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ABSTRACT. Glycoside hydrolases often contain multiple copies of noncatalytic carbohydrate binding modules
(CBMs) from the same or different families. Currently, the functional importance of this complex molecular
architecture is unclear. To investigate the role of multiple CBMs in plant cell wall hydrolases, we have
determined the polysaccharide binding properties of wild type and various derivatigslofomonas

fimi xylanase 11A (Cf Xyn11A). This protein, which binds to both cellulose and xylan, contains two
family 2b CBMs that exhibit 70% sequence identity, one internal (CBM2b-1), which has previously been
shown to bind specifically to xylan and the other at the C-terminus (CBM2b-2). Biochemical
characterization of CBM2b-2 showed that the module bound to insoluble and soluble oat spelt xylan and
xylohexaose withK, values of 5.6x 10% 1.2 x 10% and 4.8x 10° M~1, respectively, but exhibited
extremely weak affinity for cellohexaose {(0? M~1), and its interaction with insoluble cellulose was too
weak to quantify. The CBM did not interact with soluble forms of other plant cell wall polysaccharides.
The three-dimensional structure of CBM2b-2 was determined by NMR spectroscopy. The module has a
twisted ‘B-sandwich” architecture, and the two surface exposed tryptophans, Trp 570 and Trp 602, which
are in a perpendicular orientation with each other, were shown to be essential for ligand binding. In
addition, changing Arg 573 to glycine altered the polysaccharide binding specificity of the module from
xylan to cellulose. These data demonstrate that the biochemical properties and tertiary structure of CBM2b-2
and CBM2b-1 are extremely similar. When CBM2b-1 and CBM2b-2 were incorporated into a single
polypeptide chain, either in the full-length enzyme or an artificial construct comprising both CBM2bs
covalently joined via a flexible linker, there was an approximate-2@-fold increase in the affinity of

the protein for soluble and insoluble xylan, as compared to the individual modules, and a measurable
interaction with insoluble acid-swollen cellulose, althoughkhé~6.0 x 10* M~1) was still much lower

than for insoluble xylanK, = ~1.0 x 10° M~1). These data demonstrate that the two family 2b CBMs

of Cf Xynl11A act in synergy to bind acid swollen cellulose and xylan. We propose that the increased
affinity of glycoside hydrolases for polysaccharides, through the synergistic interactions of CBMs, provides
an explanation for the duplication of CBMs from the same family in some prokaryotic cellulases and
xylanases.

The plant cell wall is a highly complex structure compris- bind to a polysaccharide within the plant cell wall. CBMs
ing primarily the polysaccharides pectin, hemicellulose, and attach the enzyme to the plant cell wall and, by bringing the
cellulose. Plant cell wall degrading microorganisms express biocatalyst into intimate and prolonged association with its
a repertoire of glycoside hydrolases, esterases, and polysacrecalcitrant substrate, increase the rate of catalysis).
charide lyases that act in synergy to elicit the degradation Some CBMs have also been proposed to display additional
of this recalcitrant substrate. These enzymes, particularly functions, such as substrate disruption and sequestering and
those that hydrolyze cellulose and the hemicellulose xylan, feeding of single cellulose chains into the active site of the
have a complex molecular architecture comprising discrete catalytic module 7T—12). On the basis of primary structure
modules, which are normally joined by relatively unstruc- similarities, CBMs have been grouped into 23 different
tured linker sequenceq)( Plant cell wall hydrolases from  families, many of which are further divided into subfamilies
aerobic microbes typically comprise a catalytic module and (13). Recently, the tertiary structures of several CBMs from
one or more carbohydrate binding modules (CBM&hgt different families have been determined by either nuclear

magnetic resonance (NMR) spectroscopy or X-ray crystal-
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lography. These studies have shown that although the overallprotein
fold of most CBMs is conserved, consisting of sandwiched
f-sheets, the topology of the actual ligand binding site varies
somewhat between the different families. Thus, in families
1, 2a, 3a, 5, and 10, which interact preferentially with
crystalline cellulose, the binding site is a flat surface that
contains a planar strip of highly conserved aromatic residugs Xyn114ACM
that are thought to stack face-to-face against the glucose rings

of the polysaccharidel@—18). The flat surface presumably  GST-CBM2b-1
enables the proteins to interact with the multiple planar chains

found in crystalline cellulose. In contrast, in families 4 and  Gst-cBM2b-2
22, the binding site is a shallow cleft that can only interact

with a single cellulose or xylan chain, respectively, probably gyon.1 cvob.2 T R
via a combination of stacking interactions and hydrogen
bonding 6, 19). Recently, the structure of a family 2b xylan _
binding module was solved by NMR2Q). The overall cpvEb ZZZ
structure of the protein is very similar to that of the cellulose- gy

binding family 2a modules, the main difference being that E 1 Molecul h ¢ Cf XvnL1A and its derivati
the urface ryptophans of the famiy 20 module are arrangedcS=1: Moleeiar arehectue of G and s derbates
in a perpendicular, rather than planar, orientation with respecty_terminal signal peptide (cheques), GH11 catalytic module
to one another. This enables the CBM2b to interact with the (vertical stripes), glycine linker (white), CBM2b-1 (diagonal stripes),
3-fold helix of a xylan chain, rather than the planar chains proline/threonine linker (black), NodB homologue (horizontal
found in cellulose. stripes), CBM2b-2 (vertical dashes). GST is shown as white dots

