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ABSTRACT: The mechanism by which polysaccharide-hydrolyzing enzymes manifest specificity toward
heterogeneous substrates, in which the sequence of sugars is variable, is unclear. An excellent example of
such heterogeneity is provided by the plant structural polysaccharide glucomannan, which comprises a
backbone of 5-1,4-linked glucose and mannose units. f-Mannanases, located in glycoside hydrolase (GH)
families 5 and 26, hydrolyze glucomannan by cleaving the glycosidic bond of mannosides at the —1 subsite.
The mechanism by which these enzymes select for glucose or mannose at distal subsites, which is critical to
defining their substrate specificity on heterogeneous polymers, is currently unclear. Here we report the
biochemical properties and crystal structures of both a GHS mannanase and a GH26 mannanase and describe
the contributions to substrate specificity in these enzymes. The GH5 enzyme, BaMan5A, derived from
Bacillus agaradhaerens, can accommodate glucose or mannose at both its —2 and + 1 subsites, while the GH26
Bacillus subtilis mannanase, BsMan26A, displays tight specificity for mannose at its negative binding sites.
The crystal structure of BaMan5A reveals that a polar residue at the —2 subsite can make productive contact
with the substrate 2-OH group in either its axial (as in mannose) or its equatorial (as in glucose) configuration,
while other distal subsites do not exploit the 2-OH group as a specificity determinant. Thus, BaMan5A is able
to hydrolyze glucomannan in which the sequence of glucose and mannose is highly variable. The crystal
structure of BsMan26A in light of previous studies on the Cellvibrio japonicus GH26 mannanases CjMan26A
and CjMan26C reveals that the tighter mannose recognition at the —2 subsite is mediated by polar
interactions with the axial 2-OH group of a *C, ground state mannoside. Mutagenesis studies showed that
variants of CjMan26A, from which these polar residues had been removed, do not distinguish between Man
and Glc at the —2 subsite, while one of these residues, Arg 361, confers the elevated activity displayed by the
enzyme against mannooligosaccharides. The biological rationale for the variable recognition of Man- and
Glc-configured sugars by f-mannanases is discussed.

The plant cell wall comprises an elaborate array of chemically
distinct interlocking polysaccharides (/). The microbial degrada-
tion of the plant cell wall not only is important in maintaining
terrestrial and marine life but also is of growing industrial
interest, particularly in the bioenergy and bioprocessing sec-
tors (/). Indeed, the rate of plant cell wall hydrolysis is considered
by some to be the rate-limiting step in the production of so-called
“second-generation” lignocellulose-derived liquid fuels such as
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ethanol (/). The plant cell wall is degraded by an array of
glycoside hydrolases and carbohydrate esterases, which have
been grouped into sequence-based families (2). Families in which
the overall fold, catalytic mechanism, and catalytic apparatus are
conserved have been further grouped into clans (3). Saprophytic
microorganisms that use the plant cell wall as a significant
nutrient synthesize extensive repertoires of degradative enzymes
reflecting the chemical complexity of the composite substrate
(4, 5). Indeed, the majority of these organisms express ~100
extracellular plant cell wall hydrolases, although some specialized
pectin-degrading bacteria produce more than 200 enzymes that
target plant polysaccharides (6). One of the intriguing features of
plant cell wall-degrading enzyme systems is the presence of large
numbers of closely related enzymes, which likely reflect an
evolutionary pressure to accommodate the subtle differences in
the structure of the cell wall polysaccharides that occur both
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FiGuRre 1: Example of the diversity displayed by mannans. The
mannose backbone (magenta) of mannans may include glucose
(blue) in glucomannans and may also be appended with 6-O
a-galactosides (red) in galactomannans and glucogalactomannans.
Acetate groups (green) may also be found on the O2 and O3 hydroxyls.

between species and within one organism in a way that reflects
tissue differentiation. Understanding the biochemical signifi-
cance of, and the underlying structural basis for, the large number
of “isoenzymes” in plant cell wall-degrading systems represents a
significant challenge.

Some of the most diverse plant cell wall polysaccharides are
those containing f-1,4-linked mannosides (Figure 1). These
molecules can be homopolymers of f-1,4-linked mannose
(Man) resides, termed mannans, or galactomannans in which
the mannan backbone is additionally decorated with o-1,6-
galactosyl moieties. Glucomannans, in contrast, have a hetero-
geneous backbone of f-1,4-linked mannosyl and glucosyl (Glc)
sugars that may be augmented, at Man, with o-1,6-galactoside
(Gal) side chains (decorated glucomannans define a galactoglu-
comannan). Furthermore, all forms of mannan and glucoman-
nan may also be acetylated at O2 or O3 (7, &§). The mannosidic
bonds in mannans and glucomannans are hydrolyzed by
p-mannanases (9) found in glycoside hydrolase families (GHs)
5 and 26 (10), which are members of clan GH-A (3). Both enzyme
families hydrolyze the glycosidic bond by a double displacement
or “retaining” mechanism (/1) (recently reviewed in ref (12)).
Recent studies suggest that the specificity of retaining f-manna-
nases and S-mannosidases at the critical —1 subsite [glycoside
hydrolases cleave the glycosidic bond between the sugars located
at the —1 and + 1 subsites (nomenclature in ref (/3))] is through
recognition of the B, s conformation, adopted at or near the
transition state, in which the key specificity determinant is the
pseudoaxial O3 atom (/4—17). Although there is theoretical
support for such itineraries (/8), there is a single report which
maintains that retaining f-mannanases are unlikely to favor a
boat conformation at the transition state (/9).

Selected saprophytic microorganisms that can rapidly hydro-
lyze mannans express a range of GHS and GH26 mannanases (4,
10). It is possible that the biological rationale for these manna-
nase isoenzymes reflects the lack of a defined sequence of Man
and Glc in the glucomannan backbone. Indeed, recent studies
have shown that Cellvibrio japonicus expresses a GHS manna-
nase, CjMan5A, which can accommodate Glc at subsites flank-
ing the critical —1 subsite, while two GH26 enzymes from the
same bacterium display tight specificity for Man at its negative
subsites (10, 14). The extent to which mannanases can accom-
modate Glc as well as Man in distal sugar binding sites and the
mechanism by which these enzymes display relaxed or tight
substrate specificities are currently unclear. Here we report the
biochemical properties of a GHS and GH26 mannanase, and the
use of structural information to probe the mechanism of sugar
selection within the substrate binding cleft. The data show that
GHS5 mannanases generally display relaxed specificity for Glc or
Man at subsites that flank the —1 subsite, either by not selecting
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02 as a specificity determinant or by deploying polar residues
that can interact with either an axial (as in Man) or equatorial (as
in Glc) O2. Mutagenesis studies reveal how relaxed substrate
specificity can be engineered into a GH26 mannanase.

