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Unique exo-Mode of Action That Is Conferred by Subtle
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The microbial degradation of the plant cell wall is a pivotal
biological process that is of increasing industrial significance.
One of the major plant structural polysaccharides is mannan, a
B-1,4-linked p-mannose polymer, which is hydrolyzed by endo-
and exo-acting mannanases. The mechanisms by which the exo-
acting enzymes target the chain ends of mannan and how galac-
tose decorations influence activity are poorly understood. Here
we report the crystal structure and biochemical properties of
CjMan26C, a Cellvibrio japonicus GH26 mannanase. The exo-
acting enzyme releases the disaccharide mannobiose from the
nonreducing end of mannan and mannooligosaccharides, har-
nessing four mannose-binding subsites extending from —2 to
+2. The structure of CjMan26C is very similar to that of the
endo-acting C. japonicus mannanase CjiMan26A. The exo-activ-
ity displayed by CjMan26C, however, reflects a subtle change in
surface topography in which a four-residue extension of surface
loop creates a steric block at the distal glycone —2 subsite. endo-
Activity can be introduced into enzyme variants through trun-
cation of an aspartate side chain, a component of a surface loop,
or by removing both the aspartate and its flanking residues. The
structure of catalytically competent CjMan26C, in complex with
a decorated manno-oligosaccharide, reveals a predominantly
unhydrolyzed substrate in an approximate S5 conformation.
The complex structure helps to explain how the substrate “side
chain” decorations greatly reduce the activity of the enzyme; the
galactose side chain at the —1 subsite makes polar interactions
with the aglycone mannose, possibly leading to suboptimal
binding and impaired leaving group departure. This report
reveals how subtle differences in the loops surrounding the
active site of a glycoside hydrolase can lead to a change in the
mode of action of the enzyme.
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The plant cell wall represents the dominant source of
organic carbon in the biosphere and as such supports many
facets of terrestrial and marine life. Access to this valuable
source of carbon is mediated by extensive microbial enzyme
consortia, which generate sugars that are utilized by micro-
bial ecosystems to the benefit of plants, mammalian herbi-
vores, and insects. These degradative enzymes are increas-
ingly deployed in industrial processes, and it is apparent that
their use in producing second generation, lignocellulose-
based, biofuels is of considerable environmental significance
(1, 2). Among the major polysaccharides in softwoods and
angiosperms are the mannans. These polysaccharides com-
prise a backbone of B-1,4-linked p-mannopyranose sugars
(known as “mannan”) or a heterogeneous combination of
B-1,4-p-mannose and -1,4-pD-glucose units (termed “gluco-
mannan”), which can be decorated with «a-1,6-galactose side
chains to yield “galactomannan” and “galactoglucomannan,”
respectively (3). For complete enzymatic degradation, the
galactose decorations are removed by a-galactosidases (4, 5),
whereas the internal glycosidic linkages in mannans are
cleaved by endo-f-1,4 mannanases into mannooligosaccha-
rides, which are subsequently hydrolyzed by (-mannosi-
dases to release D-mannose from the nonreducing end of the
oligosaccharides (6). Accessory enzymes, such as the a-gal-
actosidases are required essentially because side chains
appended to plant cell wall matrix polysaccharides restrict
the capacity of the backbone-cleaving enzymes to cleave
their target substrates. Although galactose decorations
restrict the capacity of mannanases to hydrolyze the mannan
backbone (e.g. see Refs. 7 and 8), the structural basis for this
inhibition is unknown.

In the sequence-based classification of glycoside hydrolases
(9) (recently reviewed in Ref. 10), endo-acting mannanases are
located primarily in families GH5 and GH26, whereas GH4,
GH27, GH36, and GH57 contain a-galactosidases, and B-man-
nosidases are predominantly located in families GH1 and GH2.
All of these enzymes, except a-galactosidases, belong to clan
GH-A, consistent with their (/) barrel fold, hydrolysis of the
glycosidic bond by a general acid/base-catalyzed double dis-
placement mechanism with retention of anomeric configura-
tion, and the presentation of the two catalytic residues, the acid/
base and the nucleophile at the C terminus of 3-strands 4 and 7,
respectively (11).
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With the rapid expansion of genomic sequence data, one of
the major challenges is how to harness this treasure trove of
sequence information to identify the full repertoire of catalytic
activities displayed by the different glycoside hydrolase families
and thus to inform the application of these enzymes for
improved applied purposes. Such analyses should provide a
biological rationale for the repertoire of glycoside hydrolases
produced by both prokaryotic and eukaryotic systems. Indeed,
until recently, GH26 was thought to be exclusively an endo-3-
1,4-mannanase family, but two members that display, respec-
tively, B-1,3-xylanase (12) and 8-1,4:3-1,3-glucanase activities
(13, 14) have now been described. This diversity in function is
further exemplified by the recent identification of a GH5
enzyme, CmMan5A, which, although displaying extensive
sequence identity to endo-acting mannanases, is an exo-acting
mannanase that releases mannose from the nonreducing end of
polymeric substrates (7).

The saprophytic soil bacterium Cellvibrio japonicus exem-
plifies how the analysis of the biochemical properties of glyco-
side hydrolases, revealed by the recent completion of its
genome sequence (15), will make a significant contribution to
understanding the mechanism by which the organism can uti-
lize the plant cell wall as a carbon and energy source. C. japoni-
cus synthesizes one of the most extensive mannan-degrading
systems known. The bacterium is reported to express two
GH26 and three GH5 endo-acting mannanases (8). Analysis of
the genome sequence of the bacterium revealed two additional
genes encoding the mannanases CjMan5D, which is a homo-
logue of CmMan5A, and an additional membrane-bound
GH26 enzyme, CiMan26C (15). Clones encoding CjMan26C
were not identified when genomic libraries of C. japonicus were
previously subjected to extensive screening for endo-mannan-
ase activity, suggesting that the enzyme displays unusual cata-
lytic activities.

