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Bind to a Cohesin Domain of the Scaffolding Protein CipA with Distinct
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ABSTRACT:. Mutagenized dockerin domains of endoglucanase CelD (type I) and of the cellulosome-
integrating protein CipA (type IlI) were constructed by swapping residues 10 and 11 of the first or the
second duplicated segment between the two polypeptides. These residues have been proposed to determine
the specificity of cohesindockerin interactions. The dockerin domain of CelD still bound to the seventh
cohesin domain of CipA (CohCip7), provided that mutagenesis occurred in one segment only. Binding
was no longer detected by nondenaturing gel electrophoresis when both segments were mutagenized. The
dockerin domain of CipA bound to the cohesin domain of SdbA as long as the second segment was
intact. None of the mutated dockerins displayed detectable binding to the noncognate cohesin domain.
Isothermal titration calorimetry showed that binding of the CelD dockerin to CohCip7 occurred with a
high affinity [Ko = (2.6 4+ 0.5) x 10° M~1] and a 1:1 stoichiometry. The reaction was weakly exothermic

(AH° = —2.22+4 0.2 kcal mot?) and largely entropy drivenTAS® = 10.70+ 0.5 kcal mot?). The heat

capacity change on complexation was negati€{= —305 + 15 cal mot! K=1). These values show

that cohesir-dockerin binding is mainly hydrophobic. Mutations in the first or the second dockerin segment
reduced or enhanced, respectively, the hydrophobic character of the interaction. Due to partial enthalpy
entropy compensation, these mutations induced only small changes in binding affinity. However, the
binding affinity was strongly decreased when both segments were mutated, indicating strong negative
cooperativity between the two mutated sites.

Clostridium thermocelluma thermophilic, anaerobic bac- dockerin domaing). This domain mediates the interaction
terium, produces a very active exocellular cellulolytic of each subunit with CipAL0, 11). CipA is a multimodular
complex termed cellulosoméd)( The cellulosome consists  polypeptide, which consists of a cellulose-binding domain,
of about two dozen different cellulases and hemicellulases of nine highly conserved modules, termed cohesin domains,
(2—4), which are organized around a large, multifunctional and of a C-terminal dockerin domain whose sequence
scaffolding subunit termed CipA5( 6). It is thought that diverges clearly from the consensus established for the
the clustering of enzymes with complementary specificities dockerin domains of the catalytic subunits. The cohesin
(endoglucanases, cellobiohydrolases) maximizes their syn-domains have been shown to act as binding partners for the
ergism and brings about the high specific activity of the dockerin domains of the catalytic subunit?(13). There
cellulosome, particularly toward crystalline celluloge T, seems to be little or no binding preferences between the
8). The basic principle of the quaternary organization of the dockerin domains of the various catalytic subunits and the
cellulosome has been established. Each of the catalyticcohesin domains of CipA1d, 15). By contrast, the C-
subunits carries a conserved, noncatalytic domain, termedterminal dockerin domain of CipA binds specifically to a
set of polypeptides located in the cell envelop8, (L6, 17),

" Marcel and Liliane Pollack are acknowledged for the generous Which are thought to mediate attachment of the cellulosome
donation of funds for the acquisition of the ITC station. This work to the surface o€. thermocelluntells. These polypeptides

was Supported in part by a TMR Marie Curie Research tralnlng grant, contain one or more cohesin domalnS’ which differ Strongly
Contract ERBFMBICT961546, awarded to M.M. by the European

Commission. in their sequence and binding specificity from those borne
* Corresponding author. Tel: 331 45 68 88 19. Fax: 331 45 68 87 by CipA (16). Hence, the cohesin domains of CipA and the
90. E-mail: beguin@pasteur.fr. dockerin domains of the catalytic subunits have been

¥ HE i imi . . .
; Unite de Biochimie Structurale. designated as domains of type I, whereas the dockerin
Unité Microbiologie et Environnement.

I Present address: ZHF/D-A30, BASF Aktiengeselischaft, 67056 domain of CipA and the complementary cohesin domains
Ludwigshafen, Germany. borne by the cell envelope proteins are termed domains of

10.1021/bi011853m CCC: $22.00 © 2002 American Chemical Society
Published on Web 01/23/2002



Mutants ofC. thermocellumDockerin Domains Biochemistry, Vol. 41, No. 7, 2002107

10 20 10 20
CelD ...NEVLYG DVNDDGKVNSTDLTLLKRYVLK AVSTLPSSKAEKNA DVNRDGRVNSSDVTILSRYLIR VIEKLPI
. 10 20 10 20
CipA  ...IMMWVG DIVKDNSINLLDVAEVIRCFNA TKGSANYEVEEL DINRNGAINMQDIMIVHKHFGA TSSDYDAQ
Duplicated segment 1 Linker segment Duplicated segment 2

Ficure 1: Sequences of the dockerin domains of CelD and CipA. Residues 10 and 11 of each segment, which were proposed to act as
selectivity determinants, are shown in boldface type.

