Archives of Carrent
Research International

Archives of Current Research International

Volume 25, Issue 8, Page 336-350, 2025; Article no.ACRI.141675
—— ISSN: 2454-7077

A Review on the Structure-function
Relationship of Class Il a-
Mannsoidases

Shashidhara K.S. &, Mahmed Juned Contractor 2,
Kanavi, M.S.P. ?, Prakash Koler. ¢
and Prashanth Kumar H.P. d

a Department of Genetics and Plant Breeding, College of Agriculture, V.C. Farm, Mandya -571405,
University of Agricultural Sciences (Bangalore), Karnataka, India.

b Department of Genetics and Plant Breeding, College of Agriculture, Karekere, Hassan-573225,
University of Agricultural Sciences (Bangalore), Karnataka, India.

¢ Department of Crop Physiology, College of Agriculture, Karekere, Hassan-573225, University of
Agricultural Sciences (Bangalore), Karnataka, India.

d Department of Biotechnology and Genetics, M.S. Ramaiah College of Arts, Science and Commerce
(Autonomous), Bangalore, India.

Authors’ contributions

This work was carried out in collaboration among all authors. All authors read and approved the final
manuscript.

Article Information
DOI: https://doi.org/10.9734/acri/2025/v25i81422

Open Peer Review History:

This journal follows the Advanced Open Peer Review policy. Identity of the Reviewers, Editor(s) and additional Reviewers,
peer review comments, different versions of the manuscript, comments of the editors, etc are available here:
https://pr.sdiarticle5.com/review-history/141675

Received: 03/06/2025

Review Article ;
Published: 08/08/2025

ABSTRACT

Of fundamental importance to every function an enzyme or a protein performs is its three-
dimensional structure. The structure plays a crucial, though often subtle, role in catalysis. The
conformational changes in enzymes are often small, and even these small changes could be
significant. Glycosylation modifications of proteins and glycan hydrolysis are critical for protein
function in biological processes. Aberrations in glycosylation enzymes are linked to lysosomal
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reviewed here.

storage disorders (LSD), immune interactions, congenital disorders, and tumour progression.
Alpha-Mannosidases Class 2B is a lysosomal hydrolase. Dysfunction of this has been implicated
as a causative factor in mannosidosis, a lysosomal storage disorder characterized by cognitive
impairment, hearing loss, and immune system and skeletal anomalies. Despite decades of
research, its role in pathogenic infections, autoimmune conditions, cancers, and neurodegenerative
pathologies is highly ambiguous. Although many Class |l a-mannosidases have been reported from
various sources but not many of them have been characterized structurally. Through the combined
efforts of various types of spectroscopies and protein crystallography,
relationship studies in some Class |l a-mannosidases from various sources have been carried out,
and the same has been reported. The structure of Class Il a-mannosidases from different sources
has revealed the involvement of various types of folding of the protein, the presence of metal ions
such as Zn* in the active site, and their role in substrate specificity and catalytic mechanism is

structure-function

Keywords: Alpha-mannosidase; structure-function relationship; 3D-structure; spectroscopy.

1. INTRODUCTION

“In the modifications of proteins, the glycosylation
is one of basic and poorly understood methods.
Majority of the soluble and membrane-bound
proteins synthesized in the Endoplasmic
Reticulum are all glycosylated. Protein N-
glycosylation takes place primarily in the
endoplasmic reticuum (ER) and in Golgi
apparatus, and involves a series of discrete
catalytic steps. A variety of enzymes, such as
glycosidases, have evolved to carry out the
complex steps involved in this this pathway. The
enzymes glycosidases play important functions
in all organisms ranging from the degradation of
sugars to the alteration of the structures of
glycan moieties on the surface of proteins. In
addition, they are also involved in biological
processes such as the digestion, the
biosynthesis of glycoproteins and the catabolism
of glycoconjugates” (de Melo et al.,, 2006;
Wolfenden et al., 1998). “In the early 1990’s,
classification of glycoside hydrolases, or
glycosidases was first carried out based on
amino acid sequences” (Henrissat, 1991). “The

sequences of totally 301 known glycoside
hydrolase enzymes were grouped into 35
families. The substrate specificity and reaction
mechanisms of the classified enzymes
corresponded to their family placement.
Currently, the carbohydrate-active enzyme
database (CAZy; www.cazy.org) has classified
thousands of glycoside hydrolase enzymes into
approximately more than one hundred families”
(Coutinho & Henrissat, 1999).