Aerobic bacterial cellulases and xylanases often have veryOn a black background.
complex molecular architectures consisting of multiple
CBMs, and sometimes several catalytic modules, in addition
to modules of unknown functiori8). The CBMs in a single
enzyme can be members of the same or different protein
families (1). The evolutionary rationale that led to these
complex molecular architectures is currently unclear. It could
be argued that multiple CBMs act in synergy to bind to their
target ligand, leading to an increased affinity of the enzyme
for the polysaccharide. This view is supported by the studies
of Linder et al. 1) who showed that an artificial protein
construct, consisting of two covalently linked family 1
CBMs, had 6-10-fold higher affinity for insoluble cellulose,
as compared to the individual modules. Cooperativity
between multiple binding sites has also been observed within
a single protein module. A recent study has shown that any
two of the three discrete ligand binding sites in a protein
module from the ricin-like family of CBMs (CBM13) act in
synergy to bind xylanZ2). In contrast, no apparent synergy
was observed between the family 2a and family 10 CBMs
in Pseudomonas cellulosglanase 10A (Pc Xyn10A) when
the enzyme bound to cellulosé)(Similarly, the binding of
the duplicated family 4 CBMs i€ellulomonas fimcellulase
9B (Cf Cel9B) to cellulose was found to be independent
rather than cooperativ®,(23). Another possible role for the
multiple CBMs in plant cell wall hydrolases is that they
increase the diversity of polysaccharides that the parent
enzyme can interact with). However, recent studies with
the duplicated family 4 CBMs from botRhodothermus
marinusXyn10A and Cf Cel9B have shown that the multiple
CBMs in these enzymes share identical ligand specificities
(23, 24).

To explore further the suggested roles for multiple CBMs MATERIALS AND METHODS
in plant cell wall degrading enzymes, we have dissected the Sources of Carbohydrate¥/heat arabinoxylan (medium
biochemical properties of the different modules of the viscosity; Ara:Xyl= 41:59), rye arabinoxylan (Ara:Xyk
xylanase, Xynl11A fronC. fimi, both as single entities and 49:51), carob galactomannan (high viscosity; Gal:Man
within the complete enzyme. Xyn1lA comprises an N- 21:79), xyloglucan (Tamarind, high viscosity; Ara:Gal:Xyl:
terminal signal peptide that is followed by a glycoside Glc = 3:16:36:45), konjac glucomannan (high viscosity;
hydrolase family 11 (GH11) catalytic module that exhibits Glu:Man= 40:60, acetylated)j-glucan (barley; high viscos-

XynllA

Xynl1AACBM2b-2

xylanase activity, an internal family 2b CBM (CBM2b-1), a
RhizobiumNodB homologue (carbohydrate esterase family
4) that displays xylan esterase activigp), and a C-terminal
CBM2b (CBM2b-2) that has 70% sequence identity with
CBM2b-1. The modules are separated by either proline/
threonine- or glycine-rich linkers of approximately 13
residues in length (Figure 1). The full-length xylanase binds
to both insoluble xylan and cellulose, while a truncated form
of the enzyme, lacking the C-terminal CBM2Db, interacted
with insoluble xylan but not, apparently, cellulo26{28).
The internal CBM2b module was previously shown to
interact with xylan, but it did not exhibit any significant
affinity for cellulose @O0, 28, 29).

