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It has been reported that acidic a-mannosidase activity
increases during tomato fruit ripening, suggesting the
turnover of N-glycoproteins is deeply associated with
fruit ripening. As part of a study to reveal the relation-
ship between the plant a-mannosidase activity and fruit
maturation at the molecular level, we have already
purified and characterized an a-mannosidase from
tomato fruit (Hossain et al., Biosci. Biotechnol.
Biochem. 2009;73:140�146). In this article, we describe
the identification and expression of the tomato acidic
a-mannosidase gene using the yeast-expression system.
The a-mannosidase-gene located at chomosome 6 is a
10 kb spanned containing 30 exons. The gene-encoded-
protein is single polypeptide chain of 1,028 amino acids
containing glycosyl hydrolase domain-38 with predicted
molecular mass of 116 kDa. The recombinant enzyme
showed maximum activity at pH 5.5, and was almost
completely inhibited by both of 1-deoxymannojirimycin
and swainsonine. The recombinant a-mannosidase, like
the native enzyme, could cleave a1-2, 1-3 and 1-6 man-
nosidic linkage from both high-mannose and truncated
complex-type N-glycans. A molecular 3D modelling
shows that catalytically important residues of animal
lysosomal a-mannosidase could be superimposed on
those of tomato a-mannosidase, suggesting that active
site conformation is highly conserved between plant
acidic a-mannosidase and animal lysosomal
a-mannosidase.

Keywords: acidic a-mannosidase/glycogene/
Lycopersicon esculentum/plant N-glycan.

Abbreviations: bLAM, bovine lysosomal
a-mannosidase; BMGY, buffered glycerol-complex

medium; BMMY, buffered methanol-complex
medium; dGMII, Drosophila melanogaster golgi
a-mannosidase II; DMM, 1-deoxymannojirimycin;
GlcNAc, N-acetyl-D-glucosamine; HEPES, 2-[4-2
(hydroxyl methyl)-1-piperazinyl] propane sulphonic
acid; Man, D-mannose; Man-Le, a-mannosidase from
Lycopersicon esculentum; MES, 2-morpholinoehtane
sulphonic acid; Mn, (Man)nGlcNAc2-PA; MFX,
Manb1-4(Xylb1-2)GlcNAcb1-4GlcNAc(Fuca1-3)-PA;
M2FX, Mana1-3Manb1-4(Xylb1-2)GlcNAcb1-
4GlcNAc(Fuca1-3)-PA; M3FX, Mana1-6(Mana1-3)
Manb1-4(Xylb1-2)GlcNAcb1-4GlcNAc(Fuca1-3)-PA;
M5A, Mana1-6(Mana1-3)Mana1-6(Mana1-3)Manb1-
4GlcNAcb1-4GlcNAc-PA; M6B, Mana1-6(Mana1-3)
Mana1-6(Mana1-2Mana1-3)Manb1-4GlcNAcb1-
4GlcNAc-PA; M7B, Mana1-6(Mana1-3)Mana1-6
(Mana1-2Mana1-2Mana1-3)Manb1-4GlcNAcb1-4Gl-
cNAc-PA; M8A, Mana1-2Mana1-6(Mana1-3)
Mana1-6(Mana1-2Mana1-2Mana1-3)Manb1-
4GlcNAcb1-4GlcNAc-PA; M9A, Mana1-2Mana1-6
(Mana1-2Mana1-3)Mana1-6(Mana1-2Mana1-
2Mana1-3)Manb1-4GlcNAcb1-4GlcNAc-PA; PA,
pyridylamino; pNP-a-Man, p-nitro-phenol
a-mannoside; RACE, rapid amplification of cDNA
ends; rMan-Le, recombinant a-mannosidase from
Lycopersicon esculentum; SF-HPLC, size fractionation
HPLC; YPDS, yeast extract peptone dextrose
medium.

Various a-mannosidases widely distributed in animals,
plants and microorganisms, are involved in the bio-
synthesis and turnover of N-linked glycoproteins.
a-mannosidases which involved in the N-glycan pro-
cessing pathways and associated with endoplasmic
reticulum associated protein degradation process
have been well-studied in both animals and plants.
On the other hand, lysosomal acidic a-mannosidases
are involved in the degradation of N-glycans in
animals and its deficiency causes a lysosomal storage
disease called a-mannosidosis (1). Such kinds of vacu-
olar or cell-wall acidic a-mannosidases have been iso-
lated and characterized from various plant sources,
such as jack bean, rice, babaco, tomato, etc. (2�5).
They could cleave mannose bonding with a-1,2, a-1,3
and a-1,6 linkages in high mannose and complex-type
N-glycans. A number of evidences suggested that free
N-glycans both high mannose-type and truncated
complex-type were found to be increased in seeds
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germination and fruits ripening stages. Free N-glycans
were found as a significant fraction of the soluble
oligosaccharide pool in tomato fruit pericarp (6).
Also free N-glycans such as Man3(Xyl)GlcNAc(Fuc)
GlcNAc and Man5GlcNAc were shown to stimulate
tomato fruit ripening and had been postulated that
free N-glycans could act as signalling molecule for
plant growth-development and fruit ripening (7).
Moreover, blocking of N-glycosylation with tunicamy-
cin delayed tomato fruit ripening, suggests that
N-glycoproteins may be important in ripening
process (8).

We have found that free N-glycans levels are
increased in developing plants such as seedling as
well as tomato fruits ripening, suggesting that such
free N-glycans might have a critical function for
plant development or fruit-maturation (9�12).
However, contrary to our expectation, it was found
that the expression level of endo-b-N-acetylglucosami-
nidase (ENGase) did not vary significantly with the
ripening process, suggesting that the increases in the
amount of high-mannose type free N-glycans at the
late-ripening stage was due to increase in the amount
of endogenous substrates (misfolded glycoproteins) for
ENGase or to a reduction in the degradation rate
of free N-glycans (13). If such high-mannose type
free N-glycans play as signalling molecules for fruit
ripening, a-mannosidase also must play a critical role
to regulate the putative physiological function of free
N-glycan by rapid degradation. Recently, Meli et al.
(14) have identified a gene of tomato N-glycan process-
ing a-mannosidase accumulated in cell wall, and
they proposed that the tomato a-mannosidase might
play a critical role for tomato fruit ripening base
on the suppression analysis of the tomato
a-mannosidase-gene.

