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Ab Initio Structure Determination and Functional
Characterization Of CBM36: A New Family
of Calcium-Dependent Carbohydrate Binding Modules

al., 1995; Tomme et al., 1988; Din et al., 1994). Single
bacterial enzymes frequently contain up to five or six
modules, sometimes more, and include at least one ca-
talytic module and multiple ancillary modules. The most
frequently occurring ancillary modules are the carbohy-
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The University of York drate binding modules (CBMs) that mediate the tight

interaction of the parent enzyme with substrate.Heslington, York YO10 5YW
United Kingdom Polysaccharides are a chemically and structurally di-

verse class of macromolecule. This complexity reflects
the large variety of monosaccharide building blocks,
the numerous glycosidic linkages that may link theseSummary
monomers, and the potential for branching and “decora-
tion.” Even a reducing hexasaccharide has over 1012

The enzymatic degradation of polysaccharides har-
potential isomers (Laine, 1994)! Plant cell walls containnesses multimodular enzymes whose carbohydrate
polysaccharides with backbones of glucose (most nota-binding modules (CBM) target the catalytic domain
bly cellulose and xyloglucan), xylose, mannose, galac-onto the recalcitrant substrate. Here we report the ab
tose, or arabinose. Frequently these backbones areinitio structure determination and subsequent refine-
decorated with sugar side chains, as exemplified byment, at 0.8 Å resolution, of the CBM36 domain of the
arabino-xylan, a xylose polymer with �-1,2 and �-1,3Paenibacillus polymyxa xylanase 43A. Affinity electro-
linked arabinose side chains. Polysaccharide back-phoresis, isothermal titration calorimetry, and UV dif-
bones may also contain a mixture of linkages, such asference spectroscopy demonstrate that CBM36 is a
with the cereal �-1,3-1,4 glucans, or a mixture of monosac-novel Ca2�-dependent xylan binding domain. The 3D
charides, such as the �-1,4 linked glucose and mannosestructure of CBM36 in complex with xylotriose and
of glucomannan. Thus, polysaccharolytic enzymes andCa2�, at 1.5 Å resolution, displays significant conforma-
their constituent CBMs must contend with great hetero-tional changes compared to the native structure and
geneity in polysaccharide structures. Biochemical stud-reveals the molecular basis for its unique Ca2�-depen-
ies have made it increasingly evident that CBMs havedent binding of xylooligosaccharides through coordi-
evolved fine specificities for particular target polysac-nation of the O2 and O3 hydroxyls. CBM36 is one of an
charides (Boraston et al., 2003a; McLean et al., 2002;emerging spectrum of carbohydrate binding modules
Carrard et al., 2000). Structural studies in tandem withthat increasingly find applications in industry and dis-
functional characterization are just beginning to unravelplay great potential for mapping the “glyco-architec-
the molecular determinants of CBM binding specificity.ture” of plant cells.

A number of CBM structures have been reported, and
these have revealed predominantly � sheet “jelly-roll”

Introduction structures. CBM “topography” matches that of the poly-
saccharide target, and aromatic residues have been

Turnover of plant cell wall material, which makes up shown to contribute significantly to binding. Hence, type
the vast bulk of biological material on the planet, is A CBMs have a flat aromatic-lined surface to match the
exceedingly important to the carbon cycle. Central to the hydrophobic surface of crystalline substrates, type B
breakdown of cell wall biomass are polysaccharolytic CBMs have open grooves to accommodate single glu-
microbes. They achieve the breakdown of polysaccha- can chains, and type C CBMs are more “lectin like” and
rides with complex systems of degradative enzymes accommodate oligosaccharides in surface pockets and
comprising glycoside hydrolases, polysaccharide ly- indentations (Boraston et al., 1999) (Figure 1). The “X9”
ases, and carbohydrate esterases. Their modular archi- domain from the Paenibacillus polymyxa xylanase
tecture is a hallmark (Gilkes et al., 1991; Henrissat and Xyn43A is of interest because of its unique characteris-
Davies, 2000). Indeed, current evidence indicates that tics. Here we show, by calorimetric and UV difference
multimodularity is crucial to the efficient hydrolysis of methods, that it is a Ca2�-dependent xylan binding do-
plant cell wall polysaccharides, which are otherwise main. The structure has been solved ab initio by direct
quite recalcitrant to degradation (Bolam et al., 1998; methods, at 1.2 Å, using a SeMet derivatized form of
Boraston et al., 2003a; Charnock et al., 2000; Ali et al., the protein and subsequently refined in native form at
2001; Zverlov et al., 2001; Maglione et al., 1992; Hall et 0.8 Å resolution. Analysis of a form cocrystallized in

the presence of xylotriose reveals both conformational
*Correspondence: davies@ysbl.york.ac.uk changes and the molecular basis for the Ca2� depen-
2 Present address: Department of Biological Sciences, Lancaster dence of ligand binding: one of the xylose residues is
University, Lancaster, LA1 4YQ, United Kingdom. coordinated to this Ca2� via its O2 and O3 hydroxyls.
3 Present address: Department of Biochemistry & Microbiology, Uni- We propose that the family of X9 domains be renamed
versity of Victoria, P.O. Box 3055 STN CSC, Victoria, British Colum-

in accordance with standard practice in the field nowbia, V8W 3P6, Canada.
that the carbohydrate binding properties of a family4 Present address: EMBL Grenoble Outstation BP. 181, 38042 Greno-

ble Cedex 9, France. member have been demonstrated. Thus the “CBM36”
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tity with family 6 CBMs, and a C-terminal module, here
called CBM36. This latter module has sequence similar-
ity with a family of modules of unknown function that
occur exclusively in enzymes whose catalytic domains
either have been shown to have xylanolytic activity or
have been assigned as xylanases through sequence
similarities (Figure 2). That noncatalytic modules ap-
pended to plant cell wall degrading enzymes are fre-
quently carbohydrate binding, and the conservation of
a number of aromatic residues (the signature motifs of
polysaccharide recognition [Boraston et al., 1999]), led
us to hypothesize that CBM36 modules are xylan bind-
ing CBMs.

