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The enzymatic hydrolysis of the glycosidic bond is
central to numerous biological processes. Glycoside hy-
drolases, which catalyze these reactions, are grouped
into families based on primary sequence similarities.
One of the largest glycoside hydrolase families is glyco-
side hydrolase family 5 (GH5), which contains primarily
endo-acting enzymes that hydrolyze �-mannans and
�-glucans. Here we report the cloning, characterization,
and three-dimensional structure of the Cellvibrio mixtus
GH5 �-mannosidase (CmMan5A). This enzyme releases
mannose from the nonreducing end of mannooligosac-
charides and polysaccharides, an activity not previously
observed in this enzyme family. CmMan5A contains a
single glycone (�1) and two aglycone (�1 and �2) sugar-
binding subsites. The �1 subsite displays absolute spec-
ificity for mannose, whereas the �1 subsite does not
accommodate galactosyl side chains but will bind
weakly to glucose. The �2 subsite is able to bind to
decorated mannose residues. CmMan5A displays similar
activity against crystalline and amorphous mannans, a
property rarely attributed to glycoside hydrolases. The
1.5 Å crystal structure reveals that CmMan5A adopts a
(�/�)8 barrel fold, and superimposition with GH5 endo-
mannanases shows that dramatic differences in the
length of three loops modify the active center accessi-
bility and thus modulate the specificity from endo to
exo. The most striking and significant difference is the
extended loop between strand �8 and helix �8 compris-
ing residues 378–412. This insertion forms a “double”
steric barrier, formed by two short �-strands that func-
tion to “block” the substrate binding cleft at the edge of
the �1 subsite forming the “exo” active center topology
of CmMan5A.

The plant cell wall represents the major source of organic
carbon within the biosphere. The polysaccharides contained
within these composite structures are hydrolyzed by an exten-
sive repertoire of glycoside hydrolases, and the sugars released
are then utilized as carbon and energy sources by a range of
organisms. Mannose-containing polysaccharides are an impor-
tant component of the plant cell wall and are present mainly as
galactomannans in which the �1,4-linked mannopyranoside
backbone is decorated with galactosyl residues at the O-6
position and glucomannan that contains a heterogeneous back-
bone of �1,4-linked glucose and mannose sugars (1) (Fig. 1).
The polymeric backbone of these polysaccharides is hydrolyzed
by endo-�-1,4-mannanases (hereafter “mannanase” (2),
whereas the side chains of galactomannan are removed by
�-galactosidases (3). The mannooligosaccharides generated by
these enzymes are further hydrolyzed by �-mannosidases (EC
3.2.1.25), which are exo-acting glycoside hydrolases that cata-
lyze the removal of the nonreducing end �-D-mannose (2). In
the sequence-based classification of glycoside hydrolases (4, 5)1

endo-mannanases are found in families GH52 and GH26 with
�-mannosidases located in families GH1 and GH2.

Although mannanases have been extensively characterized,
the precise catalytic profile of �-mannosidases is less clear. The
GH1 and GH2 �-mannosidases hydrolyze glycosidic bonds by a
double displacement mechanism leading to retention of ano-
meric configuration (6) and, based on conservation of the pro-
tein fold within a family, are predicted to adopt a (�/�)8 barrel
structure, with the catalytic acid-base and nucleophile gluta-
mates on �-strands 4 and 7, respectively (7). Indeed this view is
supported by the identification of Glu429 and Glu519 as the
catalytic acid-base and nucleophile, respectively in �-mannosi-
dase 2A from Cellulomonas fimi (8, 9). The designation of
enzymes as �-mannosidases is based primarily on their capac-
ity to hydrolyze aryl-�-mannosides. There is, however, a pau-
city of information on the specificity for the aglycone region of
the target substrates. The exo-�-mannanase from guar seeds
hydrolyzes mannopentaose eight times faster than mannobiose
pointing to productive binding of mannose residues at a mini-
mum of two aglycone subsites (2, 10), whereas the �-mannosi-
dase from Helix pomatia displays similar activity against ma-
nooligosaccharides with degrees of polymerization (d.p.)
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ranging from 2 to 5 (11). The capacity of these enzymes to
hydrolyze oligosaccharides released from glucomannan is un-
known. Furthermore, because the crystal structure of a �-man-
nosidase has not been reported, the molecular determinants
that confer exo-mannanase activity are unknown.

Here we report the cloning, biochemical properties, and crys-
tal structure of an exo-acting mannanase from Cellvibrio mix-
tus designated �-mannosidase 5A (CmMan5A). Unlike all pre-
viously reported �-mannosidases, CmMan5A is found in GH5.
The enzyme contains one glycone site that confers tight speci-
ficity for manno-configured substrates and two aglycone bind-
ing sugar-binding sites. The 1.5 Å crystal structure of the
enzyme, determined by single-wavelength anomalous disper-
sion (SAD) methods, reveals the structural basis for the exo-
activity of CmMan5A; extended loops and a tryptophan residue
impose a steric block at the edge of the �1 subsite, preventing
substrate access to the distal glycone-binding sites.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Culture Conditions—C. mixtus
(NCIMB 8633) was cultured aerobically at 20 °C in Dubos mineral salts
medium or on Dubos agar plates overlaid with filter paper (12). After
autoclaving, the media were supplemented with sterile glucose (0.25%).
Escherichia coli XL1-Blue (Stratagene) was cultured at 37 °C in LB or
on LB-agar plates. The media were supplemented with 100 �g ml�1

ampicillin or 2 �g ml�1 5-bromo-4-chloro-3-indolyl �-D-galactoside to
select for E. coli transformants and recombinants, respectively. E. coli
cells used to propagate bacteriophage were grown on LB supplemented
with 10 mM MgSO4 and 0.2% maltose and were plated out on NZYM top
agar (0,7%). The bacteriophages and plasmids employed in this work
were �ZAPII (Stratagene), pBluescript SK� (Stratagene), pGEM T-easy
(Promega), and pET21a (Novagen). The recombinant �-mannosidase
was expressed in E. coli BL21 (DE3; Novagen) containing a derivative
of pET21a encoding CmMan5A and was cultured as described below.

