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One of the most intriguing features of the 90 glycoside hydrolase
families (GHs) is the range of specificities displayed by different
members of the same family, whereas the catalytic apparatus and
mechanism are often invariant. Family GH26 predominantly com-
prises�-1,4mannanases; however, a bifunctionalClostridium ther-
mocellumGH26member (hereafter CtLic26A) displays a markedly
different specificity. We show that CtLic26A is a lichenase, specific
for mixed (Glc�1,4Glc�1,4Glc�1,3)n oligo- and polysaccharides,
and displays no activity on manno-configured substrates or �-1,4-
linked homopolymers of glucose or xylose. The three-dimensional
structure of the native form of CtLic26A has been solved at 1.50-Å
resolution, revealing a characteristic (�/�)8 barrelwithGlu-109 and
Glu-222 acting as the catalytic acid/base and nucleophile in a dou-
ble-displacement mechanism. The complex with the competitive
inhibitor, Glc-�-1,3-isofagomine (Ki 1 �M), at 1.60 Å sheds light on
substrate recognition in the �2 and �1 subsites and illuminates
why the enzyme is specific for lichenan-based substrates. Hydroly-
sis of �-mannosides by GH26 members is thought to proceed
through transition states in theB2,5 (boat) conformation in which
structural distinction of glucosides versus mannosides reflects
not the configuration at C2 but the recognition of the pseudo-
axial O3 of theB2,5 conformation.We suggest a different conforma-
tional itinerary for the GH26 enzymes active on gluco-configured
substrates.

Glycoside hydrolases play a critical role in both eukaryotes and pro-
karyotes, where they fulfill numerous important functions such as sub-
strate acquisition and the remodeling of cell walls and the glycan deco-
rations of glycoproteins. Glycoside hydrolases (GH)4 are currently
grouped into almost 100 sequence-based families (1). A further com-

plexity of these GH families is that many different families, defined by
sequence, display similar three-dimensional structures and catalytic
apparatus leading to a “clan” classification, analogous to that used for
proteases. Thus, clan GH-A unites a large number of diversely related
GHs including 1, 2, 5, 10, 17, 26, 30, 35, 39, 42, 51, 53, 59, 72, 79, and 86
with a parallel divergence of substrate specificities (2). All these enzymes
adopt the same (�/�)8 fold and perform catalysis with net retention of
the configuration of the anomeric carbon via a double displacement
mechanism. Notably, the location of the catalytic apparatus is com-
pletely conserved, with the catalytic acid/base and nucleophile gluta-
mates positioned on strands �-4 and�-7, respectively (2, 3). Themajor-
ity of these enzymes possess a conserved NEP motif (occasionally, such
as in GH26, this is replaced by HEP) in which the glutamate is the
acid/base and the Asn/His interacts with the O2 of the substrate in the
critical �1 subsite, where the glycoside undergoes transition state for-
mation during glycosidic bond hydrolysis. It is, therefore, intriguing
how GH-A clan members recognize substrates differing in configura-
tion at the C2 position while maintaining similar active-center environ-
ments. This comparison is given particular poignancy by the selective
hydrolysis of mannosides, whose ground-state axial O2 renders nonen-
zymatic mannoside chemistry particularly challenging.
GH26 currently (31 May 2005) contains 63 open reading frames, the

vast majority of which are endo-�-1,4-mannanases (mannanases),
although two members of this family display �-1,3-xylanase activity (4,
5). Currently, the only reported three-dimensional structure for aGH26
member is for the Cellvibrio japonicus mannanase Man26A (6).
Man26A hydrolyzes manno-configured substrates via a B2,5 transition
state, indicating that the enzyme exploits the pseudo-axial O3 of the
transition state as an important specificity determinant and avoids
steric clashes of O2 during catalysis (7). Currently, the conformational
itinerary of GH26members that display activity against xylo- and gluco-
configured substrates is unclear. To address this question we have
screened family GH26 for enzymes that exhibit �-glucanase activity.
Here we report the cloning and overexpression of a GH26 enzyme that
displays novel activity for this family; that is, theClostridium thermocel-
lum lichenase,CtLic26A. Kinetic characterization reveals the enzyme to
be a classic mixed linkage �–1,4-�–1,3-glucanse that targets barley
�-glucan and lichenan as its primary substrates and which exhibits no
activity against �-1,4 or �-1,3 homopolymers of gluco- or manno-con-
figured polysaccharides. The three-dimensional structure of the
enzyme has also been solved in both native and inhibited forms at 1.5
and 1.6 Å, respectively. The structures shed light on the basis for sub-
strate specificity and also hint that although GH26 enzymes active on
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manno-configured substrates use a B2,5 transition state (7, 8) this is
unlikely to be the case for theGH26 enzymes active on gluco-configured
substrates. This work adds to the emerging picture (9) that the confor-
mational itinerary of glycosidases is a subtle interplay of substrate con-
figuration with enzyme three-dimensional structure, and thus, the con-
formational machinations are not conserved in different members of
the same family.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, andCultureConditions—Escherichia coli
strains XL1-Blue (Stratagene) and BL21 (Novagen) were cultured at
37 °C in Luria broth (LB) unless otherwise stated. Media were supple-
mented with 100mg/liter ampicillin or 2mg/liter 5-bromo-4-chloro-3-
indolyl �-D-galactoside to select for E. coli transformants and recombi-
nants, respectively. E. coli cells used to propagate bacteriophage were
grown on LB supplemented with 10 mM MgSO4 and 0.2% maltose and
were plated out on NZYM top agar (0.7%). The phage library was
screened for glycoside hydrolase activity as described previously (10).
The bacteriophage and plasmids employed in this work were �ZAPII
(Stratagene) and pET21a (Novagen).