CBM36 Is a Ca2�-Dependent Xylan Binding CBM
Initial preliminary experiments using qualitative affinity
electrophoresis (data not shown) showed that migration
of CBM36 through native polyacrylamide gels, loaded
with the appropriate polysaccharide, was slowed. CBM36
could thus be shown to bind tightly (i.e., large change
in apparent mobility) to the polysaccharides glucurono-
xylan and arabino-xylan, weakly to barley �-glucan
[�-(1,3)(1,4)-glucan] and glucomannan (konjac) (i.e.,
small change in mobility), and not at all to derivatized
cellulose (hydroxyethyl cellulose) or galactomannan
(carob). This suggested that CBM36 was primarily a
xylan binding CBM.

In order to quantify the binding of CBM36 to ligands
and investigate the role of calcium in binding, isothermal
titration calorimetry and UV difference spectroscopy
were employed. Initial preparations of CBM36 that were
extensively dialyzed against 50 mM potassium phos-
phate buffer yielded very small heats when xylooligosac-
charides were titrated into this protein, and the data
could not be confidently analyzed. This was anomalous
for CBMs, which typically have large enthalpies of bind-
ing and, thus, yield large, significant heats in the calori-
meter. Based on suspicions raised by the identification

Figure 1. Three Classes of Carbohydrate Binding Modules of a metal ion in the putative binding site of the CBM36
CBMs have been grouped intro three “types” on the basis of topog- structure (see below), the ITC was subsequently per-
raphy and binding properties of the domain (Boraston et al., 1999). formed in the presence of 2 mM CaCl2, which then
Type A CBMs (for example, CBM1, 1cbh.pdb) bind via a flat planar

yielded larger heats (Figure 3). The thermodynamic val-surface which is complementary to the surface of crystalline cellu-
ues and stoichiometries (with C � 1, where C � Ka �lose; type B CBMs (for example, CBM4, 1gu3.pdb) display an open
[CBM] � n ) could be obtained for xylopentaose andgroove that can accommodate a single glucan chain, while type C

CBMs (for example, CBM13, 1mc9.pdb) are more “lectin like.” This xylohexaose with reasonable confidence (using the
figure was drawn with PyMOL (DeLano Scientific; http://pymol. method of Wiseman et al., 1989) (Table 1). In the case
sourceforge.net/). of xylotetraose, the low C values demanded that the

stoichiometry be fixed at 1 and then analyzed by the
same method.

structure, reported here at 0.8 Å resolution, is the first The binding constants for CBM36 increase with oligo-
structural representative of an emerging group of metal saccharide length up to xylohexaose, the longest oligo-
ion dependent CBMs. Calcium-gated binding suggests saccharide tested. This dependence on ligand length
that these CBMs may have potential applications in af- has been observed with many other CBMs (for exam-
finity labeling. ples, see Charnock et al., 2000; Tomme et al., 1996;

Boraston et al., 2000). Under the experimental condi-
tions, binding was dominated by a favorable change inResults and Discussion
enthalpy (�H) that was partially offset by an unfavorable
change in entropy (�S), another feature common to CBMXylanase 43 from Paenibacillus polymyxa

Xyn43 is a three-module protein comprising an N-ter- interactions with soluble glycans (for examples, see
Charnock et al., 2000; Boraston et al., 2002). C valuesminal family GH43 catalytic module with xylanase/arabi-

nofuranosidase activity (Gosalbes et al., 1991; Morales for binding to polymeric xylans were �1, and thus while
generating affinity constants of �4 � 103 M	1 and �7 �et al., 1995), an internal module having amino acid iden-
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Figure 2. CBM36 and Its Occurrence in En-
zymes

(A) The modular structure of Paenibacillus
polymyxa Xyn43. Domain boundaries are
given by amino acid sequence number above
the module schematic.
(B) Alignment of modules showing significant
identity with CBM36. Entries are as follows:
PpCBM36 from Paenibacillus polymyxa Xyn43
(GenBank accession no. X57094), DtCBM36
from Dictyoglomus thermophilum xylanase
11 (U76545), CspCBM36 from Caldicellulosi-
ruptor sp. Rt69B.1 xylanase 11 (AF036925),
B_YA-335 from Bacillus sp. (strain YA-335)
xylanase 11 (X59059), and B_41M-1 from
Bacillus sp. (strain 41M-1) xylanase 11
(AB029319).