{Xhol) Hindlll

type Il (16). A further type of binding specificity has been
demonstrated for the cohesin and dockerin domains of
Clostridium cellulolyticumwhich are not compatible with
those ofC. thermocellunand are termed domains of class VD YNGSAOQTRUV W

pCT671

I” (18) In the three types Of COheS-H'dOCkerln COmpIeXeS GTCgACTA’I‘AATTC’I‘GCTCAAACTCgagTGTE'GGC}A‘CA%tcgatcs:tc:t. . 4C§CC;8
. , [ B
. . . Sal Xhol Bghl

the interaction is strongly dependenton the presence®fCa 5, , s 2 o T = v & > U R s m o

(14’ 17, 18) GTCgACTATAATTCTGCTCAAACTCcgag TACTG CCAATAgatcttcgatctcat. ..cactaa

The sequence of dockerin domains comprises two highly

similar segments of 22 residues each joined by a variable

linker region of 16-18 residues (Figure 1). In all cases, pCT672 —geemp{— ceD 0 PQET7

residues 10 and 11 of both segments are conserved within {Xhol} Hirdill Safl Xhol Bght

the same type of dockerin domain but different between gz pockenn domain of Cipa B3 Dookerin domain of Celd  BHisg tag

dlffgrent typgs, Sque.s.tmg that.they are involved in deter Ficure 2: Structure of the pCT671 and pCT672 plasmids encoding
mining binding specificity. This was demonstrated by fsions of the catalytic domain of endoglucanase CelD with the
swapping these residues between the dockerin domains ofjockerin domains of CipA and CelD, respectively. Nucleotides
C. thermocellunCelS andC. cellulolyticumCelA: each of belonging to the dockerin domains are in italics; nucleotides that

the mutated dockerins acquired the ability to bind to its Wwere mutagenized to introduce restriction sites or belong to the
noncognate cohesin domaihd pQE-17 vector are in lower case type. The position of the deleted

. . Xha site originally present in the vector is shown in parentheses.
In this study, we constructed various mutants of the

dockerin domains of endoglucanase CelD (type I) and of religation. PCR using appropriate primers was used to

CipA (type Il) by exchanging residues 10 and 11 in each generate fragments encoding the dockerin domains of CelD
segment (Figure 1). The binding specificity of each of the 5.4 CipA, flanked at the'Snd by aXhd site and at the 3

wild type and mutated dockerin domain was tested by gnq by aBgll site. This altered the original stop codon and
nondenaturing electrophoresis, looking for the formation of ,;\wved in-frame fusion with the Higag-encoding sequence

complexes with the seventh cohesin domain of CipA (type porne by the vector. Fragments encoding mutagenized

1) or with the cohesin domain of the cell envelope protein y,ckerin domains were obtained by overlap extension of
SdbA (type Il). The association between the seventh cohesinpcr fragments synthesized using pCT671 or pCT672 as

domain of CipA and wild type or mutated forms of the o piates20) and recloned between théd andBglll sites
d.ock_enn dom_aln of CelD was further analyzed by isothermal ¢ ihe same plasmids. All sequences subjected to PCR
titration calorimetry. amplification were verified by DNA sequencing {(@@me
Express, Paris). The CelD polypeptides encoded by plasmids
MATERIALS AND METHODS pCT671, pCT6711 to pCT6713, pCT672, pCTE721 to
Construction of Recombinant Clon&wing to difficulties pCT6723, and pCT678 to pCT687 are designated asdzelD
experienced in maintaining isolated dockerin domains in CelDs711 t0 CelDs715 CelDs7z CelDs721 to CelDs725 and
solution, we fused the dockerin domains to be studied to CelDs7sto CelDsg7, respectively. Their sequence at positions
the catalytic core of CelD. A Histag was added to the 10 and 11 of each segment is indicated in Table 1.
COOH end of the constructs to facilitate purification. All The pCT1836 plasmid, encoding the cohesin domain of
clones encoding polypeptides containing mutants of the SdbA, was obtained by recloning tiBglll-Sad fragment
dockerin domains of CipA and CelD were derived from of pCT1834 g1) into pQE-31 (Qiagen) cut banmHI and
pCT671 and pCT672, respectively (Figure 2). Both plasmids Sad.
were constructed using the pQE-17/pQE-51 system devel-  pyification of Recombinant Polypeptida#ild-type CelD
oped to express polypeptides carrying a COOH-terminal His (ce|D,,) was purified fromEscherichia coldM101(pCT603)
tag (Qiagen). To facilitate cloning of isogenic cassettes 55 describedi(l). For expression of genes encoding recom-
encoding mutagenized dockerin domainsXizd site was  pinant polypeptides fused to Higags, plasmids were
introduced immediately upstream of the sequence encodinginiroduced intoE. coli BL21(pREP4) 22) or M15(pREP4)
the dockerin domain of CelD. Thus, an appropriate linker (Qiagen). The Histagged cohesin domains corresponding

fragment was cloned immediately downstream offecl| to the seventh domain of CipA (CohCip7) and to the cohesin
site bordering the '3end of the sequence encoding the
catalytic domain of CelD. ThElincll site was converted into

[P ; i i ; 1 Abbreviations: CohCip7, seventh cohesin domairCtfstridium
aSal site in the Process. Thehd site O”gma”y presentin thermocellumCipA; CohSdbA, cohesin domain of Ghermocellum

the pQE-51 vector (Qiagen) was destroyed by filling in with  sgna: PCR, polymerase chain reaction: IPTG, isoprgbytthioga-
the Klenow fragment of DNA polymerase followed by lactoside.
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Table 1: Binding Properties Conferred on the Dockerin Domains of Mutant were _analyzed as described by nondenaturing gel
CelD and CipA by Mutations Affecting Residues 10 and 11 of the  €lectrophoresis2(1).