Expression and Purification of CtLic26A-Cel5E Recombinant Deriva-
tives—DNA encoding CtLic26A, CtCel5, CtLic26-Cel5, and CtLic26-
Cel5E-CBM11were amplified by PCR and cloned into NheI- and XhoI-
restricted pET21a to generate pCF1, pCF2, pCF3, and pCF4,
respectively. The recombinant proteins encoded by these four plasmids
contain a C-terminal His6 tag. To generate pCF1, QuikChange site-
directed mutagenesis (primers are described in supplemental Table 1S)
of pCF1was used to introduce the authentic stop codon into lic26A, and
thus, the encoded protein (CtLic26As) does not contain a His tag.
QuikChange site-directed mutagenesis was also employed to generate
E109A and E222Amutants of CtLic26A. To express the clostridial pro-
teins, E. coli BL21 cells harboring the appropriate recombinant plasmid
were cultured in LB containing ampicillin at 37 °C to mid-exponential
phase (A550 0.6), at which point isopropyl 1-thio-�-D-galactopyranoside
was added to a final concentration of 1 mM, and the cultures were
incubated for a further 5 h. The His6-tagged recombinant proteins were
purified from cell-free extracts by immobilized metal ion affinity chro-
matography as described previously (11). For crystallization, CtLic26A
was further purified by size exclusion chromatography following the
method of Dias et al. (11). CtLic26As was purified from osmotic shock
fractions by anion exchange chromatography (12) followed by size
exclusion chromatography (11). Preparation of selenomethionine
CtLic26A followed standard procedures (11), and the protein was puri-
fied using the same procedure employed for the native enzyme except
that 10mMmercaptoethanol was included in all buffers and the purified
protein was exchanged into water containing 5 mM dithiothreitol.

Enzyme Assays—The activity of CtLic26A-Cel5E-truncated deriva-
tives against various polysaccharides was determined as described pre-
viously (11) by detecting the release of reducing sugars using the Somo-
gyi-Nelson reagent (13). Standard assays for CtLic26A were carried out
in 50 mM sodium phosphate buffer, pH 7.0, containing 1 mg/ml bovine
serum albumin at 37 °C, whereas the kinetic parameters of Cel5E were
determined in 50mM sodium acetate buffer, pH 4.5, containing 1mg/ml
bovine serum albumin also at 37 °C. To explore the pH profile of both
Cel5E and CtLic26A 50 mM sodium acetate, pH 4–6, sodium phos-
phate/citrate, pH 6–7.5, Tris/HCl, pH 7.5–8.5, and CAPS, pH 8.5–10,
buffers were used in enzyme assays that employed 0.2% lichenan as the
substrate. Kinetic parameters were determined using six substrate con-
centrations that straddled the Km value. 4-Methylumbelliferyl glu-
cosides were prepared and utilized as lichenase substrates as described
previously (14). In the case of CtLic26A, to determine activity against

4-methylumbelliferyl glucosides, product formation was monitored at
365 nm, and the concentration of 4-methylumbelliferone was calcu-
lated using a molar extinction coefficient at 365 nm and pH 7.0 of 3520
M�1 cm�1. TheKi value for Glc-�1,3-isofagomine (Glc-isoF) was deter-
mined by measuring the apparent Km for 4-methylumbelliferyl Glc-
�1,4-Glc-�1,3-Glc-MU using inhibitor concentrations ranging from
200 nM to 6 �M.