103 M	1 for wheat arabinoxylan and birchwood glucuro- ure 4) and, thus, indicative of a structural rearrangement
involving tryptophan residues caused by the removal ofnoxylan, respectively, we could not deconvolute en-

thalpy and stoichiometry with confidence. the bound metal ions. In order to assess the influence
of stripping bound metal ions from the ligand-boundThe sensitivity of UV-absorbing amino acid side

chains to ligand binding was investigated by UV differ- form of CBM36, the last difference spectrum, a CBM36
(with 10 mM calcium)-xylotriose complex perturbed byence studies. Three UV difference spectra were col-

lected: (1) CBM36 (with 10 mM calcium) perturbed by the addition of EDTA (spectrum 3), was collected (Figure
4). This spectrum was very similar to spectrum 2 (i.e.,the addition of excess xylotriose, (2) CBM36 (with 10

mM calcium) perturbed by the addition of EDTA, and dominated by tryptophan signal); however, the 285 nm
peak of this difference spectrum had an additional small(3) a CBM36 (with 10 mM calcium)-xylotriose complex

perturbed by the addition of EDTA. CBM36 (with 10 mM shoulder at �282 nm, which was likely due to a small
difference in tyrosine signal caused by the dissociationcalcium) perturbed by the addition of excess xylotriose

(spectrum 1) showed peaks and troughs that were diag- of xylotriose concomitant with stripping the bound metal
ions. This was investigated by subtracting spectrum 3nostic of tyrosine side chains moving into a more apolar

environment (Figure 4). This is consistent with the xylo- from spectrum 2, which should isolate any UV difference
signal unique to the dissociation of xylotriose and, there-triose-complexed structure of CBM36 (discussed be-

low) that shows two tyrosyl groups being shielded from fore, should approximate the inverse of spectrum 1.
Indeed, the result of this was the inverse of the xylotri-solvent by the bound ligand. Interestingly, the UV differ-

ence spectrum of CBM36 (with 10 mM calcium) per- ose-induced UV difference spectrum (Figure 4) and sug-
gestive of the movement of tyrosyl side chains into aturbed by the addition of EDTA to 25 mM (spectrum 2)

showed a difference spectrum similar to the DMSO- more polar environment upon addition of EDTA, which
was entirely consistent with the dissociation of xylotri-perturbed N-acetyl-tryptophan difference spectrum (Fig-
ose caused by the stripping of calcium from CBM36 by
EDTA.

Quantitative UV difference titrations in the absence
and presence of EDTA also allowed us to quantify the
binding of short ligands to CBM36, which was not possi-
ble by ITC due to the low C values and very small heats.
The affinity of CBM36 (with 10 mM calcium) for xylotriose
thus measured is 1.1 (
0.1) � 103 M	1. When EDTA was
included at 25 mM, the affinity was reduced to the point
where it was not quantifiable; however, the measure-
ment of a UV difference signal did suggest a small de-
gree of interaction (Figure 4C). Overall, these results
demonstrated the dependence of ligand binding by
CBM36 on the presence of calcium.

Ab Initio Structure Solution of CBM36
Initial crystals of native CBM36 were obtained from 1.6

Figure 3. Isothermal Titration Calorimetry Isotherms of CBM36 M magnesium sulfate and 0.1 M MES (pH 6.5) and dif-
Binding to Ligands

fracted beyond 1.5 Å using CuK� radiation. In order to
The experimental conditions were 200 �M of CBM36 binding to facilitate structure solution, the SeMet form of CBM36
xylohexaose in 50 mM potassium phosphate buffer (open circles)

was prepared but did not crystallize under the sameand in 50 mM HEPES buffer with 2 mM CaCl2 (closed circles). The
conditions nor in standard screening using commercialsolid lines show the fit of a one binding site model to the data

obtained in HEPES buffer. crystal screens. Crystals of SeMet CBM36 were there-
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Table 1. Xylooligosaccharide Binding Properties of CBM36

Ligand Ka (� 10	3 M	1) �G (kcal/mol) �H (kcal/mol) �S (kcal/mol/K) n

Xylohexaose 13.0 (
 1.1) 	5.6 (
 0.1) 	8.1 (
 0.5) 	8.4 (
 1.6) 0.8 (
 0.0)
Xylopentaose 7.3 (
 1.1) 	5.3 (
 0.1) 	8.4 (
 0.1) 	10.5 (
 0.4) 0.9 (
0.0)
Xylotetraose 3.2 (
 0.1) 	4.8 (
 0.3) 	8.1 (
 0.1) 	11.0 (
 0.5) 1a

Experiments were done in 50 mM HEPES (pH 7.5) supplemented with 2 mM CaCl2 at 25�C. Errors represent the standard errors obtained from
nonlinear fitting.
a This n value was fixed at unity during the analysis.

fore obtained by “streak-seeding” of crushed native teraction with Glu18. All of these interacting partners
are conserved in CsCBM6-3. The second metal is coor-crystals into preequilibrated hanging droplets under

identical conditions as used for the native enzyme (see dinated by the main chain carbonyl of Tyr40, OD1 from
Asp121, and four solvent molecules. Geometry and BExperimental Procedures and Figure 5).

