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ABSTRACT: The deconstruction of the plant cell wall is an important biological process that is attracting
considerable industrial interest, particularly in the bioenergy sector. Enzymes that attack the plant cell wall
generally contain one or more noncatalytic carbohydrate binding modules (CBMs) that play an important
targeting function. While CBMs that bind to the backbones of plant structural polysaccharides have been
widely described, modules that recognize components of the vast array of decorations displayed on these
polymers have been relatively unexplored. Here we show that a family 35 CBM member (CBM35), designated
CtCBM35-Gal, binds to a-p-galactose (Gal) and, within the context of the plant cell wall, targets the a-1,6-
Gal residues of galactomannan but not the 5-p-Gal residues in xyloglucan. The crystal structure of CtCBM35-
Gal reveals a canonical f-sandwich fold. Site-directed mutagenesis studies showed that the ligand is
accommodated within the loops that connect the two S-sheets. Although the ligand binding site of the
CBM displays significant structural similarity with calcium-dependent CBM35s that target uronic acids,
subtle differences in the conformation of conserved residues in the ligand binding site lead to the loss of metal
binding and uronate recognition. A model is proposed in which the orientation of the pair of aromatic residues
that interact with the two faces of the Gal pyranose ring plays a pivotal role in orientating the axial O4 atom of
the ligand toward Asn140, which is invariant in CBM35. The ligand recognition site of exo-CBM35s (CBM35-
Gal and the uronic acid binding CBM35s) appears to overlap with that of CBM35-Man, which binds to the
internal regions of mannan, a 5-polymer of mannose. Using site-directed mutagenesis, we show that although
there is conservation of several functional residues within the binding sites of endo- and exo-CBM35s, the
endo-CBM does not utilize Asnl13 (equivalent to Asn140 in CBM35-Gal) in mannan binding, despite the
importance of the equivalent residue in ligand recognition across the CBM35 and CBM6 landscape. The data
presented in this report are placed within a wider phylogenetic context for the CBM35 family.

Quantitatively, the plant cell contains the largest reservoir of
organic carbon in the biosphere and, as such, represents an
environmentally sustainable industrial substrate that is becoming
increasingly important (1, 2). The plant cell wall is a complex
macromolecular structure consisting, primarily, of an extensive
repertoire of interlocking polysaccharides (3). The chemical
and physical complexity creates a barrier to rapid biological
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degradation. Therefore, to enable efficient catalysis, microbial
enzymes that attack plant cell walls generally display elaborate
molecular architectures comprised of catalytic modules and
noncatalytic carbohydrate binding modules [CBMs' (reviewed
in ref 4)]. CBMs direct the appended catalytic modules to their
target substrate within the wall. Thus, there is generally a close
relationship between the substrate specificity of the enzyme and
the ligand recognized by the CBM (5—38). It is likely that CBMs
potentiate the activity of enzymes that attack the plant cell
wall by proximity effects (9), rather than through a disruptive
mechanism (/0), although compelling evidence of noncataly-
tic CBM-mediated dissociation of crystalline chitin has been
reported (11).

'Abbreviations: CBM, carbohydrate binding module; Gal, galactose;
Man, mannose; GH, glycoside hydrolase family; rmsd, root-mean-
square deviation.
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CBMs have been grouped into, currently, 59 sequence-based
families in the CAZy database (/2). In some of these families,
particularly those that target crystalline structures, ligand speci-
ficity is invariant (/3). By contrast, in CBM families that target
single glycan chains, carbohydrate recognition can be highly
variable. Such diversity in specificity is particularly evident in
CBM families 4 (CBM4) (5, 14), 6 (CBMO6) (15—18), 32 (CBM32)
(specificity reviewed in ref 19), and 35 (CBM35) (20, 21). Indeed,
in CBMG6, not only are different glycans targeted but the mode of
binding (internal regions and nonreducing and reducing termini)
and the location of the ligand binding sites vary (15, 17). In
general, CBMs display a -sandwich fold and ligand recognition
occurs either on the concave surface presented by one of the
p-sheets (site 2 or B) or in the loops (site 1 or A) that connect the
two f-sheets (see ref 4 for a review). For CBMs that recognize
mono- or disaccharides, calcium can play a direct role in ligand
binding (21, 22).

Recent studies have revealed a significant expansion of the
group of carbohydrates recognized by CBMs, exemplified by
CBM35. Previously, a Cellvibrio japonicus mannanase, CiManSC,
was shown to house a module, CJCBM35-Man, which binds to
the internal regions of f-mannan (20, 23). NMR titrations
suggested that the ligand binding site of CJCBM35-Man partially
overlaps with binding site 1 or A, evident in other CBM35
proteins and proteins from the related family, CBM6 (23, 24).
It was apparent, however, that CJCBM35-Man underwent sig-
nificant conformational changes upon mannooligosaccharide
binding. Thus, it was difficult to identify the residues that
interacted directly with ligand, and those for which their environ-
ments were influenced by the observed conformational changes.
Recently, a cohort of CBM35s that bind, through a calcium-
dependent mechanism, to uronic acids were identified (21). These
CBM35s display significant sequence similarity with a module
(designated CtCBM35-Gal) present in a Clostridium thermocel-
[lum enzyme that is a component of the bacterium’s plant cell wall
degrading protein complex termed the cellulosome (25).

Here we show that CtCBM35-Gal binds to p-galactose (Gal)
and is able to target the terminal a-Gal residues in galactoman-
nan but not the f-Gal epitopes in xyloglucan. The crystal
structure of CtCBM35-Gal in conjunction with site-directed
mutagenesis shows that the ligand binding site of the protein
and that of the uronic acid-specific CBM35s are highly con-
served; however, subtle changes in amino acid chemistry and
conformation within the binding site have radical impacts on
CBM35 specificity. In addition, we also have explored the
structure—function relationship of conserved residues within
the binding site of CjCBM35-Man. These biochemical studies,
in combination with a comprehensive phylogenetic analysis,
highlight the distant relationship between CBM6s and CBM35s
and have generated a model useful for predicting the specificities
of uncharacterized CBM35s.