First or the Second Duplicated Segment Microcalorimetric Analysis of CohesirDockerin Com-
bindingto  binding to plex Formation. Isothermal titration calorimetry (ITC)
residues 1611 CohCip7 CohSdbA experiments were carried out using a MCS ultrasensitive
poly- dockerin first  second mono- mono- titration calorimetry system (MicroCal Inc., Northampton,
peptide domain segmentsegment mer dimer mer dimer MA) as previously described?b, 26), with the following
CelDs;, CelDwt ..ST.. ..SS.. + NAZ — NA2 modifications. Protein samples were dialyzed against buffer
CelDs721 CelD .LL.. ..SS.. + NA2  — NA2 of the same batch to minimize artifacts due to any differences
CelDs722 CelD ST ..MQ.. + NA2 - — NA# in buffer composition and were thoroughly degassed under
gg:&m gfp'g wt 'L-'L- I\'\//IIS B TbAa J_r 'J\'rﬁa vacuum before use. In a typical calorimetric experiment, the
CelDums CpA  .ST.. - MO.. — —b 4  4b solution of endoglucanase CelD protein-(#0 M) in the
CelDg712 CipA L. .S8S.. - - - —b calorimetric cell was titrated with a solution of CohCip7
CelDs71s CipA  ..ST.. ..SS.. - - = =P protein (70-150 M) in the injection syringe. Raw calori-
CelDs CelD  ..CT.. ..SS.. +  +¢  NT® NT metric data, i.e., heats evolved after each ligand injection
CelDsss CelD ..SC... ..SS.. + +¢ NT¢ NT ) . i i
CelDse CelD ST.. .CS.. + +¢ NTY NT¢ (5—10pL) into the protein solution®;), were obtained from
CelDggs CelD ..ST... ..SC.. + 4 NT¢ NT the integral of the calorimetric signal and corrected for the
CelDsgo  CelD ..CT.. .MQ.. — - NT¢  NTC heat of dilution of the ligand alone. Analysis of the data was
CelDs Celd  .LL.. .CS.. + ~— = = NT® NT performed using the software package ORIGRVY,(28)
CelDss; CipA ..CL.. .MQ.. NP NT¢ + +¢ ; X CoNE
CelDws CipA LC.. MO.. NF NT¢ + 4o _prowded by th_e manufact_urer._The ca_llonmetrlc binding
CelDsgz  CipA LLL.. ..CQ.. NP NT¢ %= —c isotherm was fitted by an iterative nonlinear least-squares
CelDes7  CipA ~LL.. .MC.. NT NT® £ ¢ algorithm (the Marquardt method).
aNA, not applicable (no dimer formed).Dimer formed between The association process was biphasic and could be fitted

Cysio residues* Dimer formed between introduced Cys residues;€ys  assuming two independent reactions (Figure 3). An associa-
mutagc_anized to _SeF._NT, not tested® +, pa_rtial conversion of the tion reaction corresponding to the major fraction (85%) of
d?ck?]nn _polypleptlde_(ljnto a complexed form in the presence of an excessia celD preparation occurred with a strong binding affinity
of cohesin polypeptice. and was observed from the first injection of CohCip7 until
a molar ratio of cohesin to dockerin of 0.8 was reached in
domain of SdbA (CohSdbA) were purified from the cyto-  the titration cell. A second reaction, corresponding to a minor
plasmic supernatant of isopropgtp-thiogalactoside- (IP-  fraction (15%) with a reduced binding affinity, occurred at
TG-) induced cells harboring pCip722) and pCT1836,  higher molar ratio values until all binding sites were titrated.
respectively, as described previoushg). CelD polypeptides  |ndirect evidence suggests that the latter fraction corresponds
containing Hig-tagged wild type or mutated dockerin g a truncated form of CelD in which the second segment of
domains derived from CipA were obtained in the same the dockerin is missing (see Supporting Information). Thus,
manner. CelD polypeptides containing ktagged wild type  analysis of the data was focused on the properties of the
or mutated dockerin domains derived from CelD were major' h|gh_aff|n|ty Species' which probab'y represents the
obtained from inclusion bodies. Washed inclusion bodies genuine form of the dockerin.
were prepared from IPTG-induced cells and dissolved in 0.1 ~ The association constantsz, molar binding stoichiom-
M Tris-HCI, pH 8.5, containig 5 M urea, as describe@4). etry (N), and molar binding enthalpyAH°) were determined
The material from a 0.5 L culture was loaded @at2 mL directly from the fitted curve. The Gibbs free energy and
yvqshed with 50 mM Tris-HCI, pH 7.5, containing S MM  AG° = —RTInK,andAS = (AH° — AG®)/T, respectively,
imidazole anl 5 M urea followed by 50 mM Tris-HCI, pH  \yhereR is the gas constant arfithe absolute temperature
7.5. Bound material was eluted with 50 mM TriS-HCl, pH in kelvin. The molar Change in heat Capacit&qu) ac-
7.5, containing 250 mM imidazole and dialyzed against 50 companying binding was determined using a linear regression
mM Tris-HCI, pH 7.5. Preparations subjected to microcalo- analysis of plots of binding enthalpies versus temperature.
rimetric analysis were further purified by ion-exchange prior to performing the ITC experiments, the thermal stability
chromatography. Affinity-purified material froa 1 Lculture o CelD and CohCip7 was checked by differential scanning
was made 5 M irurea by adding 1.66 volumes of Tris-HCI,  calorimetry to ensure that the two proteins remained folded
50 mM, pH 75, Containig 8 M urea and loaded onto a 12 in the temperature range studied (not shown)_
mL column of Q-Sepharose Fast Flow (Amersham Pharma- || reported experiments were performed in 50 mM Tris-
cia Biotech) equilibrated in 50 mM Tris-HCI, pH 7.5, Hc| buffer containing 2 mM CaGJ pH 7.5 at 25°C.
containirg 5 M urea. The protein was eluted with a 100 ML However, to determine if binding was pH-dependent and
gradient containing 6200 mM NacCl in the same buffer,  jyyolved protonation/deprotonation events, the effect of pH
concentrated by ultrafiltration, and dialyzed against 50 mM 4p, binding was also tested at 26 at pH 6.5 and 7.5 in
Tris-HCI, pH 7.5. MOPS buffer and at pH 8.5 in Tris-HCI buffer, all buffers
Formation and Analysis of CohesiiDockerin Interactions of the same composition. This variation of pH is larger than
by Natwe Gel Electrophoresi€elD polypeptides containing  the temperature-dependent variation of pH of the Tris-HCI
wild-type or mutagenized dockerin domains were mixed with buffer used in the binding experiments performed at tem-
an excess of CohCip7 or CohSdbA in the presence of 50 peratures between 2@ (pH 7.6) and 50C (pH 6.8). The
mM Tris-HCI, pH 7.5, containing 2 mM Cagénd incubated  ionization enthalpie\H®niz, of Tris-HCl and MOPS buffers
overnight at 4°C. Complexes formed by each dockerin are 11.34 and 4.90 kcal mdlat 25°C, respectively Z9).
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domains were then compared for their ability to form stable
complexes with CohCip7 (type | cohesin domain) or with
CohSdbA (type Il cohesin domain). Figure 4 shows the
analysis by nondenaturing polyacrylamide gel electrophoresis
of samples containing each dockerin polypeptide alone or
in combination with either cohesin domain. All CelD-derived
dockerin domains failed to form detectable complexes with
CohSdbA (panel B), as did all CipA-derived dockerin
domains combined with CohCip7 (panel C). Thus, no
5 50 55 50 65 70 extended binding specificity could be detected, even when
Time (min) residues 10 and 11 were exchanged in both segments of either
domain. When tested against CohCip7, CelD-derived dock-
¥ erin domains were still able to form visible complexes,
Yvﬁ Apsrar provided that exchange of residues 10 and 11 took place in
one segment only, as in CeJp; and CelR37, (panel A,
] LL...SS and ST...MQ). In the case of CipA-derived dockerin
domains, exchange was tolerated in the amino-terminal
] : : : . : . : 7 segment only, as in Celai; (panel D, ST...MQ). Prepara-
- tions of CelD bearing CipA-derived dockerins contained two
] species. The slower migrating band corresponded to a
disulfide dimer, whose appearance could be prevented by
mutagenizing into Ser the Cysesidue present in the amino-
terminal segment of the dockerin of CipA (data not shown).
00 02 04 06 08 10 12 14 16 Interestingly, formation of the disulfide dimer did not prevent
Molar ratio association with CohSdbA.