Single crystals of SeMet CBM36 diffracted to 1.0 Å value singly suggest that this is a Mg2� ion, presumably
from the 1.6 M MgSO4 of the crystallization conditions.at the Daresbury Synchrotron Radiation Source (SRS) on

beamline PX 9.6. Data were collected, at a wavelength Metal ion coordination distances are shown in Figure 7.
This metal site is that occupied by the second Ca2� ionbelow that of the Se edge, to (partially) optimize the ƒ″

signal from the single Se site. This Se position was easily in the complex structure (discussed below), although in
that case both ligand binding and conformational rear-derived from manual inspection of the anomalous differ-

ence Patterson and was used as a starting atom for rangements contribute to markedly different coordina-
tion geometry.direct methods “ab initio” phase determination using

ACORN (Foadi et al., 2000) from the CCP4 suite (CCP4, The general fold of CBM36 shows closest similarity
to members of CBM family 6, to which it also shows the1994) (Figure 5). Outstanding phases, with a main chain

map correlation of 0.9 with the final Fobs, �calc map, led most significant sequence similarity: structural similarity
searches with DALI (Holm and Sander, 1993) reveal anto semiautomatic construction of the model (see Experi-

mental Procedures for more details). Subsequently, the overlap of 126 equivalent C-� atoms with rmsd 2.2 Å
and 20% sequence identity with representative CBM6model of CBM36 was refined against 0.8 Å native data

from the European Synchrotron Radiation Source. family members. CBM6 modules are the “outliers” for
CBM-ligand recognition. CBM6 modules consist of aThe general fold of CBM36 is similar to other short

polysaccharide CBM binders. It consists of eight � classical lectin-like �-jelly-roll that contains two poten-
tial ligand binding clefts designated clefts A and Bstrands of two antiparallel � sheets, each of four strands,

forming the classical �-jelly-roll fold observed in other (Czjzek et al., 2001; Boraston et al., 2003b). Cleft B is
the standard concave groove, but many CBM6 domainsCBMs (Figure 6). One face of the � sheet is concave,

forming a long open cleft. At a superficial structural level, interact instead via a second surface area, cleft A, which
corresponds approximately to the loop region of CBM36the fold most resembles a classical type B CBM. In the

vast majority of type B CBM structures described thus furnished with aromatic residues described above. In
order to explore ligand binding of CBM36, screening offar, the concave cleft formed by the curvature of the

barrel forms the binding site (see Figure 1, for example) complex crystals in the presence of Ca2� was under-
taken.and is appropriately equipped with aromatic residues.

This is not the case for CBM36, where instead this cleft
is devoid of the aromatic residues that are the signature
motif of CBMs. Structure of CBM36 in Complex with Xylotriose

A new crystal form of CBM36 was obtained in the pres-Both edges of the CBM36 structure consist of loops.
On one edge, three loops make a shallow cleft (�4.7 Å ence of xylotriose and added Ca2�. Electron density

for two ordered xylose moieties and a third disordereddeep). This site is furnished by the single tryptophan in
the structure, Trp121, and the aromatic side chains of group is evident in the 1.5 Å electron density map (Figure

8A). These have been assigned the numbers Xyl3, Xyl2,Tyr40, Tyr26, and Tyr123. Close to Trp121, the loop
region (Ser115-Asp116-Asp117-Gly118) is highly mo- and Xyl1 (the latter disordered) in accordance with IU-

PAC nomenclature. Given the internal symmetry of xylo-bile, with poor side chain density. Given the demon-
strated importance of these residues in binding, as indi- oligosaccharides (the only “chemical” difference be-

tween the two possible orientations is the swapping ofcated by UV difference spectra above, it was likely that
this loop region, instead of the open groove, contributed C5 with O5), it is difficult to assign the chain direction.

The orientation has been assigned solely on the behaviorto the binding site for ligands described below.
Two metal ions are found in the CBM36 native struc- of the C5 and O5 temperature factors of the central

(most well-ordered) xyloside during refinement. In theture. The first, close to the short �-helical segment, is
a calcium ion, located exactly as also seen in the chosen orientation, the C5 and O5 B values for xylosides

2 and 3 are both 24 Å2, whereas in the “reverse” orienta-CsCBM6-3 structure, described more fully below. It is
coordinated by the main chain carbonyls of Asp35 and tion the corresponding B values for C5/O5 refine to 21

and 31 Å2, respectively. The corresponding values forAsp125, the OD1 and OE1 oxygens of Asp125 and Glu16,
respectively, and a single water molecule. The classical the second xyloside are 33/31 Å2 in the “correct” orienta-

tion and 29/36 Å2 in the “reverse” orientation. We cannot,heptacoordination is completed through a bidentate in-
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calcium-dependent binding of xylo-oligosaccharides
and xylan. The central xylose moiety, Xyl2, is coordi-
nated, through both O2 and O3 hydroxyls, to a new
heptacoordinate calcium ion (Ca-2) (Figures 7C and 8A).
In the native structure, the position, but not the coordina-
tion, of this metal was taken by Mg2�. In addition to the
common coordination of this metal by the OD1 oxygen
of Asp121 and the main chain carbonyl of Tyr40, the
Ca-2 completes its equatorial plane coordination
through interactions with the OD1 oxygen of Asp116
and the main chain carbonyl of Trp120, while a solvent
water molecule completes the axial coordination (in ad-
dition to the main chain carbonyl of Tyr 40). The ordered
xylose moiety at the nonreducing end (Xyl3) makes no
direct hydrogen bonds to CBM36 in this structure; in-
stead, it is wedged between the hydrophobic side
chains of Tyr26 and Tyr40 (the latter also shielding Xyl2),
consistent with the partial burial of these residues indi-
cated by UV difference spectra (Figure 4).

