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- Chapter 9

Production of ethanol from renewable plant biomass
and its use as an alternative fuel or as additive to tra-
ditional fuels will partially contribute to the solution
of the “global warming” problem. Biomass consists
mainly of celfulose, hemicelluloses, and lignin. The
conventional method to release the sugars in cellulose
and hemicelluloses involves acidic hydrolysis. Recent
research is focused on more “eco-friendly” enzymatic
processes involving carbohydrate active enzymes that
attack plant biomass efficiently, leading to high yields
of sugars released not only from cellulose and hemicel-
lulose, but also from pectin and other carbohydrate
polymers present in plant cell walls. The sugars are
then fermented to ethanol, In the industrial environ-
ment, strains of the yeast Saccharomyces cerevisiae
have been used. Unfortunately, S. cerevisiae ferments
only glucose, the product of cellulose hydrolysis.
Thus, xylose and other sugars, derived from hemicel-
luloses and constituting a significant part of the bio-
mass, are not fermented. Breakthroughs in fermenta-
tion technology in the past decade, i.e., the discovery
and constructions of new yeast and bacterial strains
with the ability to ferment the full spectrum of avail-
able sugars into ethanol, have led to the possible com-
mercialization of biomass conversion technology (Kerr,
2004).

Industrial enzymatic hydrolysis of plant biomass is
still more expensive than chemical hydrolysis. A search
for cellulases and other carbohydrate-active enzymes
with high specific activities and stabilities with regard
to pH and temperature is under way. In addition,
methods to recycle the enzymes are being investigated
and if successful, will make industrial processes more
productive and cost-effective. In this regard, the stabil-
ity of the carbohydrate-active enzymes for use in bio-
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reactors is one of the most important properties to be
considered for scaling up the process,

Most carbohydrate-active enzymes are modular
proteins, usually with calcium presented in some of the
domains, The final fold, enzymatic properties, and sta-
bility of these enzymes are significantly affected by spe-
cific interactions between domains. Calcium plays a
structural role and mediates proper intradomain inter-
actions. In this chapter, we focus on the contributions
that domain interactions and calcinm have on the
properties of carbohydrate-active enzymes.

PROTEIN DOMAINS: AN OVERVIEW

Many proteins in nature are constructed from a
relatively small number of domains or modules. One
domain definition reads: “Domains are topological en-
tities which, at the atomic level, exhibit more pro-
nounced interactions within the structural unit than
with other parts of the polypeptide chain® (Janin and
Wodak, 1983). Domains have an intrinsic capacity to
form their native fold spontaneously and autono-
mously, often mediate specific biological functions, and
combine to form larger multidomain proteins with seg-
regated functions. A specific domain can be found in
different proteins, and several different domains can be
found within a given protein. Proteins thus can be
viewed as being built of a finite set of domains, which
are joined together in diverse combinations. Thus, do-
mains may be considered basal units of the structure,
function, and evolution of proteins.

Domains range in size from 25 to 500 amino acid
residues, The robustness of the characteristic size of a
domain suggests a simple underlying physical principle
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that is determined by only a few parameters (Shen
et al., 2005). The optimal size of a globular protein
domain, estimated by using a sphere-packing model,
ranges from 117 to 213 residues, with an average of
165 residues. The model takes into account four pa-
rameters: (i) hydrophilic amino acid content, (ii) pro-
tein size, {iii} surface polarity, and {iv) eccentricity of a
protein. These parameters are in good agreement with
numerous experimental data {Shen et al., 2005). There
are two points of view on folding of multidomain pro-
teins: {i) simultaneous domain folding when a fong
polypeptide chain starts to fold in several places inde-
pendently (Jaenicke, 1999}, and/or (ii) sequential or co-
translational domain folding when domains fold one
by one starting with an N-terminal domain (Frydman
et al,, 1999; Maity et al., 2005; Rumbley et al., 2001).
At any rate, the modularity of proteins is a great
achievement of evolution as it minimizes protein mis-
folding due to wrong intradomain interactions and
provides biological systems with a convenient way of
presenting binding sites on a stable protein scaffold,
in the correct position of function; it also allows regu-
lation by modular rearrangement {Campbell, 2003;
Jaenicke, 1999}, '

Knowledge about modular proteins is increasing
rapidly due to good databases and more-systematic
approaches to protein expression and structure reso-
lution. Several classification systems have attempted
to combine domains sharing a similar sequence/fold.
Some of the commonly used databases are InterPro,
InterDom, ProDom, BLOCKS, Pfam, PRINTS, SBASE,
SMART, TIGRFAM, and EVEREST. Studies show that
the main task of structural biology is to move from de-
termination of structures of individual modules to the
task of assessing the ways by which these modules in-
teract and bind their various ligands, Since modules occur
in many proteins from various genomes, information
about their structure and function can have an impact
in a wide range of fields.