Here we report the biochemical analysis of this novel
enzyme, CjMan26C, along with its high resolution crystal
structures. We show that the enzyme is an exo-acting mannan-
ase that releases the disaccharide mannobiose from the nonre-
ducing end of oligo- and polysaccharides, an activity not previ-
ously described in mannan-degrading systems to our
knowledge. The crystal structure shows that the substrate bind-
ing cleft adopts a blind canyon topography that presents a steric
block at the —2 glycone binding site, explaining why the
enzyme displays an exo-mode of action. Modification of the
residues that present the steric block changes the mode of
action of the enzyme from exo to endo. Additionally, the struc-
ture of the enzyme in “Michaelis complex” with decorated oli-
gosaccharide suggests a possible means by which the galacto-
side appendages are accommodated but restrict the activity of
the enzyme.

MATERIALS AND METHODS

Gene Cloning and Protein Expression—The region of the C.
japonicus mannanase gene, man26C, encoding mature
CjMan26C (residues 25-419 of the full-length enzyme), was
amplified by PCR from genomic DNA using the thermostable
DNA polymerase Pfu Turbo (Stratagene) and the primers 5'-
GCGCATATGAGCGAGAAGCCTGCAGAATCGCGG-3'
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and 5'-GCGCTCGAGGCGATACAAGGGCGGCAGCTC-3’
that contain Ndel and Xhol restriction sites, respectively,
depicted in boldface type. The DNA product was cloned into
the Ndel and Xhol sites of the Escherichia coli expression vec-
tor pET20b (Novagen) to generate pVT1. CjMan26C encoded
by pVT1 contains a C-terminal His tag.

Protein Expression and Purification—E. coli BL21 cells har-
boring pVT1 were cultured in Luria-Bertani broth at 37 °C to
midexponential phase (A4y, = 0.6), and recombinant protein
expression was induced by the addition of 1 mwm isopropyl
1-thio-B-Dp-galactopyranoside and incubation for a further 5 h
at 37 °C. CjMan26C was purified by immobilized metal ion
affinity chromatography using Talon™ resin and elution in 20
mM Tris/HCl buffer, pH 8.0, containing 300 mm NaCl and 100
mM imidazole deploying a Bio-Rad fast protein liquid chroma-
tography system. The eluted mannanase was then dialyzed
against 50 mm sodium phosphate buffer, pH 7.0. The fractions
containing the mannanase were concentrated using a 30,000
molecular weight cut-off Vivaspin 20 centrifugal concentrator.
Purified CjMan26C was judged homogenous by SDS-PAGE.

Mutagenesis—Site-directed mutagenesis was carried out
employing the PCR-based QuikChange mutagenesis kit (Strat-
agene) according to the manufacturer’s instructions, using
pVT1 as the template and primers listed in Table S1.

Enzyme Assays—Substrates used in the enzyme assays
described below were purchased from Sigma except for konjac
glucomannan, which was from Megazyme International. Dega-
latosylated carob mannan was generated from carob galacto-
mannan as described previously (8). To evaluate enzyme activ-
ity, 4-ml reactions were set up comprising 50 mm sodium
phosphate, buffer, pH 7.0, containing 1 mg/ml bovine serum
albumin and soluble or insoluble substrate at 0.04-2% (w/v).
The reaction, which was initiated by the addition of 200 wl of
appropriately diluted enzyme, was incubated at 37 °C for up to
30 min, and at regular time intervals 500-ul aliquots were
removed, and the quantity of reducing sugar was determined
(16). The nature of the products was evaluated by HPLC® (see
below). The pH profile of the catalytic activity of the mannan-
ases was determined using the following buffers: pH 3-5, 50 mm
sodium acetate; pH 5-9, 50 mM sodium phosphate; pH 9-11,
50 mm CAPSO (Sigma). To determine the reaction products
released from the mannose-containing substrates and to quan-
tify the activity of the mannanases against manno-oligosaccha-
rides, the enzymatic incubations were subjected to HPLC using
enzyme reactions described above except that the 500-ul ali-
quots were treated with alkali to inactivate the enzyme, filtered,
and then subjected to HPLC wusing an analytical
CARBOPAC™ PA-100 anion exchange column (Dionex)
equipped with a guard column. The elution conditions were as
follows: 0 —5 min, 66 mm NaOH; 5-25 min, 66 mm NaOH with
a 0-75 mm sodium acetate gradient. Sugars were detected by
pulsed amperometric detection. The catalytic efficiency of the
mannanases against manno-oligosaccharides was determined
using 20 pMm to 5 uM enzyme and a substrate concentration of 30

> The abbreviations used are: HPLC, high pressure liquid chromatography;
CAPSO, 3-(cyclohexamino)-2-hydroxy-1-propanesulfonic acid; CBM, car-
bohydrate-binding module.
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TABLE 1
Data collection and refinement statistics for C. japonicus Man26C

Apo-CjMan26C CjMan26C-mannose E338A CjMan26C-mannobiose CjMan26C-6'6>-Gal,Man,

Data collection

Space group . P2,2,2, P6,22 P6,22 P6,22
Cell dimensions (A) 52.3,83.6, 84.3 84.7, 84.7, 244.7 84.3, 84.3, 243.3 84.5, 84.5, 244.3
Resolution (A) 20-1.7 (1.76-1.70)  50-1.47 (1.52-1.47) 20-1.80 (1.86-1.80) 20-1.57 (1.63-1.57)
Roperge (%) 8.3 (48.6) 5.8 (28.7) 8.7 (41.1) 6.2 (24.6)
I/al 19.4 (3.7) 47.4(5.3) 162 (2.9) 38.4(10.4)
Completeness (%) 100 (100) 99.1 (91.7) 99.9 (100) 99.4(99.3)
Redundancy 7.0 (7.0) 9.1(7.0) 9.5(8.8) 11.3 (11.0)
Refinement
Ryord Riree . 16/19 13/16 16/18 12/15
Root mean square deviation bond lengths (A) 0.004 0.012 0.015 0.009
Root mean square deviation bond angles (degrees) 0.6 0.9 1.3 0.9
] ‘ TABLE 2
pM, and the data were fitted to the equation, k = In[S,]/[S/], Catalytic activity of (jMan26C and CjMan26A mannanases
where k = (k_,/K,,)[enzyme] X time, whereas [S,] and [S,] Substrate” kK. (GMan26C)°  k./K.. (GMan26A)"
represent substrate concentration prior to the start of the reac- T Fa—
. o . . . . min M min M
tion and at a specified time during the reaction, respectively Galactomannan 14 %10+ 09 13X 10°+ 08
17). Glucomannan 1.1 X 10* + 0.8 1.6 X 10° + 0.6
L , , -Mannan 22X 10**0.5 3.5 X 10" = 1.0
Crystallization, Data Collection, Structure Solution, and f/[annohexaose 27 % 10° + 1.5 X 10° ND*
Refinement—Pure CjMan26C was washed into 5 mm Hepes-Na Mannopentaose 3.5 X 10° = 1.2 X 10° ND ,
Mannotetraose 3.0 X 10° = 3.3 X 10° 14X 10" 28 % 102

