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ABSTRACT: To date, rational redesign of glycosidase active-site clefts has been mainly limited to the removal of
essential functionalities rather than their introduction. The glycoside hydrolase family 26 endo-β-1,4-
mannanase from the soil bacterium Cellulomonas fimi depolymerizes various abundant plant mannans. On
the basis of differences in the structures and hydrolytic action patterns of this wild-type (but recombinantly
expressed) enzyme and a homologous mannanase from Cellvibrio japonicus, two nonconserved amino acid
residues at two distal glycone-binding subsites of the C. fimi enzyme were substituted, Ala323Arg at subsite-2
and Phe325Ala at subsite -3, to achieve inverted mannosyl affinities in the respective subsites, mimicking the
Ce. japonicus enzyme that has anArg providingmannosyl interactions at subsite-2. TheX-ray crystal structure
of theC. fimi doubly substitutedmannanase was determined to 2.35 Å resolution and shows that the introduced
Arg323 is in a position suitable for hydrogen bonding tomannosyl at subsite-2.We report steady-state enzyme
kinetics and hydrolysis-product analyses using anion-exchange chromatography and a novel rapid mass
spectrometric profilingmethod of 18O-labeled products obtained using H2

18O as a solvent. The results obtained
with oligosacharide substrates show that although the catalytic efficiency (kcat/Km) is wild-type-like for the
engineered enzyme, it has an altered hydrolytic action pattern that stems frompromotion of substrate binding at
subsite -2 (due to the introduced Arg323) and demotion of it at subsite -3 (to which removal of Phe325
contributed). However, kcat/Km decreased∼1 order of magnitude with polymeric substrates, possibly caused by
spatial repositioning of the substrate at subsite -3 and beyond for the engineered enzyme.

Secondary plant cell walls are highly complex structures com-
posed of lignin and an interlocking network of polysaccharides,

mainly cellulose and hemicellulose. The major softwood hemi-
cellulose is acetylated galactoglucomannan which is a hetero-
polymer with a β-1,4-linked backbone of D-mannopyranosyl and
D-glucopyranosyl units bearing different degrees of R-1,6-D-
galactopyranosyl and/or acetyl (O2 or O3) substitution (1, 2).
Endo-β-1,4-mannanases (EC 3.2.1.78) are glycoside hydrolases
(GHs)1 that belong to GH families 5, 26, and 113 (http://www.
cazy.org/) (3) and catalyze the hydrolysis of β-1,4-mannosidic
bonds inmannans and heteromannans (Scheme 1).GH families 5
and 26 belong to the 4/7 superfamily, clan GH-A, whose
members share the (β/R)8 barrel fold (4, 5) and a retaining
double-displacement reaction mechanism (6). Endo-β-1,4-man-
nanases often have additional modules such as carbohydrate-
bindingmodules (CBM) as well as a catalytic module (CD) (7, 8).

Crystal structures of several GH5 (9-12) and GH26
β-mannanases (13-19) have been determined. Like many other
glycanases, the CDs of mannanases usually have several glycone
(negative numbering) and aglycone (positive numbering) sugar-
binding subsites where themannosidic bond between the adjacent
monomers occupying subsites-1 andþ1 is cleaved (20). Known
β-mannanases and β-mannosidases are defined by a proximal
glycone -1 subsite that is invariably specific for a mannose
residue through a high level of structural conservation (14, 19)
(Figure 1). It appears that the topology of subsite -1 is tuned
toward binding a mannose ring in its boatlike (B2,5) conforma-
tion near or at the transition state (14, 19, 21). On the other hand,
some GH5 and GH26 β-mannanases differ in terms of the
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tightness ofmannose specificity of subsites flanking the critical-1
subsite (19).

The endo-β-1,4-mannanase fromCellulomonas fimi (CfMan26A)
is comprised of fivemodules (16, 22), including an internal mannan-
binding CBM of family 23 (23). The crystal structure of a 50 kDa
recombinant truncated enzyme variant (WT-CfMan26A-50K)
with wild-type (WT) sequence but comprising only the N-term-
inal GH26 CD and the immunoglobulin-like (Ig-like) module
was previously determined (16). Here, we report on the analysis
of a variant (DM-CfMan26A-50K) of this protein with two
substituted residues created by a double mutation (DM). The
rationale behind the engineering of the glycone-binding distal
subsites of WT-CfMan26A-50K came from the comparison of
the structure and the hydrolytic action pattern of WT-CfMa-
n26A-50K (16) to those of another well-characterized and
homologous GH26 endo-β-mannanase, CjMan26A from Cellvi-
brio japonicus (13-15). The catalytic domain ofWT-CfMan26A-
50K is 34% identical in sequence to CjMan26A, and their
structures have several common features. This is shown by
overlay analysis in which the structures of WT-CfMan26A-
50K in complex with mannotriose bound at subsites -2 to -4
(PDB entry 2bvt) and the CjMan26A-Glu320Gly variant in a
complex with mannobiose bound at subsites -1 and -2 (PDB
entry 1odz) superimpose with a 1.1 Å rmsd based on 339 CR
atoms.Nomajor structural differences are observed in the vicinity
of subsites þ1 and -1, with key conserved residues involved in
substrate binding and catalysis (13, 16, 19, 24, 25) (Figure 1).
Glu175 andGlu282 inWT-CfMan26A-50K (Glu212 andGlu320
in CjMan26A, respectively) are the catalytic acid/base and
nucleophile residues, respectively.

In contrast, structural differences are observed between the
two enzymes at subsites -2 and -3 (13, 15, 16), with noncon-
served amino acids as candidates responsible for the differences
in the hydrolytic patterns of these two enzymes. Two amino acids
at subsite -2 are in equivalent positions in both enzymes and
interact with the mannosyl in subsite -2 by hydrogen bonds or
polar contacts (Glu78 and Gln329 in WT-CfMan26A-50K and
Glu121 and His377 in CjMan26A). However, a striking differ-
ence is that Arg361 of CjMan26A forms hydrogen bonds to the
C2 and C3 hydroxyls of the mannosyl in subsite -2, but these
interactions are lacking inWT-CfMan26A-50K since the equiva-
lent residue is Ala323 (Figure 1) (16). In a recent study, Tailford

et al. showed that Arg361 in CjMan26A and an equivalent
residue (Arg374) in an exomannanase, CjMan26C, confer high
mannose (vs glucose) specificity by interacting with the axial C2
hydroxyl of the 4C1 ground-state mannose unit (17, 19). Con-
versely, Phe325 at subsite-3 ofWT-CfMan26A-50K provides a
hydrophobic stacking platform for the mannose unit (16), but
this interaction is missing in CjMan26A since the equivalent
residue is Ala363 (Figure 1). The structural data alone thus may
indicate that the relative affinities at subsites -2 and -3 are
inverted in the two enzymes.

