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ABSTRACT: To locate the region involved in binding dockerin domains, 15 mutations were introduced
across the surface of the seventh cohesin domain of the scaffolding protein CipA, which holds together
the cellulosome o€lostridium thermocellumMutated residues were located on both faces of the nine-
stranded3-sandwich forming the cohesin domain and on the loops connefitstgands 4 and 5, 6 and

7, and 8 and 9. The loop region was previously proposed, on the basis of sequence comparisons, to form
a contiguous “recognition strip”. Individual mutants of four residues, D39, Y74, E86, and G89, formed
no complexes detectable by nondenaturing gel electrophoresis after incubation with,Celhortened

form of endoglucanase CelD lacking the residues linking the catalytic domain with the dockerin domain.
The four sensitive residues encompass a hydrophobic region on the 5-6-3-8 face of the molecule, which
overlaps partially with the recognition strip and with a hydrophobic zone involved in the formation of
cohesin-cohesin dimers. Isothermal titration calorimetry showed that single cohesin mutations affecting
the binding of Cellgs4 had significant effects on the enthalpy or entropy of binding of wild-type CelD

but much lesser effects on the association constant, owing to entheippy compensation. However,

the affinity for wild-type CelD of the triple mutant affecting D39, Y74, and E86 was reduced by 2 orders
of magnitude, due to negative cooperativity between mutations affectingtb$94 on one hand and

E86 on the other hand.

The cellulase system @lostridium thermocellunonsists characterized by extended hydrophobic contacts. This region
of a large multienzyme complex termed the cellulosoft)e (  is suspected to overlap with the dockerin binding site, since
The various cellulases and hemicellulases forming the binding of dockerin domains interferes with dimer formation
complex are tethered to a large scaffolding component termed(4, 5).

CipA. Each of the enzymes bears a conserved, noncatalytic |, he accompanying article2q), we show that the

domain, termed dockerin domain, which consists of tWo ,gsqciation between cohesin and dockerin domains is largely

gighly_ Sirg.”%r segmentfs of d2I2 residue§ e?]ch.. ID(jockerin driven by hydrophobic interactions. Hydrophobic interactions
omains bind to a set of modules, termed cohesin domains, e 550 compatible with the observation that dissociation

¥Elcr1hare rg!terateq 9'f|0|dt W'tth'n the ?et?]uence ode||25\d( th of the cellulosome requires the presence of detergents such
€ tmree-dimensiona’ structures ot the second an as sodium dodecyl sulfate6,( 7). Binding experiments

seventh cohesin domains have been elucidzied)( Both indicate that each of the dockerin domains borne by the

of them are highly similar and consist of nine-stranded : : : . .
B-sandwiches forming a flattengitbarrel with an overall catalytic subunits can interact with any of the cohesin
» P 3 : domains borne by CipA or by the surface protein Ol&A-(
jelly roll” topology. The two principal5-sheets comprise 10), suggesting that the residues involved in the interaction

g-s;rar;dsai,d&g%ﬁnflhg cz)r:ho;re ff;;: ee o_lf_:;e :li;;eé% s;aggls esin &re conserved. Conversely, although the cohesin and dockerin

domains features no obvious binding cleft or pocket. Crystal- domains present in thelostridium cellulolyticumcellulo-
lization of both cohesin domains leads to the formation of SOME are quite similar to theg. thermocellunomologues,

dimers owing to extensive intermolecular contacts between (€Y Show no cross-species recognitiad)( Consequently,
two adjacent molecules. The interaction buries a contact € residues involved in cohestdockerin contacts would

surface of 520 A located for the most part around the be expected to diverge between cohesin domains of the two

centers of the 5-6-3-8 faces of both polypeptides and species. On the basis of these considerations, Bayer et al.
(12) proposed that the contact region involves a set of
*Marcel and Liliane Pollack are acknowledged for the generous esidues located in the loops connecting strands 4 and 5, 6
donation of funds for the acquisition of the ITC station. and 7, and 8 and 9 of the cohesin domain. These residues
* Corresponding author. Tel: 331 45 68 88 19. Fax: 3314568 87 gre contiguous and were suggested to form a “recognition
90. E-mail: beguin@pasteur.fr. - . .
# Unité Microbiologie et Environnement. strip” running approximately along the edge between the two

8 Unité de Biochimie Structurale. faces of the molecule. In this study, we attempted to map
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B Dockerin domain of CelD — Untranslated region downstream of ce/D

Ficure 1: Structure of pCT664 encoding Cell2 Mutagenized
nucleotides and nucleotides that belong to the vector are in lower
case type. Numbering starts at the initiation codomrelD.

by site-directed mutagenesis cohesin residues making conFIGURE 2 Map of the mutagenized residues on the three-
tacts with dockerin domains. Mutations were targeted on dimensional structure of CohCip7. Residues whose mutagenesis

. ids wh ide chai int t dth lvent dimpaired the formation of complexes with Celpare shown in
amino acids whose side chains point toward the solvent andeq Resjdues whose mutagenesis did not prevent the formation of

included the residues proposed to belong to the recognitioncomplexes with Celg,are shown in blue. The region participating
strip. in cohesin-cohesin contacts in the crystallographic dimer is shown
in green.