Glycoside hydrolysing (GH) enzymes have been
classified into 85 families on the basis of sequence simi-
larities. The family 38 (GH38) proteins are �1,000 resi-
dues long and synthesized as a single polypeptide
precursor that is posttranslationally cleaved into two
to five polypeptide chains. This cleavage pattern ap-
pears to vary in different organisms (4, 15, 16). The
native a-mannosidase isolated tomato fruits had two
polypeptide chains (5). From the deduced amino acid
sequence information, tomato acidic a-mannosidase
can be classified in the class II a-mannosidase under
glycosyl hydrolase family 38. Although many acidic
a-mannosidases have been characterized from various
plant sources, their physiological functions are still
remained obscure for lacking of their genetic informa-
tion. To elucidate the physiological role of vacuolar or
cell wall acidic a-mannosidase involved in the plant
development and fruit ripening, an isolation and iden-
tification of the plant acidic a-mannosidase-gene is
prerequisite. Although similar tomato a-mannosidase
gene has been identified and a physiological function
has been postulated (14), detail substrate specificity,
location of the gene in chromosome, and the infor-
mation on structural biology of plant acidic
a-mannosidase remain to be revealed. In our previous
study, we described purification and characterization
of an acidic a-mannosidase from tomato fruits, which

was inhibited by two kinds of a-mannosidase-specific
inhibitors (DMM and swainsonine) and preferred
high-mannose or truncated type N-glycans having the
chitobiosyl unit (GN2 type) to those having one
GlcNAc residue (GN1 type) (5). Therefore, in this
study, we describe cDNA expression and molecular
characterization of acidic a-mannosidase from
tomato fruit using Pichia pasotris as expression
system. The substrate specificity of rMan-Le was
same as that of native enzyme which suggested that
it could hydrolysed a1-2, 1-3 and 1-6 a-mannosidic
linkages in both the truncated plant complex-type
or high-mannose type N-glycans.

Moreover, we have generated a molecular
three-dimensional (3D) model from the deuced
amino acid sequence information using SWISS-
MODEL web server by homology modelling pro-
gramme. It shows that the amino acid residues located
at the active site of tomato a-mannosidase are c-
onserved and superimposed with the Ca atom of
bLAM, suggesting that active site conformation of
tomato a-mannosidase is very similar to that
of bLAM.

Materials and Methods

Materials
Mature red tomato (Lycopersicon esculentum mill. Cv Momotaro)
fruits were collected from the Research Institute, Kagome Co. Ltd,
Tochigi, Japan. An Asahipak NH2P-50-4E column (0.46 � 25 cm)
was purchased from Showa Denko (Tokyo). TSK-Gel G3000SWXL
(0.78� 30 cm) was from Tosoh (Tokyo, Japan). pNP-a-Man, DMM
and swainsonine were from Sigma Co. (St Louis, USA). Authentic
PA-Sugar chains, M9A, M8A, M7B, M6B, M5A, GNM5, M3FX
and GNM3FX were prepared as described in our previous papers
(17�19). All synthetic oligonucleotide primers used in this study
were obtained from Operon Biotechnologies, Tokyo, Japan.
ANTI-FLAG�M2 affinity gel was purchased from Sigma-Aldrich
Inc., St Louis, Missouri, USA.

RNA extraction and reverse transcription-polymerase chain
reaction
Total RNA was extracted from mature red tomato by the hot borate
method (20). Poly (A)þ RNA was isolated using Oligotex-dT30
(Takara, Kyoto, Japan) in accordance with the manufacturer’s
protocol. The first strand of cDNAs synthesized by reverse transcrip-
tion from 2 mg of poly (A)þ RNA isolated from mature red tomato
fruit were used as a template for RT�PCR with primers A and B
(Table I). The gene-specific primers were designed on the basis of the
nucleotide sequence information of tomato ESTs (SGN-U343973
and SGN-U327376). Reactions for the RT�PCR mentioned above
were carried out for 35 cycles of 95�C for 1min, 55�C for 1min and
72�C for 3min.

Amplification of full-length cDNA of a-mannosidase by
RACE-PCR
To determine the full-length nucleotide sequence of putative
a-mannosidase of L. esculentum (Man-Le), RACE-PCR was per-
formed using a cDNA amplification kit (Marathon, Clontech, Palo
Alto, CA, USA) according to the manufacturer’s instructions. The
50- and 30-end fragments were amplified using gene-specific primers,
C and E, respectively. Two other gene-specific primers, D and F were
used for Nested-PCR for the amplification of the 50- and 30-end
fragments (Table I). Each gene-specific primer was designed on the
basis of the nucleotide sequence information of tomato ESTs
(SGN-U343973 and SGN-U327376).

cDNA cloning and sequencing
The RACE-PCR products were ligated into a pGEM-T easy vector
(Promega, USA) and transformed into Escherichia coli JM109
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competent cells. After blue and white screening, the target cDNAs
were sequenced with the M13 and various other sequencing primers
(I�N, Table I) using a DNA sequencer (ABI Prism 3100-Avant
Genetic Analyzer, Applied Biosystems, USA) according to the
manufacturer’s instructions. At least three colonies of each of the
50- and 30-end RACE-PCR fragments were sequenced for the correct
determination of the cDNA sequence. To further confirm the
sequence of full-length Man-Le, another pair of primer (G and H)
were used to amplify the cDNA and cloned into a pGEM-T easy
vector. The full-length cDNA was sequenced with the primers (I�N).

Construction of an expression plasmid for Man-Le
A hexa-His tag was fused with the open reading frame of the
Man-Le gene at the C-terminal to facilitate the detection and puri-
fication of recombinant a-mannosidase. Another tag, Flag tag was
fused with Man-Le gene at N-terminal after a-factor signal sequence
of pPICZaC (Invitrogen, Carlsbad, CA, USA). The Man-Le cDNA
was amplified by PCR using the oligonucleotide primers, 50-ATCGA
TGGATTACAAGGACGACGACGACAAGATGGTTTACAATA
CATCACAG-30 (sense primer containing Flag tag with ATG start
codon) and 50-GCGGCCGCTAGAGACATATGTGACTTCCAA
C-30 (anti-sense primer). The Flag tag nucleotides were marked as
bold letter. The ClaI and NotI restriction sites were designed into the
sense and antisense primer, respectively. The primers used for PCR
introduced ClaI and NotI restriction sites permitting the directional
cloning of the amplified DNA in frame with the a-factor leader
sequence in the pPICZaC expression vector. The PCR reaction
was carried out using PrimeSTAR-HS DNA polymerase (Takara
Bio Inc., Japan) for 30 cycles. The conditions for each cycle were
as follows: denaturation at 98�C for 10 s, annealing at 55�C for 10 s,
and extension at 72�C for 3.5min. For cloning into the pGEM-T
easy vector, the PCR products were subjected to phenol�ethanol
precipitation and the adenine nucleotide was subsequently joined
at the 30-end using Takara Ex Taq DNA polymerase (Takara Bio
Inc., Japan) at 72�C for 30min. The PCR fragment of 3,006 bp was
ligated into the pGEM-T easy vector and then transformed into
E. coli JM109 cells with zeocin selection. The recombinant vector
pGEM-T/Man-Le easy was isolated from E. coli cells and analysed
cDNA sequence with various sequencing primers (Table I, I�N).
The Man-Le cDNA insert obtained from the digestion of the recom-
binant pGEM-T/Man-Le easy vector with PvuI, ClaI and NotI was
ligated into corresponding sites of pPICZa C (Fig. 4A). The recom-
binant vector, pPICZa C/Man-Le was transformed into E. coli
JM109 in low-salt LB medium with zeocin. The correct orientation
of the Man-Le insert was further confirmed with various sequencing
primers (Table I). Unless otherwise stated, standard methods for
the small-scale preparation of plasmids, digestion with restriction
enzymes, ligation and transformation were used.