Significant conformational changes, primarily in the
loop from residue 113 to 121, accompany the Ca2�-
mediated binding of xylotriose (Figure 8B). These may
result from the 4 Å movement of the side chain of Asp116
in order for it to interact with Ca-2. The most significant
side chain movement is that of Trp120, which flips some
5–10 Å in order to fill the hydrophobic void caused by
the main chain loop migration. Thus, Trp120 becomes
internalized and more buried upon complex formation.
These results are partially at odds with the UV difference
results. Such a large change in the environment of a
tryptophan upon binding, as was observed in the li-
ganded versus unliganded crystal structures, would
surely result in a noticeable tryptophan signal in the UV
difference upon addition of xylotriose to calcium loaded
CBM36. However, xylotriose binding to calcium-loaded
CBM36 only perturbs tyrosine residues. A possible con-
tributor to the observed structural change in the crystal
structures may be the presence of the magnesium,
rather than calcium, in the binding site of the native
structure. Because of the different sphere of interactions

Figure 4. UV Difference Analysis of CBM36
between Mg2� and the protein relative to Ca2�, we are

(A) Difference spectrum of N-acetyltryptophan (solid line) and
unable to state with certainty whether the movement ofN-acetyltyrosine (dotted line) perturbed in 20% DMSO.
the tryptophan residue is a ligand-induced conforma-(B) Difference spectra are as follows: difference induced by excess
tional change or whether it derives from the change inxylotriose (solid line), difference induced by EDTA (dash-dotted line),

difference induced by EDTA in the presence of excess xylotriose metal ion coordination on going from Mg2� to Ca2�.
(dotted line), and net difference of the difference induced by EDTA However, given that the UV difference results suggest
and difference induced by EDTA in the presence of excess xylotriose a strong dependence of tryptophan absorbance on the
(dashed line). Peak and trough wavelengths are indicated in both

presence of metal ions but a lack of tryptophan signalpanels.
from xylotriose binding, it would appear that the confor-(C) UV difference binding isotherms of CBM36 binding to xylotriose.
mational change is most likely a function of the bindingExperiments were performed in 50 mM Tris (pH 8.0) plus 10 mM

CaCl2 (closed circles) and in 50 mM Tris (pH 8.0) plus 10 mM CaCl2 of Ca2� rather than oligosaccharide.
and 25 mM EDTA (open circles). The solid line shows the fit of a CBM36 interacts only weakly with xylotriose (Kd �1
one binding site model. mM), and binding increases with chain-length up to oli-

gosaccharides with a degree of polymerization of at
least six (Kd for xylohexaose �70 �M). There are addi-

however, rule out the possibility that the chain binds tional hydrogen bonding residues at the reducing end
partially in the reverse orientation. where Xyl1 is currently observed but disordered. The

Xylotriose does not bind to the concave cleft B as protein surface is more extensive, but still limited, be-
observed for most CBM families. Consistent with its yond the nonreducing end as currently observed. The
structural and sequence similarity to CBM6, xylotriose structural similarity of CBM36 to CsCBM6-3 (Boraston
binds on one edge of the � sheets through a series of et al., 2003b) does not reveal any clues as to the binding
interactions with loop regions (Figures 6–8). Signifi- of longer substrates (Figure 8C). Xylotriose binds to

CsCBM6-3 (in a manner not dependent on Ca2�) in acantly, the complex reveals the basis for the unique
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Figure 5. Ab Initio Structure Solution of CBM36

The structure solution of CBM36 is notable both for the requirement to streak-seed using native crystals in order to generate SeMet crystals
and for the extremely rapid (�1 min) determination of almost perfect phases using ACORN and the anomalous Patterson-derived Se atom
position as a starting “seed.” The map shown is the 1.0 Å ACORN “E-map” with normalized structure factors as amplitudes and weighted ab
initio phases.

position displaced approximately 7 Å from that observed structures of the unbound and liganded protein revealed
a �-jelly-roll fold and a binding site at one edge of thein CBM36 (Figure 8C). Thus, the CBM36 ligand is not

exactly in cleft A but is displaced to one edge where it fold, as observed for CBM6 and as UV difference spec-
troscopy suggested, rather than across the concaveinstead interacts with the loop-coordinated Ca-2. While

Tyr40 of CBM36 is equivalent to Tyr56 of the CsCBM6 face as for most CBMs. The binding of ligands on the
nonstandard face of the CBM strengthens the similarity(where it interacts with the central xylose moiety), it is

displaced about 4 Å. between both CsCBM6-3 and CBM36 and to lectins
such as galactose and fucose specific lectins. We have
commented previously (Boraston et al., 2003b) that thisConclusions

The module of previously unknown function termed “X9” makes the distinction between “lectins” and enzyme-
bound CBMs less clear. Indeed, the difference betweenis shown to be a calcium-dependent xylan binding mod-

ule. It has therefore been renamed the CBM36 module type B and type C CBMs, described in the introduction,
is also rather blurred by these observations.in recognition of this fact. The CBM36 module from Pae-

nibacillus polymyxa xylanase 43A binds xylooligosac- As with many carbohydrate-active enzymes, P. poly-
myxa Xyn43, from which CBM36 was derived, is multi-charides and xylan chains with a low affinity that in-

creases with the length of the ligand and is driven by modular with a GH43 catalytic domain and CBM6 do-
main “upstream” of the C-terminal CBM36 module. Thefavorable enthalpy. Such low-affinity constants are typi-

cal for CBMs derived from mesophilic organisms and presence of multiple CBMs in bacterial and plant carbo-
hydrate-active enzymes is very common, and the signifi-assayed at the appropriate temperature. In contrast,

high affinities tend to be reported for those derived from cance is unclear. Often, additional binding domains gen-
erate increased affinity through avidity effects, perhapsthermophilic organisms but assayed at low tempera-

tures that (artifactually) enhance their affinity. The crystal to overcome the intrinsically low binding constants