MATERIALS AND METHODS i ) )
complex formation between wild-type CelD and CohCip7

Construction and Purification of Cohesin MutanBNA mutants was ana|yzed as described in the accompanying
fragments encoding mutants of the seventh cohesin domainpaper p4). Like the wild-type cohesin domain, mutated
of CipA (CohCip7} were obtained by overlap extension of cohesin domains displayed biphasic titration curves. Curves
PCR fragments synthesized using pCiB)(as a template  were fitted assuming two independent reactions, with about
(14) and recloned between tianHI andSad sites of pPQE-  80—90% of the dockerin binding with a high affinity and
31 (Qiagen). All sequences subjected to PCR amplification the remainder with a lower affinity2d). Analysis of the data
were verified by DNA sequencing (@eme Express, Paris).  was focused on the high-affinity reaction, which most likely

Wild-type and mutated polypeptides were purified by'Ni  represents titration of the genuine dockerin domain.
nitrilotriacetic acid affinity chromatography as describ&8)(

Construction and Purification of CelD Containing a RESULTS
Shortened Linker Peptidelo construct pCT664, a DNA Choice of Residues To Be Mutageniz&be position of

fragment encoding the dockerin domain of CelD, but missing . / .
the residues connecting the catalytic domain and the dockerin.mlm’mad residues on the surface of the CohCip7 polypeptide

; . . is shown in Figure 2. Two criteria dictated the targeting of
domain, was synthesized by PCR using pCT603 @s a site-directed mutations. First, the surface of CohCip7 was
template. Primers were designed to flank theld with a

; - . : , probed without preconceived idea by mutagenizing residues
gi:Ds 'fngo t?]i fgzi% ICviftrr?mi?] (;Il\llllfhat:g é?g?msﬁtggm%g of more or less evenly distributed across the whole surface of

fragment was cloned between tBal and ECGRI sites of the protein. The mutations selected were K9S, N14S, D39S,
pCT607, which contains thEindlll —Hincll fragment en- D4SS, ESSS, D87S, E97S, and K107S. Second, the recogni-

. . . . tion strip hypothesis was tested by systematically probing
coding the catalytic domain of CelD inserted between the .
Hindlll and Sal sites of pUC19 16). The 2 kbHindlll 2 residues proposed by Bayer et dl2to belong to the

. . . contact zone. These mutations included S68N, EA&R9
fragment was recloned in pUC87) to yield pCT664 (Figure ' '
1). Wild-type CelD and CelR were purified from the A94L, N130S, and D131S. G89 was deleted rather than

cytoplasmic inclusion body fraction oEscherichia coli substituted, since sequence alignments show that it is absent

JM101 (8) harboring pCT603 and pCT664, respectively, in the cohesin domains &. cellulolyticumCipC, which do

as described previoushy19), except that inclusion bodies not bind dockerin domains fror@. thermocellun(11). In
were washed with STET buffer instead of 2.58octyl all selected residues, the side chains point toward the solvent,

lucoside and substitutions were designed to retain the hydrophobic
9 Assay o.f CohesirDockerin Complex Formation by Naéi or hydrophilic character of the side chain, so that mutations

Gel ElectrophoresisWild-type CelD or Cellss was mixed \évaer:ﬁyunllkely to impair the folding of the protein signifi-
with wild-type or mutated CohCip7 in 50 mM Tris-HCI, pH ’ . . .
7.5, containing 2 mM CaGl Complexes formed after Complex Formation by Single Mutants of CohCipione

overnight incubation at 4C were analyzed by polyacryl- of the CohCip7 single mutants displayed any obvious
mig ; y y polyacry! difference in complex formation when tested against wild-
amide gel electrophoresis under nondenaturing conditions

as described previoush2Q). 'type CelD in the nondenaturing gel assay (data not shown).