“Mannosidases are glycohydrolase enzymes
involved in the processing of mannose containing
glycans in vivo and involved in final maturation
and degradation of glycoprotein-linked
oligosaccharides. Use of naturally occurring
substrates  for  specificity = determination,
antibodies from subcellular localization, specific
enzyme inhibitors and mutant cell lines, has
revealed the presence of different a-
mannosidase iso-enzymes in the glycoprotein
metabolism” (Daniel et al, 1994). “o-
Mannosidases, EC 3.2.1.24 (a-D-mannoside
mannohydrolase), is involved in hydrolysis of
terminal  a-D-mannose  residues in a

Table 1. Classification of a-mannosidase

Sl. No.  Properties Class | a-Mannosidase Class Il a-Mannosidase
1 Substrate Specificity a-1,2 mannoside linkages a-1,2 0-1,3 and a-1,6
mannoside linkages

2 Artificial substrates No activity Active
(aryl mannosides)

3 Ca?* Required for activity Not required for activity

4 Inhibition 1-deoxymannojirimycin Swainsonine and 1,4-dideoxy-

(dMNJ) and Kifunensine (KF) 1,4-imino-D-mannitol (DIM)

5 Cleavage of glycosidic By Inversion of configuration of By Retention of configuration
linkage the released mannose (22, 23) of released mannose (24)

6 Glycohydrolase Family 47 38
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Fig. 1. Mode of catalysis of class Il a-mannosidases. Diagrammatic representation of the catalytic action of class Il a-mannosidases

Table 2. Comparison of Class | and Il a-mannosidase

Class Sub-class Source Function Metal ion requirement Inhibitor
I A Lower and higher eukaryotes  Glycoprotein breakdown by cleavage of a- Ca?* 1-deoxymannojirimycin
1,2 linkage
B Lower and higher eukaryotes  Glycoprotein breakdown by cleavage of a- Ca?* 1-deoxymannojirimycin
1,2 linkage
1 A Higher eukaryotes Glycoprotein synthesis Not required with some Swainsonine
B Higher eukaryotes Glycoprotein breakdown by cleavage of a-  exceptions as Jba-man etc.  Swainsonine
1,2, a-1,3 and a-1,6 linkage
C Lower and higher eukaryotes  Glycoprotein breakdown by cleavage of a- Swainsonine

1,2, 0-1,3 and a-1,6 linkage
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polysaccharide a-D-mannosides. There are two
classes of processing a-mannosidases (Table 1)
based on their characteristics, distinctive
substrate specificity, responses to inhibitors,
cation requirements, protein molecular weights,
subcellular localization, enzyme mechanisms,
and characteristic regions of conserved amino
acid sequences” (Daniel et al., 1994; Moremen et
al., 1994; Herscovics, 1999). In both the ER and
Golgi of mammalian cells, the processing
mannosidase enzymes are found. The
differential activity of Class Il a-mannosidase
towards many artificial substrates has important
practical utility. Because Class Il mannosidase
enzymes are readily assayed with aryl
mannosides substrates, they are almost always
employed for the initial screening of potential
new inhibitors (Gonzalez & Jordan, 2000).

1.1 Subclasses of Class Il a-mannosidase

The major enzymes of class Il a-mannosidase
that have been characterized always catalyse the
degradation of Asn-linked oligosaccharides. This
group of enzymes consists of three subfamilies
of genes (Classes I1IA, IIB and IIC) with
distinct cellular functions in the system. Some
properties have been summarized in Table 2. In
the system, the enzymes of Class IIA subfamily
is involved in N-glycan synthesis in the Golgi,
while the Class 1IB and Class IIC were involved
in the N-glycan breakdown, removal and
recycling in the cytoplasm, lysosome and
vacuole.

1) The first subfamily of Class Il genes (Class
[IA) are responsible for removal of a-1,3- and a-
1,6-linked mannose residues from N-glycans
during their synthesis (Fig. 1), a process which
occurs only in the higher eukaryotes, but not in
lower eukaryotes, such as fungi.

2) The second subfamily (Class IIB) is found in
higher eukaryotes and enzymes are involved in
N-glycan degradation in the lysosome organelle.

3) The Class IIC, which is third subfamily,
contains a heterogeneous set of enzymes.
Sequence analysis resolves the various inter-
relationships among these proteins (Eades et al.,
1998). This subfamily has very low sequence
similarity to the other two subfamilies. The Class
IIA and Class IIB subfamilies have diverged more
recently than the Class 1IC subfamily as revealed
by phylogenetic analysis. A single common
ancestor might have duplicated after the
divergence of lower eukaryotes, such as fungi,
from the higher eukaryotes. Hence, the lower
eukaryotes contain only the orthologue of the

common ancestor. Further duplication in the
higher eukaryotes led to the formation of the
three subfamilies of Class Il genes found in the
higher eukaryotes. These gene sequences
diverged and evolved more specialized functions,
such as the more complex N-glycan pathways
(Class 1I1A), and more efficient degradation
pathways (Class 1IB).

It is very much intriguing fact that the two classes
of a-mannosidases have such similar and
overlapping functions. In the N-glycans synthesis
pathway of higher eukaryotes, Class | and the
Class lIA a-mannosidases have complementary
functions. The other Class Il a-mannosidases
have broad substrate specificity and they are
able to cleave a-1, 2 (as well as a-1, 3 and a-1,
6) mannose linkages, which is a property that
shared with the Class | genes. No sequence
similarity was observed between the Class | and
Class Il genes and appear to have been
originated independently and represent a classic
case of convergent evolution (Eades & Hintz,
2000). Table 2 shows an interesting comparison
between the Class | and Il a-mannosidase
enzymes.