General Recombinant DNA Procedures—Transformation of E. coli,
agarose gel electrophoresis, Southern hybridization, slot blot hybridiza-
tions, plaque hybridizations, and the general use of nucleic acid modi-
fying enzymes were as described by Sambrook et al. (13). Plasmid DNA
was prepared using the Wizard Plus DNA purification system from
Promega. C. mixtus genomic DNA was isolated as described previously
(14). The genomic library was constructed in �ZAPII using the approach
described by Clarke et al. (15). The library was plated on NZYM top
agar at a density of 3 plaques/cm2 and was subjected to plaque hybrid-
ization using the �-galactosidase gene of C. mixtus as the probe.3 DNA
hybridizations were performed using the fluorescein system from Am-
ersham Biosciences according to the manufacturer’s protocol. Plasmids
(pBluescript SK�) containing genomic DNA inserts from C. mixtus were
excised from positive recombinant phage and rescued into E. coli XL1-
Blue, as described in the Stratagene protocol. Two inverse PCR ampli-
fications were performed to clone the full-length sequence of the genes
located upstream from man5A (encodes CmMan5A). Briefly, for the
first inverse PCR experiment, C. mixtus genomic DNA was digested
with the enzyme EcoRI, and resulting DNA fragments ranging from 4.5
to 5.5 kb were eluted from agarose gels and religated. In the second
experiment the enzyme used was PstI, and the fragments that ranged
from 1.5 and 2.5 kb were ligated. The primer pairs used in the first and
second amplifications were as follows: first amplification (EcoRI), 5�-G-
CAGGTCCATAAACATACGC-3� and 5�-GGTTGGCCAATATTTTGCG-

C-3�; and second amplification (PstI), 5�-CAATGACAGATGAAGGAA-
GC-3� and 5�-CTTAGCGCTATTGCTGATTG-3�. PCRs were performed
using 1 unit of the thermostable DNA polymerase pFU turbo (Strat-
agene) and following the manufacturer’s instructions. PCR products
were cloned into pGEM T-easy (Promega). The nucleotide sequence of
DNA was determined with an ABI Prism Ready Reaction DyeDeoxy
terminator cycle sequencing kit and Applied Biosystems 377A sequenc-
ing system. The complete sequence of the DNA (both strands) was
determined using a series of custom made primers. The sequences were
compiled and ordered using the computer software DNAsis from Hita-
chi. Site-directed mutagenesis, employing a QuikChange (Stratagene)
kit and appropriate primers, was used to construct mutants of man5A
that encoded the catalytic acid-base (E215A) and nucleophile (E330A)
mutants of CmMan5A.

Expression and Purification of CmMan5A—To express wild type and
mutant forms of CmMan5A in E. coli, DNA encoding the mature en-
zyme (residues 26–456) was amplified by PCR from C mixtus genomic
DNA using the primers 5�-CTCCATATGGTTGCAGAAAGTAAC-3�
and 5�-CACCTCGAGTTTCGGCTGAAAACG-3� (incorporated restric-
tion sites are in bold type) and the thermostable DNA polymerase pFU
Turbo. The PCR product was cloned into pGEM T-easy and sequenced
to ensure that no mutations had occurred during the amplification. The
recombinant of pGEM T-easy containing man5A was digested with
NdeI and XhoI, and the excised mannosidase gene was cloned into the
similarly restricted expression vector pET21a to generate pFD1.
CmMan5A encoded by pFD1 contains a C-terminal His6 tag. E. coli
BL21 harboring pFD1 was cultured in LB containing 100 �g ml�1

ampicillin at 37 °C to mid-exponential phase (A550 � 0.6), at which
point isopropyl-�-D-thiogalactopyranoside was added to a final concen-
tration of 1 mM and the cultures were incubated for a further 5 h. The
cells were collected by centrifugation, and the cell pellet was resus-
pended in a 50 mM sodium Hepes buffer, pH 7.5, containing 1 M NaCl
and 10 mM imidazole. For biochemical assays, recombinant CmMan5A
was purified by immobilized metal ion affinity chromatography as de-
scribed previously (16).

Production and Purification of Seleno-L-methionine Containing
CmMan5A—The methionine auxotroph E. coli B834 (DE3) transformed
with pFD1 was cultured at 37 °C in 1 liter of culture medium as
described by Charnock et al. (17). CmMan5A expression was induced by
the addition of 1 mM isopropyl-�-D-thiogalactopyranoside. Incubation
was continued at 37 °C for a further 16 h, after which time the cells
were collected, and the recombinant protein was purified by affinity
chromatography as described above. For crystallization trials gel filtra-
tion was included as a further purification step. Briefly, the enzyme was
buffer exchanged, using a PD-10 Sephadex G-25 M gel filtration column
(Amersham Biosciences), into 50 mM sodium Hepes buffer, pH 7.5,
containing 200 mM NaCl (Buffer A), concentrated to 20 mg ml�1 with
Amicon 10-kDa molecular mass centrifugation membranes, and sub-
jected to gel filtration using a HiLoad 16/60 Superdex 75 column (Am-
ersham Biosciences) with protein eluted at 1 ml min�1 in Buffer A.3 C. Fontes, unpublished observation.