Assay of CohesinDockerin Complex Formation by However, the test might fail to detect the modest loss of

o . . affinity caused by a single mutation if the interaction between
Isothermal Titration CalorimetryThe thermodynamics of wild-type partners is too strong. Consequently, we tried to
reduce the stability of the complexes in order to bring them

1 Abbreviations: CohCip7, seventh cohesin domaiCtifstridium ; ;
thermocellunCipA; CelDsss, mutated form of endoglucanase CelD with closer to the threshold at which the complex formed with

no connecting residues between the catalytic domain and the dockerinWild-type CohCip7 begins to fall apart. For this, cohesin
domain; PCR, polymerase chain reaction. polypeptides were incubated with CeHy which is deleted
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- ‘H ! 12 6 Ficure 4: Band-shift analysis of complex formation between

! u““““““ wild-type CelD and mutants of CohCip7 harboring two or more

v b b mutations. A complex migrating faster than CelD is formed when

CelD is mixed with wild-type CohCip7 or with most mutated
B cohesin polypeptides except that harboring the triple mutation
D39S+ Y74L + Y74A.
—

had very significant effects on the enthalpy and entropy of
the association, indicating that these residues participate in

Ficure 3: Band-shift analysis of complex formation between binding. However, since the changes in binding enthalpy and

CelDss4 and various single mutants of CohCip7. Panels A and B entropy largely compensated one another, the effect of the

show the formation of a complex migrating as a sharp band when Mutations on the binding free energy and the association
CelDgs4 is mixed with wild-type CohCip7 or with most of the  constant was much less dramatic. Mutations affecting the

mutated cohesin polypeptides, except those harboring the mutations3-sheet, such as D39S and Y74A, resulted in a less favorable
D39S, Y74A, E86S,andG89. A control lane containing Cedey enthalpy change and a more favorable entropy change, which
alone is shown for both gels. " .

suggests that the association was driven by enhanced
for all amino acids connecting the last residue visible in the hydrophobic interactions as compared to the wild type. By
crystal structure of the catalytic domain of CelD (3 and contrast, mutations affecting the loop connecting strands 6
the first residue of the first duplicated segment of the and 7, such as E86RG89, or A94L, resulted in a more
dockerin domain (Asfs). As shown in Figure 3, wild-type  favorable enthalpy change and a less favorable entropy
CohCip7 and most of the mutated cohesin polypeptides werechange, suggesting that hydrophilic interactions played a
still able to shift the band corresponding to uncomplexed more important role than in the wild type. The mutation
CelDsg4, With the exception of the polypeptides carrying the E97S, which is located on the other side of fhsandwich,
D39S, Y74A, E86S, andG89 mutations. These mutations failed to alter the thermodynamic parameters of the associa-
are clustered in a region extending from the putative tion significantly.
recognition strip to the center of the 5-6-3-8 face of the = Complex Formation by Double and Triple Mutants of
cohesin domain and overlapping with the contact zone seenCohCip7.Since the effect of single mutations on the binding
in the crystallographic dimer (Figure 2). For polypeptides affinity of CohCip7 with wild-type CelD was rather modest,
carrying these mutations, as well as the A94L mutation, the the mapping of the contact region was further confirmed by
association reaction with wild-type CelD was studied by analyzing several combinations of mutations. As shown in
isothermal titration calorimetry. As shown in Table 1, single Figure 4, the combination of the D39S, Y74A, and E86S
mutations affecting residues A39, Y74, E86, G89, and A94 mutations led to loss of detectable complex formation with

Table 1: Thermodynamic Parameters at 2870f the Association between Wild-Type Endoglucanase CelD and the Seventh Cohesin Domain
of CipA (CohCip7) Harboring Various Point Mutatichs

CohCip7 Ka(M™1) AG® (kcakmol™2) AH° (kcakmol™?) TAS (kcalFmol™?) ACy(calmol~1-K™1)

WT (2.0+0.5) x 1¢° —12.93+ 0.17 —3.33+0.20 9.60+ 0.35 —305+ 23
D39S (8.3£1.5) x 1¢° —12.39+ 0.10 —0.444+0.15 11.96+ 0.40 —289+ 36
Y74A (2.3+£0.5) x 1 —13.02+ 0.08 —-1.724+0.20 11.2% 0.32 —343+ 22
D39S+ Y74A (3.4+£18)x 10 —11.87+£0.3 1.52+ 0.17 13.3% 0.47 —252+21
E86S (1.14+0.2)x 1 —12.55+ 0.09 —3.914+0.32 8.64+ 0.41 —294+ 30
D39S+ Y74A + E86S (2.0+ 0.5) x 107 —10.16+ 0.15 0.38+ 0.30 10.54+ 0.45 —289+ 36
A94L 8.0+ 1.5)x 10® —12.38+ 0.11 —5.724+0.15 6.66+ 0.26 —300+ 25
AG89 (8.1+£2.1)x 1¢® —12.38+ 0.16 —6.144+0.10 6.24+ 0.26 ND?