Crystallization and Data Statistics—Pure proteins as judged by SDS-
PAGEwere concentrated to 10–20mgml�1, and buffer was exchanged
into water (Sigma) using a Vivaspin 10-kDa cut-off concentrator.
CtLic26A was screened using the hanging drop vapor diffusion method
together with theHamptonCrystal screen, Crystal screen 2, andHamp-
ton PEG/Ion screen (Hampton research, Alison Viejo, CA). Drops con-
taining 1 �l of protein were mixed together with 1 or 2 �l of the mother
liquor. Initial crystals were found to grow in the CSS Crystal screen I,
condition number 12. This condition was optimized further to improve
crystal quality and the cryogenic properties, resulting in conditions of
0.2–1.2 M sodium formate, 0.1 M sodium cacodylate buffered at pH 6.5
and 5–20% polyethylene glycol 4000. A cryo-protectant solution was
produced by supplementing the mother liquor with an additional 20%
glycerol. Crystals were harvested in rayon fiber loops then bathed in
cryoprotectant solution before flash-freezing in liquidN2. Selenomethi-
onine crystals were produced in cacodylate buffer and back-soaked into
MES buffer at the same pH to remove the arsenic from the crystals (and
hence prevent the masking of the anomalous signal; arsenic and sele-
nium have similar absorption spectra at energies at the Se K edge
11.8667 and 12.6578 keV, respectively). Data were collected at the Euro-
pean Synchrotron Radiation Facility from single crystals at 120 K with a
�� of 0.5°. Non-derivative native data were collected at a wavelength of
0.9340 Å over an oscillation range of 135° on ID14–1 using an ADSC
Q4R CCD charged-coupled device detector. Selenium derivative data
were collected at a wavelength of 0.9791 Å over an oscillation range of
400° on ID29 using anADSCQ210 2D charged-coupled device detector

Structure Solution and Refinement—All data were processed and
reducedwith theHKL suite (15) orMOSFLM (16). All other computing
was undertaken using the CCP4 suite (17) unless otherwise stated.
Native CtLic26A crystals were found to belong to the space group
P212121 with the approximate cell dimensions of a� 49.8 Å, b� 63.6 Å,
and c � 100.0 Å. The structure solution of CtLic26A was solved using
SAD. Heavy atom positions were determined using SHELXD, initial
phases were calculated usingMLPHLARE, and phase improvementwas
performed with DM. 5% of the total reflections were flagged for cross-
validation before refinement, and the behavior of these data was used to
monitor the model at various stages of refinement for the weighting of
geometrical and temperature factor restraints. REFMAC (18), in con-
junction with ARP/wARP (19), was used to build the sequence into the
electron density automatically. QUANTA and X-FIT (Accelrys, San
Diego, CA)were used tomakemanual corrections to themodel. Solvent
molecules were added using X-SOLVATE and checked manually. The
structure was validated using PROCHECK (20) before deposition.

Structure Determination of a CtLic26A Complex with Glc-isoF—
CtLic26As (wild type without His tag) was concentrated to �22 mg
ml�1 in a Vivaspin 10-kDa cut-off concentrator and washed into water.
The protein was screened using the sitting drop vapor diffusionmethod
together with the Hampton Crystal screen, Crystal screen 2 and Hamp-
ton PEG/Ion (Hampton research, Alison Viejo, CA), and the CSS Crys-
tal screen I. 100-nl droplets were formed by the mosquito� (TTP
LabTech Ltd, Royston, Herts, UK) liquid-handling robot, mixing 50 nl
of protein solution with 50 nl of well solution. Initial crystals were
formed inHampton crystal screen 2, condition 26. Further optimization
of this condition in the hanging drop vapor diffusion method using 1 �l
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of protein mixed with 1 �l of well solution combined with serial streak
seeding of the resultant crystalline precipitate led to the formation of
diffraction quality, prismatic crystals in a mother liquor of 0.15 M

ammonium sulfate and 30% polyethylene glycol 5000monomethylether
buffered to pH 6.5 withMES. The crystals were harvested in rayon fiber
loops with the mother liquor providing cryoprotection before being
flash-frozen in liquid N2. Data were collected on station ID29 at the
European Synchrotron Radiation Facility from single crystals at 120K at
a wavelength of 0.9792Å; a high resolution sweepwas collectedwith��

of 0.5° over an oscillation range of 134.5°. Low resolution data were
collected with �� of 1.5° over an oscillation range of 135°.

The data were indexed and integrated with MOSFLM. The protein
was found to crystallize in space group P212121 with cell dimensions of
a � 49.27 Å, b � 63.01 Å, and c � 78.18 Å. Data reduction andmerging
were performed in SCALA. Starting phases were obtained bymolecular
replacement usingAMoRe (21) and the previous nativeCtLic26A struc-
ture as a starting model. 5% of the data were set aside for determination
ofRfree tomonitor themodel during refinement. Refinementwas under-
taken in REFMAC, and solventmolecules were added usingARP/wARP
and checked manually.