MODULARITY OF CARBOHYDRATE-ACTIVE
ENZYMES AND DOMAIN CLASSIFICATION

Plant biomass is composed mainly of insoluble
carbohydrates. Enzymes involved in the degradation
of these compounds display modular architecture, In
the simplest case, an enzyme is composed of only the
catalytic module. However, in most cases, catalytic
domains are surrounded by different noncatalytic an-
cillary modules, the total number of which within one
protein can be eight and even more (Ahsan et al.,
1996; Kataeva et al., 1999; Zverlov et al,, 1998). The
most common modules flanking catalytic domains
from N or C termini are carbohydrate-binding mod-

=

ules (CBMs} to bring catalytic centers in close contact
with the substrate. Other known domains are im-
munoglobulin {Ig)-like modules, fibronectin type 3
{(Fn3)-like modules now designated X-modules, a sec-
ond catalytic domain of similar or different activity, more
than one CBM of similar or different binding affinity,
and dockerin domains. The last named are found in
catalytically active subunits of exocellular protein
complexes called cellulosomes, which are produced
by many anaerobic bacteria and fungi (Bayer et al,,
2004; Doi and Kosugi, 2004; Ljungdahl et al., 2007).
The function of the dockerins is to bind the catalytic
subunits to special domains called cohesins of the spe-
cial scaffolding proteins of the cellulosomes. Dockerin
and cohesin domains are discussed in chapter 8 and
also in reviews by Bayer et al. (2000, 2004). The bio-
logical function of some domains remains unknown
{(Bayer et al., 2000, 2004; Doi and Kosugi, 2004;
Kataeva and Ljungdahl, 2003; Zverlov and Schwarz,
2007).

Several thousand sequences of carbohydrate-
active enzymes have been described. For convenience, a
classification system of catalytic domains of these en-
zymes based on amino acid sequence similarity was
constructed in the early nineties (Henrissat, 1991}, The
classification system of catalytic and CBMs is available
at the Carbohydrate-Active Enzymes (CAZy)} server
(http://afmb.cars-mys.fr/~cazy/CAZY). The database
includes glycoside hydrolases (GH) (108 families), gly-
cosyltransferases (87 families), polysaccharide lyases
(18 families), carbohydrate esterases {14 families), and
CBMs (48 families). The family classification of cat-
alytic modules and CBMs is expected to (i} aid in their
identification, (ii) predict catalytic activity or binding
specificity, (iil} aid in identifying functional residues,
{iv) reveal evolutionary relationships, and {v) be predic-
tive of polypeptide folds. The database is updated peri- .
odically and includes the GenBank/GenPept, Swiss-Prot,
and PDB/3D entries. Information regarding catalytic
domains, when they are known, includes the nature of
residues participating in catalysis, molecular mecha-
nism of the reaction, and availability of three-dimen-
sional structure. Representatives of a particular family |
have highly conserved residues involved in catalysis,
hydrolyze substrates by the same mechanism, and possess 3
a similar fold allowing a homology modeling of known
sequences (Henrissat and Davies, 2000), With a grow-
ing number of new sequences and three-dimensional :
protein structures, it has been noted that sometimes a
new sequence shares similarity to sequences of different °
families, and vice versa, i.e., sequence-unrelated pro-
teins display similar fold and mechanistic properties .
(Dominguez et al., 1995; Henrissat and Romen, 1995).
Such observations have led to the enzymes of some :
families being grouped into “clans.” :
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distinguish clearly. To further evaluate the linkers and
CBMs, the CBMs were removed and the catalytic
modules with natural linkers were fused together so
that the two linkers formed a combined linker of 88
residues in total length located between the catalytic
modules (GH6p-L3¢-Ls,-GH6,). The extended confor-
mation of the linker within the chimeric construct was
confirmed by measuring the R, value and the distance
distribution function P(r). The shape of the experi-
mental distance distribution profile P(r} indicated that
there is a distribution of conformations with various
distances between the GH6, and GH6g domains.
Interestingly, molecular modeling of the linker length
in combination with the small-angle X-ray scattering
data implied that the linker is not just an extended
polypeptide chain; it adopts a much more compact
conformation, which is the most stable. It is, however,
with a relatively low energy cost able to unwind,
forming a stretched-out longer peptide. This suggests
that the linker may function as a “molecular spring”
between the two functional domains, With regard to
cellulose hydrolysis, the linker would thus give the cat-
alytic site the ability to reach out and hydrolyze new
glycosidic bonds while the CBM is still bound to the
substrate surface {Receveur et al., 2002; von Ossowski
et al.,, 20085).