Figure 6. 3D Structure of CBM36

Protein cartoon of the xylotriose complex of
CBM36, color-ramped from N terminus (blue)
to C terminus (red). Ca2� ions are shown as
shaded spheres, and the xylotriose is shown
in ball-and-stick representation. The clefts,
“A” and “B,” observed as ligand binding sur-
faces in CBMs from different families are indi-
cated. This figure was drawn with PyMOL
(DeLano Scientific; http://pymol.sourceforge.
net/).
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Figure 7. Schematic Diagram of the Refined
Metal Ion Coordination Geometries of CBM36

(A) Ca2� and (B) Mg2� in the native CBM36 at
0.8 Å resolution, and (C) the interactions of
the xylotriose-coordinating Ca2� (which takes
the place of the observed Mg2� of the native
structure) in the oligosaccharide complex.

phenol and chloroform (1:1) was added, and the mixture was vor-which may be needed to provide high off-rates and the
texed and then centrifuged for 30 min at 30,000 � g. This procedurepotential for diffusion over the complex plant cell wall
was repeated three times. Genomic DNA was precipitated by thesubstrates.
addition of NaCl to 0.5 M and isopropanol to 40% and then recov-

We believe that CBM36 is the first structure of a CBM ered by spooling the precipitated material onto the tip of a glass
for which Ca2�-dependent binding has been reported, Pasteur pipette. The genomic DNA was air-dried at room tempera-

ture and dissolved in TE.although recently X4/CBM35 modules have also been
shown to be Ca2� dependent (Bolam et al., 2004). Given

DNA Amplification and Cloningthe burgeoning roles of CBMs, not only in enzyme tar-
A gene fragment encoding 149 amino acid residues, 126 of whichgeting but in analysis of cellular glyco-architecture
are the C-terminal CBM36 module from P. polymyxa xylanase 43A(McCartney et al., 2004) and more tangentially in proteo-
(GenBank accession number X57094), was obtained and amplified

mic approaches such as tandem affinity purification by standard PCR procedures using P. polymyxa genomic DNA prep-
(TAP)-tagging (for example, Gavin et al., 2002), the Ca2�

aration as a template. Oligonucleotide primers were designed to
“gating” of ligand binding and subsequent elution with have 5
 NheI and 3
 HindIII restriction sites. The resulting PCR frag-

ments were digested with NheI and HindIII and ligated into pET28a,EDTA hints at new applications for this expanding and
previously digested with the same restriction enzymes, to give pET-unusual class of carbohydrate binding module.
CBM36. DNA was sequenced by the NAPS Unit (Biotechnology
Laboratory, University of British Columbia) using the AmpliTaq dyeExperimental Procedures
termination cycle sequencing protocol and an Applied Biosystems
Model 377 sequencer. The encoded polypeptides comprised a hex-Carbohydrates and Polysaccharides
ahistidine (H6) tag fused with a thrombin cleavage site to the 126Xylo-oligosaccharides, barley �-glucan, konjac glucomannan, and
amino acids of CBM36 module, respectively.carob galactomannan were purchased from MegaZyme Ltd. (Bray,

Co. Wicklow, Ireland). Birchwood xylan (Roth 7500; MW �25000)
was obtained from Carl Roth RG (Karlsruhe, Germany). Water-solu- Protein Purification

Overnight cultures of E. coli strain BL21 DE3/pET-CBM36 were di-ble xylan was prepared according to previously described proce-
dures (Blake and Richards, 1971). Hydroxyethyl cellulose was from luted 100-fold in TYP supplemented with 50 �g kanamycin/ml and

grown at 30�C to a cell density (A600nm) of �0.3. Isopropyl-1-thio-�-Sigma-Aldrich (Gillingham, U.K).
D-galactopyranoside (IPTG) was added to a final concentration of
0.1 mM. Incubation was continued for a further 6 hr at 30�C. ThePreparation of Genomic DNA

Paenibacillus polymyxa (ATCC 842) was grown for 48 hr at 30�C in cells were harvested by centrifugation (8500 � g) for 10 min at 4�C
and resuspended to about 1/50 of the original culture volume by50 ml yeast extract-phosphate medium (TYP) (Sambrook et al.,

1989). The cells were pelleted by centrifugation and washed with gentle mixing in 20 mM Tris HCl (pH 8.0) with 500 mM NaCl. Cells
were ruptured by two passages through a French pressure cell2 ml of TE (25 mM Tris [pH 8.0], 10 mM EDTA). The cells were then

taken up in 0.7 ml TE containing 50 mM glucose, 0.5% sodium (21,000 lb/in2, 147,746 kPa) or by sonication, and cell debris was
removed by centrifugation for 30 min at 27,000 � g and 4�C. CBM36dodecyl sulfate, 10 mg/ml lysozyme, and 1 mg/ml RNaseA and

incubated at 37�C for 4 hr. An equal volume of a solution containing was purified from the clarified cell extract by Ni2� affinity chromatog-
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Figure 8. Ligand Binding and Conforma-
tional Change Associated with CBM36