MATERIALS AND METHODS

Cloning, Expression, and Purification of GH26 and GH5
Mannanases. The open reading frame encoding mature form of
the mannanase BsMan26A was amplified from Bacillus subtilis
168 genomic DNA by PCR using forward and reverse primers
designed for cloning into the Ek/LIC pET vector (Novagen):
5-GACGACGACAAGATGCATACTGTGTCGCCTGTGA-
ATCCTAATGC-3 and 5¥-GAGGAGAAGCCCGGTCTCA-
ACGATTGGCGTTAAAGAATCAC-3, respectively. The resul-
tant product was annealed into Ek/LIC vector pET32a (Nova-
gen) to produce expression construct pBsMan26A containing a
C-terminal Hisg tag. BsMan26A (GenBank accession number
BAA19712.1) was produced in Escherichia coli BL21 DE3
(Novagen) cells, harboring pBsMan26A, cultured in LB broth
containing ampicillin (50 ug/mL) at 37 °C. Cells were grown
to midexponential phase (A4go of 0.6), at which point isopropyl
p-p-thiogalactopyranoside was added to a final concentration of
1 mM, and the cultures were incubated for a further 16 hat 16 °C.
The cells were harvested by centrifugation, and Hiss-tagged
recombinant protein was purified from cell-free extracts
by immobilized metal ion affinity chromatography using the
standard methodology (20). Recombinant forms of the two
C. japonicus mannanases, CjMan26A (GenBank accession num-
ber CAA57670.2) and CjMan5A (GenBank accession number
ACER84673.1), were expressed in E. coli and purified to electro-
phoretic homogeneity as described by Hogg et al. (10). The
Bacillus agaradhaerens mannanase, BaMan5A (sequence can be
found in PDB entry 2whj), was cloned by PCR amplification
from B. agaradhaerans (strain NCIMB 40482) genomic DNA
using the following primers: 5-CATTCTGCAGCCGCGG-
CAGCAAGTACAGGCTTTTATGTTGATGG-3 and 5'-GA-
CGACGTACAAGCGGCCGCGCTATTTCCCTAACATGA-
TGATA TTTTCG-3, containing Sacll and Notl sites (under-
lined), respectively. The gene was cloned into expression vector
pMOL944, which supplied a signal peptide and placed the gene
under transcriptional control of the Termamyl-amylase promo-
tor. A B. subtilis strain was transformed with the plasmid and
incubated in shake flasks using a rich growth medium. After
incubation for 5 days at 37 °C, the fermentation broth was
flocculated, filtered, and concentrated by ultrafiltration. The
mannanase was purified using anion-exchange chromatography
on a Q-Sepharose column in 50 mM Tris-HCI buffer (pH 7.5)
deploying a NaCl gradient. Finally, proteases were removed
using a Bacitracin column followed by size exclusion chromato-
graphy using a Superdex 75 column. The electrophoretically pure
enzyme has an M, of 38000 as estimated by SDS—PAGE.

Mutagenesis. Site-directed mutagenesis was conducted using
the PCR-based QuikChange site-directed mutagenesis kit (Stra-
tagene) according to the manufacturer’s instructions, using pDB1
(encodes CjMan26A) as the template and primer pairs that are
listed in Table 1.

Enzyme Assays. Enzyme assays using polysaccharides or
mannooligosaccharides were conducted as described by Hogg
et al. (/0). The hydrolysis of polysaccharides, conducted in
50 mM sodium phosphate buffer (pH 7.0) containing 1 mg/mL
BSA, was analyzed by the determination of reducing sugar
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Table 1: Primers Used To Generate C/Man26A Mutants

name” sequence

EI2IAF  3-GCC CCT AAA GCG GCG GGC GAT ATT GTC G-¥

EI2IAR  3'-CGA CAA TAT CGC CCG CCG CTT TAG GGG C-¥

R361AF  3'-GCT GGT ATG GGC CAA TGC CCC GCA GG-5'

R361AR 3'-CCT GCG GGG CAT TGG CCC ATA CCA GC-¥

H377AF 3-GCA CCC AGG TTC CCG CGT ATT GGG TGC
CTG C-5

H377AR  3-GCA GGC ACC CAA TAC GCG GGA ACC TGG GTG
C-5

“The name identifies the mutation constructed and whether the
sequence corresponds to the sense (F) or antisense (R) strand of the gene.

release. The hydrolysis of mannooligosaccharides, which was
conducted in 50 mM sodium phosphate/12 mM citrate buffer
(pH 6.5), was assessed by measuring the rate of substrate
depletion using HPLC. The concentration of substrate deployed
(30 uM) was well below the Ky, as there was a linear relationship
between substrate concentration and the rate of hydrolysis up to
100 uM. Thus, the rate of hydrolysis of mannooligosaccharides
gives a direct readout of ke./ Ky (see refs (27) and (22)). HPLC
was used to determine the rate of release of Glc-Man from
glucomannan using a standard of the disaccharide generously
provided by B. McCleary (Megazyme International, Bray, Ire-
land). The hydrolysis of 4-nitrophenyl-f-D-Man, (4NPMan,)'
and 4-nitrophenyl-3-pD-Man-Glc [ANPManGlc; synthesis of these
aryl glycosides, a kind gift from S. Withers, University of British
Columbia (Vancouver, BC), will be described elsewhere], which
was conducted in the sodium phosphate buffer described above,
was monitored kinetically by the release of 4-nitrophenolate
using a molar extinction coefficient of 8750 M~ cm ™', deter-
mined from measuring the A4y of 4-nitrophenolate at concen-
trations ranging from 0 to 100 uM.