The differences in the hydrolytic action patterns of these two
enzymes are most pronounced for mannotetraose (M4) hydro-
lysis. Previous work showed that M4 forms a major productive
complex with WT-CfMan26A-50K, binding from the -3 to þ1
subsites, thus formingM3 andM1 asmajor products (16, 24). For
CjMan26A,M4 is preferentially productively bound from the-2
to þ2 subsites since M2 is the major hydrolysis product (13).
Thus, these observations are consistentwith the inverted affinities
within subsites -3 and -2 hypothesized above. Furthermore,
Tailford et al. recently showed the importance of Arg361 in
subsite -2 of CjMan26A: an Ala substitution decreased the
observed kcat/Km dramatically (2750 times for M4) (19). To gain
further insights into the engineering of substrate-binding residues
among GH26 enzymes, we report here on the creation and
analysis of a doubly substituted variant of the C. fimi β-
mannanase (DM-Man26A-50K). In this work, we set out to
determine the structural and functional consequences of rede-
signing the distal glycone-binding subsites of WT-CfMan26A-
50K through the removal of the important Phe325 at subsite-3,
leaving space for the introduction of a “high-affinity Arg323”
[term coined by Tailford et al. (19)] at subsite-2, positioned like
Arg361 in CjMan26A. The Ala323Arg/Phe325Ala enzyme var-
iant was analyzed via structural and biochemical methods.

EXPERIMENTAL PROCEDURES

General Materials and Methods. Manno-oligosaccharides
(mannobiose M2, mannotriose M3, mannotetraose M4, manno-
pentaose M5, and mannohexaose M6) were purchased from
Megazyme (Bray, Ireland). Isotopically labeled H2

18O (nor-
malized 97 atom %) was from Isotec, Aldrich (Steinheim,
Germany); restriction enzymes were from Fermentas (St. Leon-
Rot, Germany) and synthetic oligonucleotides from TAGC

Scheme 1: Endo-β-1,4-mannanase-Catalyzed Hydrolysis of a Manno-Oligosaccharide M(xþy) to Smaller Manno-Oligosaccharide
products Mx and My

a

aThe arrow points to the mannosidic bond to be cleaved.
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(Copenhagen, Denmark). All other chemicals were obtained in
reagent grade from Sigma/Aldrich Chemical Co. (Schnelldorf,
Germany). Protein concentrations were determined using the
Micro BCA Protein Assay Reagent Kit with BSA standards
(Pierce, Rockford, IL).
Site-Directed Mutagenesis. Mutagenesis was performed

using the overlap extension technique (26). First, the DM-
CfMan26A-50K gene was amplified in two parts in two separate
PCRs each using plasmid pET28b/WT-Man26A-50K (16) as a
template and either primer pair fwd1 and rev1 (50-TGCTCG-
AGTGCGGCC-30 and 50-CGTGGAGGAATGCCGACGCC-
GGCCAG-30, respectively) or primer pair fwd2 and rev2 (50-CG-
TCGGCATTCCTCCACGTCTCCATGTAGG-30 and 50-GG-
CGACTTTCCCGCG-30, respectively). Primers rev1 and fwd2
are both complementary to the site of mutagenesis but include six
noncomplementary base pairs (mismatches, underlined) creating
the A323R and F325A mutations. fwd1 includes a NotI (under-
lined) and rev2 a SacII (Cfr42I) (underlined) restriction site. The
products of these two PCRs were purified on an agarose gel and
used together as templates in a second PCR using primers fwd1
and rev2 to amplify the whole gene. The final PCR product was
purified on an agarose gel and rescued with rescue vector pCR-
Blunt II-TOPO (Invitrogen Life Sciences, Carlsbad, CA) using
the Zero Blunt TOPO PCR cloning protocol from Invitrogen.
Plasmid pCR-BluntII-TOPO/DM-CfMan26A-50K was double-
restriction-digested using NotI and SacII, and the DM-CfMa-
n26A-50Kgene (harboring theA323RandF325Amutations) was
inserted into the similarly double-restriction-digested pET28b/
WT-Man26A-50K plasmid and sequenced.
Protein Expression and Purification. Recombinant WT-

CfMan26A-50K (475 amino acids, 50416Da; amino acids 1-464
of mature modular WT-CfMan26A and an added C-terminal
AAALEHHHHHH sequence) and recombinant DM-CfMa-
n26A-50K (475 amino acids, 50426 Da; exactly the same as the

WT construct except for the substituted residues) were expressed
by Escherichia coli cells and purified as described previously (16)
with minor changes. Briefly, BL21(DE3) cells were transformed
(electroporation) with plasmid pET28b (Novagen,Madison,WI)
harboring either the WT or DM insert. Cell lysis (French press)
was performed in QIAGENNPI-10 binding/lysis buffer [50 mM
sodium phosphate, 300 mM NaCl, and 10 mM imidazole (pH
8.0)]. Cleared cell lysate was loaded onto a 1 mL Ni-NTA
Superflow cartridge (QIAGEN), and the His-tagged protein
was eluted with a linear gradient from 10 to 130 mM imidazole
[50mM sodium phosphate and 300mMNaCl (pH 8.0)] at a flow
rate of 1.0 mL/min over 80 min. Fractions (2.5 mL) were
analyzed via SDS-PAGE (6 cm, 4 to 12% gradient gel,
Invitrogen) and assayed for β-1,4-mannanase activity using
reducing-sugar detection with 2-hydroxy-3,5-dinitrobenzoic acid
(DNS) (27). After three rounds of Ni-ion-affinity chromatogra-
phy, both WT- and DM-CfMan26A-50K appeared as single
bands (50 kDa) when analyzed via SDS-PAGE (Coomassie
staining) using a 6 cm, 4 to 12% gradient gel.
Crystallization.Crystallization trials were conducted in a 96-

well MRC plate (three-protein well version) with a 50 μL
reservoir and 0.3 μL drops containing varying proportions of
reservoir and protein solution at a concentration of 8.4 mg/mL in
50 mM sodium citrate buffer (pH 6.0). The drops were dispensed
using an Oryx 8 protein crystallization robot (Douglas In-
struments). X-ray quality crystals were obtained with condition
5 in the JCSGþ crystallization suite (QIAGEN), having 0.2 M
magnesium formate (pH 5.9) and 20%PEG3350 in the reservoir.
Data Collection and Processing.Glycerol was added to the

mother liquor to a final concentration of 20% (v/v) as a
cryoprotectant. A crystal of DM-CfMan26A-50K was flash-
cooled in liquid nitrogen, and data were collected at 100 K after
the mixture had been annealed once in situ to reduce the high
mosaicity. Data collection was accomplished on beamline 911-2
atMAXLAB (Lund, Sweden), with a crystal-to-detector distance
of 150 mm, an oscillation range of 0.5� per frame, and a
wavelength of 1.0379 Å. Data were processed with MOSFLM
version 7.0.1 (28) and SCALA version 3.2.5 (29) in the CCP4
package. The space group was P212121 with two molecules in
the asymmetric unit and the following unit cell dimensions: a =
73.1 Å, b = 99.6 Å, and c = 133.0 Å. Data processing statistics
are listed in Table 1.
StructureDetermination andRefinement.The structure of

DM-CfMan26A-50K was determined by molecular replacement
with MOLREP (32) using the uncomplexed WT-CfMan26A-
50K [PDB entry 2bvy (16)] as a model. The crystal of DM-
CfMan26A-50K was in fact essentially isomorphous to the
mannotriose complex of WT-CfMan26A-50K [PDB entry
2bvt (16)], but since the uncomplexed WT structure had been
determined at a significantly higher resolution, it was used as a
model. A clear solution was identified with a correlation coeffi-
cient of 69.2% and an R-factor of 38.3%. The search results
revealed noncrystallographic symmetry (NCS) where the two
molecules in the asymmetric unit are related essentially only by
translation. NCS restraints were applied between the two mole-
cules in the asymmetric units in subsequent refinement steps. Five
percent of the observed reflections were randomly removed for
cross-validation, and the refinement was performed using max-
imum-likelihood programRefmac version 5.2.0005 (33). Toward
the end of the refinement, the restraints for nine side chains were
loosened as there were genuine differences for these residues in
the electron density maps of the two molecules. Visual inspection

FIGURE 1: Superposition of substrate binding grooves ofWT-CfMa-
n26A-50K in complexwithM3 in subsites-4 to-2 (PDB entry 2bvt)
(green), DM-CfMan26A-50K (yellow), and CjMan26A-Glu320Gly
in a complex withM2 at subsites-2 and-1 (PDB entry 1odz) (red).
Gln329 in WT- and DM-CfMan26A-50K (His377 in CjMan26A),
involved in axial O2 specific recognition, is not shown for the sake of
clarity. Putative hydrogen bonds between Arg323 and Arg361 at
subsite-2 and the C2 and C3 hydroxyls of M2 from the CjMan26A
complex are shown. The figure was made with Pymol (The PyMOL
molecular graphics system,DeLanoScientificLLC,SanCarlos,CA).