buffer, pH 7.0, by repeated dilution (40 volumes of water) and
concentrated in a VIVASPIN 30-kDa concentrator. Crystals of
wild type CjiMan26C and the nucleophile mutant E338A were
grown by vapor phase diffusion at 18 °C using the hanging drop
method with an equal volume (1 ul) of protein (10 g/liter) and
reservoir solution comprising 100 mm sodium citrate buffer,
pH 5.6, containing 15% polyethylene glycol 3000. Crystals in the
presence of various ligands were similarly grown with the
exception that the protein solution contained 10 mM manno-
oligosaccharide. Crystals, which grew over a period of 1 week,
were cryoprotected by the addition of 20% glycerol (v/v) to the
crystallization mother liquor.

Diffraction data for four different complexes of Man26C
(native, mannose complex, manno-oligosaccharide, and
E338A-mannobiose) were collected on beamlines ID14-1 and
ID23-1 of the European Synchrotron Radiation Facility,
and data were processed in DENZO scaled with SCALEPACK
from the HKL suite (18). All other computations used programs
from within the CCP4 suite (19) unless stated otherwise. The
structures of the four CjMan26Cs were solved by molecular
replacement using the program MOLREP from the CCP4
suite with CjMan26A as the search model (Protein Data
Bank code 1J9Y). Before refinement, 5% of the observations
were chosen at random and set aside for cross-validation
analysis and to monitor various refinement strategies, such
as the weighting of geometrical and temperature factor
restraints and the insertion of solvent water during maxi-
mum likelihood refinement using REFMAC5 (20). The
structure of unliganded Man26C was observed in a different
space group, and this structure was solved, with MOLREP,
using the protein coordinates only of the mannose-
CjMan26C structure. For all structures, cycles of maximum
likelihood refinement were interspersed with manual cor-
rections of the models using COOT (21). Ligands were
incorporated toward the end of the refinement into
CjMan26C. Data processing and refinement statistics are
given in Table 1.
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Mannotriose

2.9 X 10°*£2.2 X 10°

1.8 X10°+1x 10?2

“The substrates galactomannan and glucomannan were from carob and konjac
seeds, respectively.

? For polysaccharide substrates activity is expressed as specific activity (mol of prod-
uct/mol of enzyme/min) at a substrate concentration of 2 mg ml ™',

¢ND, not determined.

RESULTS

CiMan26C Defines a New Class of Mannobiohydrolase
Activity—Recombinant CjMan26C, produced as described
under “Materials and Methods,” was active against linear and
decorated B-mannans but did not hydrolyze other plant cell
wall polysaccharides, including xylans (derived from oat
spelled, wheat, rye, or birchwood), pectins (homopolygalactu-
ronic acid and rhamnogalacturonan), or -glucans (cellulose,
hydroxyethyl-cellulose, carboxymethyl-cellulose, laminarin, or
lichenan). The CjMan26C-catalyzed hydrolysis of mannose-
based polysaccharides was slow compared with classical endo-
acting B-mannanases, such as GH5 and GH26 (8). For example,
the activities of CjMan26C against insoluble 3-mannan, carob
galactomannan and konjac glucomannan were 1.6-, 9.3-, and
14.6-fold lower than its close endo-acting homolog CjMan26A
(see below) (Table 2). CjMan26C, typical of the majority of
GH26 enzymes, is a f-mannanase (mannanase). The pH and
temperature optima of the enzyme, using galactomannan as
substrate, were pH 8.0 and 50 °C (data not shown).

CjMan26C releases only mannobiose from f[-mannan,
whereas this disaccharide and, to a lesser extent, Gal-Man,,
were generated from carob galactomannan, Fig. 1. This oligo-
saccharide fingerprint, comprising a single reaction product, is
typical of an exo-acting enzyme; endo-acting glycoside hydro-
lases typically produce a range of reaction products that vary in
size. These data all point to the novel catalytic activity of
CjMan26C. In contrast to all of the other GH26 3-mannanases
characterized to date (8, 22), which are endo-acting, CjMan26C
is not only an exo-mannanase but is to our knowledge the first
to be described that releases the disaccharide mannobiose and
not mannose. By analogy to the terminology used to describe

JOURNAL OF BIOLOGICAL CHEMISTRY 34405



Discovery and Analysis of a Novel Mannobiohydrolase

CMan26C Man 0 min
140 1407

CMan26C Gal-Vlan 0 min

|
T

-10 T T 1 10 T T T T |
0 5 10 16 20 25 0 5 10 15 20 25
Time {min) Time(min)
CMan26C Man 10 min CMan26C Gal-Man 10 min
140 140,

901

|
5 5

401 401
A'Mz/GMz
-‘II.I T T T T 1 -10 T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
Time {min) Time({min)

CMan26C Man 30 min
AM, 140,

CMan26C Gal-Man 40 min
AV,

5 8™8 &
Snc$
S

=1 T L} L} =10 1 L} Ll T 1
0 5 10 15 20 25 0 5 10 15 20 25
Time {min) Time {min)

CMan26A Man 5 min CMan26A Gal-Man 5 min

1407 1407

2

401

s "C

f =
ncs

g}

0 T T 1 -10 T T

T T T T
] 5 10 15 20 25 ] 5 10 15 20 25
Time (min) Time (min)

FIGURE 1. Hydrolysis of mannans by CjMan26C. CjMan26C (10 nm) and
CjMan26A (79 nm) were incubated with 0.2% B-mannan (Man) and galacto-
mannan (Gal-Man) in 50 mm sodium phosphate buffer, pH 7.0, containing 1
mg/ml bovine serum albumin. At regular time intervals, aliquots were
removed and analyzed by HPLC. The peaks corresponding to mannobiose
(M) and 6>-Gal-mannobiose (GM,) are indicated by arrows.

cellulose-degrading systems (see Refs. 23 and 24) for review),
CjMan26C can be defined as a mannobiohydrolase. In light of
the three-dimensional structure, described below, we can also
say that the disaccharides are liberated at the nonreducing end
of B-1,4-linked mannans and mannooligosaccharides; hence,
the enzyme is a “—2 mannobiohydrolase” in the nomenclature
advocated by Sinnott and co-workers (25).