MATERIALS AND METHODS

Cloning, Expression, and Purification of CtCBM35-Gal
and CjCBM35-Man. The open reading frame encoding
CtCBM35-Gal (nucleotides 1678—2112 of Cthe 2137) was am-
plified from C. thermocellum YS genomic DNA by polymerase
chain reaction (PCR), using appropriate primers. For the pur-
poses of this study and structure deposition, the numbering of the
amino acids in CtCBM35-Gal is based on the recombinant
protein. Therefore, there is a labeling discrepancy of 556 between
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the construct and native protein (i.e., Trp40 = Trp596). The
resulting PCR product was cloned into pNZY28 (NZYTech Ltd.)
and subcloned into Nhel- and Xhol-restricted pET28a to gen-
erate pCtCBM35Gal. The recombinant plasmid was sequenced to
ensure that no mutations had occurred during the polymerase
chain reaction that used the thermostable DNA polymerase
NZYPremium (NZYTech Ltd.). CtCBM35-Gal contains an
N-terminal Hisq tag. To produce CtCBM35-Gal, Escherichia coli
BL21 DE3 (Novagen) cells, harboring pCBM35Gal, were cul-
tured in Luria-Bertani broth containing kanamycin (50 ug/mL) at
37 °C to midexponential phase (A4 of 0.6), at which point
isopropyl 5-D-thiogalactopyranoside (IPTG) was added to a final
concentration of 1 mM, and the cultures were incubated for a
further 16 h at 16 °C. The cells were harvested by centrifugation,
and His-tagged recombinant protein was purified from cell-free
extracts by immobilized metal ion affinity chromatography
(IMAC) using a cobalt-based Talon column deploying the
standard methodology (9). For crystallization, CtCBM35-Gal
was further purified by size exclusion chromatography. Following
IMAC, the protein was buffer exchanged into 50 mM Hepes-HCIl
buffer (pH 7.5) containing 200 mM NaCl (buffer A) and then
subjected to gel filtration using a HiLoad 16/60 Superdex 75
column (GE Healthcare); the protein was eluted at 1 mL/min in
buffer A. Purified CtCBM35-Gal was concentrated using an
Amicon 10 kDa molecular mass centrifugal concentrator and
washed three times into 2 mM CaCl,. The cloning of C;CBM35-
Man and its purification were described previously (20, 23). All
purified proteins were electrophoretically pure as judged by
SDS—PAGE.

Site-Directed Mutagenesis. Site-directed mutagenesis was
conducted by employing a PCR-based QuikChange site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s
instructions, using pCtCBM35-Gal as the template and appro-
priate primers.

Ligand Binding Studies. The capacity of CtCBM35-Gal and
CjCBM35-Man to bind to a variety of soluble plant structural
polysaccharides was evaluated by affinity gel electrophoresis
(AGE). Continuous native polyacrylamide gels that consis-
ted of 7.5% (w/v) acrylamide in 25 mM Tris/250 mM glycine
buffer (pH 8.3) were created. 0.1% polysaccharide prior to
polymerization was added to the gel. Approximately 5 ug of
target proteins and BSA (as a noninteracting negative control)
were loaded on the gels and subjected to electrophoresis at
10 mA/gel for 2 h at room temperature. Proteins were visualized
when they were stained with Coomassie Blue. Isothermal titra-
tion calorimetry (ITC) of CtxCBM35-Gal was conducted at 25 °C
using a MicroCal Omega titration calorimeter. Titrations were
conducted in 50 mM Na-Hepes buffer (pH 7.5) containing 5 mM
CaCl,. During a titration, the protein sample (50—150 uM),
stirred at 400 rpm in a 1.3586 mL reaction cell, was injected with
25 successive 10 uL aliquots of a 5 mg/mL polysaccharide or
5 mM oligosaccharide solution at 200 s intervals. Raw binding
data were corrected for the heat of dilution of both protein and
ligand. Integrated heat effects were analyzed by nonlinear
regression using a single-site binding model (MicroCal ORIGIN,
version 2.9), yielding K, and AH® values. Other thermodynamic
parameters were derived from the equation —RT'In K, = AG® =
AH® — TAS°. NMR spectroscopy was used in conjunction with
mannooligosaccharide titrations to determine the affinity of
variants of CJCBM35-Man for mannohexaose and mannopen-
taose. The proteins were concentrated to 700 mM in 50 mM
sodium phosphate buffer (pH 7.0) containing 10% (v/v) *H,O.
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FiGure 1: Examples of AGE of CtCBM35-Gal against soluble polysaccharides. CtrCBM35-Gal in lane 2 was electrophoresed on nondenaturat-
ing polyacrylamide gels containing no ligand (—) or 1 mg/mL barley S-glucan (A), lupin galactan (B), carob galactomannan (Gal:Man, 21:79)
(C), guar galactomannan (Gal:Man, 38:40) (D), galactomannan (Sigma G-0753) (E), or rye arabinoxylan (F). To evaluate the effect of calcium
in ligand recognition, we performed AGE by replacing the divalent ion with EDTA in gels prepared without ligand (G) or guar galactomannan
(Gal:Man, 38:40) (H). BSA was used as a nonpolysaccharide binding control (lane 1).

NMR spectra were recorded on a Bruker DRX 500 spectrometer,
and the 'H chemical shifts were referenced to an internal standard
of 3-trimethylsilyl-2,2,3,3-d,-propionate at 0.00 ppm. Titrations
were acquired at 37 °C with a resolution of 8192 complex points
over a sweep width of 12500 Hz. All data were processed with a
Gaussian or sine-bell window convolution with FELIX version
2.30 (Felix NMR, Inc., San Diego, CA). The binding of the
C/CBM35-Man variants for mannopentaose and mannohexaose
was assessed by following the movement of the NHe signal of
Trp109 with the addition of increasing concentrations of ligand.
For all titrations, dissociation constants were calculated by fitt-
ing to the shift changes (26). For analysis of chemical shift
changes in HSQC spectra, a weighted shift change was calculated
as [(OH)* + (ON/5.7)]"%.

Crystallization and Structure Solution of CtCBM35-
Gal. Crystals of native CtCBM35-Gal were grown by vapor-
phase diffusion using the hanging drop method with equal
volumes (1 uL) of protein (10 mg/mL in 2 mM CaCl,) and
reservoir solution (0.2 M magnesium acetate and 20% PEG
3350). Crystals, which grew over a period of 4—5 days, were
stabilized via addition of 1 uL cryoprotectant solutions contain-
ing 30% (v/v) glycerol in the crystallization buffer and flash-
frozen in liquid nitrogen. Data for a single crystal were collected
at 100 K on beamline ID-29 at the European Synchrotron
Radiation Facility (Grenoble, France). Data were processed
and scaled with HKL2000 (27), and all other computing used
the CCP4 suite of programs (28) unless otherwise stated. Phasing
was done using molecular replacement methods; MrBUMP (29)
was used to test a number of programs and search models. The
only successful solution was obtained using MOLREP (30) meth-
ods for alignment to the target, the MOLREP (30) program to find
the structural solution, and Protein Data Bank (PDB) entry
2WI1W as the search model. The output from MrBUMP, which
had automatically been run through REFMAC (31), was entered
as the starting model in ARP/wARP (32) which was used to trace
the majority of the protein chain. Subsequent refinement involved
alternate rounds of model building in COOT (33) and likelihood-
based refinement in REFMAC (31). The coordinates and struc-
ture factors have been deposited in the PDB as entry 2WZS.