TABLE I
Crystal, data, and refinement quality statistics for the Man5A

from C. mixtus

Crystal parameters
Space group P21212
Cell dimensions

a (Å) 91.2
b (Å) 101.8
c (Å) 50.3

Data quality
Wavelength (Å) 0.9791
Resolution of data (outer shell) (Å) 19.88–1.5 (1.55–1.5)
Unique reflections 73,917
Rmerge (outer shell)a 0.073 (0.295)
Mean I / �I (outer shell) 20.8 (3.6)
Completeness (outer shell) % 97.8 (81.7)
Multiplicity (outer shell) 6.0 (3.1)

Refinement
Protein atoms 4121
Solvent waters 644
Ions 3 SO4
Rcryst 0.122
Rfree 0.151
Root mean square deviation

1–2 bonds (Å) 0.010
1–3 angles (o) 1.328

a Rmerge � (�hkl �i Ihkl � (Ihkl) /�hkl �i �Ihkl�).

FIG. 1. Schematic representation of galactomannan and the
enzymes involved in its degradation.
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Purified enzyme was concentrated, as described before, washed three
times with 5 mM dithiothreitol using the same centrifugal membranes,
and the final protein concentration was adjusted to 50 mg ml�1. Matrix-
assisted laser desorption ionization time-of-flight mass spectrometric
analysis confirmed the identity of the polypeptide and indicated that
the protein contained 16 internal seleno-L-methionine residues,
whereas the N-terminal modified methionine residue had been pro-
cessed in E. coli.

Enzyme Assay—The activity of CmMan5A was determined at 37 °C
in 50 mM sodium phosphate buffer, pH 7.0 (pH optimum of the enzyme;
data not shown) containing 1 mg ml�1 bovine serum albumin and the
appropriate substrate. To screen for activity against 4-nitrophenyl-
glycosides, substrate and enzyme concentrations were 5 mM and 1 �M,
respectively, and assays were carried out for up to 30 min. Apart from
the use of a different aryl-glycoside as substrate, determination of the
kinetic parameters of CmMan5A against 4-nitrophenyl-�-D-mannopyr-
anoside was essentially as described by Charnock et al. (18). To screen
for endo-glycanase activity, 100 �g of enzyme in a volume of 20 �l was
spotted onto a 2% (w/v) agar plate containing 0.5% of the appropriate
dyed polysaccharide in 50 mM sodium phosphate buffer, pH 7.0, and the
plates were incubated at 37 °C for 16 h. Activity was denoted by a clear
halo surrounding the “enzyme spot.” Dionex HPLC was used to deter-
mine the reaction products generated and to quantify the release of
mannose using the methods of Hogg et al. (19). To determine kinetic
parameters for mannobiose, substrate concentrations were 0.5–3 times
the Km concentration; however, for longer oligosaccharides substrate
concentration was not more than 1.5 times the Km concentration to
minimize transglycosylation. The activity of CmMan5A against ivory
nut mannan and degalactosylated carob galactomannan was deter-
mined by the Somogyi-Nelson reducing sugar assay (20), although the
reaction products were also subjected to HPLC (21) to identify the
sugars produced. For each assay several times points were analyzed to
ensure that the initial linear rate of the reaction was determined. For
substrates where the Km was higher than the solubility of the substrate
kcat/Km was determined at a minimum of three substrate concentrations
to ensure that there was a linear relationship between substrate con-
centration and catalytic rate.

Isothermal Titration Calorimetry—The inactive catalytic nucleophile
and acid-base mutants of CmMan5A, E330A and E215A, respectively,
were titrated against mannose, mannobiose, mannotriose, and man-
notetraose essentially as described previously (17). The concentration of
protein in the cell varied from 150 to 300 �M, and titrations were carried
out in 50 mM sodium phosphate buffer, pH 7.0, at 25 °C. The experi-
mentally determined change in enthalpy (�H) and the association con-
stant (Ka) for substrate binding were used to calculate the change in
entropy (�S) and Gibbs free energy (�G) employing the following equa-
tion: �RTKA � �G � �H � T�S.

Crystallization and Data Collection—Crystals of seleno-L-methio-
nine containing protein were grown by vapor phase diffusion using the
hanging drop method with an equal volume (1 �l) of protein (50 mg ml�1

in water) and reservoir solution (20–24% PEG 4000, 0.1 M sodium
acetate pH 4.6, and 0.2 M ammonium sulfate). The crystals grew over a
period of 3–4 days and belong to space group P21212, with approximate

unit cell dimensions a � 91.2, b � 101.8, and c � 50.3 Å. This corre-
sponds to a solvent content of 46.8% (22), assuming 1 molecule/asym-
metric unit.

A single crystal of selenomethionine CmMan5A was transferred from
the mother liquor to a stabilizing solution incorporating 25% (v/v)
glycerol as cryo-protectant. The crystal was mounted in a rayon loop
and flash-cooled to a temperature of 120 K in gaseous N2. Diffraction
was assessed using a home source, and a SAD experiment was con-
ducted on beamline ID29 at the European Synchrotron Radiation Fa-
cility (Grenoble, France) at a temperature of 100 K with an ADSC
charge-coupled device as detector. The wavelength for the SAD exper-
iment was chosen by scanning through the absorption edge of the
crystal, and data were collected at the wavelength corresponding to the
maximum ƒ�. The data were integrated, scaled, and reduced using
DENZO and SCALEPACK (23) as part of HKL2000, with all further
computation using the CCP4 suite of programs (24).