The activity of the mannobiohydrolase against mannooligo-
saccharides showed that the enzyme released mannose and
mannobiose from mannotriose, exclusively mannobiose from
mannotetraose, mannobiose and mannotriose from manno-
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pentaose, and mannobiose and mannotetraose from manno-
hexaose, all of the expected patterns for a mannobiohydrolase.
The enzyme displays no detectable activity against manno-
biose, whereas the catalytic efficiency of CjMan26C against
mannotriose, mannotetraose, mannopentaose, and manno-
hexaose was 2.9 X 10° 3.0 X 10°% 3.5 X 10% and 2.9 X 10°
min~" M~ !, respectively (Table 2). These data show that the
enzyme contains four subsites that extend from —2 to +2, with
bond cleavage occurring between the sugars located at —1 and
+1, by definition (26). CjMan26C is an extremely efficient
enzyme, with a k_,,/K,,, against mannotetraose ~20-fold higher
than the catalytic efficiency of CjMan26A (27). Indeed, such a
k.../K,, approaches catalytic perfection in which catalysis is
limited by the diffusion rate (10° M~ ' s~ ") of molecules in aque-
ous environments (28). The enhanced activity of the mannobiohy-
drolase, compared with CjMan26A that also contains four subsites
extending from —2 to +2, appears to be conferred by the +2 sub-
site, which contributes a productive binding energy of 4.0 kcal
mol ™! to catalysis, determined from RTIn(k_,/K,, (mannote-
traose)/k.,./K,,, (mannotriose)).

To investigate the capacity of CjMan26C to accommodate
the galactosyl decorations present in galactomannan and also
the glucosyl moieties in the backbone of glucomannan, the
reaction products derived from Gal,Man, and glucomannan
were analyzed. Only mannobiose was released from glucoman-
nan, demonstrating that glucose cannot bind to the glycone
subsites, whereas the enzyme did not hydrolyze 6%6*-
Gal,Man,, indicating that either the —1 or —2 subsites cannot
accommodate mannosides decorated with galactose side
chains (data not shown).

To explore further galactose recognition, 6°6*-Gal,Mang
was partially hydrolyzed by a GH27 a-galactosidase to gener-
ate, in equal proportions, 6°6*-Gal,Man,, 6°-Gal-Man,,
6*-Gal-Mang, and mannopentaose, and the hydrolysis of these
oligosaccharides by CjMan26C was explored. The data show
that CjMan26C liberates, albeit slowly, 6'-Gal-Man,, demon-
strating that galactose can be accommodated when bound to
the mannoside at the —1 subsite (data not shown). The absence
of 6>-Gal-Man, shows that the galactose side chain is not tol-
erated at the +1 subsite.

Three-dimensional Structure of CiMan26C—The crystal
structure of CjiMan26C was solved in various apo and ligand-
bound forms (Table 1). The first to be solved, that co-crys-
tallized with mannobiose (but subsequently shown to be a
mannose complex), was determined by molecular replace-
ment, using CjMan26A as the search model, to a resolution
of ~1.5 A, from a P6,22 crystal form with approximate cell
dimensions a = b = 85, ¢ = 245 A and with one molecule in
the asymmetric unit. The structure consists of 367 amino
acids, equating to residues 53—419 of full-length (unproc-
essed) CjMan26C.

The structure of CiMan26C displays a canonical (Bg/ag)-bar-
rel topology, typical of GH26 (Fig. 2). The structure of
CjMan26C (Fig. 2A) shows a high degree of similarity with
GH26 endo-f1,4-mannanases, most notably with CjMan26A
(27, 29). Overlaying the structures of the two Cellvibrio
enzymes reveals a root mean square deviation of 1.46 A for 311
equivalent C_, atoms using SSM (30). Structural comparison
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Acid/Base
Glu221

b Acid/iBase sl Acid/Base

2 -1 l Glu221 E] -1 1 Glu221
Mucleophile Nucleophile
Glu3as Glu3as

FIGURE 2. The three-dimensional structure of CjMan26C and its complexes. A, protein schematic diagram
(divergent “wall-eyed” stereo) colorramped from N terminus (blue) to C terminus (red) with the Gal-Man,, ligand
in a ball-and-stick representation. B, electron density (0.4 electrons/A3) for mannose bound in the —2 subsite of
wild-type Man26C with the acid/base Glu-221 and the nucleophile Glu-338 shown, as are residues implicated
in the —2 exo activity. C, electron density (0.4 electrons/A3) for the mannobiose complex of the E338A variant,
in divergent (wall-eyed) stereo. D, electron density (0.4 electrons/A3), in divergent (wall-eyed) stereo, for 6'63-
Gal,Man, ligand in the —2 to +2 subsites of (jMan26C. There is very weak density, suggesting a +2 subsite
6"-galactosyl moiety, but this could not be modeled appropriately. £, “End-on” view of the distorted sugar in
the —1 subsite of CjMan26C, showing the resulting “in line” near attack geometry with the interaction of 02

with His-220 shown. This figure was drawn with BOBSCRIPT (47).

with GH26 and other clan GH-A enzymes renders it facile to
identify the catalytic acid/base and nucleophile in the double
displacement reaction as Glu-221 and Glu-338, respectively
(described more fully below). Of particular note, with respect to
exo/endo preference (described below) is the active center cleft
that is restricted at one end by the presence of an extended
16-residue loop (defined henceforth as loop 3) connecting
B-strand 2 and a-helix 3 (Fig. 3). In CjMan26A, the equivalent
loop consists of only 12 amino acids, and as a result, the sub-
strate binding cleft is open at both ends (discussed in more
detail below).