Ligand Model Building. A PDB model of p-galactopyra-
nosyl-a-1,6-p-mannopyranoside was constructed using the online

biomolecule building program GLYCAM (34). The galactosyl
residue was modeled into the binding site of C*CBM35-Gal
using the ring atoms of the Chi-CBM35—glucuronic acid
complex (PDB entry 2VZR) as a superimposition scaffold in
COOT (33). The galactosylmannoside ligand was exported
from GLYCAM in its lowest-energy state that contained a
torsion angle of —178° across the a-1,6-glycosidic linkage. In
this conformation, the axial O4 atom of Gal and the equatorial
03 atom of Man are positioned farthest apart (10.3 A). Small
rotations of the disaccharide were introduced to position the
carbohydrate favorably (3.3—4.1 A) within the aromatic sand-
wich for “stacking” interactions with Trp40 and Trp108. The
position of O6 was not altered to compensate for the potential
formation of hydrogen bonds with Arg86. The values in the
model for distance (4.1 A) and geometry (83°) may be different
in the complex as O6 is free to rotate around its axis, providing a
more favorable configuration for interaction.

CBM Family 35 Phylogenetic Analysis. A total of 139 full-
length enzyme gene sequences containing CBM35s were ex-
tracted from the CAZy database (http://www.cazy.org) (12).
Boundary sites were determined using in-house systematic man-
ual and semiautomated modular annotation tools (/2). Edited
CBM35 sequences were subsequently aligned with Muscle ver-
sion 3.52 (http://www.drive5.com/muscle/) (35) to generate a
distance matrix that was derived with Blosum62 substitution
parameters. Secator (36) was then used to delineate four sub-
families. The complete phylogenetic tree is represented in wheel
format generated with the Dendroscope viewer (37).

RESULTS AND DISCUSSION

Ligand Specificity of CtCBM35-Gal. Recent studies have
shown that a cohort of four structurally related family 35 CBMs
bind to uronic acids; Pel-CBM35 and Rhe-CBM35 recognize
A4,5-anhydrogalacturonic acid, while Xyl-CBM and Chi-CBM35
display affinity for both p-glucuronic acid and A4,5-anhydroga-
lacturonic acid (27). A CBM35 that displays a significant level of
sequence identity (29%) to these uronate-specific modules is C#CB-
M35-Gal. This module is a component of a C. thermocellum cellu-
losomal protein (ABN53341) that, in addition to CtCBM35-Gal,
contains a second CBM35, a family 39 glycoside hydrolase
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Table 1: Affinity Gel Electrophoresis of CtCBM35-Gal

polysaccharide binding® polysaccharide binding”

wheat arabinoxylan - xyloglucan -
birchwood xylan - glucomannan -
rye arabinoxylan - lupin galactan -
oat spelt xylan - potato galactan -
hydroxyethylcellulose - pectic lupin galactan -
barley f-glucan - pectic potato galactan -
lichenan - sugar beet arabinan -
laminarin - debranched o-1,5-arabinan -
carob galactomannan (Gal:Man, 21:79) ++ rhamnogalacturonan -
guar galactomannan (Gal:Man, 38:40) +++ potato rhamnogalacturonan I -
galactomannan (Sigma G-0753) ++

“Qualitative binding is indicated as tight (+++), moderate (++), and insignificant (—).

(GH39), and a type I dockerin, which mediates integration into
the multienzyme complex (38). To explore the ligand specificity
of CtCBM35-Gal, the protein was produced in E. coli and
purified to electrophoretic homogeneity by IMAC.

Affinity gel electrophoresis (Figure 1 and Table 1) showed that
CtCBM35-Gal bound to galactomannans but did not recognize
the other major polysaccharides present in the plant cell wall. The
observation that the protein does not bind to f-mannan (not
shown), a homopolymer of f-1,4-Man, suggests that the a-1,6-
Gal side chain, present in galactomannan, is a component of the
ligand recognized by C+CBM35-Gal. To explore the specificity of
CtCBM35-Gal in more detail, ITC was used to quantify the
binding of the protein to oligosaccharides and polysaccharides.
Examples of the titrations are shown in Figure 2, and the full data
set is reported in Table 2. In addition to binding galactomannan,
CtCBM35-Gal also exhibited affinity for singly and doubly
substituted oligosaccharides, derived from the polysaccharide,
and the monosaccharide p-galactose (Gal). Indeed, the affinity of
CtCBM35-Gal for the monosaccharide is similar to that for the
oligosaccharides, indicating that Gal is the major specificity
determinant of galactomannan. The CBM also bound to other
a-p-Gal-containing oligosaccharides such as raffinose (Figure 2).
The inability of the module to bind arabinose indicates that O6 of
Gal contributes to ligand recognition. The observation that
CtCBM35-Gal does not bind to xyloglucan, which contains
terminal $-p-Gal residues, may suggest that the protein is able
to distinguish between the two anomers of the hexose sugar. To
test this hypothesis, we assessed the capacity of the CBM to bind
to 4-nitrophenyl-f-p-Gal and 4-nitrophenyl-a-D-Gal. The data
showed that the CBM only bound to the o anomer of the two aryl
galactosides. The affinity of C*CBM35-Gal for galactomannan
was ~8-fold higher than for the oligosaccharides. Although
tighter binding of CBMs to multivalent, compared to monova-
lent, ligands is normally associated with avidity effects, mediated
through protein oligomerization (39, 40), the difference in the
affinities observed here is not sufficient to indicate such a mech-
anism. Rather, we propose that the conformation of galacto-
mannan is more rigid than that of oligosaccharides, and thus,
there is a smaller entropic penalty when the polysaccharide binds
to CtCBM35-Gal, which is consistent with the TAS values.
Nevertheless, typical of carbohydrate—protein recognition, bind-
ing to all the ligands was driven by changes in enthalpy, while the
reduction in entropy had a negative impact on overall affi-
nity (5, 16, 17, 20, 22, 39). To explore the possible role of metal
ions in the function of CtCBM35-Gal, we assessed the capacity of
the protein to bind galactomannan in the presence of EDTA

(Figure 1). Binding was observed in the presence of the chelating
agent. These data indicate that calcium does not contribute to the
binding of CtCBM35-Gal to its carbohydrate ligands.

Structure of CtCBM35-Gal. The crystal structure of
CtCBM35-Gal was determined using molecular replacement
and refined to a crystallographic R factor of 0.13 (Rge. = 0.18)
using data extending to 1.5 A resolution. The CtCBM35-Gal
crystals belong to space group P2,2,2; with one molecule per
asymmetric unit and the following cell dimensions: a = 40.8 A, b =
529 A, and ¢ = 58.7 A. Data statistics are listed in Table 3. In
general, the electron density is of high quality, although residues
75—81 were highly disordered and the protein chain could not be
built within this region. The final model contains 135 amino acid
residues, 191 water molecules, and two metal ions that, on the basis
of their coordination spheres, ligand compositions, and B factors,
have been modeled as a calcium and a magnesium atom.