Transformation, screening and expression of Man-Le
Five to ten micrograms of pPICZa C/Man-Le DNA was isolated
and linearized with PmeI. The digested DNA was ethanol precipi-
tated and transformed into yeast P. pastoris GS115 strain using

Pichia EasyComp kit (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. Aliquots (150 ml) were spread
on YPDS plates containing 100 mg/ml zeocin, and then the plates
were incubated at 30�C for 4 days. The integration of Man-Le
cDNA into the genome of P. pastoris was confirmed by PCR
using 50-AOX1 and 30-AOX1 primers. Pichia pastoris GS115 albu-
min (MutS) and GS115/pPICZ/lacZ(Mutþ) were used as control
strains for the determination of Mut phenotype. Seven colonies of
transformants, which confirmed as Mutþ phenotype, were grown in
each of 25ml of BMGY medium in 200ml conical flask. The yeast
culture was grown at 28�C in an incubator shaker at 250 rpm for �24
h until the culture reached an OD600¼ 5.0. The cultured yeast was
harvested by centrifugation at 3000g for 5min at room temperature.
To induce expression of recombinant Man-Le, the pellet was
re-suspended in 40ml of BMMY medium and grown at 28�C with
250 rpm shaking for 5 days. Every 24 h, methanol (100%) was added
to a final concentration of 0.5% to maintain induction, and at the
same time, 1ml of culture was collected for the expression detection
and activity assay. Yeast growth media were prepared following
the Pichia expression system protocol from Invitrogen (USA).

Extraction and purification of recombinant Man-Le
After confirming the period of the highest expression and activity of
the recombinant Man-Le, the 120 h (5 days)-incubated Pichia culture
medium was collected and centrifuged at 4,000g for 15min in falcon
tube (50ml). Discarding the culture supernatant, Pichia cell pellet
was collected for preparation of cell lysate. The cell lysate was pre-
pared using Pichia breaking buffer (pH 7.4) according to manufac-
turer instruction. Then crude enzyme solution was applied onto an
ANTI-FLAG�M2 affinity gel column for purification at 4�C ac-
cording to manufacturer’s instructions. The protein concentration
was measured by measuring the absorbance at 280 nm with bovine
serum albumin (BSA), as standard.

Assay system for a-mannosidase activity

Assay method for p-nitrophenyl �-D-mannopyranoside. The activity of
rMan-Le was measured using p-nitrophenyl a-D-mannopyranoside
(pNP-a-Man) as a synthetic substrate. The enzyme solution (20ml)
was added to 20 ml of pNP-a-Man (5mM) in 50 ml of 0.1 M MES
buffer, pH 6.0. After 1 h of incubation at 37�C, the reaction was
stopped by adding 1.0ml of 1.0 M glycine�NaOH buffer, pH 10.5.
The released p-nitrophenol was measured by taking the absorbance
at 420 nm. One unit of enzyme activity was defined as the amount of
enzyme releasing 1 mmol of p-nitrophenol per min at 37�C.

Assay method for pyridylaminated N-glycans. A reaction mixture
(70 ml) containing �100 pmol PA-sugar chain M9A and 20 ml of
enzyme in 0.1 M MES buffer (pH 5.5), was incubated at 37�C for
4 h. The enzymatic reaction was stopped by heating in the boiling
water for 3min. After centrifugation, an aliquot (30 ml) of the
reaction mixture was analysed by size-fractionation (SF)-HPLC, as
described in previous paper (5). The rate of hydrolysis (%) was

Table I. Oligonucleotide primers used for cloning of Man-Le gene.

Name Nucleotide sequences Uses

A Man-F1-primer ccgggaatgcagagcacagt RT�PCR
B Man-R1-primer tcagggtggatggggaatga RT�PCR
C 50 RACE pr.Man-R1 gctctgcattcccgggctct PCR/RACE-PCR amplification
D 50 NEST pr.Man-R2 ttcctccaccaacgctggaaaa PCR/NEST-PCR amplification
E 30 RACE pr.Man-F1 tagaccaacctgctgctggaaa PCR/RACE-PCR amplification
F 30 RACE pr.Man-F2 tcttggagagggagcgaagtgg PCR/NEST-PCR amplification
G Man-F primer cgttgtgggtagtggaagctaag Amplification of full-length gene
H Man-R primer gtctcttcaacatcattataatta Amplification of full-length gene
I Seq.pr.Man-F1 caggtgcattccctcagaat DNA sequencing
J Seq.pr.Man-F2 catggttccggaatatggac DNA sequencing
K Seq.pr.Man-F3 ggtggaatcagcttcagcat DNA sequencing
L Seq.pr.Man-R1 aggagctaaagcccaaaggt DNA sequencing
M Seq.pr.Man-F4 tgcaaatggggcaaagttta DNA sequencing
N Seq.pr.Man-F5 gctgactgggatcttcaagtg DNA sequencing
O ClaI-FLAG-Man-F atcgatggattacaaggacgacgacgacaagatggtttacaatacatcacag PCR amplification
P NotI-Man-R gcggccgctagagacatatgtgacttccaac PCR amplification

Bold letters indicate Flag tag nucleotides and underlines indicate the cutting sites for restriction enzyme.
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calculated from the following equation; hydrolysis (%)¼ 100�A/
B�100, where A is area of the remaining substrate on the chromato-
gram, B is a sum of area of all PA-sugar chains on the chromato-
gram (PA-sugar chains produced and the remaining substrate).

SDS�polyacrylamide gel electrophoresis
The purified rMan-Le was analysed by SDS�PAGE (7.5% poly-
acrylamide) in 0.1 M Tris�glycine buffer using slab gel apparatus
according to the method of Laemmli (21). Twenty microlitres of the
supernatant was added to each lane of the gel. After electrophoresis,
the gel was stained with Coomassie Brilliant Blue R-250 and
de-stained by washing with a mixture of acetic acid�methanol�water
(10:25:65, v/v/v). The marker proteins used for molecular weight
determination were Precision Plus ProteinTM Standards (250, 150,
100, 75, and 50 kDa) (Bio-Rad).

Effects of pH and temperature on the activity of rMan-Le
The effects of pH on the activity of rMan-Le were determined using
M9A and pNP-a-Man as substrates at various pH levels (3.0�8.0).
The effects of temperature also were examined at various tempera-
tures (20�80�C) followed by standard assay method described in the
earlier section. The enzymatic activities were calculated as percent
relative to the highest rMan-Le activity sample observed in this
assay.

Effects of metal ions and inhibitors on the activity of rMan-Le
The effects of metal ions on the activity of rMan-Le were investi-
gated using Fe2þ, Fe3þ, Mn2þ, Co2þ, Ca2þ, Zn2þ, Cu2þ, Mg2þ and
EDTA at a concentration of 5mM. The effects of two
a-mannosidase specific inhibitors, swainsonine and DMM were
also examined. After pre-incubation of various metal ions and in-
hibitors with purified rMan-Le separately in 0.1 M MES buffer, pH
5.5, the reaction mixtures were incubated with M9A substrate at
37�C for 6 h. Then remaining substrate and products after reaction
were calculated as percent.