G97S 1.4 0.4)x 1 —12.83+ 0.15 —3.194+ 0.15 9.64+ 0.30 —305+ 15

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 temperaNiesiot determined.
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AAG = 0.3820.25 kcal mol”! AAG - 1.0620.45 keal-mor] residue of the dockerin do_mz_iin. Mutation_s at fo_ur loci were
f}ﬂ;_‘?b5§:°tb57k;i;:f’;;_1 wild Type AAH = 4.8520.4 kcalmol ! found to affect the association of CohCip7 with Celb
o TAAS = 3.7940.8 keatmol”! These are located on the face of the cohesin domain
\ comprising the 5-6-3--sheet. D39 and Y74 are located

E86S close to the center of the 5-6-3/8sheet. E86 and G89

i?ffdﬁﬂzkfcjm:, D39S + Y74A belong to the loop connecting stran@8 andA7, which is

msic-: 1894165 keal-mol-1 part of the recognition strip proposed by Bayer et al. on the
basis of sequence comparisons between cohesin domains

G = 1.7120.45 keal-mol from C. thermocellunandC. cellulolyticum(12). All residues

AAH = -1.1450.5 kealmol 1 whose mutation affected binding of Celp also had

D39s + Y74A TAAS = -2.8520.9 kealmor ! significant effects on the enthalpy and entropy of the

+ E86S association with wild-type CelD. One additional locus, A94,

Ficure 5: Coupling energetics between the double mutation also located on th86—/7 Ioop,_ qu also fpund to influence
D39S+ Y74A in the 8-3-6-58-sheet and the E86S mutation in the enthalpy and entropy of binding of wild-type CelD. The
the 86—/7 connecting loop. The wild type is shown at the top and effects of the mutations are likely to reflect direct interference
the triple mutant at the bottomM\AG®, AAH®, andTAAS’ represent  with cohesir-dockerin contacts, since the side chains of
the differences in the thermodynamic parameters of binding between, itated residues were exposed to the solvent. Furthermore,

the indicated cohesin domains. The values for the coupling . . e
parameters\G®;, AH°,, andTAS’. are shown in the center of the ('€ mutations are unlikely to destabilize the structure of the

cycle. For each indicated value, the uncertainty was calculated by cohesin domain, since the latter is known to possess a
propagation of the errors indicated in Table 1. compact structure that is highly resistant to proteases and to

_ _ ~denaturing agents/{ 13, 21). The proposed binding region
wild-type CelD, as detected by nondenaturing polyacrylamide oyerlaps the hydrophobic contact region between the two
gel eleCtrOphOI‘eSIS. HOWeVer, Wlld-type CelD still formed cohesin molecules forming the dimer observed by X_ray

complexes with CohCip7-derived polypeptides harboring crystallography. Sedimentation equilibrium analysis revealed
other combinations of mutations, such as T66A=86S+ no dimers in solutions of isolated CohCipZ).(However,
A94L + D131S or E86SH AG89+ A94L + D131S, both  gych dimers were observed by gel filtration for the first
of which bore four different mutations and up to twWo ¢ohesin module of. cellulolyticumCipC (5). The same
mutations preventing association with CedD(E86S and  cohesin-cohesin contacts probably occur within the scaf-
AG89). _ folding protein, in which cohesin domains are covalently

The cumulative effect of the D39S, Y74A, and E86S |inked together by short Pro/Thr-rich linkers. Thus, dockerin
mutations was studied quantitatively by performing the pinding and cohesin dimer formation are expected to compete
thermodynamic analysis of the association of wild-type CelD \yith each other. Indeed, binding of dockerin domains to a
with the double mutant D39% Y74A and with the triple  pajr of covalently linked cohesin domains is highly coopera-
mutant D39St Y74A + E86S. As shown in Table 1, the  tiye (22), as expected if cohesirtohesin interactions
double mutant D39St Y74A displayed changes in the petween adjacent domains mask the respective dockerin-
enthalpy and entropy of association that were nearly equalpinding sites. Furthermore, molecular weight estimates of
to the sum of the Changes induced by either of the individual the Comp|exes formed between the cohesin domaifs.of
mutations. Consequently, these changes largely compensatege|julolyticumCipC and cellulases CelA and CelF suggest
one another in the free energy of association of the doublethat the cohesin dimer dissociates upon association with the
mutant, as they did for the individual mutations. With the gockerin domain borne by CelA and CelB)(