Article Biochemistry, Vol. 49, No. 23, 2010 4887

and manual correction of the resulting model structures were
accomplished usingCoot (34) and alternated with the refinement.
The final model comprises residues 4-465, with the additional
following residues missing: 387-389 (missing only in molecule
A), 412, 413, 436-442, 443, and 444 (missing only inmolecule B).
Some residual density that might belong to additional residues
was observed at the termini and near chain breaks, but additional
amino acids were difficult to model because of the disorder and
limited resolution. Two proline cis-peptides per molecule are
found in the model (Pro80 and Pro380). Thirteen side chains
(Asp12A/B,Glu30A/B,Arg79A/B,Glu84B,Arg232B,Glu341A,
Gln373A, Gln403A, and Asp420A/B) were modeled with two
alternate conformations. The rmsd for all atoms between the two
chains, calculated using the lsq option in Coot, is 0.28 Å. The
automated refinement procedure ARP/wARP (35) was applied
for modeling solvent molecules, which were further checked
visually. A total of 628 water molecules are included in the final
model. Refinement resulted in identification of further compo-
nents in the solvent area. Four strong electron density peaks were
interpreted as Mg2þ ions, two per protein molecule in the
asymmetric unit, and binding at analogous sites in eachmolecule.
In each molecule, one Mg2þ ion is hexacoordinated by water
molecules only, with typical coordination distances (between
2.00 and 2.23 Å). The second Mg2þ ion is pentacoordinated by
Thr352 (side chain and carbonyl oxygen) and the main chain
oxygens of Ala347 and Asp349 as well as a water molecule, with
coordination distances somewhat longer than usual (between
2.16 and 2.53 Å). Although erroneously interpreted as water, an
ion, probably sodium, is also present in the original native
structure at this site. We view the Mg2þ ion binding as oppor-
tunistic binding because of the presence of 0.2 M Mg2þ ions in
the crystallization mixture. Eight formate ions, also originating
from the crystallizationmixture, were identified in themodel. For
each molecule in the asymmetric unit, two formate ions bind
equivalently to the substrate binding groove. As cacodylate did in

the WT-CfMan26A-50K structure, formate partly occludes
subsite -1 and, additionally, subsite -2. The formate ion at
subsite -1 makes hydrogen bonds to the catalytic nucleophile
Glu282, as well as His174 and His113, while the formate ion at
subsite-2makes hydrogen bonds toGlu78 and one or twowater
molecules. An additional formate ion is bound at the B molecule
substrate-binding groove through a water-mediated hydrogen
bond. Three additional formate ions bind away from the
substrate binding groove, giving a total of eight formate ions in
the structure. The finalmodel was refined to anR factor of 15.9%
and an Rfree of 19.9%. The refinement details are summarized
in Table 1.
Analysis of the Initial andEndProducts ofHydrolysis.

(i) Initial Products. Analysis of the initial hydrolysis products
of manno-oligosaccharide substrates (M3-M6) catalyzed by
WT-CfMan26A-50K has been reported previously (16). We
repeated the analysis of the initial hydrolysis products of M4

catalyzed byWT-CfMan26A-50K and conducted full analyses of
the initial hydrolysis products ofM3-M6 substrates catalyzed by
DM-CfMan26A-50K under the same conditions that were used
forWT-CfMan26A. For each substrate, the assay conditions and
incubation times appropriate for the formation and observation
of only the initial hydrolysis products were determined by
analyzing test reactions by thin-layer chromatography (TLC).
TLC was performed on aluminum-backed sheets of silica gel 60
F254 plates (Merck) using a 10:8:7 (v/v/v) n-butanol/ethanol/
water mixture as the eluent. Spots were visualized by exposure to
a solution of N-(1-naphthyl)ethylenediamine dihydrochloride
and sulfuric acid (36) followed by heating at 105 �C. Quantita-
tive analysis of the formed initial hydrolysis products was
achievedusinghigh-performance anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD) as descri-
bed previously (7, 16). A DIONEX CX 500 system (Dionex,
Sunnyvale, CA) equipped with an ED40 electrochemical detector
and Carbo Pac PA-100 pre- and analytical columns were used.
Solutions of appropriate standard manno-oligosaccharde mix-
tures at three different concentrations were also run on the
DIONEX system along with samples from hydrolysis assays to
set up standard plots (response vs concentration) for quantifica-
tion. Elution was performed with 100 mM NaOH (for M3, M5,
and M6 hydrolysis assays) or 36 mM NaOH (for M4 hydrolysis
assays). Hydrolysis assays were performed at 37 �C in 50 mM
sodium citrate buffer (pH 6.0) via incubation of 3.00mMM4 and
0.36 μg/mL WT-CfMan26A-50K for 30 min, 10.0 mM M3

and 4.0 μg/mL DM-CfMan26A-50K for 30 min, 3.00 mM M4

and 0.36 μg/mL DM-CfMan26A-50K for 90 min, or 3.00 mM
M5 or M6 and 2.3 μg/mL DM-CfMan26A-50K for 22 min. The
reactions were terminated when the mixtures were boiled.

(ii) End Products. For end-hydrolysis-product analysis,
3.33 g/L locust bean gum galactomannan (LBG) or M3-M6

substrates at the concentrations and assay conditions mentioned
abovewere incubated with either 80 μg/mLWT-CfMan26A-50K
or 0.40 mg/mL DM-CfMan26A-50K until complete hydrolysis
was reached. Samples were run on the DIONEX system with
100 mM NaOH as the eluent.
Steady-State Initial Velocity Kinetic Analysis.All kinetic

experiments were performed at 37 �C in 50 mM sodium citrate
buffer (pH 6.0).