Enzymes of Class Il a-mannosidase occur in
plants, animals, and microbes. This review
summarizes the available information on the
structure-functional relationship among Class Il
a-mannosidase enzymes.

2. MICROBIAL CLASS Il a-mannosidases

For the analysis of glycopeptides and
developmental regulation of lysosomal enzymes,
microbial Class Il a-mannosidases are generally
used. Hence, here we provide a comparison of
properties of this high molecular weight,
oligomeric protein from a number of microbial
sources (Table 3).

The earlier workers have reported the production
of Class Il a-mannosidase enzymes from
bacteria like Arthrobacter (Jones & Ballou, 1969)
and Cellulomonas (Takegawa et al., 1989).
Protozoans are also known to produce Class Il
a-mannosidase which is involved in the
processing of high mannose oligosaccharides
present in the proteins. Avila et al., reported the
presence of 12 acid hydrolases including Class I
a-mannosidase from Trypanosoma cruzi (Avila et
al., 1979) and characterization of Class Il a-
mannosidase from Trypanosoma rangeli (Nok et
al.,, 2000) has also been reported. Aspergilli
genus are the major producers of the enzyme,
viz., Aspergillus niger (Matta & Bahl, 1972),
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Aspergillus saitoi (Amano & Kobata, 1986) and
Aspergillus fischeri (Gaikwad et al., 1995; Keskar
et al., 1996; Gaikwad et al., 1997; Shashidhara &
Gaikwad, 2009; Shashidhara & Gaikwad, 2010).
Earlier reports on Class Il a-mannosidase from
Dictyostellium discoideum (Shashidhara et al.,
2012) and Trichoderma reesei (Schatzle et al.,
1992) are also available. Class Il a-
mannosidases are well studied in
Saccharomyces cerevisiae (Van Petegem et al.,
2001) and Candida albicans (Jelinek-Kelly et al.,
1985; Vazquez-Reyna et al., 1993) among the
yeasts.

From Table 3, it can be observed that the
biochemical parameters of the enzyme from
bacteria, fungal and yeast sources are almost
identical. The activity of the enzyme is optimum
in the pH range of 5.0 - 7.0 and temperature 37-
55°C. The enzyme is most stable in the pH range
of 5.0-7.0 and up to 50°C for not more than an
hour. The Class Il mannosidase enzyme is
oligomeric in nature and it has an iso-electric
point on the acidic pH side.

Class II a-

2.1 Aspergillus fischeri

mannosidase

The Class Il a-mannosidase from Aspergillus
fischeri is one of the Class Il a-mannosidases,
which has been extensively studied by our
research group.

“Fluorescence quenching and Time-resolved
fluorescence of Class Il a-mannosidase, a multi-
tryptophan protein from Aspergillus fischeri were
carried out to investigate the tryptophan
environment. The tryptophan amino acids in the
protein were differentially exposed to the solvent
and were not fully accessible to the neutral
guencher which indicates the heterogeneity in
the environment” (Shashidhara & Gaikwad,
2007).

“Energetics of the catalysis of Class Il a-
mannosidase (E.C.3.2.1.24) from Aspergillus
fischeri was also studied. The enzyme has
showed Kcat/Km for Man (a1-3) Man>, Man (a1-2)
Man and> Man (a1-6) Man. The activation
energy, Ea was for a1-3<, al1-2 < a1-6
linked mannobioses, respectively, reflecting the
energy barrier in the hydrolysis of latter two
substrates. Binding of Swainsonine to the
enzyme was stronger than that of 1-
deoxymannojirimycin” (Shashidhara & Gaikwad,
20009).

“The conformational transitions of an oligomeric
and high molecular weight class Il a-
mannosidase enzyme from fungi Aspergillus
fischeri was examined using fluorescence and
CD spectroscopy under chemical, thermal, and
acid denaturing conditions. The enzyme lost its
activity first and then the overall folded
conformation and secondary structure. The
enzyme completely unfolded in 4.0 M GdnHCI
but not at 90°C temperature. The inactivation
and unfolding of the protein were irreversible in
nature. The protein exhibited molten-globule-like
intermediate at pH 2.0 with rearranged
secondary and tertiary structures and exposed
hydrophobic amino acids on the surface”
(Shashidhara & Gaikwad, 2010).

“To use Class Il a-mannosidase as a target
against anticancer drugs, inhibition studies of a
model enzyme, Class Il a-mannosidase from
Aspergillus fischeri was carried out to reveal the
sensitivity of the enzyme. Three of the
derivatives have shown competitive inhibition (Ki
= 45, 48 and 235uM), and the binding of the
inhibitors to the enzyme was found to be
entropically driven. Among the metal ions, Cu?*
(Ki = 21nm) and Se?* ions (K; =32 puM) showed
the non-competitive and Co?* (Ki = 1.195 mM)
showed the competitive inhibition of the enzyme
activity with insignificant change in the secondary
structure of the protein. The above studies
exhibited the potential of this enzyme in studying
the anticancer drugs. Treatment of the
mannosidase enzyme with group specific
reagents also showed the presence of
carboxylate, Arg and Cys amino acids at the
active site of the protein. The amino acids Trp
and His at the active site were observed to be in
the proximity” (Shashidhara et al., 2009).