DOMAINS IN THE CLOSTRIDIUM
THERMOCELLUM CELLULOSOME

Clostridium thermocellum, a thermophilic, an-
aerobic bacterium, produces an exocellular multipro-
tein complex cellulosome highly active against plant
cell wall carbohydrates (Bayer et al., 2000). Besides
the cellulosome, the bacterium synthesizes several
noncellulosomal enzymes with different hydrolytic ac-
tivities (Zverlov and Schwarz, 2007). The assembly of
the cellulosome occurs by specific interactions be-
tween cohesin domains of scaffoldin protein GipA
and dockerin domains (DD} of the enzymes (Bayer et
al., 2000; Béguin and Lemaire, 1996). Analysis of the
whole genome of C. thermocellum revealed over 70
putative open reading frames bearing DD and several
other components without dockerins (Zverlov and
Schwarz, 2007). Below we focus on the interactions
between domains in one of the largest celluloso-
mal catalytic components, cellobiohydrolase A (CbhA)
(Schubot et al., 2004; Zverlov et al., 1998). It has re-
cently been shown to also possess endoglucanase ac-
tivity {McGrath, 2007). This enzyme is a ther-
mostable, multimodular, calcium-containing protein.
It has a molecular mass of 135 kDa and is composed
of seven modules: an N-terminal CBM4, an Ig-like
domain. a2 GH9 damain fwra BEn2olile Adammaioe %1

and X1,}, a CBM3, and a DD (Fig, 1). All modules,
except the Ig-like domain, bind calcium, One major
role of calcium is to stabilize native folds of polypep-
tides. For this reason, calcium is a constituent of
many thermostable proteins (Medved er al., 1995;
Notenboom et al., 2001; Wenk and Jaenicke, 1998,
1999). CbhA is the only C. thermocellum celluloso-
mal enzyme whose domain interactions and role of
calcium have been studied in detail by different tech-
niques including genetic manipulations, crystallogra-
phy, circular dichroism {CD) spectroscopy, and differ-
ential scanning calorimetry (DSC).

INTERACTIONS BETWEEN THREE
INTERNAL CbhA MODULES PROBED
BY CD SPECTROSCOPY

Three domains of CbhA, X1;, X1,, and CBMS3,
each bind 1 mol of calcium (Fig. 1). Expressed either
individually or in combinations X1,X1, and X1,X1,-
CBMS3, all variants, when saturated with calcium, are
designated holoproteins, When calcium is reversibly re-
moved by incubating the proteins with Chelex-100,
they are designated apoproteins, Thermal unfolding of
all variants was totally reversible (Kataeva et al.,
2003). The recorded near-UV CD spectra of domain
combinations were compared with the spectra calcu-
lated as simple weighted sums of X1; + X1, (X1,X1,
construct} and X1; + X1, + CBM3 or X1;X1, +
CBM3 (X1,X1,-CBD3 construct) {Fig. 2). In the case
of total domain independency, the recorded spectra of
X1;X1, and X1,X1,-CBD3 were expected to be equal
to the spectra calculated as weighted sums of the
recorded spectra of individual domains. When domain .
interactions induced changes in the tertiary structure, -
differences between the observed and calculated spectra
were expected. Figure 2 demonstrates that domain in :
teractions play an important role in the conformation
of X1;X1,-CBM3 either in the presence (Fig. 2B) or in
the absence (Fig. 2D) of Ca®*, As for the X1,X1, con-
struct, a considerable difference between recorded and
calculated spectra was observed in the absence of Ca®"
(Fig. 2C), whereas upon calcium binding, this differ-
ence was considerably reduced or eliminated {Fig, 24).
Thus, (i} the three domains interact, and {ii} Ca2* is in-
volved as mediator of these interdomain interactions
{Kataeva et al,, 2003),