(i) Crystallization, Data Collection, and X-ray Struc-
ture Determination of BaMan5 A in Native and Complexed
Forms. Crystals of BaManSA were grown from 1.8 M ammo-
nium sulfate in 0.1 M sodium citrate buffer (pH 6.5). Single
crystals were mounted and data collected on the native form of
BaMan5A using an “in house” Cu Ka rotating anode generator
with a MAR Research image plate as a detector. Data were
collected to approximately 1.8 A resolution from a crystal frozen
with 25% (v/v) glycerol as the cryoprotectant. These and sub-
sequent data were processed with DENZO/SCALEPACK (23)
or MOSFLM [from the CCP4 suite (24)] with all subsequent
computing using the CCP4 suite, unless otherwise stated. The
BaMan5A native crystals were in space group P6;, with the
following cell dimensions: ¢ = b = 112. 0A,c=474A0 = p=
90°, and y = 120°. The structure was determined by molecular
replacement with AMORE (CCP4 suite version) using the
Thermobifida fusca GHS mannanase as a search model with data
between 20 and 3.0 A and an outer radius of Patterson integra-
tion of 25 A. The structure was refined using REFMAC (25) with
final manual corrections using COOT (26).

The Y6S mutant of BaManS5A, obtained serendipitously
through PCR-induced error, crystallized in a different form
that was more amenable to soaking studies. Crystals grew from
a 1.6 M sodium dihydrogen phosphate/potassium dihydrogen

! Abbreviations: M,, mannobiose; M3, mannotriose; My, mannote-
traose; 4NPMan,, 4-nitrophenyl-3-p-Man,; 4NPManGlc, 4-nitrophe-
nyl-f-p-Man-Glc; rmsd, root-mean-square deviation; PDB, Protein
Data Bank.
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phosphate mixture with 0.1 M Hepes/Na buffer (pH 7.5). The
ratio of protein (approximately 30 mg/mL) to mother liquor was
1:1 in sitting drops. Crystals were mounted in stabilizing mother
liquor with the inclusion of 30% (v/v) ethylene glycol as a
cryoprotectant. Data were collected to 1.4 A at the European
Synchrotron Radiation Facility (ESRF) on beamline 1D14-4
using an ADSC quantum-4 CCD detector. The space group
was P2,2,2; with a single molecule of the mannanase in the
asymmetric unit and the following cell dimensions: @ = 58.3 A,
b=637A,c=83.6Aanda = B =y = 90°. The structure was
determined and refined as described above, but using the native
BaManS5A coordinates as the search model.

(ii) Crystallization, Data Collection, and X-ray Structure
Determination of BsMan26A. BsMan26A at 10—20 mg/mL
was crystallized, originally from a sample provided by Novo-
zymes A/S, from 35% (v/v) PEG 8K with 0.2 M sodium acetate
buffer in 0.1 M Tris-HCl buffer (pH 7—8.0). Data were collected,
to 1.7 A resolution, on beamline ID14-4 of ESRF. Crystals
were in space group P3; with a single molecule of BsMan26 in
the asymmetric unit and the following cell dimensions: a = b =
67.5A, ¢ = T29A, o = p =90° and y = 120°. The structure
was determined using the CCP4 implementation of MOLREP
using the protein coordinates of only the CjMan26A trapped
intermediate complex as the search model. During the course of
this work, the structure of BsMan26A was also determined by the
New York Structural GenomiX Research Consortium (PDB
entry 3CBW).

(iii) Crystallization, Data Collection, and X-ray Struc-
ture Determination of the CiMan26A Variant EI121A4)
E320A in Complex with Mannotetraose. The CjMan26A
variant E121A/E320G at 30 mg/mL was crystallized in 100 mM
Tris-HCl buffer (pH 7.5), 26% (v/v) monomethylether PEG 550,
and 3 mM ZnSO,. Crystals were frozen using the crystalliza-
tion buffer supplemented with PEG 550 to 30% (v/v) MME as
the cryoprotectant. Data were collected to 1.5 A resolution, on
beamline ID14-4 of ESRF. Crystals were in space group P4; with
one molecule of the enzyme in the asymmetric unit and the
following cell dimensions: @ = b = 93. 2A,c=538A,anda =
p = v = 90°. The structure was essentially isomorphous with
past CjMan26A structures and so was simply refined using
REFMAC, following initial rigid body refinement of the protein
atoms of only the C/Man26A trapped intermediate complex (15).
Details of X-ray data collection and structure refinement for all
structures in this paper are listed in Table 2.

RESULTS

Biochemical Properties of GHS and GH26 Mannanases.
To dissect the subsite specificity of mannanases on heterogeneous
substrates, the biochemical properties of BsMan26A and BaMan-
5A, determined here, are compared with those of previously
characterized mannanases (CjMan5A and CjMan26A) (Table 3).
The activity of BaManSA against glucomannan and galacto-
mannan was typical of GH5 and GH26 mannanases (10, 14, 21).
By contrast, in these experiments, BsMan26A was 100—1000-
fold less active than the C. japonicus and Bacillus mannanases,
against these polysaccharides. The two Bacillus mannanases
exhibited very low catalytic efficiencies against mannotriose
(Mans), suggesting that the subsites immediately flanking the
—1 subsite contribute comparatively little to catalysis. Typical of
endo-acting glycoside hydrolases, there was a substantial increase
(100—1000-fold) in the activity of BaManS5A and BsMan26A
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Table 2: Crystal, Data, and Refinement Statistics for BaMan5, BsMan26, and CjMan26A Mutants