RESULTS AND DISCUSSION

Cloning and Expression of CtLic26A-Cel5E—In a previous study (22)
it was shown that a C. thermocellum cellulosomal enzyme, EGH (now
designated CtLic26A-Cel5E to reflect current nomenclature for carbo-
hydrate-active enzymes (23)), contained a GH5 and a GH26 catalytic
module and a C-terminal type I dockerin, the latter domain targeting
the enzyme to the Clostridial cellulosome. More recently a family-11
carbohydrate binding module (CBM11) in CtLic26A-Cel5E that is
located between the GH5 domain and the dockerin, which binds to
�1,4- and mixed linked �1,3-�1,4-glucans, was also identified (24) (Fig.
1). The GH5 module (Cel5E) was in preliminary data shown to display
endoglucanase activity. To characterize the properties of Cel5E inmore
detail and to determine the substrate specificity of CtLic26A, the gene,
designated celH, encoding CtLic26A-Cel5E was isolated from a
genomic library ofC. thermocellum constructed in �ZAPII by screening
for clones that displayed glycoside hydrolase activity and sequencing the
clostridial insert. The clone encoding CtLic26A-Cel5E also contained a
second putative glycoside hydrolase gene, cel5M, which is located 269
bp upstream to and transcribed in the same direction as celH. Cel5M,
encoded by cel5M, is 561 amino acids. Although the protein lacks an
obvious signal peptide and a dockerin sequence and is, thus, not a
component of the C. thermocellum cellulosome, it contains a trans-
membrane domain that extends from Leu-96 to Phe-114. The N-ter-
minal 113 residues of Cel5M exhibit no homology to sequences in
the SWISS-PROT data base, whereas the C-terminal �450 residues
displays sequence similarity with GH5 endoglucanases, exhibiting
31% identity with a Cryptococcus neoformans protein (accession num-
ber AAW44253). Interestingly, the catalytic acid-base glutamate is

replaced by glutamine (Gln-318), although the catalytic nucleophile
(Glu-443) is retained, and thus, we predict that Cel5M is unable to
hydrolyze�-glucans. It is possible that the GH5 protein displays activity
against S-linked glucosides (in GH1myrosinases the catalytic acid/base
glutamate is similarly replaced by glutamine (25)) or perhaps its true
role in the bacterium is noncatalytic as is the case with many glycoside
hydrolase family members.

Biochemical Properties of CtLic26A-Cel5E Catalytic Derivatives—
Regions of celH encoding the various modules of CtLic26A-Cel5E (Fig.
1) were amplified by PCR and cloned intoE. coli expression vectors. The
encoded recombinant proteins, which were all expressed at high levels,
were purified by immobilized metal ion affinity chromatography to
electrophoretic homogeneity. Interrogation of the biochemical proper-
ties of theCtLic26A-Cel5E derivatives shows that Cel5E displays typical
endo-�1,4-glucanase activity, hydrolyzing cellulosic substrates such as
carboxymethyl cellulose, hydroxyethyl cellulose, and �-glucans while
exhibiting very low levels of xylanase activity and no activity against
mannans and the �-1,3-glucan, laminarin (data not shown). Typical of
endoglucanases, Cel5E was considerablymore active against lichenan, a
highly accessible �-glucan, than the crystalline (and, thus, inaccessible)
substrate Avicel (TABLE ONE). CBM11 potentiated the activity of
Cel5E against the insoluble substrate Avicel but not against the soluble
polysaccharide lichenan, a feature that is common to many cellulose
binding CBMs (26–29).
CtLic26A, in contrast to Cel5E, does not exhibit any activity against

galactomannans, glucomannans, laminarin, Avicel, or soluble cellulosic
derivatives but appears to be specific for �-1,3–1,4-glucans, such as
lichenan and barley �-glucan (TABLE ONE). Although CBM11 inter-
acts with lichenan, it does not enhance the activity of CtLic26A against
this substrate, and similarly, there is no obvious synergy between the
two catalytic modules. Although the temperature optimum of both cat-
alytic modules in CtLic26A-Cel5E is �60 °C, CtLic26A and Cel5E dis-
playmaximal activity at pH7.0 and 4.5, respectively. It is unusual for two
catalytic modules in the same enzyme to display significantly different
pH optima, and the biological significance of this phenomenon is
unclear. The relative activity of CtLic26A against aryl �-glucooligosac-
charides is as follows: Glc-�1,3-Glc-MU �� Glc-�1,4-Glc-�1,3-Glc-
MU � Glc-�1,4-Glc-�1,4-Glc-�1,3-Glc-MU (TABLE ONE). Because
the lichenase displays no activity against laminaritriose (Glc-�1,3-Glc-
�1,3-Glc) the natural bond hydrolyzed by the enzyme is Glc-�1,4-Glc.
Thus, the glycone region of the substrate binding cleft of CtLic26A
accommodates a substrate that comprises (�4 to �1) Glc-�1,4-Glc-
�1,4-Glc-�1,3-Glc; Fig. 2. Such a subsite specificity reflects the struc-
tures of lichenan and barley �-glucan whose dominant repeating unit
(along with Glc-�1,4-Glc-�1,3) is Glc-�1,4-Glc-�1,4-Glc-�1,3 (30).
The relative increase in kcat/Km values from theMU disaccharide to the
tetrasaccharide suggest that the �3 subsite contributes significantly to
catalysis, as was observed previously with the structurally unrelated
lichenases from family GH16 (14). Furthermore, the higher kcat of