(A) Observed electron density for the Ca2�/
xylotriose bound to CBM36. The first xylose
at the reducing end is disordered, and only
O4 and C4 have been modeled. The map
shown is a maximum-likelihood and �A (Read,
1986) weighted 2Fo 	 Fc synthesis at 0.5 elec-
trons/Å3.
(B) Overlap of native (yellow) and xylotriose-
bound (green) CBM36 molecules showing the
conformational changes associated with the
binding of Ca2�/xylotriose compared to the na-
tive structure (in the presence of 1.6 M MgSO4).
(C) Overlap of the CBM36 complex (this work,
green) with the xylotriose complex of the
Clostridium stercorarium CsCBM6-3 (Boras-
ton et al., 2003b). The structural similarity,
including complete conservation of a “struc-
tural” calcium site, is clear, as is the similar
“cleft A” location of ligand.
These figures, all in divergent (wall-eyed)
stereo were drawn with BOBSCRIPT (A) (Es-
nouf, 1997) and MOLSCRIPT (B and C)
(Kraulis, 1991).

raphy using His-Bind resin (Novagen, Madison, WI) as a column Determination of Protein Concentration
The concentrations of purified CBM36 were determined by UV ab-matrix. Standard manufacturer recommended procedures were
sorbance (280 nm) using a calculated molar extinction coefficientused.
(Mach et al., 1992) of 13,900 M	1cm	1.Seleno-methionine-labeled CBM36 was produced using a proto-

col described elsewhere (Notenboom et al., 2001) using E. coli B834/
DE3 as the expression host. The labeled CBM36 was purified by Binding Studies
IMAC as above, except that all buffers contained 1 mM �-mercapto- Affinity electrophoresis was performed as described previously
ethanol (�ME). Purified CBM36 was exchanged into distilled water, (Tomme et al., 2000). Isothermal titration calorimetry (ITC) was per-
or distilled water with 1 mM �ME for seleno-methionine-labeled formed using a MCS ITC (MicroCal, Inc., Northampton MA). All sam-
CBM36, and concentrated in a stirred ultrafiltration unit (Amicon, ples were pH 7.5 in 50 mM Na-phosphate buffer or HEPES buffer,
Beverly, MA) on a filter with an exclusion limit of �1 kDa (Filtron, the latter being supplemented with 2 mM CaCl2. Samples were fil-

tered and degassed extensively prior to use. Titrations were per-Northborough, MA).
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Table 2. Structure Statistics

CBM36-SeMet CBM36 Native CBM36-Xylotriose

Diffraction Data

Space group P212121 P212121 P212121

Cell dimensions (Å) a � 30.7 b � 40.6, c � 82.4 a � 30.5 b � 40.2, c � 81.2 a � 38.6, b � 52.1, c � 54.8
Resolution (Å) (outer shell) 30–1.0 (1.02–1.00) 25–0.8 (0.84–0.8) 30–1.5 (1.55–1.50)
Rmerge 0.070 (0.42) 0.057 (0.37) 0.043 (0.094)
Completeness (%) 98 (77) 97 (97) 99 (97)
I/�I 25 (2) 12 (3) 27 (12)
Multiplicity 5 (2) 4 (2) 5 (3)
Radiation source SRS PX9.6 ESRF ID14-EH3 ESRF ID14-EH4
Detector ADSC Quantum-4 CCD MAR 165 mm CCD ADSC Quantum-4 CCD

Refinement

Rcryst 0.11 0.155
Rfree 0.13 0.20
Rms deviation of 1–2 bonds (Å) 0.024 0.011
Rms angle deviation (�) 1.6 1.46
Number of protein atomsa 1160 892
Number of solvent water 206 160
Number of metal ions 1 � Ca2�, 1 � Mg2� 2 � Ca2�

Mean B protein (Å2) 9 14
B value metal ions (Å2) Ca2� 6; Mg2 6 15/11
Mean B xylotriose (Å2) 28
PDB code 1W0N 1UX7

a The apparent discrepancy in the number of protein atoms reflects different modeling of disorder in the two structures.

formed at 25�C by injecting 5–10 �l aliquots of sugar solution into Crystals of native CBM36 (14.9 mg/ml) were grown using the vapor
diffusion technique from hanging drops in 1.6 M magnesium sulfatethe ITC sample cell (volume � 1.3528 ml) containing 100–200 �M

CBM36. For xylopentaose and xylohexaose, this maintained C val- and 0.1 M MES (pH 6.5). Crystals of selenomethionine CBM36 were
grown under the same conditions but required streak seeding withues (C � n � Ka � A; where n is the stoichiometry, Ka is the associa-

tion constant, and A is the CBM concentration) greater than 1. Due native CBM36 crystals to initiate crystal growth.
to constraints on protein concentration and quantities, as well as
the low affinity, the C value for xylotetraose could not be greater Structure Determination and Refinement

A single crystal of SeMet CBM36 was mounted in a Rayon fiberthan one. In this instance, the stoichiometry (n value) was fixed at
unity during the analysis. Analysis was performed essentially as loop, and X-ray data to 1.0 Å were collected at the Daresbury SRS

on beamline PX9.6 at a wavelength of 0.87 Å (Table 2). Data weredescribed by Wiseman et al. (1989).
All UV absorption experiments were performed on a Cary 300 Bio processed and reduced with the HKL suite (Otwinowski and Minor,