Insights into Substrate Binding, Distortion, and Catalysis
Revealed by Complex Structures of CiMan26C; Role of the —1
Subsite—The enzymes acting on mannosides, mannanases, and
mannosidases are chemically interesting, since they catalyze
nucleophilic substitution at the anomeric carbon of manno-
sides, itself a challenging reaction. Insights into the mechanism
by which CjMan26C binds to its substrate and catalyzes glyco-
sidic bond hydrolysis are revealed here by the resolution of the
structure of the enzyme in complex with mannose, of a mutant
with mannobiose, and, most insightfully, through the serendip-
itous trapping of a galactose-decorated oligosaccharide com-
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plex with what equates to 6'6°-
Gal,-Man, with the partially
ordered galactoside bound to the
—1 subsite mannoside. The +2 sub-
site shows extremely weak density
for a 6-linked galactoside, but this
cannot be modeled with any confi-
dence. This complex was obtained
through co-crystallization with com-
mercial 6'-Gal Man, (Megazyme)
and probably represents either a
slowly hydrolyzed contaminant or
perhaps an unusual species generated
by transglycosylation (as has often
been observed with amylases (31, 32),
for example). Indeed, 6'6°-Gal,-
Man, acts as a poor substrate but a

Acid/Base
Glu221

E potent inhibitor of mannohexaose

hydrolysis with a K of 20 um.

An intriguing feature of the
CjMan26C-6"6°-Gal-Man, complex,
one that is rarely observed on glycosi-
dases (a notable exception being the
chitobiose complex of the Serratia
marcescens GH20 chitobiase (33)) is
that the substrate is, to a significant
extent, uncleaved. So although den-
sity is stronger for the —2and —1 sub-
site sugars, there is a substantial pro-
portion of a “Michaelis” complex of
unhydrolyzed substrate in which
ligand binds from —2 to +2 and thus
spans the critical —1 and +1 subsites.
As a result, and consistent with cur-
rent views on glycosidase chemistry
and substrate distortion, the manno-
side at the —1 subsite is distorted to a 'S, conformation with the
resulting axial orientation for the C1-O leaving group glycosidic
bond. This is exactly the conformation observed previously on an
acid/base mutant of a endo-mannnases with aryl 2F glycoside sub-
strates (29), but here it is revealed on a wild-type active enzyme
with a sugar leaving group and no fluorine substitution in the pyr-
anose ring of the glycone sugar. The retention of uncleaved sub-
strate in the proximal active site probably reflects a partial inhibi-
tory effect of the galactose side chain at the —1 subsite. Thus, the
C2-C3 edge of the pyranose ring clashes with O2 of the mannose at
+1, which is likely to destabilize the proximal aglycone sugar,
reducing its capacity to provide productive binding energy. The
O2 of the galactose side chain also makes a hydrogen bond
with the endocyclic oxygen with the +1 mannose. Thus,
even when the initial glycosylation reaction occurs, leaving
group departure is restricted, which probably promotes
resynthesis of the glycosidic linkage through a transglycosy-
lation reaction. Thus, the galactose side chain is not only
reducing the rate of catalysis by making steric clashes but
may also have an inhibitory effect by providing a bridge
between sugars in the glycone and aglycone region of the
active site. The structure of the CjiMan26C-6'6>-Gal-Man,

Nucleophile
Glu33s
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FIGURE 3. Active center topography of amannobiohydrolase. A, the solvent-accessible surface of the substrate-
binding region of CjMan26C is shown (pale blue) in divergent (wall-eyed) stereo, with the 6'6*-Gal,Man, ligand in
licorice. Leu-129 and Asp-130, part of the loop which confers exo-specificity, are shaded yellow.
B, overlap of the exo-enzyme GjMan26C (gray, the E338A complex with mannobiose for clarity) with the endo-
enzyme GjMan26A (blue, with the “Michaelis complex” ligand, DNP-2F mannotrioside, in cyan). The GiMan26C “exo
loop” is colored yellow. This figure was drawn with PyMol (DeLano Scientific LLC; available on the World wide Web).
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FIGURE 4. Schematic diagram of the interactions of CjMan26C with manno-oligosaccharide 6'6°-
Gal,Man,. The mannoside at —1 is distorted to an approximate 'Ss conformation with a “near attack” confor-
mation for Glu-338, which is poised for in-line nucleophilic attack at the anomeric carbon withan O -C1-
Olcaving group angle of ~155°. The a-1,6-linked galactoside bound to the —1 subsite sugar exhibitsp partlal
disorder (poor electron density around C3 and C4), reflecting unfavorable steric clashes with the +1 subsite
mannose moiety. This clash is also reflected in multiple conformations for the +1 mannoside. Direct hydrogen
bonds to protein/ligand, >3.2 A, are shown with other relevant longer interactions indicated with arrows and
the appropriate distance.

transition state would place the O2
hydroxyl group of the relevant man-
noside pseudo-equatorial and avoid
troublesome steric clashes at the ano-
meric centre. In contrast, some
authors have advocated a *H,, transi-
tion state for retaining [-mannosi-
dase catalysis on theoretical
grounds (36). Such a transition
state, however, would require O4
to become pseudo axial and thus
demand a major, unprecedented
conformational change in the
enzyme in order to prevent steric
clashes of the —2 subsite sugar.
The complexes reveal the interac-
tions between the substrate and the
four subsites of the enzyme (Fig. 4).
The catalytic apparatus, which is
housed at the —1 subsite, comprises
the catalytic acid/base, Glu-221, and
nucleophile, Glu-338, which, in com-
mon with all clan GH-A enzymes, are
located at the C terminus of 3-strands
4 and 7, respectively. The identity of
the catalytic residues is entirely con-
sistent with the observation that the
mutants E221A and E338A are essen-
tially inactive (Table 3). The position
of the catalytic nucleophile is stabi-
lized through interactions with Arg-
217 and Tyr-297. The side chain of
the catalytic acid/base makes a hydro-
gen bond with the Nel of Trp-226,
which is likely to contribute to both
the position and ionization state of
this critical amino acid. His-220,
which is highly conserved in GH26
enzymes, and the catalytic nucleo-
phile make a hydrogen bond with O2
of the sugar at the —1 subsite in its
distorted conformation but not when
the mannose adopts the relaxed *C,
geometry in the E221A mutant man-
nobiose complex (Fig. 2). The only
other polar interaction between the
—1 subsite sugar and CjMan26C is at
03, which makes a polar contact with
the imidazole ring of His-156. Unusu-
ally, the —1 sugar makes no further
polar interactions with the enzyme.
The substrate binding residues in the
—1 subsite of GiMan26C are strictly
conserved in GH26 mannanases. For
example, the following residues in

complex, in common with recent studies, strongly implicates CjMan26C have structural equivalents in CjMan26A (the
a B, 5 transition state during hydrolysis by retaining both  CjMan26A residues are in parentheses) His-156 (His-143), His-
B-mannanases (29) and B-mannosidases (7, 34, 35). Such a 220 (His-211), Glu-221 (Glu-212), and Glu-338 (Glu-320).
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TABLE 3
Catalytic activity of (jMan26C mutants
CjMan26C variant” ko /K,? Activity relative to CjMan26C° Activity relative to CjMan26A
min~ T Mt