“The a-mannosidase gene from Aspergillus
fischeri was found to be 1990 base pair long and
the nucleotide sequence analysis revealed the
presence of three introns and four exons in the
gene. BLAST analysis showed 100% similarity to
the Neosartorya fischeri (A. fischeri) and 94%
similarity to the Aspergillus fumigatus class | a-
mannosidase reported in NCBI Gene Data Bank.
Our previous biochemical studies on the present
mannosidase enzyme have revealed that it is a
class Il but not class | a-mannosidase. As
described earlier, class Il a-mannosidases have
three subfamilies of genes- Class IIA, IIB and IIC.
Class IIC has very low sequence similarity to the
other two subfamilies and are heterogeneous
enzymes with a diversity of functions and cellular
location. Hence, the a-mannosidase from
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Table 3. Summary of properties of purified microbial Class Il a-mannosidases

Source Optimum pH/ Optimum Temp. (°C) pl M Substrate?® Inhibitor® References

pH Stability / Temp. Stability (kDa)
Aspergillus 6.0-6.5/6.0-6.5 50-55/50°C,30min 4.5 412 1-2,1-3,1-6, pNPaMan,  Cu?*, Hg?* (Gaikwad et al., 1995; Gaikwad et
Fischeri 4-MeUmbaMan al., 1997; Shashidhara &

Gaikwad, 2009; Shashidhara et
al., 2009; Shashidhara et al.,

2012)

Arthrobacter 6.5-7.0/5.0-9.0 37/50°C,5 min - - 1-2,1-3,1-6, pNPaMan  Cu?*, Hg?*, Zn?*  (Jones & Ballou, 1969)
Cellulomonas 6.5-8.0/5.0-9.5 50/40°C, 10 min 3.2 450 1-2,1-3,1-6, YM Cu?, Hg%*, Zn?*, (Takegawa et al., 1989)

EDTA
Saccharomyc 5.9-6.8/- -/- - - 1-2,1-3,1-6, pNPaMan 1-DMJ and DIM  (Jelinek-Kelly et al., 1985)
es cerevisiae
Candida -/- -/- - 417 1-2,1-3,1-6, 4- 1-DMJ and (Vazquez-Reyna et al., 1993;
Albicans MeUmbaMan Swainsonine (Vazquez-Reyna et al., 1999)
Aspergillus 4.8/5.0-8.0 45/ - - - 1-4, 1-6, pNPaMan, Mannono 1-5 (Matta & Bahl, 1972)
Niger lactone
Aspergillus 50/- 30 - - 1-2,1-3,1-6, Cu?* (Amano & Kobata, 1986)
Saitoi
Trypanosoma -/- - - 240 - - (Avila et al., 1979)
Cruzi
Trypanosoma 5.0-6.0/- 37 - 90 4-MeUmbaMan Swainsonine (Nok et al., 2000)
Rangeli
Dictyostelium - /- - - 140 - - (Schatzle et al., 1992)
discoideum
Trichoderma 6.5/- - - 160 - - (Van Petegem et al., 2001)
reesei

@ The mannobioses- 1-2: Mana(1-2)Man; 1-3: Mana(1-3)Man; 1-6: Mana(1-6)Man, pNPaMan: p-nitrophenyla-D-mannopyranoside, 4-MeUmbaMan: 4-methylumbelliferryla-D-
mannopyranoside, YM: Yeast mannan.
b 1-DMJ: 1-deoxymannojirimycin, DIM: dideoxy-1,5-imino-D-mannitol.
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Aspergillus fischeri belongs to the Class IIC
subfamily” (Shashidhara et al., 2012).

3. PLANT

In Table 4, reports on a-mannosidases from
plant sources are mentioned and jack bean a-
mannosidase is the most studied among for all of
its characteristics.

The enzymes from plant sources exhibits
distinguishing feature of requiring Zn2* or Co?* for
most of the enzymes. As compared to that from
microbial sources the optimum pH of the enzyme
lies slightly on the acidic side. Details on
biochemical and biophysical characterization of
Class Il a-mannosidases have been carried out
only on the enzyme from Canavalia ensiformis.