From the discussion above, it is possible that the cellulose
binding capacity of Xyn11A is mediated by CBM2b-2, while
the enzyme interacts with xylan via CBM2b-1. Alternatively,
the association of the xylanase with cellulose could be
mediated by synergistic interactions between the two CBM2bs
and/or the NodB homologue. To resolve these issues, we
have investigated the functional importance of the C-terminal
CBM2b in the capacity of the enzyme to bind cellulose and
xylan, and determined the 3D-structure of the protein module.
The data showed that the biochemical properties and tertiary
structures of the C-terminal and internal CBM2b modules
of Cf Xyn11A were very similar and, when combined into
a single polypeptide chain, they acted in synergy to bind
both xylan and cellulose. These results provide an explana-
tion for the presence of multiple CBM2b modules in Cf
Xynl1A.
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ity), debranched arabinan (1¢barabinan; Ara:Gal:Rha: was then purified from a 1% agarose gel and ligated with
GalUA = 88:4:2:6), pectic galactan (potato; Gal:Ara:Rha: similarly digested PCR product to producgil1AACBM2b-
GalUA = 78:9:4:9), rhamnogalacturonan (from soybean 2.
pectin), and xylohexaose were from Megazyme International The W259A and W291A mutants of full-length Xyn11A
Ireland Ltd. Carboxymethyl cellulose (medium viscosity), were produced using the QuikChange Kit (Stratagene)
4-O-methylglucuronoxylan, and oat spelt xylan (Ara: Xyl according to the manufacturer’s protocol with the following
10:90) were from Sigma. Hydroxyethyl cellulose was from pairs of primers: 5CGCGCCGAGGAGGCCTCGGAC-
Aldrich. Cellohexaose was from Seikagaku. Bacterial mi- CGCTTC-3 and 3-GAAGCGGTCCGAGGCCTCCTCG-
crocrystalline cellulose (BMCC) and acid swollen cellulose GCGCG-3 for the W259A mutation; SACCATCCAGGC-
(ASC) were prepared essentially as described by Gilkes etGAGCGCTAACGCGAACGTC-3and 3-GACGTTCGCG-
al. (30) and Abou-Hachem et al2g), respectively. Soluble  TTAGCGCTCGCCTGGATGGTC-Jor the W291A muta-
and insoluble fractions of oat spelt xylan were prepared astion. The plasmid pCF9 was used as the template DNA.
described previously3(). Mutants were identified by sequencing using an ABI Prism
Construction of PlasmidsConstruction of the plasmid model 377 automated sequencer.
pCF9, which contains full-length Giynl1A, was described To construct CBM2b-1-CBM2b-2, the region »ynllA
previously @7). encoding CBM2b-1 and the proline/threonine linker im-
To produce the Hig tagged version of CBM2b-2, the mediately following it were amplified from pCF9 by PCR
region of pCF9 that encodes this module was amplified by using the following primers:'sSCATATGGACACGGGCG-
PCR using the following primers: '"BCATATGTCGT- GAGGCGGC-3and 3-GGATCCGGGCGTCGGCGTCG-
GCTCGGTGAGCGCC-3and 3-GGATCCTCAGCCCGTG- GCGTC-3, which containNdd and BanH| sites at their 5
GCGCACGTAGC-3 which contain Ndd and BanHl ends, respectively. The amplified DNA was ligated into pCR-
restriction sites, respectively, at thelréhds. The three bases Blunt, excised usingNdd and BanHl and cloned into
highlighted in bold type encode a stop codon. The reactionspET28a (Novagen) to generate p2b-1PT. The region of
were performed using VenDNA polymerase (New England  xynl1A that encodes CBM2b-2 was then amplified from
BioLabs) according to the manufacturer's protocol. The pCF9 using the following primers: ' &3GATCCTCGT-
amplified DNA was ligated into pCR-Blunt (Invitrogen), GCTCGGTGAGCGCC-3 and&TCGAGITCAGCCCGTG-
excised usindNdd and BanHl, and cloned into the expres- GCGCACGTAGC, which contaiBanH| and Xhd sites at
sion vector pET16b (Novagen). their 5 ends, respectively. The nucleotides highlighted in
A similar protocol was used to produce the glutathione bold type encode a stop codon. The amplified DNA was
Stransferase (GST) fusion of CBM2b-2, except that the ligated into pCR-Blunt, excised usi@anH| and Xhd and
following primers were used:'85GATCCTCGTGCTCG- cloned into similarly restricted p2b-1PT to generate CBM2b-
GTGAGCGCC-3 and 3-GAATTCTCAGCCCGTGGCG- 1-CBM2b-2.
CACGTAGC-3, which containBamH| and EcadRl sites at The W570A and W602A mutants of CBM2b-2 fused to
their 8 ends, respectively. The three bases highlighted in GST were produced using the QuikChange kit (Stratagene)
bold type encode a stop codon. The amplified CBM2b-2 according to the manufacturer’s protocol with the following
DNA was cloned into the expression vector pGEX-2T pairs of primers: 5CGGGGCGAGGAGGCGGCGGAC-
(Pharmacia). CGCTTC-3 and B-GAAGCGGTCCGCCGCCTCCTCGC-
To construct Xyn11ACM, the region of pCF9 that CCCG-3 for the W570A mutation; and'85TGCAGAG-
encodes CBM2b-1, NodB, and CBM2b-2 was amplified by CAGCGGGAACGCGGCGCTG-3and 3-CAGCGCCGCG-
PCR using the following primers! £22CGCGGCCGTCAG- TTCCCGCTGCTCTGCAC-Zor the W602A mutation. The
CACCGGCTGCTCGGTC-3 and 3-CAGGTCGGATC- plasmid containing CBM2b-2 in pGEX-2T was used as the
CCGTCAGCCCGTGGCGCAC-3 which contain Cfr42| template DNA.
andBanH]| sites at their 5ends, respectively. The plasmid All DNA constructs were sequenced to ensure no non-
pCF9 was then digested witfr42] andBanHI, which cut specific mutations had occurred during the cloning procedure.
xynl1A just after the end of the region encoding the signal  Production of Recombinant Proteins. Escherichia coli
peptide and after the' &nd of the gene, respectively. The strains used in this study were JM&®) and BL21 (DE3):
fragment comprising the vector and the signal peptide pLysS @3). RecombinanE. coliwas cultured in Luria broth
encoding part ofxynl1A was then purified from a 1% (2.4 L) supplemented with 10@0g/mL ampicillin at 30°C
agarose gel and ligated with the similarly digested PCR (JM83) or 37°C (BL21). The cells were grown to mid-log
product to produceynl1AACM. phase before gene expression was induced by the addition
To construct Xyn11ACBM2b-2, the region okynl1A of 0.5 mM (JM83) or 1 mM (BL21) IPTG and the bacteria
that encodes the C-terminal 166 amino acids of the catalytic were incubated for a further-24 h. E. coli JIM83 was used
module and all of CBM2b-1 and the NodB homologue was to express the GST fusion proteins and pCF9 derivatives,
amplified from pCF9 by PCR using the following primers: while the His-tagged CBMs were producedincoli BL21
5-CCCGGGCTCGGTCTCGATGGACCTC-3and 3-G- (DE3):pLysS. In cultures containing pCF9 or derivatives,
GATCCTCAACCGGCGGACGACGGTGC-3which con- gene expression was constitutive and so the cells were simply
tain Smd and BanH| site at their 5ends, respectively. The  grown for 16 h after inoculation.
nucleotides highlighted in bold type encode a stop codon. Purification of Recombinant ProteinBull-length Xyn11A,
The plasmid pCF9 was then digested w#imd and BanHl, Xyn11AACM, Xynl11lAACBM2b-2, and the W259A and
which cutxynl1A 191 nucleotides after the start of the gene W291A mutants of full-length Xyn11A were purified by
and after the 3end of the gene, respectively. The fragment cellulose affinity chromatography essentially as described
comprising the vector and the first 191 nucleotidesyofl1A previously 7). GST and GST fusion proteins were purified
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using Glutathione Sepharose (Pharmacia) affinity chroma- out as described previousl)( using the resonances of Trp
tography as described previous®0|. His tagged proteins 570 and Trp 602. Structural studies used unlabeledhd
were purified using immobilized metal affinity chromatog- labeled protein. Assignment &H and'*N resonances was
raphy (TALON resin; ClonTech) as described previou8ly (  essentially complete, and a list has been deposited in
Affinity Gel Electrophoresis (AGEYhe capacity for the  BioMagResBank (accession number BMR4900). Restraints
GST fusion of CBM2b-2 to bind to a variety of soluble plant were obtained from 2D NOESY and 3fN-filtered NOESY
structural polysaccharides was evaluated by affinity electro- (mixing times 100 ms), from E.COSY, HNHA, and HNHB
phoresis. Continuous native polyacrylamide gels were pre- spectra, and using exchange of HN and HN chemical shift
pared consisting of 7.5% (w/v) acrylamide in 25 mM Tris/ temperature coefficients to characterize amide groups in-
250 mM glycine buffer, pH 8.3. To one of the gels, 0.1% volved in hydrogen bond=0, 29, 34). In initial rounds of
polysaccharide was added prior to polymerization. Ap- calculation, only unambiguous NOEs agddihedral re-
proximately 5ug of target proteins and GST (as a non- straints were included, together with the single disulfide
interacting negative control) were loaded on the gels and bond. In subsequent rounds, further NOE restraints, including

subjected to electrophoresis at 10 mA/gal foh atroom ambiguous restraint89), were added, along with side chain
temperature. Proteins were visualized by staining with dihedral restraints, stereoassignments, and hydrogen bonding
Coomassie Blue. restraints. Structures were calculated by hybrid distance