BaMan5 native BaMan5 Manj BsMan26 CjMan26A E121A/E320G Man,

space group P6,; P2,2,24 P3,; P4,
Data Quality
X-ray source Cu Ka ESRF ID14-4 ESRF ID14-4 ESRF ID14-1
resolution of data (A) 20—1.78 20—1.4 20—1.7 30—1.5
resolution of outer shell (A) 1.84—1.78 1.45—-1.4 1.76—1.7 1.55—1.50
Rperge (Outer shell) 0.050 (0.10) 0.053 (0.20) 0.053 (0.12) 0.038 (0.27)
mean I/l (outer shell) 42 (6.8) 27 (3.5) 44 (7.1) 53(5.2)
completeness (outer shell) (%) 94 (45)" 95 (68)" 100 (99) 100 (100)
multiplicity (outer shell) 4.4(1.8) 3.7(2.3) 3.1(1.6) 3.7(3.7)
Refinement
no. of protein atoms 2491 2370 2964 3036
no. of solvent atoms 380 273 354 423
no. of oligosaccharide atoms not applicable 36 not applicable 23
Reryst 0.12 0.15 0.17 0.14
Rpree 0.17 0.19 0.20 0.16
mean B for protein atoms (Az) 14 20 20 16
mean B for solvent atoms (/D\z) 26 33 31 31
mean B for oligosaccharide atoms (Az) not applicable 34 not applicable 16
rmsd for 1—2 bonds (A) 0.018 0.021 0.009 0.006
rmsd 1—3 angles (deg) 1.5 1.6 1.1 1.06
Ramachandran statistics (% favored/allowed 95.5/3.5 95.3/4.3 98.9/1.6 98.1/1.4

regions calcuated using COOT)
PDB entry 2WHJ 2WHL 2WHK 2WHM

“High-resolution incompleteness reflects integration into the corners of a square detector with the penultimate shell >95% complete in each case.

Table 3: Biochemical Properties of GH5 and GH26 Mannanases”

Man; Man, Mans Mang galactomannan glucomannan ivory nut mannan
enZ}’me kcal/KM kcul/KM kcat/KM kcal/KM kcal KM kcal/KM kcal KM kcal/KM kcul KM kcz\l/KM
BaMan5A 53 x107° 14x107" 1.5x10 12x10*> 3.8x10* 1.8 1.5x10* 45x10* 2.6 26x10* 3.0x10* 28 1.1x10*
BsMan26A 13 x 107> 28 x 107" 44 24x10 33x10> 45 73x10 35x10> 27 13x10> 1.5x10° 68 22x10
CMan26A® 19 x 107 37x107" 27 6.7 3.6 x 104 23 1.6 x 10 ND° ND¢ ND¢ ND¢ ND¢ ND¢
CjMan26A” 1.8 14x10  ND¢ 28x 10 28x10° 32 89x10* 40x10° 28 1.5x10° ND¢ ND¢ ND¢
CMan5A?  15%x107° 39x107° 14x10 28 14x10° 85 15x10* 62x10* 62 1.0x10* NA? NAY NA?

“The units of the kinetic parameter ke, /Ky for the mannooligosaccharides are min~' «M ™", The units of the kinetic parameters for the polysaccharide
substrates are as follows: ke, min~'; Ky, mg mL™"; keae/Ky, mL min~ ' mg™". ? The biochemical properties of CfMan26A (32) and CjMan5A (10) were
reported previously. The activities of Cj/Man26A against the mannooligosaccharides were also reported previously (27), but the activity of the enzyme against
polysaccharides is reported here. ©Not determined. “No activity detected.

binding to the +2 subsite with a AAG* of —1.8 kcal/mol. The
10-fold higher activity of BaMan5A for Mg, compared to Ms,
suggests that the enzyme, similar to BsMan26A, contains six
subsites, although it is possible that the distal positive subsite
displays a preference for an internal Man that is maintained in its
p conformation through linkage to an adjacent sugar.
Exploring the Recognition of Glc in the Substrate Bind-
ing Cleft of Mannanases. To explore in more detail the
specificity of the —2 and +1 subsites for Glc and Man, the
nature of the reaction products released from glucomannan was
analyzed; the production of Glc-Man as a significant reaction
product shows that the enzyme can accommodate Glc at both the
—2and + 1 subsites. The data here show that the ratio of Glc-
Man to Man, generated by BaMan5SA and CjMan5A during the
initial stages of hydrolysis was > 1, indicating that both enzymes
display a preference for Glc at the —2 and/or +1 subsites
(Figure 3). Hydrolyzing glucomannan to completion with CjMa-
n5A generated ~20% more Man, than Gle-Man, indicating that
the ratio of initial products is not a reflection of more Glc-Man

against mannotetraose (Many). In both enzymes, the ratio of the
hydrolysis products ([Man,]:[Man; + Man;]) reports on the
productive binding energy associated with substrate binding at
the —3 and +2 subsites (which was ~2:1) (Figure 2), when
compared to the rate of Mans hydrolysis, which binds from
the —2 to the +1 subsite. Thus, the AG* values associated with
Man binding at the —3 and + 2 subsites of BsMan26A are —1.6
and —3.3 kcal/mol, respectively, while the equivalent values
for BaMan5A are —1.2 kcal/mol (—3 subsite) and 2.2 kcal/mol
(+2 subsite), respectively. Thus, in BsMan26A and BaMan5A,
both the —3 and +2 subsites contribute significantly to the
increased activity displayed by the two enzymes for the tetra-
saccharide, compared to that of the trisaccharide. BsMan26A
and BaMan5A exhibit ~10- and 100-fold increases in activity for
mannopentaose, respectively, compared to Many. Notably,
BsMan26A released significant quantities of Man; and Many,
in addition to the expected Man, and Man; (Figure 2), demon-
strating that the enzyme likely contains four negative substites
(—4 to —1), although binding to the —4 subsite is weaker than
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FIGURE 3: Release of Man, and Glc-Man from glucomannan by GH5 and GH26 mannanases. Glucomannan (2 mg/mL) was incubated with the
indicated enzymein 50 mM sodium phosphate/12 mM citrate buffer, and at timed intervals, the quantity of Man, and Glc-Man was determined by
HPLC: (left) amounts of Man, and Glc-Man released and (right) ratios of the two disaccharides.

than Man-Man linkages in the substrate. In contrast, the two
GH26 mannanases generated very little Glc-Man compared to
Man,, and in the case of BsMan26, the heterodisaccharide was
only evident after 24 h (Figure 3). These data indicate that the two
GH26 enzymes exhibit a strong preference for Man at the
proximal subsites; however, it is unclear whether the specificity
for this sugar is conferred by the —2 or + 1 subsites. To explore
this issue, we assessed the activity of CjMan26A against aryl
glycosides 4ANPManGlc and 4NPMan,. The data show that the
enzyme displays ~1 x 10%fold higher activity for 4NPMan,
[kea/Ky = 5.3 min~' mM ™" (Table 4)] than for 4NPManGlc
(kea/Km = 2.0 x 107* min~" mM™"), demonstrating that
the —2 subsite of this GH26 mannanase certainly exhibits very
tight specificity for Man.