CtCBM35-Gal adopts a f-sandwich fold in which the two
p-sheets containing four and five antiparallel S-strands, respec-
tively, are connected entirely by loops (Figure 3). The two f-sheets
are twisted, and it could be argued that the protein displays an
elongated p-barrel-like structure. The first [-sheet (S-sheet 1)
includes S-strands p-1 (lle8§—Glul2), -9 (Asn140—Alal47), p-4
(Gly60—Ala69), and -7 (Thr113—Leul20), whereas the second
p-sheet (B-sheet 2) consists of strands p-2 (Gly21—Ala24), -3
(Tyrd8—Tyr55), 5-8 (Asn124—Tyr130), 5-5 (Arg86—Val92), and
B-6 (Lys98—Phel02). The hydrophobic core of the protein com-
prises four leucines, seven isoleucines, five phenylalanines, four
valines, and one methionine. The calcium ion in CtCBM35-Gal
is positioned between the loops linking 5-1 and -2 and the loop
that joins -2 and f-3, while 5-9 also contributes to the metal
binding site. This cofactor is highly conserved in CBMs that display
a p-sandwich fold and, in the case of Xyl-CBM4 from the
thermophile Rhodothermus marinus, and likely other CBMs that
display this fold, confers significant thermostability (4/). This metal
has pentagonal bipyramidal coordination and is completely dehy-
drated, with each ligand being donated by the protein: Glul2 Oel,
Glul4 Oel and Og€2, Asp142 Oel, and the backbone carbonyls of
Aspl42, Ser33, and GIn36. The second metal, modeled as magne-
sium because of the ligand content, coordination number, and lack
of anomalous signal, displays octahedral coordination, although it
forms only one interaction with the protein (an oxygen from the
carboxylate group of Aspl14). The rest of the five coordination
sites are occupied with water molecules.

Identification of the Ligand Binding Site of CtCBM35-
Gal. The ligand binding site of CBMs that display a f-sandwich
fold where known is either on the concave surface presented by
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FIGURE 2: Representative ITC data of CtCBM35-Gal titrated with carbohydrates The various ?anels represent different ligand—CrCBM35-Gal
reactions: (A) galactomannan, (B) raffinose, (C) 6'-a-p-galactosyl--1,4-mannotriose, (D) 6°-6*di-o-p-galactosyl-4-1,4-mannopentaose, (E)
PNP-a-galactose, and (F) PNP-$-galactose. Ligands were titrated into CtCBM35-Gal (100 #M) in the cell with continuous stirring. The top half
of each panel shows the raw ITC heats; the bottom half of each panel shows the integrated peak areas fitted using a one-binding site model with
MicroCal Origin.

Table 2: Binding of the Wild Type and Mutants of CrCBM35-Gal to Galactose-Containing Ligands Determined by ITC

C1CBM35-Gal ligand K, (x10° M~  AG (kcal/mol)  AH (kcal/mol)  TAS (kcal/mol) N
wild type galactomannan (carob) 22.7+£3.3 —4.154+0.08 —5.414+0.38 —1.26 £ 0.30 1.00£0.07
wild type 6*-di-a-p-galactosylmannopentaose 3.25+0.18 —4.374+0.03 —7.66+1.15 329+ 1.12 1.03£0.14
wild type 6'-0-p-galactosylmannotriose 430£1.1 —4.54+0.15 —7.68 £2.09 =314+ 1.94 0.92+0.43
wild type galactose 3.84 +0.60 —4.43+0.04 —6.96 £+ 1.99 —2.53+1.95 0.99+0.23
Q27A galactomannan (carob) binding”

Y37F, Y37A, W40A, R86A,  galactomannan (carob) nb¢ — — - —

WI08A, Y137A, N140A

“All interactions were fitted to a single-binding site model by nonlinear regression. For interactions between the protein and polysaccharide, N was fixed
to 1. “Binding detected but too weak for accurate quantification. “No binding detected.

one of the f-sheets (site 2) (5) or in the extended loops that surface, suggesting that site 1 comprises the ligand binding site.
connect to two fS-sheets (site 1) (15, 21, 22), although both sites Closer inspection of site 1 reveals the presence of two surface-
are functional in CmCBM6 (17). The elongated barrel-like exposed tryptophans poised ~8.6 A apart in an appropriate
structure of CfCBM35-Gal does not present an obvious concave orientation to sandwich a potential ligand. To explore the
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Table 3: X-ray Data and Structure Quality Statistics for CtCBM35-Gal

20—1.50 (1.55—1.50)
0.046 (0.119)

resolution of data (A) (outer shell)
Rinerge (outer shell)

mean //ol (outer shell) 37.3 (12.1)
completeness (%) (outer shell) 97.1 (95.8)
multiplicity (outer shell) 6.9 (5.5)
Rcryst/Rfree 0.1 3/0 18
rmsd for 1—2 bonds (/OX) 0.015
rmsd for 1—3 bonds (deg) 1.46

rmsd for chiral volume (A3) 0.097

avg main chain B (Az) 14

avg side chain B (Az) 17

avg solvent B (Az) 30

PDB entry 2WZ8

functionality of this binding site, therefore, various polar and
aromatic residues in the surface-exposed loop regions were
substituted with alanine and the capacity of the CBM variants
to recognize galactomannan was assessed by ITC. The data,
presented in Table 2, show that all the mutations prevented
ligand binding, demonstrating that site 1 comprises the ligand
binding site.

Structural Similarity of CtCBM35-Gal and Other Pro-
teins. The closest three-dimensional structural homologues
to CtCBM35-Gal are the cohort of CBM35s that bind to
D-glucuronic acid and/or A-4,5-anhydrogalacturonic acid (5-keto-
4-deoxyuronate) (27). The DaliLite version 3 (42) server revealed
the following structural similarities: Chi-CBM35 (PDB entry
2VZP, Zawe = 19.3, rmsd = 1.6 A% over 122 aligned C,, atoms),
Rhe-CBM35 (PDB entry 2WIW, Zye = 18.6, rmsd = 1.6 A”
over 123 aligned C, atoms), Xyl-CBM35 (PDB entry 2W46,
Zoane = 17.0,rmsd = 1.9 A% over 122 aligned C, atoms), and Pel-
CBM35 (PDB entry 2W3J, Zyae = 16.9, rmsd = 1.9 A% over 123
aligned C, atoms). This high degree of structural similarity is
somewhat surprising when one considers the different ligand
specificities displayed by CtCBM35-Gal and the four CBM35s
that target uronic acids. Inspection of the ligand binding sites of
Chi-CBM35 and CtCBM35-Gal, however, provides insight into
the structural basis for these differences in ligand recognition. A
key element of uronic acid recognition is a protein-bound calcium
that makes a polar contact with the carboxylic acid of the ligand
and, in the case of GlcA, O4. Calcium recognition is conferred, in
part, by a stretch of amino acids at the end of 5-strand 4, consisting
of an Asp/Asn-Tyr/Thr-X-Asn consensus sequence (Figure 3).
The flanking residues Asp/Asn and Asn coordinate the metal
directly through side chain oxygen atoms. The Tyr/Thr motif
presents its peptidyl backbone carbonyl oxygen, regardless of
functional group chemistry, and the X residue operates as a spacer
to create appropriate spatial geometry for the C-terminal aspar-
agine to be positioned for metal coordination.