(i) LBG and GG Substrates. Steady-state kinetics of the
WT- and DM-CfMan26A-50K-catalyzed hydrolysis of the poly-
meric substrates, LBG, and guar gum galactomannan (GG) were
determined at 37 �C using a DNS stopped assay that detects

Table 1: Crystallographic Statisticsa

Data Processing

no. of measured reflections 245300

no. of unique reflections 41120

resolution range (Å) 19.43-2.35 (2.48-2.35)

multiplicity 6.0 (5.6)

completeness (%) 99.8 (99.9)

R(r.i.m.)
b (%) 11.2 (38.1)

I/σ(I) 6.6 (2.1)

Refinement

Rwork/Rfree 0.159/0.199

root-mean-square deviation

bond lengths (Å) 0.009

bond angles (deg) 1.096

Ramachandran plot (%)c

most favored 92.7

additional allowed 7.2

generously allowed 0.1

disallowed 0.0

no. of non-H atoms

protein 6787

water 628

Mg 4

formate 24

aStatistics in parentheses refer to the outer resolution shell. bRedun-
dancy-independent Rmerge (30): R(r.i.m.) =

P
hkl[N/(N - 1)]1/2

P
iIi(hkl) -

Ii(hkl)/
P

hkl

P
iIi(hkl).

cCalculated using PROCHECK (31).
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reducing sugars (16, 27). The substrate and enzyme concentra-
tions were as follows: 0.30-4.50 g/L LBG and either 0.33 μg/mL
WT-CfMan26A-50K or 3.2 μg/mL DM-CfMan26A-50K and
0.56-18 g/L GG and either 0.33 μg/mLWT-CfMan26A-50K or
3.2 μg/mL DM-CfMan26A-50K. At each substrate concentra-
tion, a 400 μL aliquot of the assay was added to 600 μL of DNS
at 5, 10, and 20min time intervals. The absorbance at 540 nmwas
measured, and the amount of reducing sugar released was
determined using a D-mannose standard curve. For each assay
at a given substrate concentration, the reducing sugar concentra-
tion was plotted versus time and the initial velocity of hydrolysis
was determined from a linear regression of the data with
GraphPad Prism 4 (GraphPad Software, San Diego, CA). When
no saturation was observed at practical substrate concentrations
and the initial velocity curve (Vo vs [S]) was linear, the value of
Vmax/Km was determined by linear regression. When the initial
velocity curve was hyperbolic, the values of Km and Vmax were
determined by fitting the data to the standardMichaelis-Menten
equation using nonlinear regression with the same program.

(ii) M3-M6 Substrates. Steady-state kinetic parameters of
theWT-CfMan26A-50K-catalyzed hydrolysis of oligomeric sub-
stratesM3-M6have been reported (16). The steady-state kinetics
of the DM-CfMan26A-50K-catalyzed hydrolysis of oligomeric
substrates M3-M6 were also determined under the same condi-
tions that were used for the WT enzyme using a stopped-assay
method involving HPAEC with the DIONEX system as men-
tioned above. Elution was performed with 100 mM NaOH (for
M3 kinetics), 36 mMNaOH (for M4 kinetics), or 48 mMNaOH
(for M5 and M6 kinetics) as the eluent. Assay conditions were
as mentioned abovewith 0.50-7.00mMM3 and 4.0 μg/mLDM-
CfMan26A-50K, 0.50-4.00 mM M4 and 0.36 μg/mL DM-
CfMan26A-50K, 0.50-5.00 mM M5 and 0.36 μg/mL DM-
CfMan26A-50K, or 0.50-7.00 mM M6 and 0.36 μg/mL
DM-CfMan26A-50K. Aliquots were withdrawn at three time
points during the 20-150 min incubation time, and the reactions
were terminated when the mixtures were boiled. The formed
hydrolysis products were then quantitatively analyzed on the
DIONEX system. The total number of moles of the formed
hydrolysis products at each time point was recalculated to the
remaining number of moles of the substrate. The initial velocity
curves (Vo vs [S]) were hyperbolic, and the values ofKm andVmax

were determined by fitting the data to the standard Michaelis-
Menten equation using nonlinear regression with GraphPad
Prism 4.
Initial Hydrolysis of Manno-Oligosaccharide M3-M6

Substrates in H2
18O (solvent isotope incorporation). To

determine and compare the WT- and DM-CfMan26A-50K-
catalyzed hydrolytic cleavage patterns of M3-M6 substrates,
initial hydrolysis assays were performed in H2

18O [with a total of
7% H2

16O contamination (3% in the original H2
18O and 4%

from the enzyme and substrate stock solutions)]. In control
experiments, M3-M6 were incubated in H2

18O under the assay
conditions but without the enzyme at 37 �C and lower tempera-
tures to assess the rate of nonenzymatic incorporation of 18O at
the anomeric center (C1) of the reducing end of manno-oligo-
saccharides. These experiments showed no detectable nonenzy-
matic 18O incorporation at 8 �C but significant incorporation at
higher temperatures (e.g., 22 and 37 �C) over the time period
required for enzymatic hydrolysis (data not shown). Therefore,
all enzymatic initial hydrolysis assays were performed at 8 �C in
H2

18O (93%) containing 1 mM sodium citrate (pH 6.0), 0.8 mM
M3-M6, and either 6.6 μg/mL1 WT-CfMan26A-50K (32 μg/mL

WT-CfMan26A-50K for M3 hydrolysis) or 32 μg/mL DM-
CfMan26A-50K. Aliquots of the hydrolysis samples were
directly analyzed by MALDI-TOF MS as described below.
MALDI-TOFMS. Samples (0.5 μL) from hydrolysis assays

were spotted directly onto a stainless steel MALDI target. A
matrix solution containing 10 mg/mL 2,5-dihydroxybenzoic acid
(gentisic acid) in water and acetonitrile (1:1) was added (0.5 μL)
and dried using heated air. Control experiments showed that the
short time (less than 1 min) required for the mixing of hydrolysis
samples in H2

18O with the matrix solution in H2
16O and drying

on a MALDI target did not cause any significant nonenzymatic
16O back-incorporation at the anomeric center of 18O-labeled
manno-oligosaccharides. MALDI-TOF mass spectra were re-
corded using a 4700 Proteomics Analyzer (Applied Biosystems,
Framingham,MA) in positive reflector mode. The laser intensity
was set between 6000 and 6400, and 70 subspectra, with 30 shots
on each, were accumulated.
MALDI-TOF MS Data Analysis. For each substrate

oligosaccharide, the relative frequencies (dominance) of the
two productive binding modes of the substrate that gave rise to
two same-DP products were deduced from the relative areas of a
pair of light (no 18O incorporation) and heavy (18O-labeled at the
anomeric center of the newly generated reducing end) mono-
isotopic MS peaks corresponding to one of the products. For
example, for M4, two different productive binding modes both
gave rise toM3 andM1 products. The relative frequencies of these
two modes were calculated from the relative areas of the
monoisotopic MS peaks of 16O- and 18O-labeled M3 products
after two corrections: one for the [M þ 2] natural isotope peak
(5.3% of the monoisotopic peak forM3) of the light (

16O) species
that overlaps with the heavy (18O) peak, followed by another
correction for the 7% H2

16O contamination in the hydrolysis
assays. The data were analyzed using Data Explorer version 4.6.
M1 was not detectable because of matrix suppression of low
masses.

RESULTS AND DISCUSSION

Mutagenesis, Expression, and Basic Characterization.
The Ala323Arg/Phe325Ala doubly substituted variant of WT-
CfMan26A-50K (DM-CfMan26A-50K), designed to mimic
CjMan26A within subsites -2 and -3, was created by overlap
extension PCR, expressed, andpurified in the samemanner as the
WT enzyme. The pH dependence of the activity and temperature
stability of both WT and DM enzymes were determined to be
very similar (data not shown). Both are fully stable over 14 h at
temperatures up to 30 �C and have optimal activity (>90% of
maximum) over a pH range of 5.5-7.0.
Structure of DM-CfMan26A-50K. DM-CfMan26A-50K

was crystallized, and the three-dimensional (3D) structure was
determined to be essentially the same as that of WT-CfMan26A-
50K except around the two substitutions. It consists of an
N-terminal (β/R)8 barrel (CD), typical of Clan GH-A enzymes,
connected via a linker to aC-terminal Ig-likemodule of unknown
function, which packs closely with the catalytic domain. The
rmsd values for all atoms between WT-CfMan26A-50K and
DM-CfMan26A-50K structures were 0.61 Å for chain A and
0.60 Å for chain B (0.30 and 0.29 Å, respectively, for CR atoms
only). If the catalytic domain and Ig-like domain are fit inde-
pendently, rmsd values are 0.20 and 0.31 Å, respectively, for CR
atoms of chain A and 0.20 and 0.33 Å, respectively, for CR atoms
of chain B. Thus, there is no evidence of the relative movement
of the two domains with respect to each other. The structure of
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DM-CfMan26A-50K is also very similar to the reported struc-
ture of WT-CfMan26A-50K in a complex with M3 bound at
subsites -2 to -4 (16).