Substrate specificity of rMan-Le
Study of the substrate specificity of rMan-Le was carried out using
authentic PA-sugar chains: M9A, M8A, M7B, M6B, M5A, GNM5,
M2FX, M3FX and GNM3FX. PA-sugar chains were incubated
with purified rMan-Le in 0.1 M MES buffer, pH 5.5, at 37�C for
2 h. The PA-sugar chains produced after rMan-Le digestion were
analysed by SF-HPLC on a Shodex Asahipak NH2P-50-4E column
(0.46�25 cm). The PA-sugar chain mixture was eluted by increasing
the water content in water-acetonitrile from 20 to 80% linearly over
50min at a flow rate of 0.7ml/min. PA-sugar chains were detected
with a Jasco FP-920 Intelligent Fluorescence detector (excitation at
310 nm, emission at 380 nm).

Bioinformatics analysis
The signal peptide was detected using Predisi (PREDIction of Signal
peptides), Germany (http://www.predisi.de/). The theoretical
molecular mass and an isoelectric point (pI) of Man-Le were deter-
mined by ExPASy Proteomics Server (http://www.expasy.ch/tools/
pi_tool.html). PredictProtein (22) online software was used to iden-
tify the N-glycosylation sites in the deduced amino acid sequence of
Man-Le (http://www.predictprotein.org/). The most conserved
domains in the deduced amino acid sequence of Man-Le were iden-
tified by conserved domain database (CDD) search at the National
Center for Biotechnology Information (NCBI) web server. The
Man-Le amino acid sequence was compared with that of bLAM
using on online multiple alignment programme, ClustalW2
(http://www.ebi.ac.uk/Tools/clustalw2/). To explore the Man-Le
sequence neighbours or homologues, we used non-redundant
sequence database at (NCBI) by BlastP search. The query sequence
was amino acid sequence of Man-Le. The amino acid sequence
homologues of Man-Le were completely aligned using ClustalX
(2.0.6) programme. Finally, phylogenetic reconstruction of the
sequences was carried out using distance/neighbour-joining
programme, ClustalX (2.0.6) (23). The 3D structure of Man-Le
was created by SWISS-MODEL automated protein structure
homology-modelling server (http://swissmodel.expasy.org/) which
accessible via the ExPASy web server or from the programme
DeepView (Swiss Pdb-Viewer) (24�26). The quality of the modelled
structure was assessed by the determination of DFire and QMEAN

scores as well as PROMOTIF (27�29). Stereochemistry of the struc-
ture was also verified by the Whatif and Procheck programmes in
the same server (30, 31).

Results and Discussion

Cloning, sequencing and identification of Man-Le
cDNA
We previously purified and characterized a
a-mannosidase from mature red tomato fruits and
determined the N-terminal sequences of two subunits
(5). In this study, we used that N-terminal amino acid
sequences for the silico analysis and identified two ex-
pressed sequence tags (ESTs), SGN-U343973 and
SGN-U327376 as candidate ESTs in the Sol Genomic
Network. On the basis of ESTs sequence information
we designed two gene-specific primers, A and B from
SGN-U343973 and SGN-U327376, respectively, for
the RT�PCR amplification to detect the cDNA present
in reverse transcription samples. The RT�PCR sample
showed the 1,700 bp fragments on 1% agarose gel elec-
trophoresis (data not shown). After purification, the
amplified cDNA was subsequently cloned and
sequenced. The sequence had 99% identities with the
both EST sequences. Moreover, the RT sample and
genomic DNA were also subjected to PCR amplifica-
tion using another pair of primer (K and L) for obtain-
ing short PCR products. The genomic DNA�PCR
product size (1,850 bp) was larger than RT�PCR prod-
uct (370 bp) suggested that genomic DNA contained
much more introns in genomic DNA (data not
shown). The presence of introns in Man-Le gene was
also supported by the exon�intron organization (Fig.
2). To obtain the 50- and 30-end of cDNA, the 50- and
30-RACE-PCR and nested-PCR were performed using
gene-specific primers (C�F). The amplified fragments
were cloned into pGEM-T easy vector and determined
the sequence of three clones. We used another pair of
primer, G and H for the PCR amplification to obtain
the full-length cDNA, which was found to be 3,361 bp.
It was registered under the GenBank accession no.
GU434316 (Fig. 1). The cDNA sequence found in
our clones showed 99% identities with ESTs,
SGN-U343973 and SGN-U327376. The size of the
full-length cDNA was two times longer than that of
the summation of two EST sequences. These results
suggested that ESTs clones, SGN-U343973 and
SGN-U327376, were the part of the Man-Le
mRNA. The Man-Le mRNA had maximum identities
found in NCBI BLAST nucleotide search with
the mRNA sequences of Ricinus communis (77%,
XM_002512794.1), Populus trichocarpa (76%, XM_
002321039.1) and Vitis vinifera (76 %, XM_
002276056.1).

Man-Le gene is organized in 30 exons
Nucleotide Blast search showed that Man-Le cDNA
had 100% identities with L. esculentum genomic DNA,
Bacterial Artificial chromosome (BAC) clone
C06HBa0086B01 (GenBank: AC209509.1). Man-Le
gene is located at the chromsome 6 of L. esculentum.
The full-length of this BAC clone is 104,773 bp.
The Man-Le gene spanned �10 kb and consisted of
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Fig. 1 Nucleotide and deduced amino acid sequence of Man-Le cDNA. The translated sequence of Man-Le Signal peptide includes a 24 amino
acid signal peptide shown in italic bold letter. Signal peptide cleavage site is shown in box. The predicted nine N-glycosylation sites were indicated
as bold letter. N-terminal sequences of large and small subunit of native Man-Le were marked as underlined.
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30 exons as well as 29 introns (Fig. 2). The first exon
started at 26,091 bp and 30th exon ended at 36,097 bp.

Sequence analysis
A 3,084 bp open-reading frame (ORF) was obtained
from the cDNA sequence isolated from tomato
fruits. It coded for a polypeptide of 1,028 amino acid
residues of which the first N-terminal 24 amino acid
residues forms the signal sequence (Fig. 1). Earlier we
identified the N-terminal amino acid sequence as
10 amino acids (KYMVYNTSQG) in the native
tomato a-mannosidase. It is located at 25th to 35th
position of deduced amino acid sequence (5). The ob-
servation was confirmed by using Signal p 3.0 server
and Predisi (PREDIction of Signal peptides) which
showed the existence of cleavage site between position
24 and 25: VEA-KY (Fig. 1). Therefore, the mature
Man-Le is a single polypeptide containing 1,004 amino
acid residues with a predicted molecular mass of
114 kDa and pI 6.19. A typical poly (A)þ tail was
found at the 30 untranslated region. Further analysis
showed that the deduced amino acid sequence con-
tained the nine N-glycosylation sites. The position of
predicted N-glycosylation sites were 30, 66, 107, 161,
281, 473, 665, 740 and 830 in the deduced amino acid
sequence. The conserved domain database search pro-
gramme in the NCBI web server showed three mostly
conserved domains in the primary amino acid sequence
of Man-Le. They are glycosyl hydrolase super family
38 N-terminal domain, a-mannosidase (middle
domain) and glycosyl hydrolase super family 38
C-terminal domain (Fig. 3B). Therefore, these results
demonstrated that Man-Le belongs to glycosyl hydro-
lase family 38. Sequence alignment showed amino
acid identities of �43% with bLAM. The important
residues located at the active site of bLAM are fully
conserved in the Man-Le polypeptide (Fig. 3A) sug-
gests that the catalytic mechanism of Man-Le could
be similar to that of bLAM.