Structural Basis for Man Specificity in the —2 Subsite of
CjMan26 A. Previous data had revealed the structure of CjMan-
26A in complex with substrates and mechanism-based inhibitors
in which the —2 subsite is occupied with Man (/5). Here, the
structure of the CjMan26A E121A/E320G variant was deter-
mined in complex with Man, (Figure 4). In past work, it was clear

that O6 of the —2 sugar made a hydrogen bond with the
carboxylate of Glu-121, His-377 made a single polar contact
with 02, and Arg-361 interacted with both O2 and O3 through
three hydrogen bonds. To explore the contribution of these
residues to substrate binding, and Man specificity in particular,
we evaluated the catalytic properties of the —2 variants H377A,
R361A, E121A, and R361A/H377A. The data (Table 4) show
that the E121A mutant is approximately 100-fold less active
than wild-type CjMan26A against both oligosaccharides and
polysaccharides. While the H377A mutation also caused an
~100-fold decrease in the activity of the mannanase against
M, and 4NPMan,, the mutant hydrolyzed polysaccharides only
10—20-fold less efficiently than did the wild-type enzyme. Sub-
stitution of Arg-361 with alanine caused a 3000-fold decrease in
activity against oligosaccharides, while the reduction in the rate
of polysaccharide hydrolysis was more modest, ranging from
700- to 900-fold. The double mutant R361A/H377A was, not
surprisingly, the least active mutant, although its differential
activity against polysaccharides and oligosaccharides was less
evident than that of its progenitors with single amino acid
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Table 4: Catalytic Activities of the Wild Type and Variants of CjMan26A“

Many 4NPMan, azo-galactomannan galactomannan glucomannan
C/M an26A kcat/KM kcat KM kcat/KM kcat KM kcat/KM kcat KM kcat/KM kcut KM kcat/KM
wild type 3.3 39 72x107" 53 9.1x10* 05 19x10° 28x10° 32 89x10* 40x10° 28 1.5x 10°
EI21A 3.0 x 1072 ND” ND’ 85x 1072 23x10° 2.6 8.6x10> ND” ND’ 5.1 x 10> ND’ ND’ 8.5 x 10°
R361A 12x 107 ND’ ND’ 1.0x 107 65x10° 3.0 22x10> ND” ND? 1.3 x 10> ND’ ND? 1.4 x 10°
H377A 41x1072 ND” ND’ 71%x 1072 33x10* 1.7 20x10* ND° ND’ 6.4 x10° ND” ND’ 7.6 x 10°
R361A/H377A 1.0 x 10°* ND? ND’ 20%x107% 12x10° 31 38x10 ND? ND? 1.6x10 ND’ ND? 8.3 x 10

“The units of the kinetic parameter k., Ky for Mang are min~! ‘qul. The units for the kinetic parameters for ANPMan, are as follows: kcyy, min~'; Ky,

MM keai/ Knt, min~' mM ™', The units for the kinetic parameters for the polysaccharide substrates are as follows: keyp, min~'; Kyy, mgmL ™" keor/ Ky, mL min ™~

1

mg~". *Individual kinetic constants could not be measured as the maximum concentration of soluble substrate was much lower than Ky,.

-2 -1

Glu121 (Ala) Trp360
c d
Ty Ar
Glu121 Gu P ¢
Glu320 & B
i (nucleophile)
Arg361 is377
Trp360 w
+1 +2

FiGURE 4: Structure of CjMan26A and comparison of subsites and
their specificities. (a) Three-dimensional structure cartoon of CjMan-
26A [E121A/E360G Man, complex (this work)], color-ramped from
the N-terminus (blue) to the C-terminus (red) with the ligand in ball-
and-stick representation. (b) Electron density (2Fops — Fealc at 10) for
Man,; bound in the —1 and —2 subsites of CjMan26A (E121A/E360G
variant colored yellow) overlaid with the protein atoms only of wild-
type CjMan26A (green). (c) Overlay of the —1 and —2 subites of
CjMan26A (mannobiosyl-enzyme intermediate, PDB entry IGW1,
colored green) with BsMan26A (this work, colored), CjMan26C
((14), colored red), and CfMan26 (PDB entry 2BVT, pink). The
numbering is for the C/Man26A enzyme. (d) Overlay of the + 1 and
+ 2 subites of CjMan26C (PDB entry 2VX6, red) with CjMan26A
(PDB entry IGW1, green), CfMan26 (PDB entry 2BVT, pink), and
BsMan26A (this work, yellow).

changes. The decrease in catalytic efficiency reflects a substantial
increase in Ky against the polysaccharides; indeed, the poor
solubility of galactomannan and glucomannan precluded the
determination of this kinetic parameter. These data support the
structural data in showing that Arg-361, His-377, and Glu-121
all make important productive polar interactions with Man at the
—2 subsite, although the arginine, through its multiple interac-
tions with O2 and O3, makes the most significant contribution to
substrate binding.

The observation that the R361A and H377A mutations
appeared to have a larger influence on the activity of the enzyme
against oligosaccharides, than against polysaccharides, is con-
sistent with previous studies showing a similar differential effect
of amino acid substitutions in glycoside hydrolases, including
C/Man26A (20, 21, 27—30). Indeed, the importance of 02 and O3
recognition (Arg-361 interacts with O2 and O3, while His-377

1.24
—4—E121A
./._____.._———0 —¥—R361A
——H377A
o 0.94 —o—R361A/H377A
P —A CjMan26A
]
g
‘_5 0.6+
[C]
-]
®
£ 0.3
0.
0 1] 180 270 360 450
Time (min)

FIGURE 5: Release of Man, and Glc-Man from glucomannan by
variants of CjMan26A. Glucomannan (2 mg/mL) was incubated
with the indicated enzyme in 50 mM sodium phosphate/12 mM
citrate buffer, and at timed intervals, the quantity of Man, and Glc-
Man was determined by HPLC.

contacts O2) in oligosaccharide hydrolysis, as opposed to poly-
saccharide cleavage, is evident in other glycoside hydrolases
(20, 27). 1t is evident that most, although not all (28—30),
of these mutations cluster around proximal subsites —2 and
+1(20, 21, 27).