While CtCBM35-Gal displays some components of the cal-
cium binding pocket of Chi-CBM35 in its structure, there are two
key structural differences that explain its inability to utilize the
metal ion directly in ligand recognition. First, the “Asp/Asn”
residue in Chi-CBM35 (Asn33) is replaced with Gly39 in
CtCBM35-Gal. This amino acid substitution not only removes
one of the calcium ligands (Od1 of Asn33 in Chi-CBM35) but
also reduces the torsional constraints on the next residue, Trp40,
allowing the side chain to rotate 180° relative to Tyr34, the
equivalent residue in Chi-CBM35. This structural transition has
two effects. First, the bulky side chain occupies the equivalent
space utilized by the coordination pocket within the uronic acid
binding CBM35s. Second, while the carbonyl of Tyr34 in Chi-
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N140
D29 i W108

W80

FI1GURE 3: Three-dimensional crystallographic structure of C-CBM35-
Gal. (A) Cartoon representation of CtCBM35-Gal. The color scheme is
ramped from the N-terminus (blue) to the C-terminus (red). The
structural calcium is shown as a magenta sphere and the bound
magnesium as a silver sphere. Structural alignment of CtCBM35-Gal
(green) (B) and Chi-CBM35 (yellow) (C). Amino acids involved in
binding uronic acids in Chi-CBM35 are labeled and aligned with
binding site residues in CtCBM35-Gal. The coordinated calcium in
Chi-CBM35 is represented as a magenta sphere.

CBM35 can coordinate with the calcium, the backbone oxygen of
Trp40 in CtCBM35-Gal is angled in the opposite direction,
toward the core of the protein, and is therefore unable to interact
with a potential metal ion (see Figure 3). The second feature of
CtCBM35-Gal that leads to the loss of calcium binding is the
insertion of two residues (Ile41 and Gly42) between the conserved
Tyr/Thr and Asn residues (Asnd3 in CtCBM35-Gal and Asn36 in
Chi-CBM35). The insertion of an additional residue results in the
translation of Asn43 out of proximity to where the metal binding
site would lie. Thus, despite the high degree of sequence identity,
the only components of the calcium binding site that are
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Ficure 4: Model of the a-galactosyl 1,6-mannoside complex displayed in a cartoon (A) and solvent accessible surface (B) format. The putative
hydrogen bonds selected on the basis of atomic distances (2.5—3.5 A) and appropriate geometries are represented with yellow dashed lines.

structurally conserved in CtCBM35-Gal and Chi-CBM35 are
Asn140 and Asn122, respectively.

Despite differences in calcium coordination at the ligand
binding site, several of the residues in Chi-CBM35, which make
polar contacts with the uronic acids, are conserved in CtCBM35-
Gal (Asn122/Asn140 and Arg68/Arg86), while the hydrophobic
platform provided by Trpl08 in Chi-CBM35 is structurally
equivalent to Trp92 in CtCBM35-Gal (Figure 3). It would appear,
therefore, that the inability of CtCBM35-Gal to recognize uronic
acids exists primarily because of the loss of calcium coordination in
the ligand binding site. However, many of the remaining features
of the ligand binding site of CtCBM35-Gal, which are conserved in
the uronate-specific CBM335s, are harnessed by the clostridial
protein in Gal recognition, as discussed below.

Model of Gal Recognition by CtCBM35-Gal. The speci-
ficity determinants that distinguish the target ligand of CtCBM35-
Gal from other neutral sugars that interact with similar modules
are the axial orientation of O4 and the o-anomer of the p-sugar.
Attempts to cocrystallize CtCBM35-Gal with target ligands were
unsuccessful. Therefore, a model of an a-1,6-galactosyl mannoside
complex was generated using GlcA from the Chi-CBM35 structure
as a superimposition scaffold (Figure 4). Although this type of
analysis is useful for identifying candidate amino acids within the
binding site of the apo structure that interact with ligand, the results
must be interpreted conservatively as the position of the galactosyl
ligand may result in subtle rearrangements of amino acids follow-
ing the binding event. Such conformational changes are rarely
observed in CBMs, although using NMR, the binding site of
CjCBM35-Man was observed to be significantly remodeled follow-
ing mannooligosaccharide binding (20, 23). Selection for the
nonreducing end of a-galactosyl residues appears to involve key
interactions with the axial 04 atom and the ON atom of Asn140 at
the binding site floor. The sugar is oriented primarily through
hydrophobic interactions between Trp40 and Trpl08, and the
planar faces of the C3—C4—C5 and O5—C1—C2 regions of Gal
in the chair conformer. The role of these two residues in directing the
axial O4 atom of Gal toward Asnl40, which is conserved across
both the CBM35 and CBM6 landscapes, is intriguing. In several
CBM6 and CBM35 proteins, the structurally equivalent Asn
(Asnl40 in CtCBM35-Gal) makes polar contacts with the equator-
ial O3 and/or O4 atom of p-xylo-, D-gluco-, and L-gal-configured
ligands (15— 18, 21). While the two aromatic residues that sandwich
the sugar are opposite each other in the CBM6s (15—17), in
CtCBM35-Gal they are staggered, and the hydrophobic contact
with the ligand may force Gal into an orientation that is optimal
for the formation of a hydrogen bond between Asn140 and the