Expression of Man-Le cDNA and purification of
rMan-Le
Since native Man-Le N-terminal sequence started at
position 25 in the deduced amino acid sequence of
Man-Le we used cDNA sequence (3,006 bp) without
signal peptide sequence for the construction of expres-
sion vector (Fig. 4A). The Man-Le cDNA amplified by
PCR using the oligonucleotide primers, O and P, was
cloned into the pPICZa C expression vector in frame
with the a-factor leader sequence. The recombinant

vector, pPICZa C/Man-Le was transformed into
competent cells of E. coli JM109. The inserted DNA
sequence was analysed and further confirmed by PCR
amplification and sequence analysis. The recombinant
plasmid, pPICZa C/Man-Le DNA isolated and linear-
ized with PmeI, was used for transformation into P.
pastoris GS115 strain with zeocin screening. A single
colony of transformants expressing Mutþ phenotype
was grown in BMGY medium, and finally, expression
was induced by methanol in BMMY medium. The re-
sulting culture supernatant and cell lysate were ana-
lysed for a-mannosidase activity using pNP-a-Man as
well as PA-sugar chain, M9A as substrates. While high
enzyme activity was found in the Pichia cell lysate,
only marginal activity could be detected in the culture
supernatant (data not shown). In contrast, the cell
lysate from Pichia with the expression vector pPICZa
C (without Man-Le cDNA insert) had no
a-mannosidase activity, indicating that endogenous
a-mannosidase activity could not be detected in the
Pichia extract used in this enzyme assay system.
However, a-mannosidase activity could be detected
in Pichia with the expression vector pPICZaC when
both the amount of sample and incubation time was
increased. For example, prolonged incubation time,
such as over night incubation (16 h), showed the
weak endogenous a-mannosidase activity against
both type of substrates (data not shown). Our
time-course study revealed that 120 h (5 days) was an
optimum incubation time for maximizing the intracel-
lular expression in Pichia cell after methanol-induction
(data not shown) in BMMY media. We purified
rMan-Le by anti-flag affinity column. SDS�PAGE of
the purified proteins which was incubated at 50�C for 2
h, showed a major band at �270 kDa and a minor
protein bands at �135 kDa (Fig. 4B). Two other ali-
quots both reducing and non-reducing conditions
heated on boiling water for 3min showed single band
at �135 kDa, suggesting that this major band might be
dimer of rMan-Le associated with strong hydrophobic
interaction that could be destroyed only at high tem-
perature in the presence of SDS. The bLAM was also
found to occur in dimeric form by similar strong
hydrophobic interaction (32). The theoretical molecu-
lar mass of cloned cDNA-encoded polypeptide is 114
þ 21 kDa from predicted nine Asn-linked oligosac-
charides and two fusion tags. The apparent molecular
mass seems to be good agreement with the theoretical
molecular mass of glycosylated rMan-Le. Although
the expression construct (pPICZaC) had the secretion

Fig. 2 An organization of Man-Le gene. The gene located at the chromosome 6 under BAC clone C06Hba0086B01.1 found in the GenBank is
illustrated from 50 (left) to 30 (right). Exons 1�30 are indicated by gray boxes. Total length of the gene was 10,007 bp.
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Man-Le   GKLNVHLVPHTHDDVGWLKTVDQYYVGSNNSIQVACVQNVLDSLIPALLADKNRKFIYVE 97
bLAM     DMLNVHLVPHTHDDVGWLKTVDQYFYGIYNNIQPAGVQYILDSVISSLLANPTRRFIYVE 120
         . **********************: *  *.** * ** :***:*.:***: .*:*****
Man-Le   QAFFQRWWRNQSPGMQSTVKQLVNSGQLEFINGGWCMHDEAATHYIDMIDQTTLGHKYIK 157
bLAM     IAFFSRWWRQQTNATQKIVRELVRQGRLEFANGGWVMNDEATTHYGAIIDQMTLRLRFLE 180
          ***.****:*: . *. *::**..*:*** **** *:***:***  :*** **  ::::
Man-Le   QQFN--VTPRIGWQIDPFGHSAVQAYLLGAEVGFDSLFFGRIDYQDREKRKIEKSLEVIW 215
bLAM     ETFGSDGRPRVAWHIDPFGHSREQASLF-AQMGFDGFFFGRLDYQDKKVRKKTLQMEQVW 239
         : *.    **:.*:*******  ** *: *::***.:****:****:: **   .:* :*
Man-Le   RGSKSLSS-STQIFSGAFPQNYEPPSKFYFEVNDDNSLPVQDDVNLFDYNVQERVNDFVA 274
bLAM     RASTSLKPPTADLFTSVLPNMYNPPEGLCWDMLCAD-KPVVEDTRSPEYNAKELVRYFLK 298
         *.*.**.. ::::*:..:*: *:**. : :::   :  ** :*..  :**.:* *. *: 
Man-Le   AALSQANITRTNHIMWTMGTDFKYQYAHTWFRNMDKLIHYVNQDG-----RVNALYSSPS 329
bLAM     LATDQGKLYRTKHTVMTMGSDFQYENANTWFKNLDKLIQLVNAQQRANGIRVNVLYSTPA 358
         * .*.:: **:* : ***:**:*: *:***:*:****: ** :       ***.***:*:
Man-Le   IYTDAKYALDESWPLKTDDYFPYADRINAYWTGYFTSRPALKLYVRMMSGYYLAARQLEF 389
bLAM     CYLWELNKANLSWSVKKDDFFPYADGPYMFWTGYFSSRPALKRYERLSYNFLQVCNQLEA 418
          *       : **.:*.**:*****    :*****:****** * *:  .:  ...*** 
Man-Le   FKG-RIETGP----TTEILADALAIAQHHDAVSGTSKQHVADDYAKRLFIGYKQAEDLVS 444
bLAM     LAGPAANVGPYGSGDSAPLNEAMAVLQHHDAVSGTSRQHVANDYARQLSEGWRPCEVLMS 478
         : *   :.**     :  * :*:*: **********:****:***::*  *:: .* *:*
Man-Le   NSLACMVESASASGCKNPQINFKQCPLLNISYCPPTEADLAPGKKLVVVVYNALGWKRTD 504
bLAM     NALAHLSG---------LKEDFAFCRKLNISICPLTQT----AERFQVIVYNPLGRKVDW 525
         *:** :            : :*  *  **** ** *::    .::: *:***.** *
Man-Le   VVRIPVVNKNVIVEDSTGKEIESQLLPIVKESIVIRNYYAAAYFGESPTSSPKYWLVFTA 564
bLAM     MVRLPVSKHVYLVKDPGGKIVPSDVVTIP--------------------SSDSQELLFSA 565
         :**:** ::  :*:*. ** : *:::.*                     ** .  *:*:*
Man-Le   TVPPLGFSSYVITSGKQAVAASIPQTFYKTDGSQSDAVEVGPGNLKLLYSANGAKFTQYF 624
bLAM     LVPAVGFSIYSVS--------QMPN--QRPQKSWSRDLVIQNEYLRARFDPNTGLLMELE 615
          **.:*** * ::        .:*:   :.: * *  : :    *:  :..* . : :
Man-Le   NKRNQVRSSLEQSFSYYSADDGSKDDYKDIQASGAYVFRPNGSFPIHPEGKVPATILRGP 684
bLAM     NLEQNLLLPVRQAFYWYNASTGNN---LSSQASGAYIFRPNQNKPLFVSHWAQTHLVKAS 672
         * .:::  .:.*:* :*.*. *.:    . ******:**** . *:. .  . : :::..