Phasing, Model Building, and Refinement—16 selenium sites were
found using the anomalous differences with the program SHELXD (25),
corresponding to the methionines present in one molecule. The corre-
lation coefficients between observed and calculated E values output by
SHELXD were 47.07 (all data) and 28.70 (weak data). selenium posi-
tions were refined, and SAD phases were calculated, using the CCP4
program MLPHARE, giving an overall figure of merit of 0.16. The
resulting phases were used as a starting set for phase improvement by
solvent flattening in the program DM (26), giving an overall figure of
merit of 0.75. DM-improved phases were of sufficient quality to allow
subsequent tracing of the entire molecule using REFMAC/ARP/wARP
in “warpNtrace” mode (27). The model was refined using the CCP4
program REFMAC (28) with manual correction to the model performed
using the X-FIT (29) routines of QUANTA (Accelrys, San Diego, CA).
The final model consists of 4121 non-hydrogen protein atoms with 644
water molecules and 3 ions. The crystallographic R factor and Rfree

factor are respectively 12.2% and 15.1% (Table I). The stereochemistry
of the model was assessed with the program PROCHECK (30) prior to
deposition.

RESULTS

Characterization of the C. mixtus Gene Cluster
Containing man5A

The region upstream of the �-galactosidase gene of C. mixtus
was cloned by a combination of library screening using the
�-galactosidase gene as the probe and inverse PCR. The de-
rived sequence comprised an operon (GenBankTM accession
number AY526725) containing three genes of 1179, 1230, and
1368 bp designated unkA, pmiA, and man5A, respectively.
Southern hybridization using man5A as the probe showed that
a single copy of the gene is present in the bacterial genome
(data not shown). The codon usage of the three genes is similar
to that of other Cellvibrio enzymes, and the proposed ATG
translational start codons are preceded (7–12 bp) by typical

TABLE II
Catalytic activity of CmMan5A

Substrate CmMan5A kcat/Km kcat Km

min�1
M

�1 min�1 mM

PNP-�-mannopyranosea Wild type 1.3 	 103 2.0 1.6
Mannobiose Wild type 1.5 	 105 1.3 	 102 0.9
Mannotriose Wild type 1.0 	 108 1.0 	 104 0.1
Mannotetraose Wild type 9.9 	 107 —b —
1-Galactosyl-mannotriosec Wild type 1.1 	 107 — —
Mannose-�1,4-glucosed Wild type 5.2 	 102 3.17 6.1
Ivory nut mannan Wild type 90e 2.5 	 102 2.8e

1,4-�-D-Mannan (d.p. 15) Wild type 120e 3.0 	 102 2.5e

1,4-�-D-Mannan (d.p. 15) E215A NAf — —
1,4-�-D-Mannan (d.p. 15) E330A NA — —
PNP-�-mannopyranose E215A 535 5.3 	 10�3 0.1
PNP-�-mannopyranose E330A NA — —

a PNP, 4-nitrophenyl-�-D-linked aryl chromophore.
b —, not measured.
c �-1,6-Linked galactose side chain on the reducing end of mannotriose. Only one mannose was released per molecule of substrate at the

completion of the reaction.
d Disaccharide of mannose and glucose with mannose at the nonreducing end.
e Rates against polysaccharide substrates quoted as kcat/Km (min�1 mg ml�1) and Km (mg ml�1).
f NA, no activity detected.
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prokaryotic ribosome-binding sequences. A DNA palindromic
sequence capable of forming a stem-loop with a �G value of
21.7 kcal mol�1 followed by an A
T-rich region was present
downstream of man5A. This structure is characteristic of a
Rho-independent transcription terminator sequence.

Comparison of the sequence of the three deduced polypep-
tides with biological databanks, searched by BLAST (ww-
w.ncbi.nlm.nih.gov/BLAST), showed that the protein encoded
by unkA has 12 homologues with no demonstrated enzymatic
function (although all annotated as putative glycosidases),
whereas the pmiA protein exhibits sequence similarity with
N-acyl-D-glucosamine-2-epimerases and phosphomannose iso-
merase.4 The protein encoded by man5A, designated �-manno-
sidase 5A (CmMan5A), contains a typical Type II signal pep-
tide in which an N-terminal basic residue is followed by 15
small hydrophobic amino acids capable of forming a �-helical
structure, with cleavage predicted to occur between Ala19 and
Cys20 and the sulfur-containing amino acid linked to the lipid
bilayer. The enzyme is therefore attached to either the inner or
outer membrane. It should be noted, however, that other
Cellvibrio exo-acting glycosidases are located on the outer
membrane (31, 32), and it is likely that CmMan5A is also on
the extracellular surface of the bacterium. Within this context
it is interesting to note that the 21 residues downstream of the
signal peptide are disordered in the crystal structure and can
be removed without influencing the catalytic activity of the
enzyme (data not shown), indicating that this sequence may
fulfill a linker function.