Binding IsothermsBinding isotherms were performed on geometry/simulated annealing in XPLOR, as described
ice in 50 mM sodium phosphate buffer, pH 7.0, at protein previously @0, 29). The ensemble of structures selected had
concentrations ranging from 1 to 1@®1. Protein (25QuL) no distance violations greater than 0.50 A and no dihedral
was added to 0.25 mg of ASC, BMCC, or insoluble oat spelt angle violations greater tharf.5The ensemble was super-
xylan and incubated fol h with gentle mixing. The imposed on the lowest energy structure, averaged, and energy
polysaccharide was centrifuged at 13gd0r 1 min, and minimized to obtain a single representative structure. This
the Axgo Of the supernatant was measured to quantify the structure and representative members of the ensemble have
amount of free protein remaining after binding. Bound been deposited in the Protein Data Bank (accession codeslhej
protein was calculated from the total minus the free protein. and 1heh, respectively).

Binding isotherms were also performed with GST (a control
for nonspecific binding). The data were analyzed by non- RESULTS

linear regression using a standard one-site binding model . . . : .
(GraphPad Prism, v2.01), and thg and K, values were XynllA Dervatives U_sed in This Studylo investigate
obtained from the regressed isotherm data. At least threethe importance O_f th_e dn‘fer_ent mod_ules_ of Cf Xyn11A in
separate binding isotherms were carried out for each protein.pOIyS""CCharIde binding, various dgrlyatlves of the enzyme
were generated and purified by affinity chromatography to

Isothermal Titration Calorimetry (ITC)TC measurements : . .
were made at 25C using a I(/Iyic(:roCLI Omega titration electrophoretic homogeneity. A schematic of the Cf Xyn11A
derivatives used in this study is presented in Figure 1.

calorimeter. Proteins were dialyzed extensively against 50
mM sodium phospha‘[e buffer, pH 70, and the ||gand was The Blndlng of FU”-Length XynllA to Insoluble Forms
dissolved in the dialysis buffer. During a titration, the protein Of Cellulose.The interaction of full-length Cf Xyn11A with
sample (66-300 M), stirred at 400 rpm in a 1.3586 mL bacterial microcrystalline cellulose (BMCC) and acid swollen
reaction cell, was injected with 25 successived@liquots ~ Cellulose (ASC) was studied using binding isotherms. The
of a stock oat spelt xylan solution (6.6 mg/mL) at 200 s data, presented in Figure 2 and Table 1, indicated that the
intervals. Given that the protein binds to six successive xylose €nzyme had significant affinity for ASC but shows no
residues 20)’ and the b|nd|ng cleft Comprises the Comp|ete blndlng to BMCC above that of the nonspeCiﬁC control of
length of the CBM, the ligand was deemed to comprise GST alone.
nonoverlapping xylohexaose units within the xylan mol-  Ligand Specificity of Xyn11A CBM2Hs. a recent study,
ecules. The ligand concentration was therefore taken to bewe showed that CBM2b-1 bound to soluble oat spelt xylan
the nonoverlapping xylohexaose concentration in the xylan, and xylohexaose but displayed no affinity for soluble forms
which equates to 7.4 mM (taking into consideration that oat of other plant cell wall carbohydrates, including soluble
spelt xylan contains 10% arabinose). This assumption wasforms of cellulose, although a very weak interaction with
strongly supported by the ITC data, which showed that the cellohexaose could be detected by NME)( In addition,
stoichiometry of binding was close to unity when defining it has previously been shown that full-length Cf Xyn11A
the ligand as six consecutive xylose units. Raw binding data bound to cellulose and xylan, but a derivative of the xylanase
were corrected for heat of dilution of both protein and ligand. lacking the C-terminal CBM2b had lost the capacity to bind
Integrated heat effects were analyzed by nonlinear regressiorto cellulose, but not xylarn2@). It is possible, therefore, that
using a single-site binding model (MicroCal ORIGIN, v2.9), CBM2b-2 and CBM2b-1 mediated cellulose and xylan
yielding values for the&k, and AH°. Other thermodynamic  binding, respectively. To test this hypothesis further, CBM2b-1
parameters were derived from the equatioRT In K, = and CBM2b-2 were expressed as discrete entities and the
AG® = AH® — TAS. binding of these proteins to cellulose and xylan was assessed
NMR StudiesSamples subjected to NMR were typically quantitatively. In addition, GST alone was used as a
0.7-1.0 mM in 50 mM sodium phosphate buffer, pH 5.0, noninteracting negative control. The binding isotherm data,
containing 10 mM sodium azide and 0.1 mM sodium shown in Figure 3 and Table 1, indicated that both CBM2b-1
3-trimethylsilyl-2,2,3,3d,-propionate. NMR studies were and CBM2b-2 bound to insoluble oat spelt xylan with similar
carried out on Bruker DRX-500 and 600 spectrometers. affinities. Binding of both CBMs to ASC was slightly higher
Titrations for measurement of affinity constants were carried than the nonspecific control of GST alone, although this
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Table 1: Binding of Xyn11A and Derivatives to Insoluble Ligands

insoluble xylan ASC
protein Ka(M™1) No («mol/g) Ka(M™1) No («mol/g)
full-length Xyn11A —a — 6.4 (= 0.6) x 10¢ 9.6 (= 1.4)
CBM2b1-CBM2b-2 1.04£0.5)x 1¢° 28.2&5.1) 55 1.2)x 10¢ 9.4 (4 0.6)
Xyn11AACM 1.1+ 0.4)x 10° 274 & 4.3) - -
Xyn11AACBM2b-2 - - NDP ND
full-length W259A - - ND ND
full-length W291A - - ND ND
CBM2b-1 4.7 ¢ 1.9)x 10* 58.5 (& 6.0) ND ND
CBM2b-2 5.6 ¢ 2.2) x 10* 56.6 & 11.7) ND ND
2 Not tested? No significant binding detectable by isotherms.
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Ficure 2: Binding isotherms of full-length Xyn11A and GST FGURE 3: Binding isotherms of derivatives of Xyn11A against
against ASC (A) and BMCC (B). Adsorption measurements of full- insoluble oat spelt xylan (A) and ASC (B). Adsorption measure-
length Xyn11A ©) and GST alonel) were performed on ice in ~ ments of full-length Xyn11A @), Xyn11AACM (#), CBM2b-1-
50 mM sodium phosphate buffer, pH 7.0, as described in Materials CBM2b-2 (©), CBM2b-1 (a), CBM2b-2 (v) W259A in full-length
and Methods. XynllA (v), W291A in full-length Xynl1lA (), XynllA-