A

B

Fig. 3 Amino sequence alignment and conserved domains. (A) Alignment of Man-Le with Bovine lysosomal a-mannosidase (bLAM, accession no.
Q29451) showed 43% identity and amino acids located around the active site marked as bold letter in boxes. Only highly conserved regions of
both enzymes are shown (positions of amino acid for Man-Le and bLAM were 38�684 and 61�672, respectively). (B) The conserved domains
were identified by conserved domain database (CDD) search programme in the NCBI web server. Glycosyl hydrolases super family 38
N-terminal domain (residue number: 41�353), alpha mannosidase, middle domain (residue number: 358�432) and glycosyl hydrolase super
family 38 C-terminal domain (residue number: 599�110). ‘*’ represents the conserved amino acid, ‘:’ represents very similar amino acid, and ‘.’
represents similar amino acid.
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Fig. 4 Man-Le Expression vector construct and SDS�PAGE. (A) Man-Le expression construct. The Man-Le cDNA (3,006 bp) was expressed
under AOX1 promoter with N-terminal Flag and C-terminal His tag. (B) Purity Flag-rMan-Le-(His)6-fusion protein was checked by 7.5%
acrylamide and stained with Coomassie brilliant blue R-250. Lane M, marker proteins; lane 1, purified flag-rMan-Le-(His)6-fusion protein
heated at 50�C for 2 h; lane 2, heated on boiling water for 3min without b-mercaptoethanol; lane 3, heated on boiling water for 3min with
b-mercaptoethanol. Determination of molecular mass of purified flag-rMan-Le-(His)6-fusion protein. The proteins used in the calculation of
molecular masses were Precision Plus ProteinTM Standards (BioRad): 250, 150, 100, 75 and 50 kDa. M1 and M2 are monomer and dimer of
rMan-Le, respectively.
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signal, rMan-Le protein could not be secreted into the
media. At this moment, it is difficult to make a rational
explanation why the rMan-Le protein could not be
secreted into the media, but we speculate that it
could be due to a proteolytic cleavage by an endogen-
ous proteinase in the secretion signal sequence after the
expression of Man-Le cDNA in Pichia cells. In this
case, the apparent molecular mass would undergo
very little change.

Effects of pH and temperature on the activity of
rMan-Le
The effects of pH and temperature on the activity of
rMan-Le were analysed using pNP-a-Man and
PA-sugar chain, M9A as substrates. For synthetic
the substrate, the rMan-Le showed optimum activity
at pH 5.5�6.0 and the activity rapidly declined after
pH 6.0 (Fig. 5A). Whereas for the natural substrate, an
optimum activity was observed in between the pH 4.0
and 5.5, which reached its maximum level at pH 5.5.
Although the optimum activity was found in the acidic
region of pH, a little activity (8.6%) was retained at
pH 8.0. This result suggests that Man-Le could reside
in the acidic region of cell either cell wall or vacuole,
although the optimum pH is slightly higher than those
(pH 3.5�4.5) of other plant a-mannosidases (2�4, 33,
34), suggesting that physiological function of Man-Le
may be different from those other plant acidic
a-mannosidases [Jack bean enzyme (2) or rice
enzyme (3)] working in the protein body or vacuole.
The optimum temperature of rMan-Le for both
synthetic and natural substrate was found to be at
around 40�50�C (Fig. 5B), which was consistent with
other a-mannosidases (2�4, 15, 33, 34).

Effects of metal ions and inhibitors on the activity of
rMan-Le
The effects of metal ions and inhibitor on the activity
of rMan-Le were very similar to that of native Man-Le
isolated from tomato fruits (5). When rMan-Le

pre-incubated with various metal ions was incubated
with M9A as substrate, most of the metal ions in-
hibited the a-mannosidase activity (Table II). Cu2þ

partly inhibited the rMan-Le activity as found in
Ginko a-mannosidase (35). For the control sample
(without metal), no. of substrate (M9A) remaining
after reaction and the final product was M4 whereas
in the presence of Cu2þ only 5% substrate (M9A) was
converted to product (M8). Many a-mannosidases
reported so far required metal ions such as Zn2þ,
Ca2þ for full enzymatic activity (2, 3, 33, 34, 36, 37),
whereas rMan-Le was inhibited some extent by both
metals, suggesting that this tomato a-mannosidase is a
novel acidic a-mannosidase in plant. Moreover, EDTA
also weakly inhibited the activity like other metal ions.
Thus there is a possibility that this enzyme required
metal ions beside eight metals tested in this study.
The activity was significantly inhibited by mannose
specific inhibitor DMM and completely inhibited by
swainsonine. Since Jack bean, rice and bLAMa-
mannosidases are significantly inhibited by swainso-
nine but not DMM, the hydrolytic mechanism of
Man-Le must be slightly different from other acidic
a-mannosidases reported so far (2, 3, 32).