CmMan5A displays considerable sequence similarity with
GH5 enzymes. The sequence classification of Henrissat and
Coutinho (4, 5), however, has further been divided, by others,
into subfamilies (33), and CmMan5A appears to be located in
subfamily 6 of GH5 (see Fig. S1 in supplementary material).
Sequence alignment (Fig. S2 in supplementary material) shows
that CmMan5A displays the highest (�43%) identity with pu-
tative GH5 mannanases from Microbulbifer degradans
(ZP_00065642) and Caulobacter crescentus (AE005756). Inter-
estingly, both enzymes contain the key structural elements
that are predicted to confer exo activity (described below).
Thus, the Microbulbifer and Caulobacter proteins lack the as-
paragine that plays a key role in mannose recognition at the �2
subsite and contain the tryptophan residue and the extended
loop between strand �8 and helix �8 that block substrate access
to the glycone region of the active site that is distal to the �1
subsite. We therefore predict that the GH5 Microbulbifer and
Caulobacter enzymes will both display �-mannosidase activity.

Biochemical Properties of CmMan5A

CmMan5A Hydrolyzes Mannose-containing Substrates—Pu-
rified CmMan5A hydrolyzes aryl-�-mannosides but does not
exhibit any activity against aryl-�-mannosides, 4-nitrophenyl-
�-glucopyranoside, aryl-�-glucosides, aryl-�-xylopyranosides,
aryl-�-galactopyranoside, or aryl-�-arabinosides (Table II). The
enzyme does not hydrolyze arabinans, galactans xylans, pec-
tins, cellulose, or soluble cellulosic derivatives and appears not
to display endo-�1,4-mannanase activity because it does not
release dyed oligosaccharides from azo-carob galactomannan.
CmMan5A releases reducing sugar from ivory nut mannan and
degalactosylated carob galactomannan (Table II), with man-
nose the only soluble product produced from these manno-
configured substrates (Fig. 2). Interestingly, the enzyme dis-
plays a similar level of activity against all of these insoluble
substrates, which is in sharp contrast to the Cellvibrio man-

nanases that generally exhibit little or no activity against
crystalline mannans but are active against the more amor-
phous degalactosylated carob galactomannan (19). The glyco-
side hydrolase exhibits limited activity against glucomannan
and carob galactomannan, but again mannose is the only low
molecular mass reaction product evident (Fig. 3). CmMan5A
displays much higher activity against mannooligosaccharides
than soluble or insoluble mannose-containing polysaccharides,
with a d.p. of �2 (Table II). The enzyme exhibits similar activ-
ity against mannotriose and mannotetraose, hydrolyzes man-
nobiose slowly, displays very low activity against mannose-�-
1,4-glucose, and is completely inactive against glucose-�-1,4-
mannose. At low substrate concentrations, during the initial
stages of the reactions, mannose and a oligosaccharides with a
d.p. of n � 1 (where the d.p. of the substrate is n) are the only
reaction products evident. At high concentrations of the sub-
strates mannotriose and mannotetraose, oligosaccharides with
d.p. values larger than 3 and 4, respectively, were generated
during the initial phase of the reactions, indicating that the
glycoside hydrolase is able to catalyze transglycosylation as
well as hydrolysis. This is consistent with a double displace-
ment mechanism, which is displayed by all GH5 enzymes char-
acterized to date (34, 35). The lack of larger products when
mannobiose is the substrate reflects the significantly higher
activity of the enzyme against trisaccharides compared with
disaccharides; oligosaccharides with d.p. values of �2 would be

4 F. M. V. Dias, F. Vincent, G. Pell, J. A. M. Prates, M. S. J. Centeno,
L. E. Tailford, L. M. A. Ferreira, C. M. G. A. Fontes, G. J. Davies, and
H. J. Gilbert, manuscript in preparation.

FIG. 2. HPLC analysis of reaction products of CmMan5A
against 1,4-�-D-Mannan. Hydrolysis of insoluble 1,4-�-D-mannan (2
mg/ml) by CmMan5A (1.0 �M). A–C show the times 0, 1, and 5 min,
respectively. The arrow in each panel indicates the retention time of
mannose under the elution gradient used.
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hydrolyzed much more quickly than mannobiose and thus do
not accumulate.

The data described above indicate that CmMan5A is an
exo-acting mannanase, or �-mannosidase (the distinction be-
tween these two activities is rather diffuse). The enzyme con-
tains two kinetically significant aglycone sugar-binding sub-
sites, defined as 
1 and 
2, and a single glycone-binding site
designated subsite �1. The �G for substrate binding at the 
2
subsite, determined by the method of Suganuma et al. (36), is
3.6 kcal mol�1. The �1 subsite displays absolute specificity for
manno-configured substrates, whereas the 
1 subsite exhibits
a strong preference for mannose, although it will interact
weakly with glucose; the difference in the �G for binding the
two sugars at this location is 3.5 kcal mol�1. The weak binding
of glucose at the 
1 subsite may result from a steric clash
between the O2 equatorial hydroxyl of the sugar with the
protein, or the enzyme may make important hydrogen bonds
with the axial O2 of mannose but not with the equivalent group
in glucose. The properties of CmMan5A are not typical of GH1
or GH2 �-mannosidases, which have been shown not to attack
insoluble mannan and instead typically display maximum ac-
tivity against aryl-mannosides as exemplified by C. fimi
Man2A, which has a kcat/Km value �25,000-fold greater than
CmMan5A for 4-nitrophenyl-�-D-mannopyranoside (8). GH1

and GH2 mannosidases also often exhibit product inhibition at
substrate concentrations as low as 400 �M (8), whereas only
very high concentrations of mannose (Ki � �400 mM) inhibit
CmMan5A. Man-6-P inhibits with a Ki if �30 mM, suggesting
that phosphorylated ligands are also accommodated, but the
pattern of inhibition is noncompetitive, and so the catalytic
relevance of this observation is unclear. CmMan5A contains

1 and 
2 subsites that bind strongly to manno-configured
substrates, and it is unclear whether the mannosidases, gluco-
sidases, and xylosidases in GH1 and GH2 also display tight
specificity for the aglycone region of their target substrates.