Ficure 3: Isothermal calorimetric titration of endoglucanase CelD Substituti(_)n by Cy_s Residues of Resi(_:lues 10 ar_ld 11in
with CohCip7 at 50°C. Panel A shows the raw heat signal for the Dockerin Domain of CelD and CipAA possible
injections of 5uL of 150 uM CohCip7 into a reaction cell  explanation for the fact that mutations in both dockerin
containing 1.34 mL of buffer \:Vlth (full line) and without (dashed segments are required to abolish binding to CohCip7 may
line) 10.3uM CelD, all at 50°C. Panel B shows (top) the heat o that the mutations introduced in either single segment are
signal after subtraction of the heat of dilution of CohCip7 and t K by th | to interf ith lex f fi
(bottom) the integrated heat of each injection normalized to the (00 Weax Dy themselves 1o Interiere with complex formation
amount of CohCipA injected (filled squares). In (A), injections of as detected by native gel electrophoresis. To rule out this
5 s duration spaced with 3.5 min intervals are shown only in the possibility, we sought to modify residues 10 and 11 in such
transition zone from partlal to full saturation. In (B) (bottom), the away as to reasonab|y prec|ude any intra- or intermolecular

complete transition curve is shown. The curve through the points : : : ; ‘L ; ;
represents the best fit to a model with a heterogeneous populationcontaCt in which the side chain of the original amino acid

of CelD proteins composed of intact and modified CelD, each May participate. The observation that Cys residues promoted
bearing a single binding site. The parameters defining the fitted the formation of disulfide dimers provided the opportunity
curve arek, = 4.8 x 100 Mt andAH = —10.15 kcal mot* for to introduce very drastic changes in the side chains of
the 'Té"‘é‘d Tgé?rmcgﬁgﬁatﬁéoﬂqggﬁ?ei #i?u))(r %?;c'\t/il; avr:/(ijthNt_'he mutagenized residues. Indeed, introducing a Cys residue that
intact and modified fractions representing 85% and 15% of the total fqrms a Q|sulf|de.d|mer {:lmounts to substituting th.e original
amount of CelD protein in the titration cell, respectively. side chain by a side chain of some 73 kDa. Thus, if complex
o ) ) formation could be observed with disulfide dimers involving
The effect on binding of the COOH-terminal Kisag  cys residues introduced at positions 10 and 11 of either
added to dockerin mutants for the purpose of protein segment, it would strongly suggest that the corresponding
purification was tested using a sample of Cellpurified residues do not need to make contact with the cohesin

from BL21(pREP4)(pCT672), which encodes wild-type CelD  gomain and that they are not required for the folding of the
fused to a Histag. Parameter values obtained with the two yockerin domain.