WT-CfMan26A-50K and CjMan26A share many residues
interacting with substrate, as illustrated in Figure 1. One of the
most significant differences is the one that the double mutation
presented here seeks to emulate. Evidence of the amino acid
substitutions was clear in the initial electron density maps for
DM-CfMan26A-50K, and the introduced Arg323 at subsite -2
is very well-defined in the electron density for the final model
(Figure 2). This is reflected in the average B factor of 19.4 Å2 for
Arg323 as compared to an average of 19.1 Å2 for the whole
protein chain. In the native uncomplexed structures available for
CjMan26A (PDB entries 1j9y for the originally published
structure and 1r7o for a later deposition, both to 1.85 Å resolu-
tion), the loop containing Arg361 at subsite -2 is poorly
defined (13). Arg361 is not included in the model in 1j9y, and
it is the last included residue for the loop in 1r7o, where it has a
high B factor and is displaced from its position in complex
structures. The orientation of the introduced Arg323 in the
structure of DM-CfMan26A-50K is not the same as the equiva-
lent Arg361 in the structure of CjMan26A-Glu320Gly in a com-
plex withM2 bound at subsites-1 and-2 (Figures 1 and 2) (15).
While this could be ascribed to the fact that no oligosaccharides
are bound in the DM-CfMan26A-50K structure, other factors
must also be considered. CjMan26C in the same family also has
Arg374 at the position equivalent to Arg323 in DM-CfMan26A-
50K and Arg361 in CjMan26A (Figure 2) (17, 19). Importantly,
the orientation of Arg374 in either the uncomplexed structure of
CjMan26C (PDB entry 2vx4) or the structure of CjMan26C in a
complex withM2 bound at subsites-1 and-2 (PDB entry 2vx7)
is very similar to that of Arg361 in the structure of the
CjMan26A-Glu320Gly-M2 complex. It must be noted, how-
ever, that the apo structure of CjMan26C does have glycerol

bound at the active site. In both CjMan26A and CjMan26C, the
Arg side chain forms hydrogen bonds with a polar group (Gln83
in CjMan26A and Tyr90 in CjMan26C) through its NH1 group,
whereas Arg323 in DM-CfMan26A-50K lacks such hydrogen
bonding because the equivalent residue is Phe42 and has a
conformation different from that of Tyr90 (Figure 2). Further-
more, in CjMan26C, Arg374 makes a salt bridge with Glu381.
These factors may explain the different orientation of Arg323 in
the uncomplexedDMenzyme, and it seems plausible thatArg323
would have the same orientation when a manno-oligosaccharide
is bound. In any case, Arg323 is suitably positioned to interact
with a mannosyl at subsite -2 as described below. So far, it has
not been possible to determine a structure of the DM enzyme in
complex with M2 or M3.

After superposition of the two structures, Arg323 in DM-
CfMan26A-50K is too distant to interact with the mannosyl unit
at subsite -2 of the WT-CfMan26A-50K/M3 complex and
clashes with the mannosyl unit at subsite -3 (1.9 Å between
Arg NH2 and sugar C5 groups) (Figure 1). It is, however, more
relevant to examine plausible interactions between Arg323 and
the mannosyl unit at subsite -2 of the CjMan26A-Glu320Gly-
M2 complex since CjMan26A was the enzyme used as a template
for redesigning subsites -2 and -3 of WT-CfMan26A-50K. In
the CjMan26A-Glu320Gly-M2 complex, NE of Arg361 forms a
hydrogen bond to theC2hydroxyl of themannosyl unit at subsite
-2 with a length of 2.8 Å, while the NH2 group forms a hydrogen
bondwith theC3hydroxylwith a length of 2.9 Å (Figure 1) (15, 16).
Although the conformation of Arg323 is different in DM-CfMa-
n26A-50K, interactions with C2 and C3 hydroxyls are plausible in
light of the CjMan26A-Glu320Gly-M2 complex. When the two
structures are superimposed,Arg323 (DM-CfMan26A-50K) has its
NH1 group 3.0 Å from the C3 hydroxyl of the-2mannosyl unit in
the CjMan26A-Glu320Gly-M2 complex and 3.0 Å from the C2
hydroxyl of the same sugar (Figure 1). Hence, the structural data

FIGURE 2: Electron density near the mutation site. (A) Initial difference map contoured at 3σ (green) and -3σ (red) calculated using phases
from WT-CfMan26A-50K (purple). Clear negative density is visible on the substituted Phe325, while positive density is visible where
Arg323 should be modeled. The final DM-CfMan26A-50K model is colored yellow for the sake of comparison. (B) View similar to that in
panelA showing the final 2Fo-Fcmap forDM-CfMan26A-50Kcontoured at 1σ. TheDM-CfMan26A-50Kmodel is colored yellow. Equivalent
residues in the CjMan26A-Glu320Gly complex (PDB entry 1odz) and the CjMan26C complex (PDB entry 2vx7) are colored red and blue,
respectively. Gln83 (CjMan26A) and Tyr90 (CjMan26C) can form hydrogen bonds with the Arg at subsite -2, while Phe42 (DM-CfMan26A-
50K) cannot.
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suggest that the position of a manno-oligosaccharide substrate
bound to DM-CfMan26A-50K would be more similar to the one
seen for CjMan26A than that for WT-CfMan26A-50K.
Productive Binding Modes of M3-M6 Analyzed by

Isotope Labeling/MS andHPAEC-PAD. (i)Description
of the Methodology. To determine, in an accurate quantitative
manner, how the engineering of subsites -2 and -3 has altered
the subsite affinity distribution of the WT enzyme, the WT and
DM enzymes have to be compared in terms of their steady-state
kinetic parameters as well as the productive binding modes of
manno-oligosaccharide substrates. The productive binding
modes can be deciphered from a detailed analysis of the initial
hydrolytic cleavage patterns of M3-M6 substrates catalyzed by
both enzymes. Previous initial-product and kinetic analyses of
the WT enzyme gave at hand cleavage patterns of manno-
oligosaccharides up to M4 and highlighted the importance of
subsite-3 that, judging from the structural data, was potentially
contributed by the currently substituted Phe325 (16, 24). In this
study, we conducted detailed kinetic and quantitative initial-
product analyses of the DM enzyme by HPAEC-PAD and a
detailed study of the initial hydrolytic cleavage patterns of
M3-M6 catalyzed by both WT and DM enzymes through
MALDI-TOF mass spectrometric analysis of 18O-labeled pro-
ducts (solvent isotope incorporation). The latter method is a
further development of a novel straightforward method for
determining enzymatic oligosaccharide cleavage patterns, pre-
viously establishedbyus for cello-oligosaccharide hydrolysis (37).
Advantages are the fast analysis by MALDI-TOF MS and the
fact that the cleavage pattern can be obtained with the native
nonlabeled oligosaccharide. Enzymatic hydrolysis in H2

18O
results in incorporation of the solvent isotope into the newly
generated reducing ends of initial products, in the absence of any
detectable nonenzymatic incorporation. During each hydrolytic
cleavage reaction, water participation ensures incorporation of
18O hydroxyl at the anomeric center (C1) of the mannosyl unit at
subsite-1 (Scheme 2). This is in analogy with protease-catalyzed
18O incorporation in the newly generated C-termini of peptides
utilized in mechanistic studies (38, 39) and proteomics (40-42).
However, only few reports describe glycosidase-catalyzed 18O
solvent isotope incorporation, including its utilization for carbo-
hydrate structural analysis (43), glycosidase activity identifica-
tion (44, 45), and determination of hydrolytic cleavage patterns
of cello- and malto-oligosaccharide substrates (37, 46).