Wild type CjMan26C 3.0 X 10° = 3.3 X 10® 1.0 2.1 X 10?
Wild type C/Man26A 14 X 107 = 2.8 X 10° 4.6 %103 1.0
E221A 7.5 X 10% + 2.6 X 10! 25X 1077 54X 10°*
E338A 7.7 X 10> = 1.3 X 10" 2.6 X107 55X 10°*
L129G 4.0 X 10° + 3.8 X 10° 1.3 X103 0.29
L129A 7.4 X 10° = 1.5 X 10° 25X 103 0.53
D130G* 2.7 X 10° = 7.5 X 10* 9.0 X 10°° 1.9 X 102
D130A“ 2.9 X 10* + 3.1 X 10? 9.7 X 10~ ° 21X1072
L129G/D130G 8.2 X 10”7 £ 9.1 X 10° 24 X102 59
L129A/D130A7 4.5 X 10* + 4.5 X 10° 15X 10°° 32 X103
AL129/D130 2.7 X 10° = 1.6 X 10* 9.0 X 10°° 1.9 X102
AN128/L129/D130¢ 2.7 X 10* = 1.7 X 10° 9.0 X 10°° 1.9 x 1073
AN128/L129/D130/A131¢ 3.4 X 10* = 6.6 X 10? 1.1X10°° 2.4 X103

“ The varants are all of CjiMan26C.
© The substrate used to measure catalytic efficiency was mannotetraose.

¢ The activity is expressed as decrease in activity relative to wild type CjMan26C. For example, wild type CjMan26A is 210-fold less active than wild type CjMan26C.

4 Variants that display endo-activity (see Table 4).

Leaving Group Interactions at the +1 and +2 Subsites—In
the CjMan26C-6'6>-Gal-Man, complex, difference density
indicates that the +1 and +2 sugars are partially disordered.
Although the +2 mannose clearly adopts a relaxed chair con-
formation, it would appear that a disordered sugar, presumably
galactose, is appended to O6. The +1 mannoside is also par-
tially distorted, which may reflect unfavorable steric clashes
with the —1’ subsite galactose moiety (described above).

The sugar at the +1 subsite makes limited polar interactions
with the enzyme. O6 makes a polar interaction with the side chain
of Asp-266, whereas O3 hydrogen bonds to Nel of Trp-167 (Fig.
4). In CjMan26A, the equivalent mannose at the +1 subsite will
make similar polar contacts with the enzyme; O3 hydrogen bonds
to the indole nitrogen of Trp-134, whereas O6 may make a polar
contact with Asn-257, equivalent to Asp-266 in CjMan26C,
although this will require a significant rotation of the 3-carbon.
CjMan26C contains a hydrophobic platform, which extends from
the —1 subsite, where Trp-373 stacks against the sugar ring,
whereas Trp-226 is in a planar orientation to the pyranose sugar at
the +1 subsite (Fig. 4). These aromatic residues are highly con-
served in GH26 enzymes exemplified by CjMan26A, where the
structural equivalents to Trp-226 and Trp-373 are Trp-217 and
Trp-360, respectively (27).

The +2 site differs substantially between CjMan26C and
CjMan26A. In the mannobiohydrolase, Ser-268 interacts with
02 and O3, whereas Arg-269 may make long range polar con-
tacts with O2 and the endocyclic oxygen. The equivalent loop in
CjMan26A does not present any residues close to a putative +2,
and it is not readily apparent why the enzyme is 10-fold more
active against mannotetraose than mannotriose (8), although
this equates to a binding energy of only 1.3 kcal mol *. Indeed,
since both enzymes exhibit similar activities against mannotri-
ose, which occupies subsites —2 to +1, the higher catalytic
efficiency displayed by CjMan26C reflects tighter binding at the
+2 subsite, with a AAG of 2.7 kcal mol™ ! between the two
mannanases at this subsite.

Structural Basis for exo-Mannobiohydrolase Activity Is Con-
ferred by an Enclosed Topography at the —2 Subsite—The man-
nose at the —2 subsite of CjMan26C makes numerous interac-
tions with the enzyme. O2 makes polar contacts with the side
chains of Arg-374, Glu-385, and Trp-373, whereas O3 also
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interacts with Arg-374 and Gln-385; the endocylic oxygen and
06 also make hydrogen bonds with Trp-373, and the exocyclic
oxygen also makes a polar contact with Asp-130 (Fig. 4). The
interactions between the substrate at the —2 subsite of
CjMan26C and CjMan26A are partially conserved. Thus, the
CjMan26C residues Trp-373, Arg-374, and GIn-385 are,
respectively, structurally equivalent to Trp-332, Arg-333, and
His-349 in CjMan26A. The marked difference, however, is con-
ferred by the CjMan26C loop 3, connecting 3-strand 2 to a-he-
lix 3, which contains Asp-158, which interacts with O4 and O6
of the bound sugar. It is this feature that creates the steric con-
straint, through the carbonyl of Leu-129 and the side chain of
Asp-130 that prevents extension of the substrate beyond the
—2 subsite (Fig. 3). In CjMan26A, the equivalent loop is four
residues shorter and instead yields an open substrate binding
groove. Indeed, the residue most equivalent to Asp-130 in
CjMan26A, Glu-131, is displaced by 2 A such that the glutamate
interacts with O6 but not O4 of the mannose residue.