CelD proteins were equal within experimental error (data Consequently, dockerin polypeptides were constructed in

not shown). Similar data were reported for the dockerins of \,ich Cys residues were introduced at positions 10 and 11

C. cellulolyticum (30). Possible artifacts due to theKp o gither duplicated segment in the dockerin domains CelD
variation of Tris with temperature were ruled out, since the 5,4 CipA. In order not to confuse the results, Gysas

thermodypamic parameters of the coheslockerin associa- exchanged for Ser in the polypeptides derived from the
tion remained constant between pH and pH (data not shown).qqckerin domain of CipA. The polypeptides were mixed with

RESULTS their cognate cohesin domain and analyzed by electrophoresis
under nondenaturing, nonreducing conditions. As an ex-

Exchange of Residues 10 and 11 of Either Duplicated ample, Figure 5 shows the results obtained with mutants of
Segment between the Dockerin Domains of CelD and CipA.the CelD dockerin domain carrying Cys residues at position
To assess the influence of residues 10 and 11 on the bindinglO of the first or the second duplicated segment. Both
preference of dockerin domains of type | and type Il, these polypeptides are present as monomers and disulfide dimers,
amino acids were exchanged in the first, in the second, oryielding two bands when electrophoresis is run under
in both duplicated segments between the dockerin domainsnonreducing conditions (panel A), whereas only one band
of CelD and CipA. The wild-type and mutated dockerin is observed under reducing conditions (panel B). Both the
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Ficure 4: Analysis of complexes formed by CohCip7 and CohSdbA with CelD harboring dockerin domains in which residues 10 and 11
of each duplicated segment were swapped between the dockerin domains of CelD and CipA. (&) (GAID.SS), Cellg,; (LL...SS),

CelDs722 (ST...MQ), and Cell;23 (LL...MQ) were incubated overnight at°€ in the absence~) or in the presenceX) of CohCip7 in 50

mM Tris-HCI, pH 7.5, containing 2 mM CaglEach mixture was separated on a 7.5% polyacrylamide gel containing 2 mM idaté

absence of SDS and mercaptoetharidl).(CohCip7 was run alone in lane 1. (B) Same as (A) except that CohCip7 was replaced by
CohSdbA. (C) Cell;; (LL...MQ), CelDs711 (ST...MQ), CelR712(LL...SS), and Cell,;3(ST...SS) were incubated in the abseneg ¢r in

the presencet) of CohCip7 and subjected to nondenaturing gel electrophoresis as in panels A and B. CohCip7 was run alone in lane 1.
(D) Same as (C) except that CohCip7 was replaced by CohSdbA.

monomer and the disulfide dimer are shifted upon mixing domain, the introduction of Cys at either position of the
with CohCip7 (panel A), indicating that both are capable to amino-terminal segment was tolerated, both for the monomer
form complexes. This was confirmed by two-dimensional and for the disulfide dimer. When Cys residues were inserted
gel electrophoresis (panel C). A mixture of Ce}pand at positions 10 and 11 of the carboxy-terminal segment,
CohCip7 was run on a nonreducing, nondenaturing gel. Thebinding could only be observed for the monomeric form.

lane was cut out, boiled in sample buffer containing SDS  Binding of CohCip7 to Wild-Type CelDA complete
and mercaptoethanol, and laid across a second, denaturinghermodynamic characterization of the association of Co-
gel. Next to the material precipitating at the top of the gel, hCip7 with CelD was obtained by performing titration
it is seen that the two slowly migrating bands in the first experiments at temperatures between 20 antibResults
dimension are indeed complexes containing both the cohesinof these experiments are shown in Figure 6 and Table 2.
and the dockerin polypeptides. The results obtained with the The binding parameters in Table 2 were not changed by
whole set of mutants are summarized in Table 1. replacing Tris-HCI buffer by MOPS buffer, indicating that

In the case of the CelD dockerin domain, both the no change in protonation occurred upon binding at pH 7.5,
monomeric forms and the disulfide dimers induced by the and binding was pH-independent between pH 6.5 and pH
introduction of Cys at each of the four sites tested retained 8.5 (data not shown). The cohesidockerin interaction was
the ability to bind CohCip7 provided that at least one characterized by a strong affinity, with a binding constant
duplicated segment was intact. No binding was observed withof (2.6 + 0.5) x 10® ML, Figure 6 shows that the association
either the monomeric or the dimeric form of mutants GeiD reaction was both enthalpy- and entropy-favored throughout
which contained a Cys residue on the MNidrminal segment  the temperature range studied. The binding enthalpy was
and residues derived from the CipA dockerin on the COOH- negative, with a linear and sharp temperature dependence
terminal segment. With Celg,, carrying a Cys residue in  corresponding to a negative heat capacity change during
the COOH-terminal segment and residues derived from the complexation AC,w: = —305 cal mot* K=%; Table 2). With
CipA dockerin in the first segment, partial complex formation increasing temperature, the binding entropy decreased almost
was observed with the monomeric form, but no complex was in parallel with the binding enthalpy, so that enthalpy and
seen with the Cys dimer. In the case of the CipA dockerin entropy changes nearly canceled out in the binding free
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Table 2: Thermodynamic Parameters at°Z50f the Association of Cohesin Domain 7 of the Scaffolding Protein CipA (CohCip7) with
Endoglucanase CelD Carrying either Wild-Type (WT) or Mutated Dockerin Domains (6721, 6722, and 6723)