To gain insight into the mechanisms of thermal de-
naturation of individual and linked domains, phase-
diagram {PD} analyses were performed with spectro-
scopic data. Such an analysis is extremely sensitive for
the detection of intermediate states (Kuznetsova et al.,’
2002). The essence of this method is to build up the di~
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4) {Kataeva et al., 2005). As all domains except the Ig-
like domain bind calcium (Fig. 1) {Béguin and Alzari,
1998; Henrissat and Romen, 1995), the thermal denat-
uration was studied (i} with 20 mM sodium phosphate
buffer, pH 6.0; (ii) with 2 mM calcium; and also (iii) by
heating with 2 mM EDTA. Individual domains pos-
sessed relatively independent folding since they un-
folded as cooperative units (Fig, 4A, C, E, F}. As ex-
pected, the Ig-like domain was insensitive to Ca®* and
EDTA (Fig. 4E). The effects of calcium and EDTA on
thermal denaturation of the other proteins can be sum-
marized as follows: {i) in buffer (i.e., only endogenous
calcium present), all proteins except CBM3 and
X1,X1,-CBM3 denatured less cooperatively with
lower mid-point temperature (Ty) and higher number
of cooperative units () than in the presence of Ca**;
(ii} calcium increased Ty and the cooperativeness of un-
folding; (iii) EDTA decreased Ty and, in most cases, #
values. In other words, Ca”" significantly stabilizes the
proteins. As in buffer, all constructs contain Ca®*, and
the stabilizing effect of external calcivm occurs due to
the shift of the dissociation equilibrium towards associ-

T0

[8] (deg cm? dmol™)

260 280 300 20

[8] (deg cm? dmol)

Wavelength (nm)

{81 (deg cmn® dmol'T)

18] {deg cm?® dmol!}

ation of Ca** and proteins. The higher cooperativeness
of thermal unfolding in the presence of EDTA in com-
parison to that in buffer is a result of lower heteroge-
neity of the protein population. Thermal unfolding in
buffer assumes coexistence of protein molecules (i) with
calcium bound to all binding sites, (ii) with partially
lost calcium, and (ili} without calcium. In the presence
of EDTA, only apoprotein molecules are present,
Measured calorimetric  denaturation enthalpy
(AgH)of domain combinations was higher than the
sum of AgH_ s of individual domains (Table 1), indi-
cating the importance of domain communications. The
number of cooperative units in the system 7, calculated
as AgH /AyH, yy, is often used as a measure of cooper-
ativeness of thermal transitions (Kozhevnikov et al,,
2001}, In an ideal case, the polypeptide is one coopera-
tive unit, with an # value of 1, In Table 1 the 7 values
deviate from 1. For individual domains (X1,, Ig-like,
and GH9), this means that although they preserved a
relatively independent fold, the cooperativeness of un-
folding is low. Upon gradual association of domains
(Xll, X11"X12, and X11X12—CBM3), the # value de-

260 280 300 320
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-80 T T T
250 280 300 320

Wavelength (nm)

Figure 2, Comparison of near-UV CD spectra recorded at 25°C of Fn3; , in the presence (A} and absence {C) of calcium and
of Fn3, -CBM3 in the presence (B) and absence (D} of calcium to the spectea calenlated as simple weighted sums hased on
spectra recorded for the individual domains: {Fn3; + Fn3,}2 (A and C, dotted lines} and {Fr3; + Fn3; + CBM3)3 (B and
D, dotted lines) or {Fn3;, + CBM3)/2 (B and D, dashed lines). Experimental spectra of the domain combinations Fn3;, and
Fn3; ;-CBM3 are shown with solid lines. {From Kataeva et al., 2003.}
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creases and reaches 1 in the three-domain construct
which unfolds as one cooperative unit, The large GH9
domain is the least-stable construct, with a highly asym-
metric thermogram (Fig. 4; Table 1), » value of 2.8, and
the lowest T, (68.3°C). Addition of the Ig-like domain
decreased the 7 value in buffer to 1.83, Addition of
other domains to GH9 led to an increase of coopera-
tiveness of thermal unfolding. Binding calcium further
increased the cooperativity of thermal denaturation.