Substrate specificities
The substrate specificity of rMan-Le was analysed
using various pyridylaminated N-glycans as substrates.
The substrate specificity of rMan-Le is almost the same
as that of native tomato a-mannosidase (5), and
rMan-Le could hydrolyse a-mannosidic linkages
in both high-mannose and truncated complex-type
N-glycans (Fig. 6A). However, hybrid type structure
(GNM5) or one of truncated complex type structures
M2FX, showed resistance towards rMan-Le.
Arabidopsis Golgi a-mannosidase II can easily hydro-
lyse a1-6 mannosidic linkage in GlcNAc1Man5
Xyl1Fuc1GlcNAc2-PA or GlcNAc1Man5GlcNAc2-
PA, and convert them to GlcNAc1Man3Xyl1Fuc1
GlcNAc2-PA or GlcNAc1Man3GlcNAc2-PA,
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Fig. 5 Effects of pH and temperature on the activity of rMan-Le. (A) The effects of pH on the activity of rMan-Le were examined using M9A and
pNP-a-Man as substrates at various pH levels (3.0�8.0). The incubation time for natural and synthetic substrates at 37�C were 4 and 1 h,
respectively. The buffers used were 0.1 M glycine�HCl (pH 3.0), 0.1 M citrate (pH 3.5�5), 0.1 M MES (pH 5.5�6.5) and 0.1 M HEPES (pH
7.0�8.0). M9A (open square) and pNP-a-Man (open circle) Substrate. (B) Effects of temperature on the activity of rMan-Le. Both pNP-a-Man
and M9A were also used as substrates to analyse the effects of temature on the activity of rMan-Le. Purified rMan-Le (5 ml) was mixed with each
of 100 pmol M9A and 100mmol pNP-a-Man in 0.1 M MES buffer, pH 5.5 and incubated at various temperatures (20, 30, 40, 50, 60 70 and
80�C). An incubation times for natural and synthetic substrate were 2 and 1 h, respectively. M9A (open circle) and pNP-a-Man (filled square).
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respectively (38). Therefore, Man-Le is different from
Class II a-mannosidase involved in the N-glycan pro-
cessing in Golgi apparatus. Moreover, the rMan-Le
can readily convert M3FX to M2FX but not readily
convert M2FX to MFX. Only prolonged incubation
(12 h) of M3FX with rMan-Le could produce M2FX
(64%) and MFX (36%) (Fig. 6B). On the other hand,
6 h incubation of M5A with rMan-Le could readily
produce M3, M2 and M1 products (data not shown).
These results suggest that presence of b1-2 Xyl
linked to the core b-mannosyl residue hinders the
a-mannosidase activity to release a1-3 Man residue
from M2FX structure. Therefore, rapid and complete
degradation of the plant complex type N-glycans
must require the concerted reaction of b-N-
acetylglucosaminidase, b-xylosidase, a-fucosidase and
a-mannosidase. Indeed, it has been reported that the

truncated plant complex type structure is predominant
among N-glycans linked to tomato fruit glycoproteins
(39, 40). Furthermore, the amount of truncated plant
complex type structures (Man2Xyl1Fuc1GlcNAc2,
GlcNAc1Man3Xyl1Fuc1GlcNAc2 and Man2Xyl1
GlcNAc2) that have the slight resistance to Man-Le
accounted for �45% of total N-glycans of glycopro-
teins in tomato fruits (40), indicating that the release
of the a1-3Man in the M2FX structure may have the
key to complete turnover of N-glycoproteins in mature
tomato fruits.

Phylogenetic analysis of Man-Le
The class II a-mannosidases which have been classified
under glycosyl hydrolase family 38, can cleave a1-2,
a1-3 and a1-6 glycosidic linkages of glycoproteins.
They have conserved N-terminal glycosyl hydrolase
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Fig. 6 Substrate specificities and SF-HPLC profile of M3FX treated with rMan-Le. (A) Substrate specificities study. The substrate specificities
of rMan-Le were analysed using authentic PA-sugar chains, M9A, M8A, M7B, M6B, GNM5, M5A, M2FX, M3FX and GNM3FX in 0.1 M
MES buffer, pH 5.5 at 37�C for 2 h. The PA-sugar chains produced after digestion of rMan-Le were analysed by SF-HPLC on a Shodex
Asahipak NH2P-50-4E column (0.46�25 cm). S and P are the remaining substrate and products respectively after digestion. M3FX,
Man3Xyl1Fuc1GlcNAc2-PA; M2FX, Man2Xyl1Fuc1GlcNAc2-PA; MFX, ManXyl1Fuc1GlcNAc2-PA; GN, GlcNAc. (B) SF-HPLC profile
of M3FX treated with rMan-Le. M3FX was incubated with purified rMan-Le in 0.1M MES buffer, pH 5.5 at 45�C for 12 h. Products were
analysed by SF-HPLC as described bin the text.1 and 2 were undigested M2FX and M3FX, respectively; 3, M3FX treated with purified
rMan-Le.

Table II. Effects of metals ions and inhibitors on the activity of rMan-Le.

Metal ions and inhibitors

Percentage of remaining substrate (M9A) and products (M8�M4) after rMan-Le treatment

M9A remaining

Products

M8 M7 M6 M5 M4

Control � 2 40 48 8 2
Fe2þ (5mM) 10 55 30 5 � �
Fe3þ (5mM) 8 37 42 8 5 �
Co2þ (5mM) � 6 45 38 11 �
Zn2þ (5mM) 12 47 35 6 � �
Cu2þ (5mM) 95 5 � � � �
Ca2þ (5mM) 8 45 40 7 � �
Mg2þ (5mM) 6 48 40 6 � �
Mn2þ� (5mM) 12 63 25 � � �
EDTA (5mM) 8 46 38 8 �
Swainsonine (250 mM) 100 � � � �
DMM (250 mM) 83 17 � � �
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superfamily domain, middle a-mannosidase domain
and C-terminal glycosyl hydrolase superfamily
domain. Enzymes of this class also have a wider
range of cellular compartmentalization and can be
localized to the cell wall, cytosol, vacuole or lysozyme
in addition to Golgi complex. The Man-Le also has
such kinds of three consecutive conserved domains in
its deduced amino acid sequence. To shed light on the
property and evolutionary position of Man-Le, a
neighbour-joining phylogenetic tree was constructed
(Fig. 7). We used the deduced amino acid sequence
of Man-Le as Blastp input to explore the neighbours
or homologous sequences. A total of 485 homologous
sequences were found to be active hits from
GenBank database based on the alignment. For the
phylogenetic reconstruction, we included 39 sequences
those were previously functionally characterized as
a-mannosidases, as well as novel putative
a-mannosidases sequences. The resulting neighbour-
joining tree suggests that there are three robust
clades of acidic a-mannosidases (animals, plants and
flies�insects), and plant acidic a-mannosidase

originated from ancestral proto-a-mannosidases of
amoeba. The Man-Le originated at the final stage of
cluster divergence of the tree and very closed to R.
communis (XP_002511094). Since Ricinus (XP_
002511094 and XP_002512840), Arabidopsis (NP_
001031878, BAB11126 and NP_196902), and rice
(AB_G22500) putative a-mannosidase genes are rela-
tively closer to Man-Le, these a-mannosidases may
have similar substrate specificity and play a similar
role in turnover of N-glycoproteins in acidic organelle.
Phylogenetic analysis suggests that plant acidic
a-mannosidase have redundantly evolved, facilitating
the efficiency in the turnover of N-glycoproteins or N-
glycans. Such redundant occurrences of acidic
a-mannosidase gene suggest that the efficient hydroly-
sis of a-mannosidic linkage in N-glycans must be
critical for plant development or growth.