. . TR ACBM2b-2 ) and GST M) were performed on ice in 50 mM
affinity was too low to be quantified as the binding isotherm sodium phosphate buffer, pH 7.0, as described in Materials and

did not approach saturation. Affinity gel electrophoresis methods.

(AGE) was used to evaluate the capacity of the GST fusion

of CBM2b-2 to interact with soluble polysaccharides. The substituted arabinoxylans from wheat and rye, as well as
results (Figure 4) showed that, in common with CBM2b-1 methylglucuronoxylan, and also to barlg¢glucan. The
(20and Figure 4), the module bound to both oat spelt xylan module did not associate with soluble forms of cellulose,
(a relatively unsubstituted polysaccharide) and heavily (carboxymethyl cellulose or hydroxyethyl cellulose), xylo-

80
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Table 2: Binding of Xyn11A Derivatives to Soluble Ligands
protein ligand Ka(M™) AG°(kcal molY)  AH°(kcal mofl)  TAS(kcal mol?) n
CBM2b-1 soluble xylah 5.9+ 0.2)x 108  —5.1 (= 0.02) -11.8(0.18) —6.7(*0.2) 1.10 & 0.06)
xylohexaos&® 3.4 x 1C°
cellohexaose  <1.0x 1(?
CBM2b-2 soluble xylah 1.2 (= 0.1)x 10*  —5.6 (+:0.01) —13.8 (£0.44) —8.2 (£0.4) 1.05 ¢-0.08)
xylohexaose 48x 10°
cellohexaose <1.0x 1(?
CBM2b-1- CBM2b-2  soluble xylah 1.6 (:0.1)x 1°  —7.1 (+ 0.04) -10.040.15) —2.9(*0.2) 2.19 & 0.11)

aData determined by ITC Data from ref20 (determined by NMR)¢ Data determined by NMR.

A B C D E 2), or inactivation of CBM2b-1, through mutation of Trp

__:,,,._E_ SR S _E‘ﬂ _:H._+l __:___!,_',‘_“,a 259 or Trp 291 to alanine in the full-length enzyme,
i : S Eu | effectively destroyed the capacity of the protein to interact

H'- “.l o " “ﬂ o significantly with the cellulose. In contrast, combining
" ! LB gt CBM2b-1 and CBM2b-2 into a single polypeptide, generated

W ¥ W ¥ PR "R “ (VI a protein that bound to cellulose with an affinity similar to
123123 123123 123123 123123 123123 native Cf Xyn11A. These results indicate that the capacity

Ficure 4: Affinity gel electrophoresis of GST fusions of CBM2b-1 ic;:cté(rér(]:%i})ﬁ (t)(f) t?wlgc:vsg g?ncltl ISer)n g%f\iltgdof {hitgeer?gnrirg:ﬂg
and CBM2b-2 against various soluble plant cell wall polysaccha- : y y
rides. GST alone (lane 1), CBM2b-1 (lane 2), and CBM2b-2 (lane not by the catalytic module or NodB homologue.
3) V\;e(e_electrophlorese?] ln_zj-5‘? nogggné(ltulﬂ?g pO'Yanylamlﬁe gels  To determine the influence of the different modules of Cf
containing no polysaccharide} or ©. 7 (Wiv) Tye arabinoxylan —— xyn11A on its interaction with xylan, the capacity of
(AH), Wh?at ?&?'noﬁylg n |(By)ﬁ‘ O?t Spel(té%lan (€), methylglu- C)I;MZb—l—CBMZb—Z and a trunca);ed form oprynyllA
curonoxylan , an arieyp-glucan . X A

Y 9 lacking the GH11 catalytic module (Xyn1WCM) to

glucan, carob galactomannan, konjac glucomannan, de-interact with insoluble xylan was assessed using binding
branched arabinan, potato galactan, or rhamnogalacturonansotherm measurements. Removal of the catalytic module
(data not shown). To investigate the capacity of CBM2b-2 Was necessary as enzymatic degradation of the xylan
to interact with soluble oligosaccharides, the NMR spectra pPrevented accurate isotherm measurements with the full-
of the protein titrated with xylohexaose and cellohexaose length enzyme. The data, presented in Figure 3 and Table
were recorded. The data showed that there was a considerablé, showed that the Xyn11ACM and CBM2b-1-CBM2b-2
downfield movement in the chemical shift of the side chain derivatives of the enzyme bound approximately 20 times
NH¢ resonances of two solvent-exposed tryptophan residuesmore tightly to the insoluble hemicellulose than the individual
(Trp 570 and Trp 602) during titration with the xylooli- CBM2bs. The results also showed that CBM2b-1-CBM2b-2
gosaccharide. These chemical shift changes were used tdound to xylan with approximately 18-fold higher affinity
calculate theK, of the protein for xylohexaose, which was than with ASC. In addition, the affinity of both individual
estimated to be 4.& 10® M1 (Table 2). Titration with CBM2bs and CBM2b-1-CBM2b-2 for soluble oat spelt xylan
cellohexaose also caused a change in the chemical shift ofvas determined by ITC. The data (Table 2) showed that the
the same two tryptophan signals; however, the estimgted linked CBM construct had an affinity for soluble xylan
was very low 1.0 x 10% Table 2). The resonances affected approximately 18 times higher than the individual CBM2bs.
by titration with xylohexaose correspond very closely with The ITC results also showed that, in common with CBM2b-
the equivalent residues seen on titration of CBM2b-1 with 1, the binding of CBM2b-2 and CBM2b-1-CBM2b-2 to
xylohexaose Z0). These data indicate that the biochemical Xylan is enthalpically driven, with entropy contributing
properties of CBM2b-2 are very similar to CBM2b-1. Both unfavorably to the interaction (Table 2).

modules are essentially xylan binding proteins that exhibit ~ Overall, these data indicate that in native Cf Xyn11A, the
a very weak affinity for cellohexaose and ASC. It would two CBM2bs act in synergy to bind cellulose and soluble
appear, therefore, that the capacity of Cf Xyn11A to bind to and insoluble xylan.

cellulose is not mediated exclusively by the C-terminal
module but rather is a cooperative property of the whole
protein.