CmMan5A Can Accommodate Decorated Mannosyl Residues
at the 
2 Subsite—The capacity of CmMan5A to hydrolyze
�-1,6-galactose-decorated mannooligosaccharides was also de-
termined by HPLC. Hydrolysis of 1-galactosyl-mannotriose by
CmMan5A released only a single mannose per substrate mol-
ecule, and the enzyme displayed no activity against 3,4-digalac-
tosyl-mannopentaose (data not shown). These data indicate
that CmMan5A can accommodate a galactose side chain in the

2 subsite, but the reduced, �9-fold, lower activity of 1-galac-
tosyl-mannotriose compared with undecorated mannotriose in-
dicates that the side chain is likely to form a steric clash with
the enzyme at this location (Table II). Because only a single
mannose is released from 1-galactosyl-mannotriose, the reac-

FIG. 3. Limited hydrolysis of galac-
tomannan and glucomannan by
CmMan5A. HPLC traces showing hy-
drolysis of galactomannan (A) and gluco-
mannan (B) by 10 �M CmMan5A, at the
times 0 min, 1 min, 5 min, and 18 h for
panels I–IV, respectively. The arrows in-
dicate the retention time of mannose.
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tion product 1-galactosyl-mannobiose is not further hydro-
lyzed, and the enzyme is thus unable to accommodate the sugar
side chain in the 
1 subsite. The complete lack of hydrolysis of
3,4-digalactosyl-mannopentaose supports the view that only
unsubstituted mannose residues can be accommodated at the

1 subsite.

CmMan5A Attacks the Nonreducing Ends of Substrates—To
establish whether CmMan5A releases mannose from the re-
ducing or nonreducing end of mannooligosaccharides, manno-
hexaose was converted into the alditol (mannohexitol) by treat-
ment with sodium borohydride. The hydrolysis products of
reduced mannohexaose could be distinguished by the differing
elution times of the sugar alditols from native manno-oligosac-
charides using HPLC. Initial hydrolysis products (Fig. 4) are
mannose and manno-oligosaccharide alditols with d.p. values
from three to five (mannotritol, mannotetritol and mannopen-
titol). The initial rate of hydrolysis of M6-R was indistinguish-
able from that of mannohexaose (data not shown), demonstrat-
ing that CmMan5A releases �-1,4-linked mannose substrates
exclusively from the nonreducing end.

Identification of the Catalytic Residues of CmMan5A

The location of CmMan5A in GH5 indicates that the enzyme
performs catalysis with net retention of anomeric configuration
through a covalent glycosyl-enzyme intermediate (Fig. 5). Com-
parison of the primary sequence of CmMan5A with other GH5
members indicates that Glu215 and Glu330 align with residues
that have been shown to act as the catalytic acid-base and
catalytic nucleophile respectively, in selected GH5 enzymes (7).
This view is supported by the location of these two amino acids
in the three-dimensional structure of CmMan5A (described
below). To investigate the proposed role of the two gluta-
mates, these residues were replaced by alanine, and the
biochemical properties of the resultant mutants, E215A and
E330A, were analyzed. E330A displays no activity against
mannan or 4-nitrophenyl-�-mannopyranoside, supporting
the view that Glu330 is the catalytic nucleophile. Although
E215A also exhibits no activity against mannan, it is active
against 4-nitrophenyl-�-mannopyranoside, and this activity
is accompanied by a significant decrease in Km. The proper-
ties of E215A are entirely consistent with the loss of the
acid-base catalytic residue, because such mutants can cata-

FIG. 4. Reaction products generated by the hydrolysis of re-
duced mannohexaose by CjMan5C and CmMan5A. A shows the
hydrolysis of mannohexitol (3 �g/ml) by 4 nM CmMan5A. The reactions

FIG. 5. Reaction mechanism for CmMan5. Catalysis is performed
with net retention of anomeric configuration through a covalent glyco-
syl-enzyme intermediate.

were analyzed after 0 min (panel I), 10 min (panel II), and 30 min (panel
III). Arrow 1, mannose; arrow 2, mannotritol; arrow 3, mannotetritol;
arrow 4, mannopentitol; arrow 5, mannohexitol. The peaks were unam-
biguously identified by spiking the reaction products with standard
sugars and sugar alditols and reanalyzing them by HPLC (data not
shown). Each reaction was analyzed using two different HPLC elution
gradient protocols, because it proved impossible to achieve a single
gradient in which none of the sugars and sugar alditols co-eluted. The
data shown for each reaction is an HPLC protocol (isocratic in 12.5 mM

sodium hydroxide) in which none of the products of that particular
reaction co-eluted.
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lyze glycosidic bond cleavage of substrates that contain rea-
sonable leaving groups, such as the aryl-mannoside, but deg-
lycosylate very poorly leading to the accumulation of a
covalent enzyme-product complex and a decrease in Km (18,
37).