triple mutant, however, enthalpyentropy compensationwas  Apalysis of the thermodynamic parameters indicates that
much reduced, and the association constant was decreaseghe mutations had quite different effects depending on the

by 2 orders of magnitude. As shown in Figure 5, the double qsition of the mutated residues. Mutations D39S and Y74A,
mutation D39S+ Y74A on one hand, and the E86S mutation \yhich affected the center of the 8-3-635heet, resulted in
on the other hand, acted on binding with negative cooper- higher values of enthalpy and entropy, consistent with an
ativity: the decrease in the free energy of binding caused gnnhanced hydrophobic character of the interaction. Mutations
by the E86S mutation was larger when the mutation was gggs AG89, and A94L in the86—B7 connecting loop had
introduced in the D39S- Y74A mutant instead of the wild- {0 opposite effect, with lower values of enthalpy and
type background. The difference, which defines the coupling entropy, suggesting enhanced hydrophilic contacts. It is
free energyAG®;, amounted to 1.33t 0.71 kcaimol™ tempting to correlate this behavior with the properties of
(Figure 5). The coupling enthalpyH°c was not significantly  tations affecting the first or second reiterated segment of
different from zero, whileTAS’c was significant and nega-  tne dockerin domain2d). As shown in Figure 6, mutation
tive, indicating that the coupling free energy was of entropic of residues S10T11 in the first dockerin segment resulted in
orign. changes that were similar to those induced by mutants of
the 56— 7 loop in the cohesin domain (decreased hydropho-
DISCUSSION bicity). By contrast, mutation of residues S10S11 in the
Out of the 15 loci tested, none of the single mutations second segment induced changes that were similar to those
was sufficient to abolish complex formation with wild-type induced by mutations targeted to the center of the 8-3-6-5
CelD as detected by the nondenaturing gel assay. ThusS-sheet. This correlation would be consistent with a mode
complex formation was assayed with CgJlpwhich carries of binding involving two subsites: one encompassing the
a deletion covering the linker segment between the catalytic fs—/f7 loop, and interacting with the first dockerin segment,
domain and the dockerin domain and the first conserved Gly and the other one covering the center of the 8-3/bsheet

AAG = 2.3920.25 kecal-mof™!
AAH = 4.2940.60 keal-mol1
TAAS = 1.920.85 keal-mol”!
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FiGUrRe 6: Variation of the cohesindockerin binding enthalpy and
binding entropy as a function of the location of the mutations
studied. DifferenceAAHmutant= AHmutant— AHut (White bars) and
TAASHutant= TASnutant— TASw (hatched bars) at 28°C are shown

for CohCip7 mutants of the loop connecting strands 6 and 7 (E86S,
AG89, and A94L) and for mutants of the 8-3-63&sheet (D39S

and Y74A). For purpose of comparison, the same parameters are
shown for the mutant E9Q7S, which belongs to the 4-7-26tsbeet

and for the dockerin mutants affected in residues S10T11 and
S10S11 of the first and the second dockerin segment, respectively
(24).

and interacting with the second dockerin segment. However,
further data on the structure of the cohesitockerin
complex are required to confirm or disprove this interpreta-
tion.

The combination of the three mutations D39S, Y74A, and
E86S strongly reduced the affinity of wild-type CelD. ITC
analysis indicated that, within experimental error, the two
mutations D39S and Y74A had additive effects on the
thermodynamic parameters of binding, suggesting that they
had little effect on the structure and/or solvation of the
complex. Introducing the third mutation E86S was ac-
companied by a significant negative cooperativity of entropic
origin. This suggests that the formation of the wild-type
complex generates some strain, which is relieved in the
double mutant D393- Y74A and in the E86S mutant, owing
to a structural rearrangement, possibly including a change
in solvation of the mutated complexes.

The properties of the cohesin mutants discussed in this
study indicate that the formation of cohesitockerin
complexes involves a relatively large surface area of both
partners. Together with the results presented in the ac-
companying paper2d), the data show that binding is
accompanied by induced fit phenomena, which account for
the negative cooperativity between different loci. Indeed, it
will be of interest to compare the three-dimensional structure
of the two domains within the complex with those already
known for the individual partners3{-5, 23).
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SUPPORTING INFORMATION AVAILABLE

One figure showing calorimetric binding isotherms mea-

sured for the binding of CohCip7 mutants D39S, Y74A,
D39S+ Y74A, D39S+ Y74A + E86S, E97S, A94L, E86S,
andAGB89 to wild-type CelD. This material is available free
of charge via the Internet at http://pubs.acs.org.
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