FIGURE 1. Schematic of the molecular architec-
ture of CtLic26A-Cel5E. The modules encoded by
the defined recombinant plasmids are indicated
with the gray and black boxes representing the sig-
nal peptide and linker sequences, respectively.
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CtLic26A against lichenan comparedwith an oligosaccharide that occu-
pies subsites �4 to �1 indicates that the enzyme contains additional
aglycone subsites, which only the polysaccharide can harness.

Three-dimensional Structure of CtLic26A—The structure of
CtLic26A was solved using single-wavelength anomalous dispersion
techniques, optimized for the ƒ�� signal of Se from a selenomethionyl-
derived form of His-tagged CtLic26A. Subsequently, an isomorphous
native form ofCtLic26A (details of data and structure quality are shown
in TABLE TWO ) was refined at 1.5-Å resolution. The structure of the
native form of the enzyme could be traced with no breaks from Ser-7 to
His-290 with the final five traceable residues from themetal affinity tag.
CtLic26A forms a (�/�)8 barrel structure, with the catalytic acid/base
(Glu-109) and nucleophile (Glu-222) on strands �-4 and �-7, respec-
tively (Fig. 3a), as is typical for enzymes classified into clan GH-A (2).
The observation that E222Awas inactive (�10�5 of wild typeCtLic26A
activity) whereas E109A displayed no activity against lichenan and a
significantly reduced kcat and Km (compared with wild type CtLic26A)
against Glc�1,4Glc�1,3Glc�MU (TABLE ONE) is entirely consistent
with Glu-222 and Glu-109 comprising the catalytic nucleophile and
acid-base residues, respectively. Another notable feature of the catalytic
apparatus of CtLic26A is that it bares a GH26 “fingerprint” in that the
residue preceding the acid/base, which interacts with the 2-position of
the substrate, is histidine (unlike other non-family 26 members of Clan
GH-A, where the residue preceding the acid is asparagine). ADALI (31)

search reveals that CtLic26A is similar to other clan GH-A glycoside
hydrolases with the closest similarity, not surprisingly, with the family
GH26 mannanase, Man26A, with which CtLic26A shares �17%
sequence identity (DALI Z score 21.6 with a rootmean square deviation
of 2.7 Å over 239 common C� positions).

Structure of a CtLic26A-Inhibitor Complex; Molecular Basis for Sub-
strate Specificity in Family GH26—The structure of the C-terminal His-
taggedCtLic26A revealed that the affinity tag of one molecule occluded
the catalytic and substrate binding center of a symmetry-equivalent
molecule. This crystal form could not be used for crystal soaking exper-
iments. Subsequently, “native” CtLic26A (CtLic26As), lacking the
C-terminal tag, through the re-introduction of authentic stop codon
was prepared for ligand binding studies. Crystals were grown in the
presence of the disaccharide competitive inhibitor Glc-isoF (32, 33)
(Fig. 2). The disaccharide competitively inhibits the lichenase at pH 7.0,
with a Ki of 1.2 �M, which is �1000-fold lower than the Km for the
corresponding substrateGlc-�1,3-Glc-�-MU. Isofagomine analogues gen-
erally bindmuchmore tightly to glycoside hydrolases than the correspond-
ing substrate, reflecting a positively charged “anomeric” nitrogen and a
strongly favorable entropy of binding (34). The structure of the inhibited
enzymecouldbe tracedwithnobreaks fromSer-7 toLeu-283.Comparison
of the complex structure with that of the native enzyme reveals the only
significant main-chain difference occurs in the loop between Glu-258 and
Trp-264, which is raised by �3.5 Å at Glu-261 to allow binding to the
affinity tag in the C-terminal-tagged protein used for the native, but not
complex structure determination. Indeed, in a subsequent structure of
non-complexed, but His-tag-less protein (not shown), the mobile loop is
indeed found to coincide with that of the inhibited enzyme.
Glc-isoF binds as expected in the �2 and �1 subsites. Extremely low