The enclosed —2 subsite unique to CjMan26C (among
solved mannanase structures), in light of the various reaction
product profiles, provides the rationale both for the exo-man-
nobiohydrolase activity and for the specificity toward hetero-
geneous substrates. Thus, in the —2 and +1 subsites, O6 of the
mannose is pointing into the surface of the protein, explaining
why a a-1,6-linked galactose cannot be accommodated at these
sites. At subsites —2 and +2, the axial O2 of mannose is
exploited as a specificity determinant, consistent with the
action patterns on galactomannan and 3-mannan. As discussed
above and recently in the literature (29), mannose specificity at
the —1 subsite is driven not by the relaxed *C, conformation of
the sugar, in which the axial O2 does not interact with the
enzyme, but by the equatorial and axial orientation of O2 and
O3, respectively, at the transition state. The interactions at the
—1 and —2 subsites explain why only mannobiose is released
from glucomannan. Most notably, the enclosed —2 subsite
explains the exo activity of CjiMan26C in a manner than can be
experimentally tested.

Engineering of Exo/endo-specificity—To dissect the struc-
tural basis for the exo-specificity of CjiMan26C in more detail,
several mutations were introduced into the loop that seals the
—2 subsite. The D130A and D130G mutations substantially
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TABLE 4
Ratio of reaction products generated from mannohexaose

Enzyme Ratio (M2 + M4)/M3*
Man26C wild type 1:0
Man26A wild type 2.2:1
Man26C L129G 1:0
Man26C L129A 1:0
Man26C D130G 3.8:1
Man26C D130A 3.0:1
Man26C L129G/D130G 1:0
Man26C L129A/D130A 5.6:1
Man26C AL129/D130 4.2:1
Man26C AN128/L129/D130 2.1:1
Man26C AN128/L129/D130/A131 2.3:1

“ The ratio of products was measured after 30% hydrolysis of 30 um mannohexaose.
A completely exo-acting enzyme will generate only mannobiose from manno-
hexaose; hence, a ratio of 1:0 is observed for wild type CjiMan26C and three of the
exo-acting mutants. A fully endo-acting mannanase, exemplified by CjMan26A,
has aratio of 2:1 ((mannobiose and mannotetraose)/mannotriose), similar to three
of the mutants. A ratio higher ratio than 2:1, observed for four of the mutants,
indicates an endo-activity, but substrate binding to the different subsites is not
completely random.

reduced catalytic activity (Table 3). This shows that the polar
contacts between the carboxylate of the aspartate and O4 and
06 of the substrate play a key role in substrate recognition.
Significantly, however, despite reduced activity, the mutations
also alter the profile of the reaction products released from
galactomannan and mannohexaose. Hydrolysis of the hexasac-
charide via an exo-mode of action will generate initially man-
nobiose and mannotetraose, whereas the tetrasaccharide will
subsequently be converted into the disaccharide. In contrast, an
endo-enzyme will generate, in addition to mannobiose and
mannotetraose, mannotriose, since the substrate can extend
beyond both the distal glycone (—2) and aglycone (+2) subsites
(Table 4). Rather than producing predominantly mannobiose,
indicative of an exo-mode of action, the D130A mutant gener-
ated a range of oligosaccharides from galactomannan, now typ-
ical of an endo-acting enzyme (Fig. 5). Indeed, the proposed
endo-mode of action displayed by D130A is consistent with the
generation of mannotriose from mannohexaose (Table 4).
These data indicate that the interaction between Asp-130 and
the mannose at —2 locks the conformation adopted by loop 3,
which presents a steric block preventing substrate extension
distal to the —2 subsite. Similarly, deleting Asp-130 in combi-
nation with its flanking residues greatly reduced the activity of
the enzyme while also altering its mode of action from exo to
predominantly endo (Fig. 5). Reducing the side chain of Leu-
129, which also presents a steric block at the —2 subsite, again
resulted in a substantial decrease in the activity of the enzyme,
although in this case, the exo-mode of action was retained (Fig.
5 and Table 4). The retention of exo activity in the L129A and
L129G mutants is, maybe, not surprising, since the major clash
with a sugar sitting in the putative —3 subsite would be through
the invariant backbone carbonyl and amine groups. The low
activity displayed by L129A and L129G suggests that the loss of
the hydrophobic side chain has altered the conformation of
loop 3 such that Asp-158 is no longer able to interact with the
mannose at the —2 subsite, whereas the loss of the hydrophobic
contact between the aliphatic side chain of the leucine and C6
of the sugar may also contribute to the decrease in activity.
Intriguingly, the only mutation of Asp-130 that did not alter the
mode of action of CjMan26C was L129G/D130G (Table 4 and
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FIGURE 5. The hydrolysis of polysaccharides by mutants of CjMan26C.
Galactomannan was treated with wild type CjMan26A, wild type CiMan26C,
and mutants of (jMan26C, and the reaction profiles, after a 30-min incuba-
tion, were analyzed by HPLC. The peaks corresponding to mannose (M) man-
nobiose (M,), mannotriose (M), mannotetraose (M,), mannopentaose (M)
and 6-Gal-mannobiose (GM,) are indicated by arrows.

Fig. 5). The double mutant retained significant catalytic activity
and displayed an exo-mode of action, although the single muta-
tion, D158@, greatly reduced activity of the enzyme, which dis-
played endo-activity. It is possible that the introduction of adja-
cent glycine residues introduces significant flexibility into the
loop such that a polar residue can replace the function of Asp-
130 and make hydrogen bonds with O4 and O6 of the —2 man-
nose, thereby maintaining the steric block that prevents sub-
strate extension.
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FIGURE 6. The mannanase repertoire of C. japonicus. C. japonicus secretes three endomannanases, GjiMan5A,
-B, and -C, whose function is the depolymerization of plant cell wall mannans (magenta) into shorter mannoo-
ligosaccharides (blue). In this task, they are aided by their plant cell wall-targeting carbohydrate-binding mod-
ules (gray). Shorter manno-oligosaccharides are subsequently reduced in length by the, flexibly tethered,
Man26B and then hydrolyzed to mannose and mannobiose by the outer membrane-bound Man26A, -26C, and
-5D. Following disaccharide import, the disaccharide mannobiose is hydrolyzed to two molecules of mannose
by intracellular B-mannosidase Man2 (not shown). The catalytic modules are colored with respect to their

reaction products.