To explore how the —2 mutations influenced the capacity of
CjMan26A to accommodate Glc, the mutant enzymes were
incubated with glucomannan and the reaction products were
analyzed. The data show (Figure 5) that E121A releases very little
Gle-Man, indicating that the mutation does not cause reduce the
specificity at the —2 subsite, consistent with the interaction of
Glu-121 with O6. In contrast, there was a substantial change in
the product profile generated by H377A, R361A, and, in
particular, H377A/R361A. All three mutants produced substan-
tially more Glc-Man than the wild-type enzyme, and indeed, the
double mutant did not appear to distinguish between Man and
Glc. It should be emphasized, however, that removal of the His
and Arg residues did not improve Glc access but simply removed
the polar interactions with the axial O2 atom of Man that favor
that substrate.

To investigate the structural features of the CjMan26A
mutants, which facilitated accommodation of Glc at the —2
subsite, inactive forms of the three variants were generated by the
introduction of the catalytic nucleophile mutation E320G. The
resultant proteins were cocrystallized with both 4dNPManGlc and
Many. Crystal structures of all these proteins were determined.
However, neither 4NPManGlc nor Man, was present in the
crystal structures of E320G/R361A, E320G/H377A, and E320G/
R361A/H377A (data not shown). Indeed, the loop containing the
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mutant residues was disordered, and thus, it is not possible to
provide fine detail of the topology of the —2 subsite in these
C/Man26A variants (not shown). While the E320A mutant
did contain 4NPManGlc, the aryl group was located in the
—1 subsite and Man in the —2 subsite, emphasizing the tight
specificity of this distal negative subsite for Man (data not
shown). The CjMan26A E212A/E320G variant, crystallized with
Man, did contain Man in the —2 subsite (by virtue of an ordered
mannobiosyl moiety in the —2 and —1 subsites) (Figure 4b). The
conformation of the —2 subsite in the mutant was identical to
that of the wild-type mannanase (in complex with ligand),
confirming that the loss of the O6 enzyme interaction, rather
than any major structural perturbation, was responsible for the
decrease in activity.

Crystal Structures of BaMan5A and BsMan26A. To
explore the structural basis for the biochemical properties
displayed by the two Bacillus mannanases, their crystal structures
were determined (Figure 6). Despite considerable crystallization
efforts, the structure of the GH26 enzyme could be obtained only
in apo form while that of the GHS mannanase was determined
in both apo form and (through a serendipitous mutant more
amenable to complex formation) with Mans bound at subsites
—4 to —2 in which with each Man adopts a relaxed “C,
conformation. Consistent with their location in the GH-A clan,
both enzymes display a canonical (0/f)s-fold barrel in which the
catalytic acid—base and nucleophile glutamates are at the end
of f-strands 4 and 7, respectively (3, 31) (Figure 6a,b). Overlay-
ing the structure of the Bacillus enzymes with other GH26 and
GHS5 mannanases provides insight into the structural basis for
the substrate specificities displayed by these enzymes, with
respect to both their hydrolysis of manno-configured substrates
and their capacity to accommodate Glc in subsites distal to
subsite —1.

(i) The —1 Subsite. Superimposition of the —1 subsite in the
GHS (Figure 6¢) and GH26 (Figure 6d) mannanases reported
here reveals a striking degree of structural conservation. The
location of the two critical catalytic residues is conserved in both
families (Figure 6d). The invariant His in GH26 enzymes (His-
211 in CjMan26A and His-166 in BsMan26A), which interacts
with O2, is replaced with an Asn in the GHS enzymes (Asn-127 in
BaMan5A); however, the side chains of both polar residues are in
an appropriate position to interact with O2 of Man, when it
adopts its pseudoequatorial orientation along the reaction co-
ordinate (/4—16). In addition, the pseudoaxial O3 atom, induced
by the conversion of Man from its *C; geometry along its 'Ss to
S, migration, makes a polar interaction with a highly conserved
histidine (His-143, His-105, and His-88 in CjMan26A, BsMan-
26A, and BaMan5A, respectively). Finally, the —1 subsite
contains a hydrophobic platform (Trp-360, Trp-298, and Trp-
251 in CjMan26A, BsMan26A, and BsMan5A, respectively) that
makes extensive hydrophobic interactions with the pyranose ring
of the Man.

(ii) The —2 Subsite of GH26 Enzymes. Overlaying the —2
subsite regions of the C. japonicas enzymes CjMan26A and
CMan26C, the Cellulomonas fimi mannanase CfMan26A (32)
(Figure 6¢,d), and comparing these overlays with BsMan26A
reveal significant differences that could explain the variation in
activity displayed by these glycoside hydrolases for small man-
nooligosaccharides. It is difficult to accurately predict the inter-
actions between BsMan26A and the sugar at the —2 subsite (and
the —3 subsite), as the accommodation of a mannan chain might
require conformational changes to the extended loops 2 and
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FIGURE 6: Crystal structures of BaMan5A and BsMan26A. (a) Crys-
tal structure of BaMan5A, color-ramped from the N-terminus (blue)
to the C-terminus (red) with Man; in ball-and-stick representation.
(b) Three-dimensional structure of BsMan26A, color-ramped from
the N-terminus (blue) to the C-terminus (red). (c) Electron density
(2F5ps — Feare at 10) for Mans bound in the —2 to —4 subsites of
BaMan5 (Y8F variant colored yellow) overlaid with Trichoderma
reesei Man5A (blue) and Man5 from Bacillus sp. (PDB entry IWKY;
red). (d) Overlay of GH5 and GH26 mannanases in the negative
subsites. CjMan26A (trapped mannotriosyl-enzyme intermediate,
PDB entry 1GVY, colored yellow) with BaMan5A (blue, this work)
and BsMan26A (red, this work).