CelD Ka(M™1) AG?® (kcal mol?) AH° (kcal mol?) TAS (kcal mol™) AC; (cal molrt K1)
WT (2.6+0.5) x 10° —12.92+ 0.17 —2.22+0.20 10.70+ 0.35 —305+ 15
6721 (1.2£0.3) x 10° —12.48+ 0.12 —3.99+0.13 8.48+ 0.25 —113+ 15
6722 (5.7 0.8) x 10° —12.02+ 0.08 1.74+ 0.10 13.77+0.18 —498+ 23
6723 (4.5£2.4)x 10° —9.144+0.3 3.12+0.15 12.2H 0.45 —165+ 35

aValues ofK, AG®, AH®, andTAS’ were obtained from the average of at least two titration experiments and arefgitrenstandard error of
the meanAC, was calculated using at least four titration experiments performed at different temperatures.
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Ficure 5: Analysis of complexes formed by CohCip7 with Ceglp
and CelRze (A) CelDg7s (CT...SS) or Cellg;g (ST...CS) was
incubated overnight at 4C in the absence (lanes 1 and 3) or in the
presence (lanes 2 and 4) of CohCip7 ini20of 50 mM Tris-HCl,
pH 7.5, containing 2 mM Ca@lEach mixture was separated on a
nondenaturing 15% polyacrylamide gel containing 2 mM GacCl

of CohCipA to CelQQ; versus temperatureAG (circles), AH
(squares), an@AS (triangles) were fitted to equations of the form
AH(T) = AH(Tgr) + ACK(T — Tgr), AYT) = AYTR) + AC, In(T/

Tr), and AG(T) = AH(T) — TAYT), with Tg, a reference
temperature, taken as 2&. The solid lines were calculated from
best-fit parameters obtained from regression analysis. Best-fit
parameters are given in Table 2. Temperatures at which the binding
enthalpy and binding entropy equal zero &re= 17.7°C andTs

= 64.6°C.

are typical of an association reaction dominated by hydro-
phobic interactions.

Binding of CohCip7 to CelD Mutant€Concerning the
binding of CohCip7 to the major CelD fraction, examination
of thermodynamic parameters indicates that mutations in the
first and the second segment of the dockerin domain had

Electrophoresis was run for three times the time required for clearly detectable but quite different consequences (Table
bromophenol blue to reach the bottom of the gel, so that excess2). The CelR7,; mutation made the reaction at 26 more
CohCip7 was no longer present in the gel. (B) Same as (A) except exothermic, whereas the entropy change was less favorable

that the samples were heated for 15 min at’60n the presence
of 10 mM dithiothreitol prior to electrophoresis. (C) Two-

dimensional electrophoresis of the complexes formed by CohCip

than with wild-type CelD; the two phenomena nearly

7 compensated each other, and the binding constant &€25

and CelRzs (CelD CT...CS) under nondenaturing, nonreducing Was reduced only by a factor of 2. The heat capacity change

conditions. A mixture of Celk and CohCip7 was run on a

decreased to about 37% of that observed with the wild type.

nondenaturing, nonreducing gel as in panel A. The lane was cut Temperature changes were accompanied by nearly exact

off and incubated for 45 min at room temperature in 25 volumes
of denaturing sample buffer containing 2% SDS and 5% mercap-

toethanol 45), followed by heating for 5 min at 10€C. It was

entropy-enthalpy compensation, so that the affinity constant
remained nearly the same between 25 and°@5 As

then loaded on top of a 12.5% polyacrylamide gel and electro- compared to the wild type, the larger binding enthalpy at 25
phoresed in the presence of 0.1% SDS. Molecular weight markers°C, the smaller binding in entropy, and the lower heat

(Biolabs), CohCip7, and Cel; were added to reference troughs
1, 2, and 3, respectively.

capacity change on binding observed with Gghpindicate
that the association reaction is less dependent on hydrophobic

energy, which varied little in the temperature range tested. interactions.

Thus, the association reaction was entropy-driven at0
(—AHw < TASy) and enthalpy-driven<{AHy: > TASy)
at 50°C (Figure 6). At 25°C, the binding enthalpyAH®
amounted to 17.2% of the binding free energ@°.: (Table

The CelQy7,; mutation modified the thermodynamic
parameters for binding in a direction opposite to that
observed with Celby,1. At 25 °C, the reaction was strongly
entropy-driven: the change in enthalpy was unfavorable

2). Taken together, a negative heat capacity change on(AH°s7,; > 0) and the change of entropy strongly favorable
binding and an association reaction that is entropy-driven at (AH%72d/AG%722 = —14.5% and —TAS 672/ AG°s722 =
low temperatures and enthalpy-driven at high temperatures114.6%). Again, the two phenomena nearly compensated
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AAG = 0.44£0.3 kealmol! large positive value (141 88 cal mol* K1), indicating

AAG = 0.920.25 keal'mol-!

aa=a77s05kcamart | Segment 11T - 396403 keamor that the negative cooperativity between the two mutated sites
TAAS = -2.2220.6 kcal'mol g . TAAS = 3.0720.5 keal-mol-T . ith
increases with temperature.
Segment 1: LL DISCUSSION
Segment2: 88 | | e = 2442065 kealmoi 1 | [Segment 1: ST ) )
AHFg = 3.1540.6 kealmor! | (Segment 2: MQ The recently published structure of the CelS dockerin
TAS; = 0.7241.2 keatmol! domain shows that the side chains of residues 10 and 11 are

exposed on the surface of the folded polypepti@a).(

AAG = 3.3420.4 keal-mol! AAG = 2.8820.4 keal-mol ! Therefore, it is likely that mutations of these amino acids