For each substrate oligosaccharide, the relative dominance
(frequency) of productive binding modes that give different-DP
products can be deduced from initial-product ratios determined
by HPAEC-PAD and the relative dominance of each of the two
productive bindingmodes that give the same-DP products can be

deduced from MALDI-TOF MS of 18O-labeled products. For
example, one productive bindingmode ofM4 producesM2 as the
only initial product, while two different binding modes both give
rise to M3 and M1 (Scheme 2). The frequency of the productive
binding mode that gives M2 relative to the other two modes can
be determined from the HPAEC-PAD analysis, whereas the
relative frequencies of the two modes that both produce M3

and M1 can be determined via MALDI-TOFMS of 18O-labeled
products.

(ii)Comparison of Binding at Subsites-2 and-3.Using
18O labeling and MALDI-TOF MS, we have shown that the
predominant productive mode of binding of M3 to the WT
enzyme (subsites -2 to þ1) has remained the same with the DM
enzyme (Figures 3 and 4), consistent with improved subsite -2
binding. On the other hand, MALDI-TOF MS and HPAEC-
PAD data reveal that the distal glycone subsite engineering of
WT-CfMan26A-50K has a dramatic effect on the initial hydro-
lysis pattern of M4 making M2 the dominant initial product
(instead ofM3 andM1 as for theWT enzyme), indicating that the
productive bindingmode inwhichM4 occupies subsites-2 toþ2
has become predominant (Figures 3-5 and Table 2). This
productive binding mode is indeed the major mode of binding
of M4 to CjMan26A (13), so the action pattern of DM-CfMa-
n26A-50K is more similar to that of CjMan26A. This observa-
tion along with the essentially unaffected steady-state kinetic
parameters of M4 (Table 3) provides strong evidence of reduced
substrate binding at subsite -3 and improved binding at subsite
-2 (see the discussion of the steady-state kinetic parameters
below). This is also supported by the structural data showing
Arg323 of the DM enzyme being suitably positioned for hydro-
gen bonding to C2 and C3 hydroxyls of mannosyl at subsite -2
(Figures 1 and 2).

The changes in the frequencies of the productive binding
modes of larger substrates (M5 and M6) are also consistent with
stronger binding at subsite -2 and weaker binding at subsite-3
of the DM enzyme relative to the WT enzyme. The major
productive binding mode for M5 has changed from one in which
M5 occupies subsites -3 to þ2 (in the WT enzyme) to one in
whichM5 spans subsites-2 toþ3 (in theDMenzyme) (Figures 3
and 4). The productive binding modes of M6 in which the non-
reducing end of the substrate is bound at subsite-2 have under-
gone more than 4-fold increases in frequency (Figures 3 and 4).

(iii) Subsite -4. Curiously, in the case of both M5 and M6

substrates, productive binding modes that exist with the WT
enzyme in which subsite -4 is occupied are either greatly
weakened or not detected at all with the DM enzyme (Table 2
andFigures 3 and 4). The Phe325 aromatic ring provides stacking
interaction at subite-3 of theWT enzyme (16) but is far (5-6 Å)

Scheme 2: Demonstration of Endo-β-1,4-mannanase-Catalyzed 18O Incorporation from H2
18O into the Newly Generated Reducing

Ends of the Initial Hydrolysis Products of M4
a

aThree parallel reactions resulting from three different productive binding modes are shown.
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from the mannosyl unit at subsite -4 (Figure 1) and loses only
∼5 Å2 of accessible surface areawhen thismannosyl is bound and
thus cannot directly contribute to binding at this subsite. There-
fore, it appears that some cooperativity (47) exists between
subsites -3 and -4 in the WT enzyme that has been disrupted

and/or weakened by the removal of Phe325 at subsite -3 of the
DM enzyme.

In addition, the charged guanidinium side chain of Arg323
might point toward the hydrophobic face of the sugar unit at
subsite-3 (Figure 1) and repel it, causing a change in its position

FIGURE 3: MALDI-TOF spectra of hydrolysis products. (A) The initial hydrolytic cleavage patterns of M3-M6 catalyzed by WT-CfMan26A-
50K (left) andDM-CfMan26A-50K (right). EachMALDI-TOFspectrumshows the substrate (from top tobottom,M3,M4,M5, andM6) and the
initial products. TheM1 product is not detectable because ofmatrix suppression in the low-mass range (andwas quantified byHPAEC-PAD).All
peaks represent [M þ Na]þ species. Hydrolysis was performed in 93% H2

18O. During each mannosidic bond cleavage, an 18O atom is
incorporated at the anomeric center of the newly generated reducing end of one of the products. Eachpair ofmonoisotopic peaks (Δmass=2Da)
represents an initial product with either an 16O or an 18O at the anomeric center of the reducing end, with relativeMSpeak areas depending on the
relative frequencies of the two productive binding modes of the substrate. (B) Enlarged part of the spectrum shown in panel A, where
mannopentaose was incubated with the WT enzyme in H2

18O showing the hydrolysis products [16O]mannotriose and [18O]mannotriose with
monoisotopic ions at m/z 527.1 and 529.1, respectively. (C) Same as panel B but for the DM enzyme. See the text for details.
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relative to the one in the M3 complex with the WT enzyme.
If the mannose unit at subsite -3 of DM-CfMan26A-50K
(or CjMan26A) were to sit approximately where it sits in

WT-CfMan26A-50K, a steric clash would result, with a distance
between the NH2 group of Arg323 and C5 of the mannosyl unit
at subsite -3 of only 1.9 Å (Figure 1). Therefore, Arg323 in the
DM enzyme (or Arg361 in CjMan26A) seems to play dual roles
in substrate binding, making positive mannosyl-binding contri-
butions at subsite -2 but affecting the substrate position at
subsite-3 and beyond. Thus, it seems plausible that, with larger
substrates M5 andM6, a cooperative effect (47) between subsites
-3 and -4 in the WT enzyme would result in stronger binding
interactions at subsite-4 compared to those in the DM enzyme.
There is precedence in the glycosidase literature for the dual roles
of nonconserved Arg (48). In this case, an Arg provides substrate
hydrogen bonding and causes steric hindrance, respectively, in
two adjacent subsites.