4. Nevertheless, it is likely that Tyr-40, which is spatially
equivalent to Glu-121 in CjMan26A, will also make a polar
contact with O6 of the Man at the —2 subsite, while Phe-116,
which is structurally equivalent to Trp-162 in the Cellvibrio
enzyme, will make hydrophobic contacts with the pyranose ring.
The strong polar interactions between Cj/Man26A and O2 and
O3 of the —2 sugar will, however, be less evident in BsMan26A,
where His-377 is replaced with Asp-300 and Arg-361 with
Asn-299. Although Asn-299 is likely too distant from the bound
sugar to make a polar contact, it is possible that Asp-300 makes
hydrogen bonds to O2, providing an explanation for why
BsMan26A is also selective for Man at the —2 subsite. In
CfMan26A, the residues equivalent to CjMan26A His-377
and Glu-121 are GIn-329 and Glu-78, respectively, which make
polar contacts with O2 (GIn-329) and O6 (Glu-78) of the Man at
the —2 subsite, but the amino acid corresponding to CjMan26A
Arg-361 in the Cellulomonas enzyme is Phe-325. Current struc-
tural data, therefore, indicate that at the —2 subsite polar
residues, corresponding to Asp-300 in BsMan26A, make a
hydrogen bond with the axial O2 atom of Man, and this
interaction confers specificity for Man, which is likely to be a
general but not universal feature of GH26 mannanases. Indeed, a
previous study showed that a third GH26 C. japonicus manna-
nase, CjMan26B, is able to accommodate Glc at the —2 and + 1
subsites (/0) which likely reflects the lack of sequence conserva-
tion with CjMan26A or CjMan26C in the loop that forms the
—2 subsite. It is also evident that Arg-361 in CjMan26A and the
equivalent residue, Arg-374, in CjMan26C mediate tight binding
of the substrate at the —2 subsite, resulting in the extremely high
activity displayed by the two Cellvibrio enzymes for small
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mannooligosaccharides (14, 2/). Thus, we predict that other
GH26 mannanases, which contain an arginine equivalent to
Arg-361 in CjMan26A will display similarly elevated activity
against small substrates.

(iii) The —2 Subsite of GHS5 Enzymes. In contrast to
the —1 subsite, there is little similarity between the —2 subsites of
GH26 and GHS5 mannanases. The Man at the —2 subsite of
BaMan5SA makes several hydrophobic interactions with the
enzyme, notably with Trp-31 but also with Trp-61 and Trp-
251. In addition, O6 makes polar contacts with Ne2 of His-88,
O3 forms hydrogen bonds to the N atom of Ser-257, and O2 may
make a polar contact with Od1 of Asn-256. It is evident, however,
that the —2 subsite of BaManSA displays a preference for
Glc over Man, indicating that O2 in an equatorial configura-
tion is also able to make polar contacts (stronger than in an
axial conformation) with the enzyme, most likely also with
Asn-256.

The —2 subsites of BaManSA and the other two bacterial
enzymes for which a crystal structure has been determined,
BManSA  from Bacillus sp. JAMB-602 [PDB entry
IWKY (33)] and Thermobifida fusca TfMan5A [PDB entry
3MAN (34)], are extremely similar. Indeed, the residues that
interact with the sugar through their side chains are invariant in
these three enzymes. It has been proposed that the residue
equivalent to BaManSA Asn-256 in TfMan5A (Asn-259) confers
specificity for mannan (34). The Bacillus enzyme, however,
displays a preference for Glc, over Man, at the —2 subsite, and
thus, it is unlikely that the conserved Asn contributes to mannan
specificity (see above). Furthermore, sequence alignments show
that these key substrate binding residues are conserved in
C/Man5A, explaining why the Cellvibrio enzyme also does not
display a preference for Man at this subsite. While there is less
structural conservation between BaMan5A and eukaryotic GHS
mannanases, BaMan5A His-88 and Asn-256 are conserved in
two of the enzymes, M ytilus edulis Man5A (35) and Lycopersicon
LeMandA (36), whereas Asn-256 is replaced with an Asp in
Hypocrea jecorina HiManSA (37). It is likely, therefore, that in
the GHS mannanases, for which structural data are available, the
critical —2 subsite does not display specificity for Man but may
well indeed exhibit a preference for Gle.

(iv) Distal Negative Subsites. Biochemical data show that
both BsMan26A and BaMan5A contain functional, albeit
“weak”, —3 and —4 subsites. Accommodation of Man at the
—3 subsite would require conformational changes to prevent
steric clashes with Trp-72 and Asp-40, although it remains likely
that these residues, in addition to Tyr-40, which is parallel to the
pyranose ring, interact with the sugar at the —3 subsite. The only
residues that could interact with Man at a potential —4 subsite, as
far as we can judge, are Arg-69 and Leu-73.

The interactions between the substrate and BaMan5SA at the
—3 subsite are through hydrophobic interactions with Trp-31 and
Trp-61, while the sugar at the —4 subsite makes apolar contacts
with Tyr-32. All three hydrophobic residues are invariant in the
structures of the two other bacterial GHS mannanases, revealing
that all these enzymes contain essentially identical negative
subsites extending from subsite —4 to —1. There appear to be
no polar interactions between the substrate and the enzyme at
subsites —3 and —4, suggesting that there is no specificity for Glc
or Man. Itis possible, however, that an equatorial O2 atom at the
—3 and/or —4 subsites may make productive polar contacts or
steric clashes with the protein, which would confer selectively for
Glc or Man.
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(v) Positive Subsites of BsMan26 A and BaMan5A. The
positive subsites of BsMan26A span approximately 12 A and
thus probably accommodate two sugars. Overlaying the structure
of C/Man26C, which has Man bound at the + 1 and + 2 subsites,
provides insight into the likely mechanism by which this region of
the active site of several GH26 mannanases recognizes substrate
(Figure 4d). Thus, BaMan5A Trp-172, which is invariant in all
other known mannanase structures, makes planar hydrophobic
interactions with the sugar at the +1 subsite. Asp-218 in the
Bacillus enzyme, equivalent to Asn-257 in CjMan26A, makes a
weak polar contact with O6, but there are no interactions with
02, suggesting that the + 1 subsite may not discriminate between
Glc and Man. There is considerably less conservation at the
+ 2 subsite between the GH26 enzymes. In BsMan26A, Arg-221,
equivalent to Arg-269 in CjMan26C, is likely to make polar
contacts with the sugar, including the axial O2 atom. Thus, the
basic residue not only provides the majority of the substrate
binding energy at this distal positive site but also displays
specificity for Man. Indeed, this arginine appears to confer the
tight binding evident in the +2 subsites of BsMan26A and
CjMan26C, and the lack of an equivalent residue in CjMan26A
and CfMan26A explains why the +2 subsite in these enzymes
interacts only weakly with the substrate. Thus, the analysis of the
structure allows prediction of the following substrate specificities
of the four GH26 mannanases for structures within glucoman-
nan: BsMan26A and CjMan26C, ManMan(Man/Glc)Man;
CjMan26A and CfMan26A, ManMan(Man/Glc)(Man/Glc).