AAH = 7.110.3 keal-mol-! AAH = 1.380.25 kcal-mol™! . .
TAAS = 3.7910.7 keabmol-! TAAS = 1 540.6 koal mol-! act by altering the contact surface directly.
Segment 1: LL Residues 10 and 11 of dockerin domains were proposed
g
Segment 2 : MQ by Pags et al. (8) to be involved in determining the

FIGURE 7: Coupling energetics between residues of the two Specificity of cohesir-dockerin interactions. Even when
duplicated segments of a type | dockerin domain. The double mutantperformed in both duplicated segments, exchange of residues
cycle for the interaction between the pairs of residues 10 and 11 of 10 gnd 11 between the dockerin domains of CelD and CipA
hhoeck';';‘;tggﬂgﬁ i:gﬂOgvg%méevwénsp:%%rxm; S?ér_tggr i%etlr?e was not sufficient to confer cross-specific binding capacity
first segment and Ser-Thr in the second segment is shown at theO the dockerin domains tested. This result runs counter to
top. AAG®, AAH®, and TAAS® represent the differences in the the data of Mechaly et al1, 32, 33), who performed similar
thermodynamic parameters of binding between the indicated exchanges between the type | dockerirCofthermocellum
dA‘;Cokeg'r‘]g?rA“g”; Jgﬁo‘@:]“?: tff?é tcheemceoruglji?ﬁepfrgg“efffcéach CelS and the type 11l dockerin &. cellulolyticumCelA. In
indiccélted value,c the uncertainty was calculated bypropagation of th's,c,ase’ exchange OT regdue 10 in the first segment V_Vas
the errors indicated in Table 2. sufficient to promote binding of the CelS dockerin domain
to theC. cellulolyticumcohesin. A possible explanation for
each other, and the association constant &i8ecreased  our failure to detect cross-specific binding is that the
only 5-fold (Table 2). As compared to the wild type, the nondenaturing gel analysis used in the present study may
positive change in enthalpy at 2&, the larger change in  be less sensitive than the blotting technique and the plasmon
entropy, and the strong negative variation in heat capacity resonance measurements used by Mechaly et al. Indeed,
change observed with Ce§; indicate that the association nondenaturing gel electrophoresis showed no detectable
reaction has a more hydrophobic character. affinity between CohCip7 and the dockerin of CegiR
Mutagenizing the dockerin domain in both segments which was mutated in both segments (Figure 4A). However,
induced drastic changes in the binding reaction. Ate5 thermodynamic analysis indicated that the binding constant
binding of CohCip7 to Celb; was endothermic and of CelDs723 although over 500 times weaker than that of
overwhelmingly entropy-driver’\H®s7,d AG°6723= —34.1% the wild type, was still 4.5« 10° M~ (Table 2). Furthermore,
and—TAS 6724 AG°s723= 134.2%; Table 2). Changes of the C. thermocelluntype | domains anc. cellulolyticumtype
enthalpy and entropy of binding due to the double mutation Ill domains are more similar to each other th@anthermo-
were the largest observed. These changes did not compensateellum type | and type Il domains. Thus, the conversion
in the binding free energy, giving the smallest association between type | and type Ill may require fewer changes than
constanK, g723= 4.5 x 10° M~%; Table 2). The heat capacity the conversion between type | and type II.
change on binding was intermediate between the values Nevertheless, our data show that substituting residues 10
obtained for Cellgr»1 and wild-type CelD AC,6723= —165 and 11 in both segments strongly affected binding of the
cal mol* K—1; Table 2). type | dockerin of CelD to the cognate cohesin domain
The changes induced in the thermodynamic parametersCohCip7. This suggests that, in dockerin domains of type I,
by exchanging residues 10 and 11 in either segment wereresidues 10 and 11 of both segments can interact with the
highly dependent on the context provided by the other cognate cohesin domains. However, it is particularly striking
segment (Figure 7). Mutating one segment clearly had that both segments of the type | dockerin domain had to be
stronger effects on the binding enthalpy and binding free mutated in order to prevent binding. Even when drastic
energy when the other segment was already mutated. Themodifications were introduced in one segment, as was the
negative cooperativity between the two mutated sites cancase with the Cys dimers, binding still occurred if the other
be assessed from the coupling free enetdy’.. AG®. is segment was intact. This suggests that either segment is able
equal to the difference between the change in binding freeto make contact and provide a strong binding with the
energy induced by either mutation when the other segmentcohesin domain. In the case of the type Il dockerin, the
is mutated and the change induced by the same mutationsecond segment appears to be critical, but auxiliary contacts

when the other segment is intacAG°. = (AG°s723 — made by the first segment cannot be ruled out at this stage.
AG°s729 — (AG%721 — AG°w) = 2.44+ 0.7 kcal mot™. Quantitative analysis by isothermal titration calorimetry
Similar calculations lead tAAH°; = 3.15+ 0.6 kcal mof? provided a more refined picture of the interaction between

and TAS. = 0.72 + 1.2 kcal mott. AG°; was large and  CohCip7 and wild-type or mutated dockerin domains.
positive, indicating that binding at the mutagenized sites in Binding of cohesin domain 7 of the scaffolding protein CipA
both segments showed negative cooperativity?; was also (CohCip7) to the dockerin domain of endoglucanase CelD
large and positive, whereaBAS’. was not significantly occurred in 1:1 stoichiometry with a high association constant
different from zero, showing that the coupling free energy (Ky= 2.6 x 10° M~* at 25°C).