¢
5 4 A
-~ Q.
T O o~
i SOy
E ; ha
g | t
¥ \
b
<204
5 \
25 - %
-3¢ r -
-8 B -4 2 0 2 4

18], (deg c® dmol™)

{61, (deg e’ dmol™)

90 g T T
20 -10 0 4¢]

(8], (deg em’® dmaot ™) '

20

[8],, (degem?® dmol ™)

Thus, in a four- and a five-domain construct, the 7 val-
ues in the presence of calcium are 1.12 and 1.86, re-
spectively. In other words, these multidomain polypep-
tides thermally unfold by a more simple mechanism
than expected from their domain architecture. This
phenomenon, first observed in some proteins from
thermophiles and called “domain coupling” (Wassen-
berg et al., 1999}, is clear evidence of domain interac-
tions,

b
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Figure 3. Phase diagrams based on [8],; versus {0],5 (see the text {or details) characterize heat-induced denaturation of differ-
ent domains of CbhA, based on the temperature-induced changes in the near-UV CP spectra of individual domains Fn3, (A),
Fn3; (B}, and CBM3 {(C} and of domain combinations Fn3,, (D) and Fa3 1,2-CBM3 (E). Data for holo- and apoproteins are
given with closed symbols and solid lines, and open symbols and dashed lines, respectively. (From Kataeva et al., 2003.)
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Figure 4. Denaturation peaks obtained for different constructs of CbhA in 20 mM sodium-phosphate buffer, pH 6.0 (A thmp_g
D} and in the presence of 2 mM Ca®" as well {E through H} or in the presence of 2 mM EDTA (I). {From Kataeva et al., 2005

SPECIFICITY OF DOMAIN INTERACTIONS:
Ig-GH?2 DOMAIN PAIR

The C. thermocellum genome encodes several cellu-
losomal subunits (proteins containing DD} with catalytic
domains belonging to family GHY. Based on different
arrangements around GHO, these enzymes have been di-
vided into two groups: {i} a2 GH9 domain is N terminal
and followed by other domains; (ii} a GHY domain is lo-
cated internally and is preceded by an Ig-like domain or
CBM-Ig-like domain pair {Zverlov and Schwarz, 2007},
The biological role of the Ig-like domain in plant cell
wall active enzymes remains unknown. The enzymes
originally lacking the Ig-like domain are enzymatically
active (Mandelman et al., 2003; Parsiegla et al,, 2002;
Sakon et al., 1997). Surprisingly, the deletion of the Ig-
like domain from the GFI9s of Cel9A and Cbha, both
belonging to group 2, resulted in a complete loss of ac-
tivity (Béguin and Alzari, 1998; Juy et al., 1992; Kataeva
et al,, 2004). In both enzymes, the characteristic linker
sequence between the Ig-like domain and the GH9 is
missing. This leads to the possibility of a tight interac-
tion between the two domains, and it has been assumed
that the inactivation of the GH9 domain upon deletion
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of the Ig-like domain occuts as a result of brea i
multiple bonding stabilizing the fold of GH9 Ir
dividually expressed, both domains were unsta
of low cooperativity {Fig. 3} (Kataeva et al
Analysis of the crystal structures of the doma
Cel9A and CbhA revealed an extensive domain
composcd of over 40 amino acid residues from
mains involved in numerous hydrophobic an
philic interactions (Kataeva et al., 2003, 2004; S
et al., 2004). Comparison of the interfaces bet
two domains revealed that 3 of 10 hydrogen
pairs were conserved in both proteins, sugges
they play an important role in the maintenan
stable domain interaction and affect the overa
the combined Ig-like and GH9 domains. Thr2.
Ig-like domain and Gly221 of the GHY domai
one of these pairs. This interaction helped to st
otherwise flexible loop, which in turn interact
other loop that is part of the catalytic domain,
and Asp264 of the Ig-like domain form two
served hydrogen bonds with Gly221 and Ty167
tively, of the GH9 domain. To alter the H- b
work between the domains and evaluate the
of domain interactions in the domain pais, th
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were replaced with alanine residues, giving a double
Mutant, T230A/D262A, and a single mutant, D264A,
Figure § shows thermograms of the Ig-GH9 domain pair
and its T230A/D262A and D264A mutants. Both mu-
tants significantly differed from the original Ig-GHY by
their denaturation temperatures (T} and calorimetric
enthalpies (AgH ). The Ty values of Ig-GH9, T264A,
and T2304/D262A were 77.9, 71.9, and 69.2°C, respec-
tively, and the AgH values were 530.5, 469.8, and
6.4 kcal/mol ?, respectively. Enzymatic properties of