Molecular 3D modelling
3D protein structure is an important source of infor-
mation to better understand the function of a protein.
To study the structure�function relationship, we
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Fig. 7 Neighbour-joining phylogenetic tree analysis of deduced amino acid sequence of acidic a-mannosidase homologues found in NCBI/Blastp

search. Multiple sequence alignment was performed using ClustalX (2.0.6) programme. A total of 39 genes those predicted and/or characterized
as glycosyl hydrolase super family 38 belong to class II a-mannosidase was taken into consideration for the construction of phylogenetic tree.
Asterisk indicated as really characterized a-mannosidase. The analysed a-mannosidases are separated into three main clades in higher
eukaryotes: plants, animal and flies�insects. The indicated scale represents 0.1 amino acid substitution per site.
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generated a molecular 3D model using X-ray solved
bovine lysosomal a-mannosidase (bLAM) (32) as tem-
plate (pdb ID: 1o7d). The average sequence identity of
Man-Le with bLAM homologue was 43%. The tem-
plate alignment mode of the SWISS-MODEL web
server was used to solve the modelled-structure. The
quality of the modelled-structure was evaluated using
structural assessment tools, PROCHECK and
WHATIF, which together performed the check on
stereo-chemical quality, bond-angle and bond-length,
etc. The total QMEAN-score (Composite scoring func-
tion for model quality estimation) of solved modelled
structure of Man-Le was 0.625 whereas the bLAM had
0.692. The Z-score of Man-Le and bLAM were �1.14
and �0.52, respectively. The DFire energy, �1,272.75
was also very close to the template structure,
�1,404.75. WHATIF Z-score, 1.1 was also good as

the expected value of 1.0 for high-quality structure.
Most importantly the modelled Man-Le structure
had 97.8% of all its residues in conformationally per-
mitted region as predicted by PROCHECK, with 85%
being the minimum requirement for high-resolution
X-ray crystallographic structure. Only a few residues
(0.9%) were in the disallowed region. Therefore, an
overall quality of modelled structure was good as
checked by both programmes.

An overall structural model of Man-Le is depicted in
the Fig. 8A, which included 963 residues with five
structural parts, A�E as found in template structure
(32). An important secondary-structural motif com-
prised 14 helices and 46 strands. The a and b contents
of the model protein were found to be 19.5 and 26.2%,
respectively, as predicted by the programme
PROMOTIF (Fig. 8A). The modelled Man-Le

Fig. 8 Molecular 3-D modelling of tomato acidic a-mannosidase solved by SWISS-MODEL web server. (A) The 3D structure contains five
polypeptide parts: A-part (green), B-part (cyan), C-part (purple), D-part (yellow) and E-part (pink) as found in crystal structure of bLAM.
Locations of the active site amino acid residues (10 aa) are shown in red colour. (B) Modelled 3D structure of Man-Le (purple) was
superimposed on the 3D structure of bovine lysosomal a-mannosidase (green). Molecular image were prepared by Polyview-3D and
Swiss-PdbViewer. (C) Super imposed image of amino acid residues of located at the active site of modelled structure of Man-Le with X-Ray
solved crystal structure of bLAM. Active site residues (10 amino acids) of modelled structure of Man-Le (blue colour) with that of bLAM
(purple). (IV) Space filled views of Man-Le structure. A side view of surface filled representation of Man-Le with active site cleft indicated by
red arrow. A�E parts are shown in various colour.
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structure is composed of four domains; the N-terminal
a/b domain, which contains the active site, is formed
by the A and B parts. The N-terminal a/b domain is
followed by a three-helix bundle joining the B- and
C-parts, and three mainly b-sheet domains formed by
C�E. There is only one intra-chain disulphide bond in
C-part at position Cys469�Cys477 in the structure.
Structural similarity was further compared by super-
imposition of Man-Le homology model template.
The modelled structure Man-Le closely resembled the
template structure and it had good similarity with the
template upon superimposition (Fig. 8B). An amino
acid sequence alignment of Man-Le with bLAM
showed that 10 amino acids located at the active site
of bLAM were conserved in Man-Le (Fig. 3A). The
amino acid residues His49, Asp51, Trp54, Asp171,
Arg196, Asp295, His412, His413, Asp414 and Tyr660
were estimated as catalytically important residues and
also Asp171 was speculated as the corresponding nu-
cleophilic residue. These amino acids are located at the
loop region of A-, C- and D-part, which are shown
as red colour in the Fig. 8A.

Comparing the superimposition of Ca atoms of
Man-Le structure with a crystal model of bLAM
reveals that conformation of predicted Man-Le’s cata-
lytic site is very similar to the bLAM’s catalytic site
(Fig. 8C). An active site cleft of modelled structure of
Man-Le clearly depicted in the Figure 8D that is also
very similar to active site cleft of bLAM (data not
shown). The similarity of conserved residues and
active site conformation between the modelled struc-
ture of Man-Le and bLAM suggests that their catalytic
mechanism may be similar to each other. We also used
magic fit for superimposition of Man-Le’s structure
with the crystal structure of dGMII (pdb ID: 3BLB)
to compare their structural conformations. The cata-
lytically important amino acids located at the active
site of dGMII are His90, Asp92, Trp95, Asp204,
Phe206, Tyr269, Arg228, Asp241, His471 and
Tyr727. Eight amino acids out of 10 are conserved in
Man-Le and therefore, the active site conformation is
not well superimposed with dGMII. The four main
residues located at the active site cavity of dGMII
are Trp95, Phe206, Tyr269 ad Tyr727 (41). The last
two residues are not conserved in Man-Le, which are
replaced by Gly230 and Phe668. Therefore, the cata-
lytic mechanism of plant acidic a-mannosidase may be
of somewhat different from that of processing
a-mannosidase (dGMII).

Conclusion

In this study, we have successfully cloned and
expressed the Man-Le cDNA in P. pastoris, and the
recombinant enzyme was purified to be homogeneity
by anti-Flag affinity column. Like native Man-Le,
rMan-Le was inhibited by two a-mannosidase-specific
inhibitors, swainsonine and DMM, and showed the
optimum activity at weak acidic pH region (pH
�5.5), indicating that Man-Le is slightly different spe-
cies from typical other plant acidic a-mannosidases

[Jack bean (2) or rice (3)] that showed the optimum
activity at rather acidic pH region (pH �4.5) and were
specifically inhibited by swainsonine. Although
rMan-Le could hydrolyse a1-2, a1-3, and a1-6
mannosidic linkages in both high-mannose type and
truncated complex type N-glycans, the presence of
b1-2 Xyl residue reduced the hydrolysis rate of a1-3
Man residue in the M2FX structure. Meli et al. (14)
have recently identified a gene encoding one of similar
tomato a-mannosidases and proposed that the
a-mannosidase and b-hexsosaminidase might be
deeply involved in tomato fruit ripening. But the
a-mannosidase gene has not been successfully
expressed to analyse some biochemical properties
including substrate specificity. Since the deduced
amino acid sequence of the tomato a-mannosidase
(14) is slightly different from Man-Le and the substrate
specificity or other enzymatic properties are obscure, it
is not clear whether Man-Le is the same molecule as
the a-mannosidase reported. A molecular 3D model
reveals that active site amino acids and conformation
of Man-Le are highly conserved with those of bLAM,
suggesting that the reaction mechanism must be similar
between plant and mammal enzymes working in acidic
condition (32).

To explore the exact function of free N-glycans
occurring in developing plant or fruit during ripening,
the construction of transgenic tomato plant, in which
genes of Man-Le, Endo-LE (13) and acidic peptide:
N-glycanase (PNGase-Le) (42) are triple- or
double-knocked out or over-expressed, is underway.
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