3.1 Canavalia ensiformis Class Il a-
mannosidase

This enzyme was extensively used to explore the
linkage of mannose in several glycoproteins (Li,
1967). The enzyme hydrolyzes mannobiose,
mannotriose, and mannotetraose derived from
yeast mannan. The jack-bean a-mannosidase
can be considered as a metalloenzyme since it is
existing naturally as a zinc-protein complex
(Snaith, 1975). “Jack bean a-mannosidase had
wide acceptor substrate specificity and could
transfer mannosyl residues to various acceptors
such as D-fructose, L-arabinose, maltose,
lactose, and sucrose” (Hara et al., 1994). “The
enzyme is a retaining Glycohydrolase type. It
would provide a useful model system in
mechanistic studies and inhibitor design as it was
shown to be mechanistically similar to the
lysosomal enzyme” (Howard et al., 1997). Two
new mechanism-based inhibitors, 5-fluoro-a-D-
mannosyl fluoride and 5-fluoro-B-L-gulosyl
fluoride, which function by the steady state
trapping of such an intermediate, were
synthesized and tested. Both show high affinity
but only the latter has been used to label the
active site nucleophile. “Comparative liquid
chromatographic/mass spectrometric analysis of
peptic digests of labelled and unlabeled enzyme
samples confirmed the unique presence of this
peptide of m/z 1180.5 in the labelled sample.
They have shown presence of conserved amino
acid i.e., Aspartic acid residue at active site,
contained within the peptide sequence Gly-Trp-
GIn-lle-Asp-Pro-Phe-Gly-His-Ser, which showed
excellent sequence similarity with regions in
mammalian lysosomal and Golgi a-mannosidase
sequences, family 38 class Il a-mannosidases in
which the Asp in the above sequence is totally

conserved” (Howard et al., 1998). “Mechanism of
inhibition of this enzyme by inhibitor swainsonine
has also been reported” (Kang & Elbein, 1983).

“The conformational transitions in a multimeric
and high molecular weight class Il a-
mannosidase from Jack Bean (Jba-man) were
examined utilizing enzyme properties like
intrinsic  fluorescence, solute  quenching,
hydrophobic dye binding, size exclusion
chromatography and circular dichroism (CD)
spectroscopy for the protein in presence of
Guanidine  hydrochloride  (GdnHCI).  The
decomposition analysis of the protein spectra
obtained during unfolding showed progressive
appearance of class S, I, Il and Ill trp. The
parameter A and spectral center of mass showed
multi-state unfolding of the protein and phase
diagram analysis revealed formation of an
intermediate of Jba-man in the vicinity of 1 M
GdnHCI solution. The intermediate protein
exhibited compact secondary and distorted
tertiary structure with exposed hydrophobic
amino acids on the surface, indicating the
molten-globule nature. The dissociation, partial
unfolding and aggregation of Jba-man occurred
simultaneously during chemical denaturation.
Unlike the native Jba-man, the molten-globule
possessed slightly higher hydrodynamic radius,
perturbance in the structure up to 60°C and
stability of the structure up to 80°C. The modes
of chemical and thermal denaturation of the
native protein were different. The solute
quenching parameters confirmed the altered
confirmation of the intermediate. Taken together,
these results constitute one of the early reports
of formation of GdnHCI induced molten globule in
a class Il a-mannosidase” (Kumar & Gaikwad,
2010).

The jack bean a-mannosidase (Jba-man)
enzyme was maximally stable at pH 5.0;
however, when incubated in the pH range of
11.0-12.0, it has showed 1.3 times higher activity
and also stability for longer time. The free amino
group at or near the active site of this enzyme
was probably involved in the stability and
activation mechanism. The active site was
observed to be constituted by the association of
two un-identical subunits connected mainly by
disulfide linkages. The metalloenzyme has Zn?*
ions tightly bound to it and chelation reduces the
thermal stability of the protein. Energetics of
catalysis and thermodynamics of inhibition of this
enzyme has showed that the entropy driven
strong binding occurs with the inhibitor,
Swainsonine (Kumar & Gaikwad, 2011).
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Table 4. Summary of properties of purified plant Class Il a-mannosidases

Source Mol.Wt. Subunit Optimum pH Kp Metal ion Inhibitor Substrate?® Reference
(kDa) Mol. Wt. / Optimum (mM) requirement
(kDa) Temp. (°C)

Jack bean 230 66 and 5.0/45 - zZn?* Cu?*, Co?*, Cd* 1-2,1-3,1-6, pNPaMan,  (Li, 1967; Snaith, 1975; Hara
49 and Swainsonine  4-MeUmbaMan et al., 1994; Howard et al.,

1998; Kumar & Gaikwad,
2011)

Mung bean - 125 6.0/- - - Swainsonine 1-3,1-6, pNPaMan (Suvarnalatha & Prabha,
1999)

Tomato - 38 45/65 1.08 - - pNPaMan (Kuokkanen et al., 2007)

Capsicum 43 23 5.7/50 0.7 - Cu?* and Fe?* pNPaMan (Heikinheimo et al., 2003)

Rice - - 4.3-45/ - 1.04 Zn?%* EDTA, 1-2,1-3,1-6, pNPaMan (Mathur et al., 1984)

Swainsonine

Gingko 340 120 -/ - - Co?* Ca?* high-mannose type free  (Merkle et al., 1997; Numao

biloba N-glycans et al., 2003)

Phaseolus 194 110 46/ - 1.6 Zn2* - pNPaMan (Van Den Elsen et al., 2001;

vulgaris Oku et al., 1991; Yamashiro
et al., 1997)

Almond - - 3.8/60 - - - pNPaMan (Sun & Wolfe, 2001)

Babaco 260-280 - 4.5/ 50-60 125 - - pNPaMan (Suits et al., 2010)