There is a paucity of reports demonstrating the successful
endo-exo conversion of glycoside hydrolases. Warren and co-
workers (37) showed that the removal of the loop comprising
the ceiling of the active site tunnel of the Cellulomonas fimi
cellobiohydrolase Cel6B increased the endo character of the
enzyme, reflected by increased viscosity of the hydrolyzed sub-
strate, albeit at a significant catalytic cost. The modification of a
key binding residue at the —5 subsite of a polygalacturonase is
reported to convert its mode of action from endo-processive to
endo-random (38). The conversion of an exo-acting C. japoni-
cus GH43 arabinanase, CjAra43, into an endo-«-1,5-arabinan-
ase (39) has some resonance with the modification of
CjMan26C, reported here. In CjAra43, the sugar located at the
—3 subsite makes hydrogen bonds with residues that create a
steric barrier to any sugar appended to O5 of the arabino-
furanose positioned at this distal glycone subsite. In contrast to
CjMan26C, however, although the mutation of the polar resi-
dues released this steric block and thus converted the arabinan-
ase into an endo-acting enzyme, the associated reduction in
catalytic activity was modest, suggesting that the two hydrogen
bonds do not make a substantial contribution to the overall
binding energy of the —3 subsite (39). It is also possible that the
distal glycone subsite in the inverting arabinanase makes a
minor contribution to productive substrate binding compared
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Mannooligosaccharides to shorter
mannocligosaccharides

Mannooligosaccharides to mannose
and mannobiose

with the glycone —2 subsite in
N E‘% \ CjMan26C, where, particularly in
“"7\? ! A p-oH the deglycosylation step, its contri-
o *’i bution to substrate binding is
critical.
Depolymerisation of mannan to
mannooligosaccharides DISCUSSION

In light of the C. japonicus
genome sequence (15), we believe
that characterization of CjMan26C
completes the analysis of the man-
nan-degrading system of C. japoni-
cus. The bacterium expresses three
GH26 and four GH5 mannanases.
The molecular architecture and the
' cellular location of these enzymes
. Po provide insight into the hierarchy of
, ’ the degradative process. The three
endo-acting mannanases, GjMan5A,
CjMan5B, and CjMan5C, all con-
tain noncatalytic carbohydrate-
binding modules (CBMs) that
target crystalline cellulose (8).
These enzymes are thus directed
to the insoluble plant cell wall and
are therefore predicted to catalyze
the initial hydrolysis of mannans
and glucomannans that are inte-
gral to these composite structures.
The “solubilized” mannans are
then hydrolyzed by the mannan-
ases, GManb5A, GMan26A,
CjMan26B, and CjMan26C, arrayed
on the surface of the bacterium
through their attachment to mem-
brane lipids (their signal peptides are cleaved by type II signal
peptidases, which append the mature enzyme to membrane
lipid). These surface-bound mannanases lack CBMs, providing
further evidence that these enzymes target soluble mannans.
The catalytic activities of these enzymes provide some insight
into their role within the hierarchy of mannan degradation (Fig.
6). There is little discrimination between the endo-acting man-
nanases CjGH26A, CjGH26B, CjGH5A, and CjGH5B against
the various mannans (8, 22), indicating that the major determi-
nants of substrate specificity are the cellular location of these
enzymes and the presence or absence of cellulose-directed
CBMs. In contrast, the catalytic activity displayed by the CBM-
containing mannanase, CjMan5C, appears to be tailored to
crystalline mannan, since it is the only enzyme to display activ-
ity against ivory nut mannan (8) (highly crystalline).

From a generic perspective, it would appear that GH26
mannanases are retained on the bacterial (outer) membrane,
either within protein complexes (40, 41) or attached directly
to the bacterial surface (8, 42), and do not contain CBMs that
target crystalline cellulose. By contrast, endo-acting GH5
mannanases often contain cellulose-targeted CBMs (8, 43,
44), and thus the function of GH5 and GH26 C. japonicus
mannanases proposed here is likely to have a generic biolog-
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ical resonance. Within this context, interesting variation
between the activities of the surface mannanases was evi-
dent. CiMan26B displays canonical endo-mannanase activity
and, intriguingly, is linked to the bacterial cell wall by a long
~70-residue flexible linker sequence. This enzyme is thus
able to explore a greater sequence space than the other sur-
face mannanases, and its natural substrate is likely to be
soluble decorated mannans (galactomannan or glucoman-
nan). The catalytic activities of the other three membrane-
bound mannanases are consistent with these enzymes tar-
geting small oligosaccharides, since they all display activities
against mannotriose and mannotetraose that are 3—4 orders
of magnitude greater than the other Cellvibrio mannanases.
It is not immediately obvious why the bacterium expresses
both CjiMan26A and CjMan26C, although they may display
complementarity or endo-exo synergy in which (random)
internal glycosidic bond cleavage by the endo-mannanase
creates new reducing ends that are targeted by the exo-man-
nanase. The major oligosaccharides generated by these two
enzymes, mannobiose and, to a lesser extent, mannotriose,
will then be hydrolyzed by the exo-acting mannosidase,
which, similar to its homologue in Cellvibrio mixtus (7),
releases mannose from both the disaccharide and trisaccha-
ride (data not shown). The likely biological rationale for the
presentation of the mannanases that target mannooligosac-
charides on the surface of the bacterium is that the mannose
and mannobiose generated will be available for preferential
uptake by C. japonicus rather than competing microorga-
nisms within the milieu of the plant cell wall. Indeed, this
hierarchical pattern of plant cell wall degradation is a com-
mon theme in this organism. Thus, xylan, the other major
hemicellulosic polysaccharide, is initially degraded by
enzymes containing cellulose-targeted CBMs, and the proc-
essing of the resultant xylooligosaccharides into their con-
stituent sugars occurs on the surface or in the periplasm of
the bacterium (45, 46). Indeed, this pattern of polymer deg-
radation parallels the human intestine, where endo-acting
enzymes generate oligopeptides and oligosaccharides that
are further hydrolyzed on the surface of the epithelium into
monomeric species.

In conclusion, CjMan26C provides an elegant example of
how subtle modification to the loops surrounding the active site
of an enzyme can result in dramatic topological changes that
lead to an exo-activity that is tailored to the requirements of its
host. Such knowledge will be invaluable when assigning the
function of open reading frames revealed through the contin-
ued expansion in genome sequence data.
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