Synergy between CBM2b-1 and CBM2b-2 in Full-Length

3D-Structure of CBM2b-2Given the level of identity
between the primary structures of CBM2b-1 and CBM2b-2
(70%) and their similar biochemical properties, one might
expect that their 3D-structures will also be very similar.

Xynl1llA Binding to Cellulose and Xylam. view of the data However, it is necessary to characterize the structure of both
described above, it is unlikely that the cellulose-binding modules thoroughly, because it is now established that CBMs
capacity of Cf Xyn11A is mediated by a single module. It with similar primary structure can have very different binding
is probable that the binding of the xylanase to cellulose properties %, 20, 29). The structure of CBM2b-2 was
involves the cooperative interaction between two or more therefore determined using NMR spectroscopy, using stan-
modules of the enzyme. To investigate this possibility, dard 2D and 3D methods ofN-labeled and unlabeled
various derivatives of the glycoside hydrolase were gener- protein. The structure is shown in Figure 5, and structural
ated, and their association with insoluble cellulose was statistics are compiled in Table 3. On average, one amino
evaluated. The data, presented in Figure 3 and Table 1,acid per structure was found in the disallowed region of the
showed that while the full-length enzyme bound to ASC, Ramachandran ma@®). This generally corresponded to a
removal of either the C-terminal CBM (Xyn1I¥CBM2b- residue found in one of the disordered regions of the NMR
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Ficure 5: Backbone structure of CBM2b-2. (A) Superposition of the 23 structures selected from 50, shown as a stereo diagram. The

Bolam et al.

CBMz2b-1 ~ CBM2b-2

superposition used the backbone atoms (M, C') of residues in regular secondary structure elements (residuess360 573-581,
586—592, 596-602, 604-608, 612-617, 622-630, 637641) (B) MOLSCRIPT 42) representation of CBM2b-1 and CBM2b-2, based
on the minimized averaged structures. The conserved residues in the ligand binding site of both CBMs are indicated.

Table 3: Structural Statistics for the Family of 23 Calculated

Structures of CBM2b-2 and the Minimized Averaged Structure

<CBM2b-2>2 CBM2b-2ay—min®

rmsd from experimental restraints

distance restraints [935] (B) 0.029+ 0.002 0.02
dihedral restraints [94F}° 0.47+0.14 0.46
rmsd from idealized covalent geometry

bonds (A) 0.002t 0.000 0.002
angles ) 0.45+0.01 0.43
impropers ) 0.31+0.01 0.30
X-PLOR energies (kcal mot™?)

Etotal 129.9+ 9.4 107.6
Enoe 38.3+6.2 20.8
Ecain 1.4+ 0.7 1.2
Eangle 65.7+ 2.9 59.3
Eimproper 9.6+ 0.9 8.6
Ramachandran analysis

most favored region (%) 67.5 64.8
additionally allowed regions (%) 27.3 31.0
generously allowed regions (%) 3.7 2.8
disallowed regions (%) 15 14

precision analysis: rmsd to mean structure (A)

backbone atoms 0.70+0.13
(secondary structure)
(residues 566640) 0.89+ 0.15
all heavy atoms 1.08+0.16
(secondary structure)
(residues 566 640) 1.20+ 0.16

a <CBM2b-2>: ensemble of 23 structures; CBM2k¢2nin: mini-
mized average structure52 hydrogen bond restraints, plus 296
intraresidue, 228 sequential, 68 medium-range, 221 long-range, and

70 ambiguous NOES$.54 ¢ and 40y, dihedral restraints.

The structure of CBM2b-2 is very similar to that of
CBM2b-1 (Figure 5;20). The secondary structures of the
two proteins are essentially identical, with a root-mean-square
difference between the backbone atoms of regular secondary
structure of only 1.14 A. All the residues identified previ-
ously 0, 29; Xie et al., unpublished data) as being key
residues for the interaction of CBM2b-1 with xylan, namely,
Glu 257, Trp 259, Arg 262, Asn 264, GIn 288, Trp 291, and
Asn 292 (residues 568, 570, 573, 575, 599, 602, and 603,
respectively, in CBM2b-2), are conserved in CBM2b-2 and
in a similar orientation (Figure 5, panel B). In particular,
the two exposed tryptophan residues that control xylan
binding are in essentially identical positions, forming the
“twisted” binding site topology characteristic of CBM2b-1
(20). The closest significant amino acid substitution on the
surface of the protein is Met 318 on CBM2b-1, whose
corresponding residue in CBM2b-2 is a tyrosine, but these
side chains are too far from the binding site for xylan to be
involved in any direct interaction.

Role of Trp570, Arg573, and Trp602 in CBM2b-2 Ligand
Binding. Recent studies have shown that the two surface
tryptophans (Trp 259 and Trp 291) of CBM2b-1 are essential
for xylan binding (Xie et al., unpublished data). Furthermore,
it was found that the orientation of these two residues relative
to one another was pivotal in determining the module’s ligand
specificity. The tryptophans are perpendicular in the wild-
type protein, but on replacing Arg 262 with the smaller
glycine residue, the side chain of Trp 259 was caused to

ensemble, particularly Ser 583 and Ser 584, present in therotate approximately 90so that it lay flat against the
loop connecting strands 2 and 3, and Ser 633 and Ser 634orotein’s surface in a planar orientation with Trp 291. This

in the loop linking strands 7 and 8.

reorientation of Trp 259 changed the specificity of the mutant
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2 3 4

1
Ficure 6: Affinity gel electrophoresis of W570A and W602A
against vxylan. GST alone (lane 1), wild-type CBM2b-2 fused to
GST (lane 2), W570A (lane 3), and W602A (lane 4) were subjected
to electrophoresis in 7.5% nondenaturing polyacrylamide gels
containing no polysaccharide-J or 0.1% (w/v) soluble oat spelt
xylan (+).