level residual electron density in the �1 subsite suggested very weak
binding of a second Glc-isoF molecule, but this could not be modeled
appropriately. In the �2 and �1 subsites, however, the electron density
at 1.6-Å resolution is unambiguous (Fig. 3b), and thus, the complex
sheds light on the crucial interactions that define substrate specificity in
GH26 (Fig. 4). In both subsites the rings lie in 4C1 (chair) conformations.
Consistent with other work (34–37), the endocyclic nitrogen of the
isofagomine moiety makes favorable interactions with both the nucleo-
phile, Glu-222, and the acid-base Glu-109. Other interactions of the�1
subsite include recognition of bothO4 andO6byGlu-261,withTyr-185
interactingwith the nucleophile (andmost-likelyO5). Phe-256 provides

TABLE ONE

Kinetic parameters of CtLic26A-Cel5E and its derivatives

Enzymes Substrate kcat Km kcat/Km

min�1

CtLic26A Lichenan 776 0.020 mg ml�1 3.9 	 104 min�1 mg�1 ml
Cel5E Lichenan 496 0.032 mg ml�1 1.6 	 104 min�1 mg�1 ml
CtLic26-Cel5 Lichenan 700 0.011 mg ml�1 6.4 	 104 min�1 mg�1 ml
CtLic26-Cel5-CBM11 Lichenan 679 0.009 mg ml�1 7.5 	 104 min�1 mg�1 ml
E109A CtLic26A Lichenan NAa NA NA
E222A CtLic26A Lichenan NA NA NA
CtLic26A Avicel NA NA NA
Cel5E Avicel 1.38 0.190 mg ml�1 7.3 min�1 mg�1 ml
CtLic26-Cel5 Avicel 1.64 0.187 mg ml�1 8.7 min�1 mg�1 ml
CtLic26-Cel5-CBM11 Avicel 20.5 0.405 mg ml�1 5.1 	 101 min�1 mg�1 ml
CtLic26A Glc�3Glc�MU 2.8 5.3 mM 5.0 	 10�1 min�1 mM�1

CtLic26A Glc�4Glc�3Glc�MU 32 87 �M 3.7 	 102 min�1 mM�1

CtLic26A Glc�4Glc�4Glc�3Glc�MU 67 42 �M 1.6 	 103 min�1 mM�1

E109A CtLic26A Glc�4Glc�3Glc�MU 0.7 3.2 �M 2.2 	 102 min�1 mM�1

E222A CtLic26A Glc�4Glc�3Glc�MU NA NA NA
aNA, no activity detected. The assay can detect activity that is �10�5 that of the wild type enzyme.

FIGURE 2. Specificity of C. thermocellum CtLic26A. Shown is a schematic diagram indi-
cating the subsite specificity (A) and the disaccharide inhibitor laminaribiose-derived
isofagomine (Ki 1.2 �M at pH 7.0) (B), which is observed binding to the �2 and �1
subsites.
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an aromatic platform which, although it does not “stack” with a ring in
4C1 conformation, may well favor binding of a distorted sugar at the
transition state (see below). Isofagomine lacks a hydroxyl at C2, but
simple modeling studies suggest that both His-108 and Tyr-115 would
interact with the O2 of a glucoside in this subsite, although the relative

contribution of these two side chains will verymuch reflect the type and
extent of substrate distortion during catalysis.
In the �2 subsite there is “tight” recognition of the sugar hydroxyls

with Glu-258 and Lys-260 interacting with O6, Glu-70 with O3 andO2,
and Tyr-115 with O2. Residues 258–261 are also positioned to prevent

TABLE TWO

X-ray data and structure quality for C. thermocellum CtLic26A
Outer resolution shell statistics are given in parentheses. r.m.s.d., root mean square deviation.

CtLic26A SeMet CtLic26A native CtLic26A Glc-IsoF

Beam line ID29 ID14.1 ID29
Wavelength (Å) 0.9791 0.9340 0.9792
Resolution of data (Å) 25-1.45 (1.5-1.45) 36-1.50 (1.5 -1.50) 40-1.60 (1.64-1.60)
Rmerge 0.054 (0.11) 0.048 (0.103) 0.060 (0.087)
Mean I/�I 27 (14) 37 (12) 26 (17)
Completeness % 96 (80) 96 (94) 99 (98)
Multiplicity 5.4 (5.0) 5.4 (5.3) 6.5 (5.3)
Rcryst 0.131 0.15
Rfree 0.154 0.18
r.m.s.d. 1–2 bonds (Å) 0.014 0.008
r.m.s.d. 1–3 bonds (°) 1.446 1.149
Average main chain B (Å2) 9 4
Average side chain B (Å2) 15 6
Average substrate B (Å2) NA 3
Average solvent B (Å2) 26 19

aNA, no activity detected.