Erythrina - - -/- - Zn?* - pNPaMan (Kestwal & Bhide, 2005;

indica Kestwal et al., 2007)

Lentil 489 130 5.0/55 4 No Cu?*, Co?*, Hg* pNPaMan, 4- Unpublished data

and Swainsonine  MeUmbaMan

@ The mannobioses- 1-2: Mana(1-2)Man; 1-3: Mana(1-3)Man; 1-6: Mana(1-6)Man, pNPaMan: p-nitrophenyla-D-mannopyranoside, 4-MeUmbaMan: 4-methylumbelliferryla-D-
mannopyranoside.
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Table 5. Summary of properties of purified animal Class Il a-mannosidases

Source Mol.Wt. Subunit Mol. Optimum Kp Metal ion Inhibitor Substrate?® Reference
(kDa) Wit. (kDa) pH (mM)  requirement
Human 200 - 4.5 2.7 Fe?*, Co?* Cu?* and Swainsonine High-mannose type free (Ockerman, 1967)
and Mn?* N-glycans and pNPaMan

Bovine - - - - - - - (Burditt et al.,
1978)

Monkey - - - - - - - (Bischoff et al.,
1986)

Murine 160-180 - 4.5 12.6 - Swainsonine - (Misaki et al.,
2003)

Drosophila - - - - - - - (Zymenex et al.,
2005; Winkler &
Holan, 1989)

Japanese 330 - 7.0 3 Co?* Cu?*, Hg?*, Swainsonine  High-mannose type free (Agrawal & Bahl,

quail and 1-DMJ N-glycans and pNPaMan  1968)

Hen 480 110 7.0 0.44 Co?* Zn2*, Cu?* and Hg? High-mannose type free (Jagadeesh et al.,

N-glycans and pNPaMan

2004)
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3.2 Erythrina indica Class Il a-

mannosidase

a-mannosidase from Erythrina indica seeds
(Kestwal & Bhide, 2005) is “a Zn?*-dependent
glycoprotein with 8.6% carbohydrate content.
The energy of activation of the enzyme was
found to be 23 kJ moll. N-terminal sequence
known to contain amino acid sequences such as
Asp, Thr, GIn, Glu, and Asn. Treatment of the
enzyme with N-bromo succinimide (NBS) led to
total loss of enzyme activity due to the
modification of a single tryptophan residue. The
enzyme exhibited immunological identity with a-
mannosidase from Canavalia ensiformis but not
with the same enzyme from Glycine max and
Cicer arietinum. Incubation of E. indica seed
lectin with a-mannosidase resulted in 35%
increase in its enzymatic activity. Lectin induced
activation of a-mannosidase could be completely
abolished in presence of lactose, which is a
sugar specific for lectin” (Kestwal et al., 2007).

3.3 Lycopersicon esculentum Class Il a-
mannosidase

“‘a-Mannosidase from tomato (Lycopersicon
esculentum) was found to contain two isoforms
of class Il a-mannosidase, isoform | and Il, which
were purified by ion exchange and gel filtration
chromatography, showing 6% and 24% of the
total activity, respectively. Both the enzymes had
pH optima of 4.5 and were thermally stable at 65
°C for up to 15 min. The Km values for pNPaman
were 1.11 and 1.05 mM, respectively. Purified
isoform 1l had a SDS Mr of ca. 38,000”
(Suvarnalatha & Prabha, 1999).

4. ANIMAL

Animal sources of a-mannosidase include
humans (Kuokkanen et al., 2007) and bovine
(Heikinheimo et al., 2003) which form very
important source for the study of the enzyme
widely. Apart from these, a-mannosidase has
also been reported from monkey brain (Mathur et
al., 1984), murine (Merkle et al, 1997),
Drosophila melanogaster (Numao et al., 2003;
Van Den Elsen et al.,, 2001), Japanese quail
oviduct (Oku et al, 1991), hen oviduct
(Yamashiro et al., 1997) etc.

In humans and cattle, lack of lysosomal a-
mannosidase activity causes the autosomal
recessive disease called a-mannosidosis.
Lysosomal a-mannosidase is a major
exoglycosidase in the glycoprotein degradation
pathway. Recently, great progress has been

made in studying the enzyme and its deficiency.
This includes cloning of the gene encoding the
enzyme, characterization of mutations related to
the disease, establishment of valuable animal
models, and encouraging results from bone
marrow transplantation experiments (Sun &
Wolfe, 2001).

These enzymes do act in the neutral pH range.
The enzyme from human, monkey brain and
murine source have been cloned and significant
homology in the gene sequence has been
observed. Fe?* and Co?* are important metal
cofactors for the enzyme from human, Japanese
quail oviduct and Hen oviduct.

The important feature of the structural
intermediate formed during reaction was
elucidated from three-dimensional structure of a-
mannosidase from Drosophila melanogaster.
Distorted skew boat conformation was seen in
the resolution at 1.2 A.