(iv) Aglycone Binding Subsites. Our previous kinetic ana-
lysis of WT-CfMan26A-50K using 1H NMR (24) suggested
substrate binding involving Trp180 which contributes to binding
at subsite þ1 and presumably subsite þ2 (Figure 1) (16). Our
current analysis of the DM enzyme also supports the possibility
that there is a functional subsite þ2 but no binding beyond
subsite þ2 in the distal aglycone binding region. The relative
frequency of the mode of binding of M4 that spans subsites
-2 toþ2 is almost 8-fold higher than the one that spans subsites
-3 to þ1 in the DM enzyme (Figure 4). Since both binding
modes occupy subsite -2 and binding at subsite -3 has been
weakened due to removal of Phe325, this 8-fold effect is at least in
part due to the binding contribution of subsite þ2. The relative
frequency of the mode of binding of M5 that spans subsites
-2 toþ3 is almost equal to the one that spans subsites-3 toþ2
(Figure 4), and similarly, the mode of binding of M6 that spans
subsites -2 to þ4 has a relative frequency equal to the one that
spans subsites -3 to þ3, indicating no binding contributions by
subsite þ3 or þ4. There are also no obvious residues that could
contribute to substrate binding within subsite þ3 or þ4.
Initial and End-Product Ratios Analyzed by HPAEC-

PAD. Initial Products of M3-M6 Incubations. Unlike

FIGURE 4: Relative dominance (percent) of the productive modes of
binding of M3-M6 to WT- and DM-CfMan26A-50K. These were
deduced from a quantitative initial-product analysis using HPAEC-
PAD (Figure 5 and Table 2) and a detailed analysis of the initial
hydrolytic cleavage patterns of M3-M6 using MALDI-TOF MS
analysis of 18O-labeled products (Scheme 2 and Figure 3). The arrow
points to the mannosidic bond to be cleaved. See the text for details
(ND, not detected).

FIGURE 5: Initial and end products of the M4 substrate incubated withWT- and DM-CfMan26A-50K. Each chromatogram shows the analysis
using HPAEC-PAD. The solid trace is the chromatogram of a sample of initial or end products, and the dashed trace is the chromatogram of a
standardmanno-oligosaccharidemixture. SeeTable 2 for quantitative data and the text for details. (A) Initial products ofM4 incubatedwithDM-
CfMan26A-50K. (B) Initial products ofM4 incubated withWT-CfMan26A-50K. (C) End products ofM4 incubated withDM-CfMan26A-50K.
(D) End products of M4 incubated with WT-CfMan26A-50K.
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many other mannanases, transglycosylation has not been ob-
served for the WT enzyme (16). An intuitive basis has been put
forward as indirect evidence of transglycosylation: if transglyco-
sylation occurs on the way to the initial products of oligosacchar-
ide hydrolysis, then the initial products that add up to the original
DP of the substrate are produced in nonequimolar quantities;
e.g., forM4 hydrolysis, theM3:M1 initial product ratio would not
be 1.0, as demonstrated, for example, for GH5 mannanases (12).
For the WT enzyme, the initial products that add up to the
original DP of the substrate are produced in equimolar quantities
(Table 2), indicating the absence of native transglycosylation (16).
However, the initial product ratios are slightly higher than 1.0 for
the DM enzyme (Table 2), indicative of weak transglycosylation
activity.

End Products of LBG and M3-M6 Incubations. Both
WT and DM C. fimi enzymes produce M2 and M1 as end pro-
ducts, in contrast to at least some family GH5 mannanases that
predominantly produce M3 and M2 (27, 49). The M2:M1 end-
product ratios of all substrates are higher for the DM enzyme
than for the WT enzyme (Table 2 and Figure 5). This is a logical
consequence of the altered initial hydrolytic cleavage patterns

that stem from a change in the subsite affinity distribution of the
WT enzyme caused by the substitutions. The increase in the M2:
M1 ratio ismost pronounced for theM4 substrate (4-fold increase
compared to that ofWT) (Table 2 andFigure 5), which obviously
is due to the fact that the predominant initial product of M4

hydrolysis catalyzed by the DM enzyme is M2 (Table 2 and
Figure 5). The M2:M1 ratio of 5.4 is similar to a ratio of 4.0
reported for CjMan26A (50).
Steady-State Kinetic Parameters of DM-CfMan26A-

50K for the Hydrolysis of M3-M6 and Polymers. Notably,
the observed kcat value of the DM enzyme for each respective
oligomeric substrate is only ∼3-fold lower than that of the WT
enzyme (Table 3), and the observed kcat values of both enzymes
follow the same pattern of increasing from M3 to M6. Assuming
that the observed kcat values represent the intrinsic rate constants
for a chemical step, the fact that they are within the same order of
magnitude for both enzymes suggests that the positions of key
catalytic residues and the proximity and orientation of the
glycosidic bond to be cleaved have not been disturbed to any
significant extent as a consequence of the mutations (51). Indeed,
the rmsd for the catalytic residues and residues within 5 Å of
subsites-1 to-4 ofWT-CfMan26A-50K and DM-CfMan26A-
50K is only 0.32 Å for all atoms.

Remarkably, the observed Km values of the DM enzyme for
M3 and M4 substrates are identical to those of the WT enzyme
within experimental error (Table 3); hence, the observed kcat/Km

values are within the same order of magnitude. In the case of the
M4 substrate, this provides the strongest evidence of the im-
provement of the subsite-2 affinity and the decline of the subsite
-3 affinity by the mutations (assuming Km approximates Ks). If
the substrate binding affinity of subsite -2 had not improved
upon the introduction of Arg323 and the productive binding
mode involving subsites-2 toþ2 had been favored over the one
involving subsites-3 toþ1 (Figure 4) simply because the binding
affinity of subsite-3 had declined (removal of Phe325), then the
overall apparent affinity of the DM enzyme for M4 would have
decreased, i.e., higher observed Km value relative to that of the
WT enzyme.

Themajor productivemodes of binding ofM3 to both enzymes
are the same (-2 toþ1). The explanation for why the observedKm

value of the DM enzyme for M3 is almost the same as that of the
WT enzyme is as follows: it is clear from the hyperbolic steady-
state initial rate equation for a multisubsite enzyme (51-54) that

Table 2: Initial and End Products of Manno-Oligosaccharides M3-M6 Incubated with WT- or DM-CfMan26A-50K

initial product (relative concentration)a product ratio

substrate enzyme M1 M2 M3 M4 M5 initial-product ratiob end-product ratio (M2:M1)

M3 WTc 1.0 (21) 1.0 1.0 1.0

DM 1.0 (177) 1.4 1.4 1.4

M4 WT 1.1 1.0 (9.0) 1.1 1.0 (M3:M1) 1.5

DM 1.0 (64) 12.8 1.2 1.2 (M3:M1) 5.4

M5 WT 1.0 (14) 1.8 1.6 1.0 0.9 (M3:M2), 1.0 (M4:M1) 1.3

DM 1.0 (116) 1.3 1.3 (M3:M2) 2.1

M6 WT 1.6 4.6 2.3 5.2 1.0 (5.2) 1.1 (M4:M2), 0.6 (M5:M1) 1.3

DM 1.0 (92) 1.5 1.5 1.5 (M4:M2) 2.6

LBG WT 1.9

DM 2.7

aSee the text for experimental details, including substrate concentrations. The initial product with the lowest concentration is shown as 1.0. The actual
concentrations (micromolar) are shown in parentheses. bRatio of initial products that add up to the original substrate DP. cInitial-product ratios for the
hydrolysis of M3-M6 catalyzed by WT-CfMan26A-50K are from ref 16. Analysis of M4 initial products of hydrolysis catalyzed by WT-CfMan26A-50K was
repeated and reproducible.