axial O4 atom. In addition, potential hydrogen bonds between
the Tyr37 hydroxyl group and O3 and between one of the amino
groups of Arg86 and O6 of Gal would assist in orienting the
axial O4 atom to make a polar contact with Asnl40, while
projecting the a-6-linked mannosyl substituent into solvent, to
thus position the galactoside subunit such that it would be
displayed on a mannan polymer. In this model, Asn140 and
Arg86 play the same role as their structurally equivalent
residues in Chi-CBM35, while Tyr137 seals the base of the
binding pocket, which likely contributes to the selectivity for the
terminal subunits of complex carbohydrates. This residue may
also make weak apolar interactions with C6 of Gal, while also
contributing to the conformation adopted by Trp40 through
extensive hydrophobic interactions. The lack of binding of the
Y137A mutant to Gal illustrates the importance of Tyr137 to
the function of CtCBM35-Gal. In this configuration, selectivity
for a-linked galactosyl residues likely arises from the proximity
of Trp108 to the anomeric hydroxyl group as a -configured O1
glycosidic bond would clash with the surface of the protein
(Figure 4). Attempts to rotate the ligand to accommodate a f-
linkage result in the axial O4 hydroxyl encroaching upon the
hydrophobic face of Trp108. When viewed as a solvent surface
accessible model (Figure 4B), the core binding site outlets onto a
planar face of CBM35. This structural feature would accom-
modate, but not interact with, the highly polymerized (-
mannosyl backbone of galactomannan. Support for this model
is provided by the observation that the individual substitution
of all residues that are proposed to interact with the ligand
results in a substantial reduction in affinity for Gal (Table 2).
Phylogenetic Analysis of CBM35s. CBM35s are found in a
variety of modular enzymes active on the hemicellulosic and
pectic components of plant cell walls (20, 21). Consistent with the
varied specificity displayed by their cognate catalytic modules,
CBM35s have been shown to bind diverse ligands, including
uronic acids (21), f-1,3-galactan (43), the backbone of f-1,4-
mannan (23), and, in this report, the o-1,6-Gal side chains of
galactomannan. It should be emphasized, however, that gluco-
mannans, present in softwoods, are considerably more abundant
in nature than galactomannan, which is restricted to specialized
plant tissues. It is likely, therefore, that the natural ligand for
CtCBM35-Gal is galactoglucomannan and not galactomannan.
The CBM35s deploy diverse mechanisms of ligand recognition
exemplified by calcium-dependent (21) and calcium-independent
binding (23, 43). Phylogenetic—functional analysis is described
here to provide a platform for predicting the specificities of
uncharacterized CBM35 targets, thereby helping to streamline
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FIGURE §: Phylogenetic wheel diagram of family 35 CBMs. The family partitions into four major subfamilies (I—1V). General ligand specificities
for each CBM35 subfamily are labeled: galacto, manno, gluco, and urono configurations. CBM35s with known specificities are boxed, and
determined three-dimensional structures are shown with a black triangle and labeled with their corresponding PDB entry. CBM35s appended to
enzymes with characterized specificities are indicated with numbers ranging from 1 to 12. EC numbers correlate to the following enzyme activities:
(1) 3.2.1.145, galactan f3-1,3-galactosidase; (2) 3.2.1.78, mannan endo-f3-1,4-mannosidase; (3) 3.2.1.151, xyloglucan-specific endo-f3-1,4-glucanase;
(4)4.2.1, broad specificities, isomaltosyl- and glucosyltransferases predicted for CBM35s; (5) 3.2.1.59, glucan endo-o-1,3-glucosidase; (6) 3.2.1.94,
glucan o-1,6-isomaltosidase; (7) 3.1.1, carboxyesterase, pectin acetylesterase predicted for ABN54336.1; (8) 3.2.1.165, exo-$3-1,4-p-glucosami-
nidase; (9) 3.2.1.8, endo-f-1,4-xylanase; (10) 3.1.1.1, carboxyesterase; (11) 3.2.1.55, o-N-arabinofuranosidase; (12) 4.2.2.2, pectate lyase.
Homogeneous clustering patterns of S. globis and Listeria enzymes are indicated with one asterisk; heterogeneous clustering of C. thermocellum
ABNS53341 CBM35s is indicated with two asterisks, and the blended pattern of D. turgidum ACK42012 is indicated with three asterisks.

the future analysis of new CBM35s of biological and industrial
significance.

In total, 139 CBM35 primary structures were retrieved from
the CAZy database (/2) and analyzed using MUSCLE version
3.52 (35), a program used for large-scale multiple-sequence
alignments. On the basis of protein sequence relatedness, family
35 partitions into four major subfamilies (I-IV). Functional
predictions for each subfamily are based upon the distributions of
CBM35s with known specificities, including carbohydrates with
galacto (1), manno (11), gluco (I11), and uronate (IV) configura-
tions (Figure 5). The analysis reveals several enzymes that contain
multiple copies of CBM35s that cluster into different subfamilies
(Figure 5), suggesting that these modules display diverse specifi-
cities. For example, ABN53341, the enzyme encoding C+CBM35-
Gal, is a predicted xylosidase from C. thermocellum ATCC
27405. Besides CtCBM35-Gal, which falls into the galacto cluster
(subfamily I), the protein also contains a second CBM35 that
is positioned within the gluco cluster [subfamily III]. This type
of sequence pattern [previously termed heterogeneous cluster-

ing (19, 24)] suggests a more complex mode of substrate targeting
as the diverse combination of CBM specificities would be
selective for regions of heterogeneity in carbohydrate structure.
Heterogeneous clustering represents a significantly different
binding mechanism from “homogeneous clustering” (19, 24) in
which multiple CBM35s, such as those appended to GH3l
catalytic modules from Listeria sp. and Sporosarcina globispora,
cluster as tandem pairs within the tree, thus displaying the most
similarity to each other (19, 24) (Figure 5). Homogeneous
clustering is indicative of a composite CBM assembly tailored
to bind a structurally similar multivalent ligand and enhance
overall affinities of the modular enzyme for substrate regions
through avidity effects (39, 40). There is also an enzyme which
possesses CBM35s that deploys a blended pattern of clustering
(Figure 5). ACK43012, a potential mannanse from Dictyoglomus
turgidum DSM 6724, contains three CBM335s, two modules,
which fall into the manno cluster (subfamily II, homogeneous
clustering), and one that falls into the galacto cluster (subfamily I,
heterogeneous clustering). This observation indicates that the
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Table 4: Interactions of C;CBM35-Man with Mannosyl-Containing Oligo- and Polysaccharides

relative affinity as

determined by AGE

K, (x10°M™h

determined by NMR

CjCBM35-Man galactomannan glucomannan mannohexaose mannopentaose
wild type 1 1 1.1 10.0
Q32A 0.95 0.80 nd® 10.0
YG60A nb* nb* 0.33 0.33
K63A nb* nb* nd” 0.014
DI108A 0.081 0.06 1.7 0.67
WI109A nb* nb* nb* nb*
Y111A 0.017 0.04 nd” 0.13
NI113A 0.761 0.51 2.0 2.5

“No binding detected. “Not determined.
Galactomannan No ligand

1 23 456 7 8

rl_ o

R

r

123 4567 8

FIGURE 6: Affinity gel electrophoresis of the wild type and mutants of C;/CBM35-Man against 0.8% galactomannan. Lanes 1—38 contained wild
type, Q32A, Y60A, K63A, D108A, W109A, N113A of CJCBM35-Man, and BSA as a negative control, respectively. The distances migrated by
the CBMs (r) relative to the reference noncarbohydrate binding protein (BSA) (R) were measured on the no ligand gel and on gels containing a
range of different ligand concentrations. These data were used to determine the relative affinity of each mutant for galactomannan compared to

that of the wild type.