1 2 3 4

protein such that it bound cellulose but not xyl&®)( To
evaluate whether the surface tryptophans played a similar
role in CBM2b-2, the binding properties of the mutants
W570A, W602A, and R573G in the isolated module fused
to GST were assessed (Arg 573 in CBM2b-2 corresponds
to Arg 262 in CBM2b-1; Figure 5, panel B). The data,
presented in Figure 6, showed that both tryptophans were
essential for xylan binding. In addition, modification of Arg
573, adjacent to Trp 570, altered the specificity of the CBM
such that it no longer bound to xylan but interacted with
cellulose (data not shown), as observed previously for
CBM2b-1 @29). These site-directed mutagenesis studies,
coupled with the NMR structure of CBM2b-2, support the
view that the tertiary structure of this module and the
mechanism by which it binds to, and recognizes, its target
ligand are essentially identical to those of CBM2b-1.

DISCUSSION

The primary objective of this study was to investigate the
biological significance of multiple copies of CBMs in plant
cell wall hydrolases. To address this question, we have
focused on Xyn11A fron€. fimi, which contains two copies
of a family 2b CBM that exhibits 70% sequence identity

Biochemistry, Vol. 40, No. 8, 20012475

module, rather than a 2-fold reduction in affinity, indicating
that the two aromatic amino acids act cooperatively within
each module to bind the polysaccharide (Xie et al., unpub-
lished data). However, in both these examples, synergy
occurs between subsites within the same protein module. In
contrast, this paper provides the first report of synergy
between discrete, but covalently linked, CBMs in a protein
that occurs in vivo. The only other demonstration of synergy
between discrete covalently linked CBMs was provided by
Linder et al. 1), who showed that when two family 1 CBMs
were joined together in an artificial protein construct, they
displayed cooperative binding to cellulose. In the authors’
proposed model for the synergism between these modules,
binding of one of the CBM1s to an insoluble polysaccharide
increases the affinity of the second module for the ligand
due to a proximity effect, thus enhancing the overall affinity
of the protein construct. The model is also valid for soluble
polysaccharides as binding of one module to part of a soluble
chain will bring the second linked module into proximity
with its ligand. On the basis of the data presented in this
paper, we propose that Linder’'s model for synergy between
two flexibly linked CBMs may also apply to Cf Xyn11A
and thus can be extended to protekylan interactions.

Linder et al. 21) also suggest a procedure for quantifying
the degree of synergy between the two CBMs. A coupling
free energyAGS can be defined, given by

AG® = AG,, — (AG, + AG,)

where AG;,;, AG;, and AG; are, respectively, the free
energies of binding for the CBM2b-1-CBM2b-2 construct,
CBM2b-1, and CBM2b-2. From the data in Table 1, this is
approximately 4.3 kcal mot. An alternative representation
would be to express this as a dimensionless constant,
described a€oopby Creighton 89), which describes how
much greater the effective concentration of the second
module is when attached to the first module. It is given by

AG® = —RTIn(Coop

and has a value of approximately 2600 (as compared to a
value of 1 in the absence of synergy). There is therefore a
significant degree of synergy in this system.

with each other. The data presented showed that the two Synergy between the family 2b CBMs was also observed

family 2b CBMs bind to soluble and insoluble xylan with
approximately 20 times higher affinity when incorporated

when binding to ASC. Both individual CBMs showed
extremely weak affinity for ASC, which was only really

into a single protein species, than when they were expressediistinguishable from the background nonspecific binding of

as discrete entities, indicating that, when covalently linked,
the modules were acting in synergy to bind the xylose
polymer.

Cooperativity between individual sugar binding subsites
within a single protein module is well established. For
example, the lectin-like family 13 CBMs, which bind to
xylan, contain three discrete subsites orientated at 120
each other. A xylan chain can occupy two of the three sites
at any one time. Site-directed mutagenesis studies by
Boraston et al.Z2) showed that these sites acted in synergy

GST at high protein concentrations. However, when com-
bined into the same polypeptide chain, in full-length Cf
XynllA and CBM2b-1-CBM2b-2, the modules displayed a
significant increase in affinity for the insoluble ligand. The
precise mechanism of the weak cellulose binding in the
individual family 2b CBMs is presently unclear. It is
interesting to note, however, that the full-length enzyme does
not interact with BMCC. This result is similar to that
observed for the family 4 CBMs from Cf Cel9B, which can
also bind to ASC, but not BMCC. ASC is a relatively

to bind the hemicellulose. This is the same phenomenon asunstructured form of cellulose which, although poorly

that observed in many other lectin/oligosaccharide interac-
tions (37, 38). Similarly, removal of either of the surface
tryptophan residues in both Cf Xyn1lA CBM2b-1 and
CBM2b-2 caused a complete loss of xylan binding to each

characterized, appears to consist of a certain proportion of
individual cellulose chains9j. In contrast, BMCC is
composed mainly of highly ordered crystalline microfibrils
in which multiple chains are strongly bonded to one another
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(30). In CBM4, the binding site is a cleft that can only cannot bind simultaneously to adjacent sites on the same
accommodate a single cellulose chain, and thus can onlycellulose chain. It has been suggested that the function of
interact with soluble cellulose or ASC. It is apparent from the CBM4s in Cel9B is to sequester cellooligosaccharides
the above discussion that the binding specificity of the family away from crystalline cellulose, preventing them from
2b CBMs from Cf Xyn11A suggests that these modules may reassociating with the insoluble polysacchariég (f this