FIGURE 3. Three-dimensional structure of C.
thermocellum Lic26A and its complex with the
laminaribio-derived isofagomine. a, protein
schematic, color-ramped from the N terminus
(blue) to the C terminus (red) with the Glc-isof
ligand in ball-and-stick. b, observed 2 Fobs � Fcalc

electron density (contoured at 1�) for Glc-isof and
the catalytic acid/base and nucleophile, Glu-109
and Glu-222, respectively. c, the overlap of the
active centers of the Glc-IsoF complex of CtLic26
(this study, gray) and the Michaelis complex of
unhydrolyzed DNP 2Fmannobioside complex of
CjMan26 (7) (yellow). CtLic26 residues discussed in
the text are labeled with the equivalent residue of
CjMan26 in parentheses. This figure, in divergent
(wall-eyed) stereo was drawn with MOLSCRIPT
(46) and BOBSCRIPT (47).
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binding of a �-1,4-linked sugar in the �2 subsite. Phe-41 provides an
aromatic platformmaking van derWaals contacts with the � face of the
glucoside. This latter interaction presumably also contributes signifi-
cantly to the recognition of laminaribiosyl moieties in subsites �2 and
�1 as the relative twist of the two sugars is very different in 1,3- com-
pared with 1,4-linked disaccharides. The �2 to �3 subsite boundary
most likely selects for a �-1,4 linkage as no binding of the Glc-Glc-isoF
trisaccharide was observed in crystal (data not shown). The structure of
CtLic26A becomes more open in this region, but the steric clashes pro-
vided by Glu-70, Trp-72, and the loop from Asn-42 to Trp-44 would
most likely all disfavor binding of a�-1,3-linked glucoside in subsite�3.
In contrast, simple docking of a �-1,4-linked glucoside suggests that it
would make no steric clashes.

Catalysis and Substrate Distortion—AlthoughGH26 is dominated by
endo-�-1,4 mannanases, two other activities have recently been
described, lichenase (this work) and �-1,3-xylanase (4, 5). The compar-
ison ofCtLic26Awith �-mannanases from this family is, therefore, par-
ticularly important from a mechanistic standpoint. The enzymatic
hydrolysis of glycosides features oxocarbenium ion-like transition states
in which the anomeric center becomes sp2-hybridized, and partial pos-
itive charge accumulates primarily across the endocyclic O5-C1 bond
(38, 39). For pyranosides such a species demands planarity of C5, O5,
C1, and C2 at or near the transition state, a situation found only in 4H3
and 3H4 (half-chair) conformations (or their closely related envelope
forms) and 2,5B and B2,5 (boat conformations) (38). In the context of
these conformational criteria, �-mannanases, exemplified by Man26A,
are a chemically fascinating group of enzymes. The Michaelis complex
of unhydrolyzed substrate was trapped on Man26A (7). It revealed an
unusual 1S5 conformation which together with the OS2 conformation
for the covalent intermediate, strongly suggested a novel conforma-
tional itinerary for these enzymes through a B2,5 transition state. Such a
transition state would have the crucial facet that it would alleviate 1,2-
cis-di-axial repulsions at the transition state by placing amanno-config-
ured O2 pseudo-equatorial while still placing the glycosidic oxygen
axial, allowing in-line nucleophilic attack. Support for these proposals
comes both from the demonstration that retaining �-mannosidases use
the reverse (OS2-B2,5) conformational pathway (40) and by otherwise
counterintuitive observations that inhibitors with in-plane substituents
at O2 are potent mannosidase inhibitors (8, 41).

We have previously proposed that a crucial structural feature that
helps discriminate between these two conformational pathways is the
recognition of O3, an atom whose position changes markedly between
4H3 and B2,5 transition states (7, 8). It may be significant that the two
enzyme activities specific for xylo- and gluco-configured substrates in
family GH26 are both �-1,3 glycosidases in which O3 is tethered to the
adjacent sugar which, in tandem with active-site topography, may leg-
islate against the sugar attaining a B2,5 transition state.

