in the free state. As many as—45% of the  qefineqg-helix-rich structure and that filling or emptying

residues would belong ta-helices, whereas only 5% the calcium binding sites affects the secondary structure of
of the residues would be folded fiistrands. These data are  ihis domain very little.

in good agreement with the recently published secondary

structure predictions based on primary sequence analySiSaCKNOWLEDGMENT
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