The Use of ITC to Estimate the Number of
Subsites in CmMan5A

In an alternative approach to determining the number of
sugar-binding sites, the affinity for mannooligosaccharides of
inactive mutants lacking either the catalytic acid-base (E215A)
or the catalytic nucleophile (E330A) was determined by ITC

(Fig. 6 and Table III). The Ka for mannotriose and mannote-
traose are very similar, consistent with the view that the en-
zyme contains only three sugar-binding sites. The �30–90-fold
lower affinity for mannobiose compared with the trisaccharide
is in agreement with the large increase in catalytic efficiency
displayed by mannotriose compared with the disaccharide. The
weak affinity of both mutants and the wild type enzyme for
mannose demonstrates why the monosaccharide acts as an
extremely poor competitive inhibitor. The affinity constants
derived from the binding of mannooligosaccharides to inactive
enzyme and the catalytic efficiency of the mannosidase against
different mannose polymers, respectively, indicate that the

FIG. 6. Typical ITC titrations of the
inactive CmMan5A mutants with
manno-oligosaccharides. CmMan5A
E330S (177 �M in 50 mM sodium phos-
phate buffer) titrated with mannose (A,
100 mM), mannobiose (B, 10 mM), man-
notriose (C, 10 mM), and mannotetraose
(D, 10 mM). The top section of each panel
shows the raw heats of binding, and the
bottom section shows the integrated
heats, fitted by nonlinear regression anal-
ysis to a single site binding model.

TABLE III
Affinity of CmMan5A wild type and inactive mutants for mannooligosaccharides as determined by ITC

Protein Ligand Ka �G �H T�S n

M
�1 kcal mol�1 kcal mol�1 kcal mol�1

Wild type Mannosea 0.45  0.81 —b — — 1.0  0.0c

E330S Mannosea 0.21  0.7 — — — 1.0  0.0c

E330S Mannobiosea 118.8  6.0 — — — 1.0  0.0c

E330S Mannotriose 4442.0  230.9 �5.0  0.2 �4.7  0.3 0.3  0.1 0.97  0.1
E330S Mannotetraose 6548.0  406.8 �5.2  0.2 �3.9  0.3 1.3  0.2 0.93  0.2
E215A Mannosea 11.3  1.4 — — — 1.0  0.0c

E215A Mannobiosea 210.4  11.9 — — — 1.0  0.0c

E215A Mannotriose 18070.0  302.8 �5.8  0.0 �12.0  0.1 �6.3  0.1 0.99  0.0
E215A Mannotetraose 34800.0  743.0 �6.2  0.1 �12.1  0.1 �6.0  0.1 0.95  0.0

a An estimate of the affinity is given, because the affinity is below the range for accurate determination.
b —, not calculated.
c n fixed at 1 for the purposes of fitting data, because the affinities were below the level for accurate determination of binding stoichiometry.
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enzyme contains three sugar-binding subsites, �1 to 
2. The
absolute affinities derived from the binding of the inactive
forms of CmMan5A to substrates, however, must be treated
with some caution because the effect on binding efficiency of
the loss of interactions between the sugar polymers and the
catalytic nucleophile and acid-base residues, respectively, is
unknown.

Crystal Structure of CmMan5A

The structure of CmMan5 was solved using the SAD meth-
ods with seleno-L-methionine protein and refined at 1.5 Å res-
olution (Table I) (Protein Data Bank identification code 1uuq).
The polypeptide chain is visible from residue 20 (Glu44 in the
full-length enzyme) through to 431, with both the N-terminal
21 amino acids and the C-terminal histidine tag not visible in
electron density. In addition, three sulfate ions and three glyc-
erol molecules have been included in refinement. As expected
for a GH5 glycosidase, CmMan5 displays the (�/�)8 barrel
architecture (residues 41–428) and presents the putative acid-
base, Glu215, and the catalytic nucleophile, Glu330, at the end
the �-strands 4 and 7, respectively (Fig. 7).

The structure of CmMan5A shows a high degree of similarity
with the endo-mannanases from this family. The superposition
of CmMan5A with the endo �-mannanase from Hypocrea jeco-
rina (formerly known as Trichoderma reesei), designated
HjMan5A, (38) shows that the � barrel architecture is highly
conserved with a root mean square deviation of 1.3 Å for 286
equivalent C� atom using LSQMAN (39) (Fig. 8a). Addition-
ally, the N-terminal segment of CmMan5A (residues 22–40), as
with HjMan5A, forms a small two-stranded �-sheet sealing the
bottom of the � barrel. In addition to the catalytic residues,
CmMan5A contains several key residues that have been iden-
tified as “strictly conserved” in family GH5 (40). The following
residues in CmMan5A superimpose with amino acids in
HjMan5A (the HjMan5A residues are shown in parentheses):
Arg80 (Arg54), Asn214 (Asn168), Glu215 (Glu169), His283 (His241),
Glu330 (Glu276), and Trp376 (Trp306). The catalytic acid-base,
Glu215, forms hydrogen bonds with Arg80 and His383, and these
interactions are likely to contribute to both the position and
ionization state of this critical amino acid. Asn214, whose ori-
entation is stabilized through a hydrogen bond with Arg80, is
highly conserved in clan GH-A glycoside hydrolases and plays
an important role in transition state stabilization by making a
hydrogen bond with the O2 of the sugar at the �1 subsite (18,
41). The position of the catalytic nucleophile, Glu330, is stabi-
lized through a hydrogen bond with Trp285, whereas Trp376,
based upon comparison with other related hydrolases, is likely
to form the hydrophobic sugar-binding platform in subsite �1.