was of enthalpic origin. Applying the same difference  The association between CohCip7 and CelD was both
calculation to the heat capacity change on binding gives aexothermic and entropy-driven at 26. The change in heat
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capacityAC, was constant between 20 and &l indicating accompanied by a structural change involving the buildup
that folding of the cohesindockerin complex did not change  of strain, which nearly cancels the gain in free energy
within this range of temperature. The negative heat capacity provided by interactions at both sites instead of one. In
change and the large positive entropy change of the bindingaddition to solvation phenomena, such a strain may be due
reaction are the hallmark of a process governed by hydro-to an alteration of the structure of the dockerin domain, the
phobic interactions involving the removal of nonpolar surface cohesin domain, or both. However, a modification of the
from water with a reorganization of the water molecules dockerin structure appears more likely. Cohesin domains are
(34—36). Enthalpy-entropy compensation with varying highly stable structures, as evidenced by their resistance to
temperature was observed, leading to only small variations proteases and denaturing agemt2@, 41, 42). By contrast,
of the Gibbs free energy of binding in the temperature range several observations argue that the structure of dockerin
studied K, = 4.8 x 10® M~ at 50°C; Figure 6). domains is flexible. NMR spectroscopy has shown that the
Mutations at sequence positions 10 and 11 of the first or folding of the noncomplexed dockerin domain of CelS is
the second duplicated segment of the dockerin domain clearlyinduced by C& (43). Furthermore, the complex formed
induced significant changes in the enthalpy and entropy of between CelD and CohCip7 migrates faster than noncom-
binding, which confirms that both segments of the dockerin plexed CelD in nondenaturing gels (Figure 4A), and this is
domain contribute to the association with the cohesin domain. also the case in polyacrylamide gradient gedd)( This
However, these changes largely compensated each other, ansuggests that complexation results in a conformational change
the mutations had only small effects on the binding affinity. leading to a more compact structure of the dockerin domain.

Enthalpy-entropy compensation has been described for The association constants reported in this paper are
many binding events in agueous solution involving changes generally lower that those reported by Mechaly et 3p) (
in hydrogen bonding37—39). It is successfully accounted  for the interaction between the dockerin domain of CelS and
for with general thermodynamic models involving the the third cohesin domain of CipA>(10' M~ for the wild-
coupling between some type of transition state of the protein type domains). However, the latter were determined by a
(or the ligand) and the binding procesk. different technique (surface plasmon resonance), and the
Our data suggest that the two segments are responsible/alues cannot be compared in absolute te28s (Neverthe-
for different types of interactions with the cohesin domain. |ess, the effect of the mutations studied by Mechaly et al. is
Mutating residues 10 and 11 in segment 1 from ST to LL quite compatible with that reported in this paper: all the
(CelDs729) rendered the association less hydrophobic. The mutated dockerin domains bearing substitutions in one
heat capacity change on binding decreased by half, thesegment only had association constants too high to be
reaction being more exothermic with a smaller positive measured10* M~1), whereas mutant mS5, which carries
binding entropy at 25C (Table 2). Mutating SS to MQ in  substitutions in both segments, had an affinity of°1a .
segment 2 (Cely) acted in the opposite way, increasing ¢ gjther of the dockerin segments is able to make specific
the hydrophobic character of the association. The heat.,niacts with the cohesin domain, the zone of interaction

capacity change was 1.6 times larger, the association reactiorheyeen cohesin and dockerin domains should extend over
being less exothermic at low temperatures with a large g gjgnificant surface area. Furthermore, effects symmetric
positive increase in binding entropy (Table 2). Thus, itmay 4 those observed with mutations of the dockerin segments
be that the first segment makes hydrophobic contacts, WhiChmight be obtained by mutagenizing different areas of the

are perturbed in Cellz,, while the second segment makes  qniact zone on CohCip7. The accompanying study inves-

more hydrophilic contacts, which are impaired in Celd jigates these points by mapping amino acid residues of the
The differences between the heat capacity changes on bindingohesin domain whose side chains are exposed to the solvent

of the Cell7;. and Cellzz; mutants were much larger than 504 \vhose mutagenesis affects binding to the dockerin
expected on the basis of the nature of the substituted aminoyymain 67).

acids [calculations not showr3§)]. This suggests that the
different thermodynamic parameters observed for wild-type ACKNOWLEDGMENT
and mutant dockerin domains are due to differences in the
structure (including both protein folding and binding of We thank Maxime Schwartz for continuing interest and
solvent molecules) of the complexes formed by each support.
polypeptide.

When combined, mutations in the first and in the second SUPPORTING INFORMATION AVAILABLE
segment of the dockerin domain were strongly cooperative
in impairing the binding process, as demonstrated by the
properties of Cellgs This was reflected in a large and
positive coupling free energyAG°. = 2.44 kcal mot?),
which was of enthalpic originAH°. = 3.15 kcal mot?).

One figure showing calorimetric binding isotherms mea-
sured for binding of CohCip7 to wild-type CelD, Celp,
CelDs725 and CelR70zat 28.7 and 37.2C and evidence that
the second transition observed in the thermodynamic titration
of CelD by CohCip7 is due to the presence of a molecular

Hence, for either of the dockerins mutated in only one i ¢ CelD in which th d tis absent
segment, the detrimental effect of the mutation was largely species of el In which the second segment IS absent or
damaged. This material is available free of charge via the

compensated by a conformational rearrangement and/or ai s
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