1997); all further computing used the CCP4 suite (CCP4, 1994) unlessUV-VIS spectrophotometer with a cell block maintained at 25�C.
Unless otherwise stated, all samples were in 50 mM Tris (pH 8.0) otherwise stated. The position of the single Se site was determined

by manual inspection of the anomalous difference Patterson (Figurewith 10 mM CaCl2. Scans were collected with a 0.2 nm interval,
a 12 nm/min scan rate, and 2.0 nm spectral bandwidth. DMSO- 6), and this position was used as a starting seed for direct methods

phasing using ACORN (Foadi et al., 2000). Ab initio phases wereperturbed difference spectra of 50 �M N-acetyltryptophan and 100
�M N-acetyltyrosine were collected as described (Boraston et al., determined (approximately 1 min elapsed time on a MAC G5) and

converged, after 51 cycles, with a correlation value for the medium2000). The UV difference spectrum of xylotriose-perturbed CBM36
was collected by taking a baseline with 400 �l of 70 �M CBM36 E values of 0.45. The initial ACORN-generated electron density map

(Fobs, PHIACORN FOMACORN), at 1.0 Å, has a mean main chain map corre-and then adding �2 mg of powdered xylotriose (final xylotriose
concentration of �12 mM), mixing, and equilibrating by inversion lation of 0.91 and side chain/water correlation of 0.71 with the com-

parable map calculated from the refined coordinates below.and then rescanning. This sample was then used for a baseline and
then was perturbed by the addition of 3 mg of EDTA to collect a REFMAC/ARP/wARP (Murshudov et al., 1997; Perrakis et al.,

1999) with the warp-N-trace option was used to automatically traceUV difference spectrum of xylotriose-ligated CBM36 perturbed by
EDTA. UV difference spectrum of EDTA-perturbed CBM36 was col- the CBM36 sequence into electron density. Optimal chain-tracing

was achieved only when the resolution was cut to 1.5 Å for the ARP/lected in a similar manner except that the xylotriose was replaced
by 3 mg of EDTA. wARP job. Following automatic docking of 119 residues, 11 internal

residues left unbuilt by ARP/wARP were added manually usingQuantitative binding studies were performed using 2 ml of 70 �M
CBM36 in a quartz cuvette with continuous stirring. Additions of a QUANTA (Accelrys, San Diego, CA), and a single Ca2� ion, one

Mg2� ion, one sulfate ion, and the selenium atom were included.50 mM solution of xylotriose were done with a micrometer driven
syringe pump. The peak-to-trough height at 287 nm and 281 nm Maximum-likelihood refinement including anisotropic refinement of

atomic displacement parameters, at 1.0 Å, with REFMAC resultedwas used to monitor binding. The isotherms were fitted as described
previously (Boraston et al., 2000). in a preliminary model (residues 3–121 inclusive, one Ca2�, one

Mg2�, one SO4
2	, 258 waters with B � 42 Å2, with Rcryst � 0.15, Rfree �

0.17) that was refined no further and instead used as the startingCrystallization of CBM36
CBM36 was prepared for crystallization by 6–12 hr treatment with model for refinement of the 0.8 Å native structure.

Native data were collected on ESRF beamline ID14-EH3 using athrombin at room temperature in 25 mM Tris HCl (pH 8.0) to remove
the N-terminal H6 tag. The free tag was removed by passing the MAR 165 mm CCD as detector (Table 2). The atomic resolution data

were collected through the use of a “swung-out” detector. Datacleavage reaction over an IMAC column. The flow through contained
polypeptides lacking the H6 tag. These were extensively dialyzed were processed and reduced using MOSFLM/SCALA (Leslie, 1992)

(Table 2). The preliminary SeMet CBM36 model, described above,against distilled water and concentrated in stirred ultrafiltration unit.
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was used as the starting point for refinement of the native structure Charnock, S.J., Bolam, D.N., Turkenburg, J.P., Gilbert, H.J., Ferreira,
L.M., Davies, G.J., and Fontes, C.M. (2000). The X6 “thermostabiliz-at 0.8 Å resolution.

CBM36 was cocrystallized in the presence of xylotriose from 25% ing” domains of xylanases are carbohydrate-binding modules:
structure and biochemistry of the Clostridium thermocellum X6b(w/v) polyethylene glycol 2000 monomethyl ether, 300 mM Na-ace-

tate, and Mes 6.5. Data for the complex, collected on ESRF beamline domain. Biochemistry 39, 5013–5021.
ID14-EH4 to 1.5 Å resolution, were processed and reduced using Czjzek, M., Bolam, D.N., Mosbah, A., Allouch, J., Fontes, C.M.G.A.,
the HKL suite (Otwinowski and Minor, 1997). The structure was Ferreira, L.M.A., Bornet, O., Zamboni, V., Darvon, H., Smith, N.L., et
solved by molecular replacement using the refined native coordi- al. (2001). The location of the ligand-binding site of carbohydrate-
nates (with metal ions and waters removed) with AMoRe (Navaza binding modules that have evolved form a common sequence is
and Saludijan, 1997) using the program-assigned default values and not conserved. J. Biol. Chem. 276, 48580–48587.
refined with REFMAC, as above.

Din, N., Damude, H.G., Gilkes, N.R., Miller, R.C., Jr., Warren, R.A.,
and Kilburn, D.G. (1994). C1-Cx revisited: intramolecular synergism
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Accession Numbers

Native and xylotriose-bound coordinates and structure factor ampli-
tudes have been deposited with the PDB (1W0N and 1UX7, respec-
tively).