4.1 Human

“A  neutral alpha-mannosidase has been
proposed to be involved in hydrolysis of cytosolic
free oligosaccharides originating either from ER-
misfolded glycoproteins or the N-glycosylation
process. Although this enzyme was isolated from
the cytosol, it has also been linked to the ER by
subcellular fractionations. The purified
recombinant enzyme was found to be a tetramer
and has a neutral pH optimum for activity. It
hydrolyzed ManosGIcNAc to MansGIcNAc in the
presence of Fe2*, Co?* and Mn2* and uniquely to
neutral alpha-mannosidases  from other
organisms; the human enzyme was more
activated by Fe?* than Co?*. These findings from
enzyme-substrate characterizations and
subcellular localization studies support the
suggested role for neutral alpha-mannosidase in
hydrolysis of soluble cytosolic oligomannosides”
(Kuokkanen et al., 2007).

4.2. Bovine

“The three-dimensional structure of bovine
lysosomal a -mannosidase (bLAM) was reported.
It offered indications for the signal areas for
mannose phosphorylation and suggested a
previously undetected mechanism of low-pH
activation and provides a template for further
biochemical studies of the family 38 glycoside

hydrolases as well as lysosomal transport.
Furthermore, it provided a basis for
understanding the human form of a -

mannosidase at the atomic level” (Heikinheimo et
al., 2003).
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4.3. Monkey

“Lysosomal a-D-mannosidase of monkey brain
was found to exist in two forms. One form of a-
mannosidase was found to bind to RCA1-
Sepharose and could be specifically eluted with
lactose. The other form did not bind to the RCAI-
Sepharose. Both forms of mannosidase were
found to bind to a similar extent to the
immobilized brain lysosomal receptor protein.
Both the forms were purified to apparent
homogeneity. Neutral sugar analysis by GLC
showed the presence of glucose, mannose and
galactose in the RCAI-Sepharose bindable
mannosidase and glucose and mannose in the
non-bindable mannosidase” (Mathur et al.,
1984).

5. CRYSTAL STRUCTURE OF CLASS Il
a-mannosidases

Not many three-dimensional structures of class Il
a-mannosidases are known. Those known are of
Bovine lysosomal a-mannosidase (Heikinheimo
et al., 2003), Drosophila Golgi a-mannosidase Il
(Numao et al, 2003) and Streptococcus
Pyogenes a-mannosidase Il (Suits et al,
2010).

The first structure of a GH38 enzyme was that of
Bovine lysosomal a-mannosidase (Fig. 2A). It
suggested a previously undetected mechanism

of low-pH activation and also provided a template
for further biochemical studies of the family 38
glycoside hydrolases (Heikinheimo et al., 2003).

“The most extensively studied of these enzymes
is the Drosophila GH38 a-mannosidase II, which
has been shown to be a retaining a-
mannosidase that targets both a-1,3 and a-1,6
mannosyl linkages, an activity that enables the
enzyme to process GlcNAcMansGIcNAcz hybrid
N-glycans to GIcNAcMansGIcNAcz. The crystal
structure of Drosophila Golgi a-mannosidase I
(Fig. 2B) revealed a novel protein fold with an
active site zinc intricately involved both in the
substrate specificity of the enzyme and directly in
the catalytic mechanism” (Numao et al.,, 2003;
Van Den Elsen et al., 2001).

“Streptococcus  pyogenes GH38 enzyme
(SpGHS38) is an a-mannosidase with specificity
for a-1, 3 mannosidic linkages. The 3D X-ray
structure of SpGH38 (Fig. 2C), obtained in native
form at 1.9 A resolution, revealed a canonical
GH38 five-domain structure in which the catalytic
"-1" subsite showed high similarity with the
Drosophila enzyme, including the catalytic Zn?*
ion. In contrast, the "leaving group" subsites of
SpGH38 displayed considerable differences to
the higher eukaryotic GH38s; features that

contribute to their apparent specificity” (Suits et
al., 2010).

Fig. 2. Reported crystal structure of class Il a-mannosidases. 3D crystal structure of class Il a-
mannosidases from (A) Bovine, (B) Drosophila melanogaster Golgi complex and (C)
Streptococcus
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6. APPLICATIONS OF CLASS Il a-
mannosidase

“Study of the biological function of glycoprotein
glycans is rapidly emerging as a field of cell
biology. Class Il a-Mannosidase (a-D-mannoside
mannohydrolase, E.C. 3.2.1.24) is known to play
an important role in the processing of mannose
containing glycans in vivo, because a deficiency
of the enzyme results in the lethal disease called
mannosidosis, a hereditary disease reported in
humans” (Ockerman, 1967) and cattle (Burditt et
al., 1978).

» o-Mannosidases have been employed in
the analysis of mannose containing
glycans (e.g. high mannose-type sugar
chains of glycoproteins) and glycolipids
containing a linked mannoside residues
(Bischoff et al., 1986).

» To elucidate the biological role and
structures of the carbohydrate moieties of
the mannoproteins, a highly specific a-
mannosidase active on the polymannose
component is required. Almond a-
mannosidase as well as jack bean a-
mannosidase have been used for analysis
of sugar chain structures (Misaki et al.,
2003).