£

Temperature (°C}

Figure 4. Continned

the mutants were comparable with those of the Ig-GH9.
The values of Ky and k., for Ig-GH9, D264A, and
T230A/D262A were 2.0 + 0.15,2.3 = 2,25, and 2.0 =
1.73 mM and 18.4 * 2,11, 16,7 = 2,42, and 19.0 *
2.35 s7% respectively. Correspondingly, the efficiencies
of catalysis were similar. In summary, mutation of two
and even one residue from the domain interface signifi-
cantly destabilized the combined Ig-GH9 protein struc-
ture. The data imply that the domain interactions are
very specific and cannot be transferred in artificial fusion
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Table 1. Denaturation parameters of CbhA individual domains and their combinations®

Protein Mol mass (kDa} Solvent  TF{°C)  AjHuallkcalmol™)  SAMflkeal mol™})  p{AHLJ/AH)
X1, ' 94 Buffer 77.6 110.9 1.72
CaCl, 81.3 131.8 1.26
EDTA 76.1 106.9 1.09
X1;X1, 19.6 Buffer 78.7 126.9 1.31
CaCi, 80.5 131.2 1.03
EDTA 75.2 1272 0.93
CBD3 16,4 Buffer 82.7 85.5 0.59
CaCl, 82.8 116.2 0.7
EDTA 772 101.6 ¢.74
X1,X1;-CBD3 36.5 Buffer 83.7 252.0 2124 0.99
CaCl, 84.5 239.5 2494 1.04
EDTA 77.6 261.8 228.8 0.84
Ig 1.7 Buffer 73.6 66.7 141
CaCl, 72.5 75.9 1.37
EDTA 73.8 65.7 1.29
GHY 56.9 Buffer 68.3 279.8 2.80
CaCly 74,2 353.5 1.71
EDTA 64.2 1354 .21
Ig-GHS 68.5 Buffer 77.9 565.6 346.5 1.83
CaCl, 784 396.2 429.8 1.76
EDTA 73.1 526.1 201.1 211
Ig-GH9-X1,X1, 88.4 Buffer 77 593.5 473.4 2.28
CaCl, 79.0 666.9 561.0 112
EDTA 75.7 625.5 3283 2.81
fg-GH9-X1,X1,-CBD3 105.3 Buffer 82.3 797.3 558.9 2.14
CaCl, 83.1 835.0 679.2 1.86
EDTA 77.4 734.5 429.9 2.90

“Denaturation temperature.
Calorimetric denaturation enthalpy.
“Sum of calorimetric denaturation enthalpies of individual domains,
“Number of cooperative units.
‘From Kataeva et al., 2005.

constructs (Kataeva et al., 2001a, 2001b). Finally, the
fact that the addition of each next domain to the C ter-
minus of the existing construct stabilized its structure in-
dicates that at least CbhA is folding sequentially and
each preexisting construct acts as a chaperone assisting
correct folding of each C-terminal fused domain.

BIOLOGICAL FUNCTIONS
OF INTERNAL MODULES

Although it is clear that the Ig domain stabilizes
the GH9 structure of CbhA, where they are tightly
bound to each other, and appears to retain the configu-
ration of the active site of the GH9, allowing it to be
enzymatically active {Kataeva et al., 2004; Schubot et al.,
2004), not much is known about the biological activity
of Ig-like modules in other enzymes.

CBMs are very important modules in carbohy-
drate-active enzymes. They bind to the insoluble sub-
strates and bring catalytic domains in close contact with
the substrate to hydrolyze it. The CBMs differ by bind-
ing specificity (Tomme et al., 1995). In particular, some
of them bind amorphous insoluble substrates like cellu-
lose or xylan {Brun et al., 2000; Johnson et al., 1996).
Some of the CBMs binding amorphous insoluble carbo-
hydrates also bind some soluble substrates such as sofu-
ble xylans, lichenan, laminarin, beta-glucan, mannans,
or carboxymethyl cellulose (Arai et al., 2003; Kataeva
et al, 2001a, 2001b). Other CBMs have the ability to
bind highly crystalline recalcitrant substrates (Tomme et
al., 1996). It has been shown that the binding specificity .
of CBMs depends on the topology of the binding sur-
face. In those CBMs binding amorphous soluble and in-
soluble substrates, the binding surface is a cleft accom-
modating a single carbohydrate chain (Brun et al, -
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