In the + I subsite, a hydrophobic platform, Trp-164 in the case
of BaManS5A, is predicted to interact with substrate (on the basis
of its similarity with HjManSA). There are no direct polar
interactions with the +1 sugar, indicting that the enzyme does
not display specificity for Glc or Man at this subsite. Indeed,
comparing BaManSA with all other known GHS5 mannanase
structures shows that Trp-164 is invariant and, similarly, none of
the enzymes interact with O2, although they do make hydrogen
bonds with other hydroxyls in the sugar. As in GH26 manna-
nases, the +2 subsite is not highly conserved in the GHS
mannanases. The only interaction between BaMan5A and
the +2 subsite sugar is through a polar contact between the
OH group of Tyr-196 and O1 of the Man. By contrast, HjManSA
and 7fManSA make several polar interactions with the +2
sugar, including the axial O2 atom, conferring specificity for
Man. Downstream of the +2 subsite, two aromatic residues,
Tyr-196 and Trp-132, are likely to make hydrophobic contacts
with the substrate at the +3 subsite. Indeed, the hydrophobic
platform provided by Trp-132 in BaManS5A is conserved in other
GHS5 mannanases, indicating that a functional + 3 subsite is a
common feature of these enzymes.

CONCLUSIONS

This report provides structural insight into the complex
substrate specificities displayed by f-mannanases. Biochemical
studies point to a divergence in specificity between GH5 and
GH26 mannanases. It would appear that the GHS mannanases
are able to accommodate, and even make productive interactions
with, Glcat the —2 and + 1 subsites. Thus, these enzymes are able
to hydrolyze mannosidic linkages that are flanked by Man or
Glc. Similarly, at the distal negative subsites, —3 and —4, O2 does
not make polar contacts with the enzyme, while in BaMan5A,
the positive region of the substrate binding cleft also does not
harness axial O2 groups as specificity determinants. Thus, while
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BaMan5A hydrolyzes only mannosidic bonds, because of its
absolute specificity for Man at the —1 subsite (a feature that is
invariant in all mannanases), it would appear that the topogra-
phical features of the substrate binding cleft of this enzyme are
optimized to utilize glucomannan as its preferred substrate.
The relaxed specificity for Glc or Man, apart from the critical
—1 subsite, is a feature shared with the other GH5 mannanases,
where structural information is available.

One may extend the gluco versus manno comparison even
further for GHS as this family contains enzymes with a variety of
substrate specificities, in addition to mannanases, including
endoglucanases (cellulases) active on f-1,4-linked glucopyrano-
side polysaccharides. At the topographical level, the B. agarad-
haerens Man5A and the endoglucanase CelSA from the same
bacterium (38, 39) are extremely similar with long open grooves
evolved to accommodate linear glucan substrates, 5-1,4-manno-
side- and S-1,4-glucoside-based, respectively. As mentioned pre-
viously, their —1 subsite catalytic apparatus is also highly
conserved, and again, it is not in the vicinity of O2 where the
enzyme environments differ but around O3, a facet which
we have mentioned previously in the context of GHS5 and
GH26 (14, 15, 40, 41). The cellulase versus mannanase compar-
ison thus adds to the overall picture that distal subsite recognition
favors appropriate aromatic platforms and H-bonding designed
to accommodate the axial or equatorial O2 hydroxyls of mannose
or glucose, as required, whereas in the —1 subsite, the enzymes
have evolved to bind the similarly pseudoequatorial O2 atom
of either Man or Glc (when distorted at their appropriate
transition states) and that specificity at this site derives instead
from the interactions of O3 which facilitate the equatorial
O3 atom of glucose in the cellulases but the pseudoaxial
(but identically configured in the ground state) geometry in the
distorted mannoside.

In contrast, the GH26 mannanases, characterized to date,
generally display tight specificity for Man at both the —2 subsite,
by selecting the axial O2 atom as a key specificity determinant,
and the —1 subsite, where substrate recognition is not conferred
by the ground state structure of the sugar but by the pseudoe-
quatorial O2 conformation adopted by Man along the reaction
coordinate. The conservation of a polar residue, equivalent to
C/Man26A His-377, in GH26 enzymes indicates that Man
recognition at the —2 subsite is a general, but not invariant,
feature within this family. In addition, this report has also
revealed that an arginine, present in the —2 subsite of two
GH26 mannanases, confers unusually high activity against small
mannooligosaccharide substrates. Screening genomic databases
for other GH26 enzymes that retain this arginine may facilitate
the identification of novel mannooligosaccharidases. Currently,
the two Cellvibrio enzymes that contain a high-affinity —2 subsite
do not possess additional negative binding subsites, which may
explain why the high activity displayed against Man; and Many is
not translated to the hydrolysis of polysaccharides. The structur-
al data presented will be used to guide protein engineering
strategies that either introduce the “high-affinity arginine” into
selected GH26 mannanases that contain an extended substrate
binding cleft or build additional subsites into enzymes that
already contain the basic residue at the —2 subsite. It is possible
that these engineered enzymes may display elevated activities
against mannan and glucomannan and thus add to the toolkit of
biocatalysts deployed within the bioenergy and bioprocessing
industries.
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In conclusion, this report provides the structural basis for Glc
and Man recognition in f-mannanases. GH5 mannanases appear
to display relaxed specificity for Glc or Man at the majority of
the subsites and thus are optimized for glucomannan attack.
By contrast, GH26 mannanases, by selecting Man at both the
—1and —2 subsites, preferentially attack homopolymers of Man.
As glucomannan is generally found in the cell walls of angios-
perms while mannan is often a storage polymer in seeds, it would
appear that GHS5 mannanases target plant cells, which is
consistent with the presence of cellulose-specific noncatalytic
carbohydrate binding modules in many of these enzymes (10). In
contrast, GH26 enzymes lack cellulose-specific CBMs and are
often tethered to the bacterial cell wall (42), indicating that their
primary substrates are mannooligosaccharides or soluble man-
nans such as galactomannans.
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