CBMs of this enzyme likely target distinct carbohydrate struc-
tures and enhance binding affinity through avidity effects.
Demonstration of these possibilites still awaits further investiga-
tion.

Insights into Mannosyl Recognition by C;CBM35-Man.
One of the phylogenetic subfamilies of CBM35 targets -1,4-
mannan, and the NMR solution structure and binding properties
of one of its members, C;CBM35-Man, have been reported
previously (20, 23). NMR chemical shifts identified amino acids
within the potential binding site of C;CBM35-Man that were
likely candidates in mannopentaose recognition (23). The envir-
onment of these residues, however, may have been influenced by
conformational changes associated with ligand binding and not
through direct interactions with the mannose polymer. To further
characterize the underlying mechanism of ligand recognition by
CjCBM35-Man, site-directed mutagenesis was used to generate
the following mutants of the protein: Q32A, Y60A, K63A,
DI108A, WI09A, Y111A, and N113A (Table 4). The binding
properties of these mutants were characterized by NMR shifts
and affinity gel electrophoresis (Figure 6). The data (Table 4)
showed that only GIn32 and Asn113 did not appear to play an
important role in ligand recognition. GIn32 aligns with polar
amino acids from other CBM35 structures that are involved in
binding target ligands; however, in CJCBM35-Man, this residue

is distal to the modeled core binding site and most likely does not
interact directly with the ligand. In contrast, the retention of
mannan and mannohexaose recognition by the N113A mutant is
surprising. This amino acid aligns with the highly conserved
asparagines (equivalent to Asnl40 in CtCBM35-Gal) found
within the core binding site of virtually all other CBM35s and
in site 1 of the related CBMO6 family (15—18, 21, 24). In known
structures, as discussed above, the asparagine makes direct
hydrogen bonds with O3 and/or O4 of the bound ligand and is
a major component of the core binding site. Furthermore, the
chemical shift of the asparagine changes significantly when the
protein is bound to mannohexaose. It is hard to determine,
therefore, why mutating this amino acid would have such a
minimal effect on the binding affinity for galactomannan and
mannooligosaccharides. Possibly, the contribution to binding
energy by Asnll3 may be compensated by multiple subsites
present within this module. Indeed, favorable increases in affinity
were observed for mannohexaose compared to mannopentaose,
suggesting a minimum of six subsites. In contrast, each of the
other mutations had noticeable effects on the binding properties
of the protein. Replacing Tyr60 with alanine eliminated binding
of gluco- and galactomannan in affinity gels and resulted in
an ~30-fold loss of affinity for mannopentaose in solution.
Mutation of amino acids within the C;CBM35-Man C-terminus



6202  Biochemistry, Vol. 49, No. 29, 2010

A

Correia et al.

Bl m1 B2 P3 po6
Chi_CBM35 =9 (( =——pr w— TT TT = — ——

1 10 E_20
Chi_CBEM35 DY|[CJAEDAT/I[VQGAVE|S GY TGTGF[VMY] [VVVE
Rhe CBM35 IY/QAEDAI|IJYNAILE[T GY TGS CY[VN¥H LIFR
Xyl_CBM35 QERAQAGFCRVDGTIDNNHTGFTGSGFANT LTIR
Pel CBM35 EESAVGFCSNSGVIDN GYTGTGE] AQIR
Gal_CBM35 EAFDPANT[GGAAVRORDNARZSGGQY[V|GW MVVQ
Man_CBM35 YTAASASI|TAPAQLV. .. ...... GNVGEL INLT

*-.___—
D1D2 B
CcCBM6 X3S v[SEsE . . . . d&TEr s EEEEpiEFVERE . . ET VYERRDF G . DEVIGGF ORRVEYSEIT JGGN
7 8 9
Chi_CBM35 B »TT & —> TT B =
70 80 90 100

Chi_CBM35 LDFSVNG.SISASGVAFGS . IP[AIWT TIK TV RV TR
Rhe_CBM35 [RPMR[ITVNG.NIVKPSMDEVS . NEAG I VIANEANIQ
Xyl CBM35 GSLVINGGSNGNYTVS|LPT . QT/AT I DVDRAVIQ
Pel CBM35 [RRAT[VVVN..DSQIKTLKE[PT. QTVNVD|I[PpAKAfe
Gal_CBM35 [RlvCS|ISVNG..GPEKGHY|FEN . T Y[RT|D I ID[V|YPANIA
Man_CBM35 NTLVMDG. . .TALSYAF[AE . 2 YWVQT. . . KTHSA

+ A ELOOPC_:
CcCBM6 1EIRIDSEST . .EruiETcrvacHGDECER D AR C TGS GVIEK HDMY LVF KGD S GEJL FRIIN W [TF

Ay
1Y
1
1
1
1
1
1
I
r

e

P

cmm———T

FIGURE 7: Structural conservation within the binding site of family 35 CBMs. (A) Primary structure alignments of CBM35s with known three-
dimensional structures. Amino acids that operate as functional hot spots conserved within family 6 CBMs (A—E) and the basic (+) and metal
binding sites (dashed line) unique to CBM35s are labeled below the sequences. CcCBMG6 is provided as a reference alignment for family 6 CBMs
and is aligned with Gal-CBM35. The functional Tyr37 unique to CJCBM35-Man is indicated with a black triangle. (B) Structural superimposition
of CBM35s displayed in a cartoon format in which the amino acids involved in binding site formation are displayed as sticks and metal ions as
spheres. Regions of functional residues are circled with dashed lines and labeled. Color scheme: green for Chi-CBM35, yellow for Rhe-CBM35,
orange for Xyl-CBM35, purple for Pel-CBM35, silver for CtCBM35-Gal, and cyan for CJCBM35-Man.

(Aspl08, Trpl109, and Tyr111) and Lys63, which aligns with the will play a role equivalent to that of the conserved arginine pre-

functional arginine found within the uronate binding CBM35s,
compromised ligand recognition and in some cases completely
ablated binding affinity. While it is tempting to predict that Lys63

sent in CfCBM35-Gal and the uronate binding CBM35s, where
it targets O6, the lysine adopts a conformation different from
that of the conserved basic residue. Thus, in CjCBM35-Man,
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Lys63 extends into solvent away from the core binding site. The
role of this amino acid in binding, confirmed by site-directed
mutagenesis, may result from the aliphatic portion of the side
chain helping to nestle against the hydrophobic planar face of the
sugar rings. This observation underlines the biological signifi-
cance of the location and chemistry, in addition to the functional
plasticity, of the basic amino acids at this position.