Previous comparison of family GH1 and GH5 enzymes specific for
glucosides, with closely related enzymes active on mannose-derived
substrates, suggested that changes in loop conformations around the
�1 subsite resulted in a different position for the O3-interacting side
chains and contributed to the gluco versus manno specificity. In GH26,
such loop conformational changes are not obvious, but such a structural
difference may not be as necessary because the 3-position in a �-1,3-
linked polymer is necessarily tethered. Such a hypothesis is certainly
consistent with the overlap of the catalytic centers of Man26A with
CtLic26A (Fig. 3c). In the �1 subsite, interactions around O2, C1, and
O5 are invariant; in particular, the positions of catalytic acid (Glu-109)
and nucleophile (Glu-222), the O2-interacting His-108 and Tyr-185 are
all near identical between the manno- and gluco-specific enzymes. In
the �1 subsite, Trp-114 of CtLic26A lies in the same position as Trp-
217 ofMan26A, the latter known to be involved in “stacking” against the
leaving group moiety. What are indeed demonstrably different are the
interactions around O3. In Man26A, O3 is coordinated by His-143. In
CtLic26A O3 is involved in the glycosidic linkage to the �2 subsite
glucoside and, thus, makes no hydrogen bonds (�3.1 Å) to protein.
Instead, the CtLic26A �2 sugar lies both displaced 4–6 Å and rotated
almost exactly 90° relative to the �2 sugar of Man26A. Glu-70, the
residue most structurally analogous to His-153 of Man26A is then able
to coordinate the O2 and O3 of the �2 subsite sugar.

Summary—The biochemical properties of CtLic26A, thus, indicate
that the enzyme is a typical lichenase. The 63 members of GH26 pre-
dominantly display endo-�1,4-mannanase activity, whereas two
enzymes in this family hydrolyze�-1,3-xylan.CtLic26A is, thus, the first
example of a GH26 enzyme that displays lichenase activity. Inspection
of the SwissProt data base reveals a GH26 Clostridium acetobutylicum
protein (accession number Q97G16) that displays 52% sequence iden-
tity withCtLic26A. Significantly, Glu-70, Phe-41, Tyr-115, Glu-258, and
Lys260, which all play key roles in recognition of the �-1,3-linked gluco-
configured sugar in the�2 subsite of Lic26A (see below), are conserved
in the C. acetobutylicum protein, indicating that this GH26 member is
likely to display lichenase activity.
The 90 families of glycoside hydrolases provide an excellent system

for studying enzyme specificity and particularly the conformation of
sugars at and near the transition state. A defining feature of recent years
has been the realization that different enzymes may use distinct transi-
tion-state structures, all governed by the requirements for an oxocarbe-
nium ion-like species. It is clear that transition-state structure is dic-
tated both by the chemical structure of the glycon moiety itself and the
three-dimensional environment of the active center; neither facet is
dominant. For example, xyloside hydrolysis in family GH11 is believed
to go via 2,5B transition states (42), whereas in the structurally dissimilar
family GH10, a 4H3 transition state, seems more likely. Glucoside
hydrolysis likely also takes these two different transition states exempli-
fied by families GH5 (43) and GH6 (44), respectively. Similarly, manno-
side hydrolysis most likely occurs via a B2,5 transition state in �-manno-
sidase families 5 (11) and 26 (7) and �-mannosidase family GH38 (40)
but via a 3H4 conformation in family GH47 (45). Furthermore, although
many of these families are structurally quite distinct, others display a
high degree of sequence and structural similarity. �-Glycosidases from

FIGURE 4. Schematic diagram of the interactions of the C. thermocellum CtLic26A
with Glc-IsoF.
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GH5 and GH26 are particularly fascinating since these families contain
enzymes specific for both manno-and gluco-configured substrates, yet
they appear to have structural invariance around the 2-position of the
glycone in the �1 subsite. So, although in peripheral subsites substrate
specificity simply reflects recognition of the axial versus equatorial
nature of 4C1 (chair)-conformed glycoside moieties, in the catalytic �1
subsite similar recognition apparatus aroundO2 favors binding of tran-
sition states in which O2 lies pseudoequatorial, 4H3 for glucosides and
B2,5 for mannosides. GH5 and GH26 present different evolutionary
routes to solve the conformational aspects of catalysis. In mannosidases
in these two families the O3-interacting residue favors binding of a
pseudoaxial O3 at the B2,5 transition state, and this residue is indeed
displaced for the glucosidases from this family. Such features need not
apply to the GH26 enzymes specific for gluco-configured substrates,
exemplified byCtLic26Ahere, since all non-mannosidases in this family
reported thus far are active on �-1,3-linked substrates in which O3 is
bonded to the adjacent sugar. The different yet complementary strate-
gies adopted throughout evolution by glycosidases not only reveal how
three-dimensional structure and substrate reactivity combine to allow
catalysis on different substrates but also strongly point to new and pow-
erful strategies for enzyme inhibition through conformational mimicry
with ramifications far beyond plant cell wall degradation.
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