also interact with a single cellulose chain. This view is scenario is correct, then the reiteration of CBM4s in the
supported by data presented in this and a previous reportenzyme would increase the amount of oligosaccharide that
(20) that shows that both CBM2bs can bind to cellohexaose, could be sequestered away from the crystalline surface, and
albeit weakly, with an estimatet, of <1.0 x 1(%. The actual this could be the driving force for the presence of two
binding site for cellohexaose (and by implication cellulose) CBM4s in this and other similar enzymes. Although the lack
on the family 2b CBMs appears to be the same as that for of a flexible linker between the family 4 CBMs explains the
xylohexaose, as NMR data show that the same residues ar@bsence of synergy seen in Cf Cel9B and Rm Xyn10A, it
perturbed on the addition of either oligosaccharide. However, does not offer an explanation for the noncooperative binding
in the binding site of family 2b CBMs, the two tryptophans observed between the linked CBMs in Pc Xyn10A. However,
are orientated at approximately 9fb one another on the the CBMs in this enzyme are from different families and
surface of the protein to allow face-to-face stacking between exhibit significantly different affinities for insoluble cellulose,
the aromatic residues and the sugar rings of the 3-fold helicalwith CBM2a having a 7-fold higher affinity for the insoluble
xylan chain. It is difficult to envisage, therefore, a planar polysaccharide than CBM10. The affinity of the full-length
molecule such as crystalline cellulose interacting with both enzyme is similar to CBM2a alone, suggesting that, in this
perpendicular tryptophans. However, as cellohexaose is mordnstance, the higher affinity CBM is dominating ligand
flexible than crystalline cellulose, it is possible that it adopts binding @).

a more twisted structure in the CBM2b cleft and is thus able  Although the synergy between the CBM2bs in Cf Xyn11A
to form weak stacking interactions with the two aromatic is not reflected in Pc Xyn10A and Cf Cel9B, it is likely that
residues. Similarly, it is possible that some of the cellulose other enzymes with multiple CBMs from the same family
chains in the amorphous regions of ASC are also in a that are joined by flexible linkers will have a high affinity
nonplanar orientation and are able to stack, albeit poorly, for polysaccharides through the cooperative interactions of
with the exposed tryptophans in the CBM2bs. Alternatively, these modules. Numerous glycoside hydrolases conform to
one could argue that the synergy for ASC between CBM2b-1 these parameters, and we propose, based on this study and

and CBM2b-2 is due to the capacity of the planar tryptophan the work of Linder et al.Z1), that synergy in ligand binding

in each of the CBM2bs to bind to the flat surface of ASC.
This is unlikely, however, as removal of the perpendicular
tryptophan in CBM2b-1, through the W259A mutation,
virtually abolishes cellulose binding in the full-length protein.

will be evident between the CBMs in these enzymes.

Cf XynllA has a 17fold higher affinity for insoluble
xylan than for cellulose. The biological significance of these
different affinities is a matter of debate. It could be argued

Furthermore, the loss of cellulose binding which is also seen that the capacity of the enzyme to interact with both cellulose

with the W291A mutation suggests that both exposed
tryptophans are involved in the interaction with the glucose
polymer.

The ITC data indicate that the interaction of the CBM2b-2
with soluble xylan is enthalpically driven, with an unfavor-
able entropic contribution; the loss of entropy during the
binding event, caused by conformational restriction of the

and xylan increases the frequency with which the xylanase
associates with the plant cell wall, leading to enhanced
catalysis. Indeed, many hemicellulases contain specific
cellulose-binding modules, which, in some cases, have been
shown to increase enzyme activity against cellulose/hemi-
cellulose composites2( 40, 41). However, the relative
abundance of specific cellulose binding modules in microbial

polysaccharide, is greater than the increase in entropy througtplant cell wall degrading enzyme systems, and the ease with
the release of water molecules from the surface of the proteinwhich these enzymes appear to acquire new modules, either
and carbohydrate. These thermodynamic parameters ardrom duplication of the microbe’s own genome, or via

similar to those observed with CBM2b-1 and other CBMs
that bind soluble polysaccharides 9, 23).

horizontal gene transfer, suggests that if the capacity to bind
to cellulose enhanced XynllA activity significantly, the

Although the data presented in this paper, coupled with enzyme would contain a specific cellulose-binding module.

the work of Linder et al. Z1), suggest that glycoside
hydrolases which contain multiple CBMs exhibit increased
affinity for insoluble polysaccharides through the cooperative

Therefore, it is more likely that the multiple CBM2bs in Cf
Xyn1lA have evolved to enable the enzyme to bind more
tightly to xylan, and that their relatively weak cellulose

interactions of these modules, reports on other multiple binding is simply a bystander effect.

CBMs do not support this view. Thus, the two family 4
CBMs of Cf Cel9B and the CBM4s from Rm. Xynl10A
contribute independently to the individual enzyme’s affinity
for ASC (9, 23, 24). Similarly, no synergy is apparent
between the CBM2a and CBM10 of Pc Xyn10A binding to
insoluble forms of cellulosedj. The lack of synergy between
the family 4 CBMs appears to reflect their respective
orientation with each other, which is fixed as there is no

In conclusion, this paper demonstrates that the structure
and ligand specificity of the two CBM2bs in Cf Xyn11A
are essentially identical. The binding properties of full-length
and truncated forms of the xylanase demonstrate, for the first
time, that discrete CBMs in a modular glycoside hydrolase
can act in synergy to bind xylan and cellulose. We propose,
therefore, that the evolutionary rationale for the presence of
multiple CBMs in glycoside hydrolases, which are from the

flexible linker between these modules. NMR studies suggestsame family and joined by flexible linker sequences, is to

that the binding clefts of the Cf Cel9B CBM4s are positioned
side-by-side and not end-to-end3{. Thus, the modules

facilitate more efficient binding of these enzymes to polysac-
charides within the plant cell wall. Although the rationale
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for the presence of multiple CBMs in some glycoside

hydrolases would appear to be different, comparison of
sequences suggests that synergistic binding may be a

common phenomenon.
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