Conserved Mechanisms of Ligand Selection within
CBM35 and CBMG6. Primary structure analysis and conserva-
tion of the overall fold suggest that CBM 35 is distantly related to
CBM6. CBM35s, however, lack key aromatic residues that
contribute to ligand specificity and binding energy, and while
two ligand binding sites have been identified in CBM6s, to date, a
single binding site has been observed in CBM35 proteins
(equivalent to site I in CBM6s) (20). Within CBMS6, site I has
been dissected into five key molecular regions (A—E) that
contribute to affinity and specificity (24).

Comparison of the five characterized regions (A—E) in
CBMG6s with the three-dimensional structures of CBM35 demon-
strates that there are indeed similarities between the two families
(Figure 7). Region A (aromatic residues that stack against the
two faces of a pyranose ring) is highly conserved, as CjCBM35-
Man is the only sequence without an aromatic residue in the
primary structure aligning with residues from region A in other
CBMs. Interestingly, the lack of this residue appears to be offset
by an evolutionary convergence as a structurally equivalent
aromatic residue, Tyr60, is provided from the loop connecting
p-strands 6 and 7 (the aromatic residue that comprises site A is
derived from the loops that join S-strands 8 and 9) (Figure 7). To
accommodate this rearrangement in the S-sandwich scaffold, the
trajectory of this loop in CJCBM35-Man shifts ~3.8 A from the
analogous loop in Chi-CBM35. The presence of two different
topologies to position an aromatic residue at this position
underlines the structural plasticity of CBMs in carbohydrate
recognition and the significance of region A in the binding
mechanism. Region B displays variability within CBM35s, ran-
ging from a single tryptophan in CtCBM35-Gal, to a metal
coordination site in the uronate binding CBMs, to being com-
pletely absent in CjCBM35-Man. Such structural diversity
suggests that this region is a functional hot spot that significantly
contributes to ligand selectivity in this family. By contrast, region
B in CBMG6 displays less plasticity comprising a highly conserved
aromatic residue. Indeed, the aromatic residues in regions A and
B in CBM6 contribute to a conserved mechanism for ligand
recognition in which the aromatic residues stack against the two
planar faces of the bound sugar. In CBM35s, region B is more
diverse and contributes directly to ligand specificity. Region C,
comprising an asparagine at the base of the binding site, is
invariant in both CBM6 and CBM35. Depending on the
orientation of the ligand, the residue makes critical hydrogen
bonds with O2, O3, or O4 of the central sugar. Region D
partitions into two substructures defined as D; and D,. Region
D contains a well-conserved collection of polar residues except
for CJCBM35-Man, which displays a valine. When compared to
the proposed model for CBM6 binding site prediction (24), these
CBM35 amino acid signatures suggest the polar amino acids
contribute to a pocketlike structure and the mannan-specific
CBM should display an open cleft, an observation that is
confirmed by its three-dimensional structure and biochemical
properties (23). In addition, region D is expanded in the three
uronic acid binding CBM35s to include a histidine (defined as D,
in Figure 7) that forms a hydrogen bond to O2 of the ligand.
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Loops are present in the sequence of region E in each CBM35
with a known structure; however, only CtCBM35-Gal and
CjCBM35-Man display hallmark aromatic residues, hinting at
a functional specialization in these regions. CtCBM35-Gal con-
tains a tyrosine residue (Tyr137) that is conserved within the
binding site of CBM6 from Clostridium cellulolyticum (CcCBM6).
In both structures, these tyrosines block off the binding site cleft
and contribute to specificity for the termini of complex carbohy-
drates (discussed above). The loop between f-strands 10 and 11,
or the “Ejoqp”, of CJCBM35-Man displays a functional aspartate
(Asp108) and two aromatic residues (Trpl109 and Tyrl11) that
make a contribution to mannooligosaccharide binding. These
amino acids significantly extend the wall of the binding cleft away
from its core toward the concave S-sheet. This signature motif
forms novel subsites that equip the CBM with the capacity to bind
oligosaccharides and further strengthens the correlation between
aromatic residues within the Ej,, and ligand specificity.
Conclusions. This report provides evidence that CBMs can
target the terminal o-D-Gal residues of complex polymers,
expanding further the repertoire of carbohydrates recognized
by CBMs. The likely biological targets for CtCBM35-Gal are
structural polysaccharides decorated with a-linked galactopyr-
anose residues. While CtCBM35-Gal was shown to bind to
galactomannan in this study, the natural ligand for the protein
is likely to be galactoglucomannan. The major hemicellulose in
softwoods is galactoglucomannan, while galactomannan is re-
stricted to highly specialized cell types in a restricted number of
plants and is not abundant. Cf*CBM35-Gal is a component of a
multimodular enzyme directed, by its dockerin module, to the
cellulosome, an enzyme complex that deconstructs the plant cell
wall (reviewed in ref 25). In this regard, Ct*CBM35-Gal likely
functions to localize the enzymes tethered within the cellulosome
to regions of galactomannan (or other components of the plant
cell wall that contain terminal a-p-Gal residues). The coordi-
nated functions of CBMs within the context of a multienzyme
assembly remain poorly understood, and exploring the mechan-
istic determinants of how individual modules specifically recognize
novel carbohydrate stereochemistries, linkages, and decorations is
a valuable exercise in unlocking the coordinated process of plant
cell wall turnover. An intriguing feature of C*CBM35-Gal is that,
despite retaining many features of the ligand binding site of the
cohort of uronate binding CBM35s, its specificity is very different,
targeting a neutral a-p-hexose sugar in which O4 is axial. In
conjunction with mutagenesis studies, this report reveals how
subtle changes in protein structure, even to the extent that key
residues are conserved but their orientation is modified through
flanking glycine residues, confer radical changes in ligand speci-
ficity. Within a wider context, the structure of Ct*CBM35-Gal, the
related module C;CBM35-Man, which targets the mannan back-
bone of galactomannan, and the uronate-specific CBM335s pro-
vide a framework for identifying generic specificity determinants
that extend to the related CBM6 family of modules. Due to the
discovery of novel specificities within closely related families of
CBMs and in combination with the expansion of new CBMs
identified through accelerated genomic sequencing efforts, there is
an urgent need to deploy bioinformatic tools, based on known
biochemical and structural information, for predicting the speci-
ficity of CBMs and streamlining the characterization of novel
binding mechanisms. The detection of novel CBM specificities
contributes to this iterative process and expands the available
repertoire of targeting molecules that can be harnessed in the
deconstruction of the plant cell wall. Ultimately, this will
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contribute to the exploitation of an environmentally sustainable
substrate for generation of molecules previously produced by the
petrochemical industry.
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