Table 3: Steady-State Kinetic Parameters of WT- and DM-CfMan26A-

50K for the Hydrolysis of Galactomannans, LBG and GG, and Manno-

Oligosaccharides M3-M6

substrate enzyme kcat (s
-1) Km (mM) kcat/Km (s-1 mM-1)

M3 WTa 1.2( 0.1 3.1( 0.7 0.38( 0.09

DM 0.47( 0.07 2.3( 0.6 0.20( 0.06

M4 WT 11.6( 0.6 2.0( 0.2 5.8( 0.7

DM 3.9( 0.6 2.0( 0.4 2.0 ( 0.5

M5 WT 52( 1 1.13( 0.06 46 ( 3

DM 18( 4 9( 2 2.0( 0.6

M6 WT 77 ( 1 0.69( 0.03 112( 5

DM 27( 5 11( 2 2.5( 0.6

LBGb WT 137( 32 1.8( 0.7 76( 32

DM - - 8( 1c

GGb WT 137( 31 16( 5 9( 3

DM - - 0.66( 0.09c

aKinetic parameters of WT-CfMan26A-50K for the hydrolysis of
M3-M6 substrates are from ref 16. bKm values in units of grams per liter
and kcat/Km values in units of liters per gram per second for LBG and GG
substrates. cIndividual kcat and Km values not determined for DM-CfMa-
n26A-50K because of the lack of saturation over the practical substrate
concentration range.
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the observed kcat and Km values include both productive and
nonproductive binding terms for the oligomeric substrate,
whereas the observed kcat/Km value includes only the productive
binding terms. In the case of the WT enzyme, at least one
nonproductive binding mode has been observed in the crystal
structure (16) in which M3 binds from subsites -4 to -2. This
nonproductive mode likely contributes to the lowering of the
observed Km value of the WT enzyme for M3, making it almost
equal to the observed Km for M4 (Table 3), but it has most likely
been disrupted or weakened in the DM enzyme because of the
decline of the affinities of both subsites -4 and -3. In fact, all
attempts to determine a structure of the DM enzyme in a
nonproductive complex with M3 through soaking experiments
in a manner similar to that for the WT enzyme failed.

Similar to many other polysaccharidases, the WT enzyme has
decreasing Km values with increasing substrate DP’s. Interest-
ingly, the observed Km values of the DM enzyme for M5 andM6

are higher than those forM3 andM4 and also higher than those of
theWT enzyme forM3-M6 (Table 3). Given that theWTorDM
enzymes do not utilize significant binding contributions by the
distal aglycone subsites, the contributions of distal glycone
subites -3 and beyond are more crucial for optimal binding of
these larger substratesM5 andM6 than ofM3 andM4, as one can
see from their productive binding modes (Figure 4). In the DM
enzyme, the lack of Phe325 weakens substrate binding at subsite
-3, and in addition, the steric clash with the side chain of Arg323
at subsite -3 must cause spatial repositioning of mannosyl units
of the substrate occupying subsites-3 and beyond away from the
binding groove (as discussed above in Subsite -4). In fact, this
phenomenon is even more pronounced with the polymeric
LBG and GG substrates where no saturation was observed
over the practical concentration ranges, because of the poorer
binding of these substrates to the DM enzyme, and only the
observed kcat/Km values could be determined (Table 3). Similarly,
the two GH26 Ce. japonicus enzymes, CjMan26A and -C,
which have a high-affinity Arg at their -2 subsites but lack
a Phe at their -3 subsites exhibit unusually high activity
against small manno-oligosaccharides M3 and M4 compared to
polysaccharides (19).
General Discussion. Using the C. fimi β-mannanase as an

example, we have demonstrated protein engineering of noncon-
served glycone-binding subsites (-3 and -2) of GH26 enzymes.
Phe325 of subsite-3 was substituted with Ala, leaving room for
the Ala323Arg substitution which introduced an Arg in a
position equivalent to that in the homologous β-mannanase,
CjMan26A, where it interacts specifically and with high affinity
with mannosyl at subsite -2. 3D structure determination of the
DM enzyme confirmed successfully that the Arg is in a position
similar, although not identical, to that in the template enzyme
(CjMan26A) (Figures 1 and 2). The application of a facile
method to analyze relative subsite affinities involving enzymatic
assays in 18Owater andMS analysis (Scheme 2 and Figures 3 and
4) provided valuable information together with HPAEC-PAD
analysis (Figure 5 and Table 2). These analyses successfully
demonstrated that the DM enzyme has an altered hydrolytic
cleavage pattern that stems from the promotion of mannosyl
affinity in subsite-2 and demotion of it in subsite-3 (mimicking
CjMan26A). This ismost clearly seen for theM4 substrate having
a productive complex predominantly binding with the nonredu-
cingmannosyl at subsite-3 for theWT enzyme but at subsite-2
for the DM enzyme (Figure 4), while the observed Km value is
unaffected (Table 3).

Site-directed mutagenesis of subsites within polysaccharidases
has been widely reported. Not surprisingly, substitutions of
amino acid residues involved in binding and/or catalysis at the
crucial proximal -1 glycone subsite, at which the sugar ring
undergoes conformational changes (19, 21), to residues that lack
the required functionalities (e.g., Ala and Gly) usually have
severe effects on the activity against both oligo- and polysacchar-
ides alike (13, 55, 56). However, a pattern seems to have emerged
for the glycosidase variants with single substitutions in either
distal glycone (mainly -2) or proximal/distal aglycone subsites
(mainly þ1) in which the substitutions seem to have a greater
negative influence on the activity of glycosidase against oligo-
saccharide than polysaccharide substrates. Examples are altered
subsites -2 and þ1 of CjMan26A (13, 19) and subsite -2
variants of a Ce. japonicus GH10 xylanase (55, 57, 58). In this
light, our DM enzyme appears exceptional since the activity
toward polymeric substrate suffers but the activity on oligomers
up to M4 is in essence unaffacted. This is because rather than
simply removing a residue important for binding in a single
subsite (in our case Phe325 in subsite-3) we have also introduced
a substrate binding residue in an adjacent subsite (Arg323 in
subsite -2) that compensates for the loss of affinity. Conse-
quently, the DM enzyme has nativelike catalytic activity (kcat/
Km) against smaller manno-oligosaccharides M3 and M4

(Table 3). However, the activity against larger manno-oligosac-
charides and polysaccharids has suffered by 1 order of magni-
tude, possibly due to Arg323, causing substrate repulsion at
subsite -3 and likely affecting also subsites -4 and beyond, as
discussed in previous sections.
Concluding Remarks. This work demonstrates that, in

general, subsite structure of glycanases can be rationally rede-
signed via not only removal of functionalities essential for
substrate binding but also introduction of such functional-
ities (59) on the basis of structural and functional analogies. In
particular, amino acid residues such as Arg that specifically
interact with axial C2 hydroxyl could be engineered into one of
the subsites (except subsite -1) of a β-mannanase to improve
mannose binding. However, intricate structural roles of intro-
duced residues, e.g., the dual role of Arg323 in the engineered
DM enzyme, may lead to subtle and unexpected functional
consequences such as the observed lower activity against poly-
meric substrates. Finally, the design of the doubly substituted
enzyme variant could be used as a starting point for further
rational and random optimization toward higher transglycosy-
lating capacity. A β-mannan synthase with better binding at
subsite -2 could indeed bind synthetic donor substrate
R-mannobiosyl fluoride more tightly (15) for more efficient
synthesis.
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