Structural Basis for the exo Activity of CmMan5A

The superimposition of the endo and exo mannanase reveals
dramatic differences in the length of three loops that modify
the active center accessibility and thus modulate the specificity
from endo to exo. The most striking and significant of these
loop differences is the extended sequence between strand �8
and helix �8 comprising residues 378–412. This insertion
forms a “double” steric barrier, formed by two short �-strands
that function to “block” the active center at the edge of the �1

FIG. 7. Three-dimensional struc-
ture of the C. mixtus exo-�-mannosi-
dase CmMan5A. Shown is a protein car-
toon of the CmMan5A structure in
divergent wall-eyed stereo. The catalytic
acid/base and nucleophile, Glu215 and
Glu330, are shown in “ball-and-stick” rep-
resentation. CmMan5A is a typical GH-A
clan member (7) This figure was drawn
with MOLSCRIPT (45).

FIG. 8. Comparison of the C. mixtus exo-�-mannosidase
CmMan5A (cyan) with the endo-acting GH5 mannanase (gray)
from H. jecorina (T. reesei). a, three-dimensional structural overlap
indicating the three extended loops in CmMan5 that contribute to the
enclosure of a pocket active center. The two conserved strands, men-
tioned in the text, that enclose the center of the C terminus of the �
barrel are clear. b, structural identity in the active center. c, structural
conservation in the aglycone region. This figure, in divergent wall-eyed
stereo, was drawn with PyMOL (DeLano Scientific,
pymol.sourceforge.net/).
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subsite, forming the “exo” active center of CmMan5A. In the H.
jecorina endo-mannanase the equivalent loop is both shorter
and, more significantly, folded back by �90°, which both opens
up the active center and forms the base of the glycone-binding
subsites (Fig. 8a). It is interesting to note that despite steric
exclusion of substrate from the distal glycone subsites of
CmMan5A, the enzyme retains the two aromatic residues that,
in Thermobifida fusca mannanase 5A (TfMan5A), interact with
substrate at the �3 subsite, however, the asparagine in
TfMan5A that makes a hydrogen bond with the �2 sugar is not
conserved in the Cellvibrio enzyme (Fig. S2 in supplementary
material) (40).

In the active center three residues appear to contribute to
the recognition of the nonreducing end of the polymer. Gln403

and Glu404, derived from the loop described above, lie at the
extreme nonreducing end of this tunnel and from analogy with
endo-acting GH5 enzymes are likely to interact with O-4 and
O-6, respectively, of the mannose residue located at the �1
subsite. A loop insertion between strand �2 and helix �2 (res-
idues 88–97) contributes to the enclosure of the opposite wall of
the active center cavity to the 378–412 loop, whereas the
“pocket” nature of the center, giving rise to its true exo activity,
is derived from the additional steric blockage provided by the
loop between �3 and �3 (residues 131–171). This latter loop,
which forms three small helical loops (two of which are not
present in HjMan5A) donates Trp137, which not only provides
the main steric blockage but may also hydrogen bond to O-3 of
the sugar at the �1 subsite (based upon the similar interaction
mediated by an invariant histidine in many GH-A clan en-
zymes). More detailed analysis awaits complex data that have
not yet been forthcoming.

In the aglycone (leaving group) subsites, the endo and exo
mannanase are extremely similar. The structure of HjMan5A
has been solved in complex with mannobiose bound at subsites

1 and 
2 (38). The residues involved in the interaction with
the disaccharide are all present in CmMan5A, with Trp135 (
1
subsite), Trp289 (
2 subsite), and Arg217 (
2 subsite) in
CmMan5A corresponding to Trp114, Trp247, and Arg171 in
HjMan5A, respectively (Fig. 8b). This provides a structural
basis for the observations that CmMan5A is an exo-mannanase
as opposed to a mannosidase and that energy from subsites
other than �1 and 
1 is required for efficient catalysis.

At the extreme reducing end of the glycone subsites, further
differences manifest themselves. The loop from 259 to 267
(connecting �5 with �5) is much shorter in CmMan5A than in
the corresponding endo-mannanases (the spatially equivalent
loop between �5 and �5 is 20 residues in HjMan5A), which
makes the substrate-binding channel more open for the exo-
mannanase then observed previously.

The Role of CmMan5A in Cellvibrio

CmMan5A is most likely either located within the periplasm
(attached to the inner membrane) or on the surface (attached to
the outer membrane) of C. mixtus and displays activity against
both insoluble and soluble polysaccharides as well as mannoo-
ligosaccharides. All of these substrates are available to the
enzyme if it is located on the outer membrane. CmMan5A,
however, does not contain any associated carbohydrate-binding
modules, which are invariably present in glycoside hydrolases
that target insoluble substrates (42, 43), indicating that the
most probable function of the mannosidase is to hydrolyze
shorter mannooligosaccharides released from polymeric insol-
uble mannans by the repertoire of extracellular endo-mannan-
ases produced by Cellvibrio (19). This view is supported by the
observation that the enzyme displays much higher activity
against mannooligosaccharides with d.p. values of �2 than

against decorated soluble polysaccharides or insoluble man-
nans. A possible biological rationale for the membrane loca-
tion of CmMan5A is that the mannose and mannobiose re-
leased by the enzyme would be generated at the surface of the
bacterium and are thus available for preferential uptake by
C. mixtus rather than competing microorganisms within the
milieu of the plant cell wall. The C. mixtus Man5A thus
provides another example of evolution modifying the loop
regions surrounding the active center cleft to change a cleft
into a pocket, as first described for the Candida �-1,3 glu-
canase by Cutfield and colleagues (44) to generate beneficial
exo-hydrolase activity for the organism. Further genome se-
quencing will reveal an increasing number of these examples
that may now more easily be placed on a three-dimensional
foundation.
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