» The new invention provides means and

strategies for treating the lysosomal
storage disorder a-mannosidosis by
enzyme replacement  therapy. In

particular, the reduction of stored neutral
mannose-rich oligosaccharides takes place
in cells within the central nervous system.
Accordingly, the lysosomal a-mannosidase
used for the preparation of a medicament
for reducing the intracellular levels of
neutral mannose-rich oligosaccharides in
cells within one or more regions of the
central nervous system (Zymenex et al.,
2005).

» Golgi a-mannosidase |l is a target for
inhibition of growth and metastasis of
cancer cells. Golgi a-mannosidase inhibitor
Swainsonine acts as anti-cancer agent
(Winkler & Holan, 1989).

» And also, a-mannosidase inhibitors and
their analogs were utilized to design
potential anti-HIV agents (Numao et al.,
2003).

> In plants, increased levels of mannosidase
have been reported during the seed
germination and fruit ripening (Agrawal &
Bahl, 1968). Jagadeesh et al., reported
“the increase in the activity of a-

mannosidase in tomato during fruit
ripening which is significant in the context
of involvement of this enzyme in
deglycosylation of glycoproteins, resulting
in release of free N-glycans. Free N-
glycans (and hence N-glycoproteins) have
a role in fruit ripening in tomato, where
tunicamycin application to mature green
fruit prevented both ripening and softening
of the fruit” (Jagadeesh et al., 2004).

7. CONCLUSION

Of the a-mannosidase enzyme studied and
characterized so far, Class | a-mannosidases
score way over the Class Il a-mannosidases.
The Class Il a-mannosidases studied include
those from microbes, plants as well as animals
but none of them have been extensively
characterized. All in all, there is a dearth of
structure-function relationship studies of this
class of enzymes. To further support the
application of Class Il a-mannosidases in the
development of anticancer therapy and certain
other applications along with  furthering
contributions to the fields of enzymology, protein
biochemistry and protein folding, there is a need
for more structural characterization as well as
crystal structure determination for the Class Il a-
mannosidases. Our group at National Chemical
Laboratory, Pune, India has made a significant
contribution by studying Class |l a-mannosidases
for the past 10 years and taken a significant step
towards this by reporting conformational
transition and other biochemical and biophysical
studies of Class |l a-mannosidase from
Aspergillus fischeri, a microbial source as well as
Canavalia ensiformis (Jack bean), a plant
source.

DISCLAIMER (ARTIFICIAL INTELLIGENCE)

Author(s) hereby declare that NO generative Al
technologies such as Large Language Models
(ChatGPT, COPILOT, etc) and text-to-image
generators have been used during writing or
editing of this manuscript.

COMPETING INTERESTS

Authors have declared that no competing
interests exist.

REFERENCES

Agrawal, K. M. L., & Bahl, O. P. (1968).

Glycosidases of Phaseolus vulgaris: Il

347



Shashidhara et al.; Arch. Curr. Res. Int., vol. 25, no. 8, pp. 336-350, 2025; Article no.ACRI.141675

Isolation and general properties. Journal of
Biological Chemistry, 243, 103-111.
Amano, J., & Kobata, A. (1986). Purification and
characterization of a novel a-mannosidase
from Aspergillus saitoi. The Journal of

Biochemistry, 99, 1645-1654.

Avila, J. L., Casanova, M. A, Avila, A, &
Bretana, A. (1979). Acid and neutral
hydrolases in  Trypanosoma  cruzi.
Characterization and assay. The Journal of
Protozoology, 26, 304—-311.

Bischoff, J., Liscum, L., & Kornfeld, R. (1986).
The use of 1-deoxymannojirimycin to
evaluate the role of various alpha-
mannosidases in oligosaccharide
processing in intact cells. Journal of
Biological Chemistry, 261, 4766-4774.

Burditt, L. J., Phillips, N. C., Robinson, D.,
Winchester, B. G., Van-De-Water, N. S., &
Jolly, R. D. (1978). Characterization of the
mutant a-mannosidase in bovine
mannosidosis. Biochemical Journal, 175,
1013-1022.

Coutinho, P. M., & Henrissat, B. (1999). In
Recent Advances in  Carbohydrate
Bioengineering (pp. 3-12). The Royal
Society of Chemistry, Cambridge.

Daniel, P. F., Winchester, B., & Warren, C. D.

(1994). Lysosomal  metabolism  of
glycoproteins.  Glycobiology, 4, 551—
556.

de Melo, E. B., da Silveira Gomes, A., &
Carvalho, 1. (2006). a- and B-Glucosidase

inhibitors: Chemical structure  and
biological activity. Tetrahedron, 62, 10277—
10302.

Eades, C. J., & Hintz, W. E. (2000).

Characterization of the a-mannosidase
gene family in filamentous fungi: N-glycan
remodelling for the development of
eukaryotic expression systems.
Biotechnology and Bioprocess
Engineering, 5, 227-233.

Eades, C. J., Gilbert, A. M., Goodman, C. D., &
Hintz, W. E. (1998). lIdentification and
analysis of a class 2 a-mannosidase from
Aspergillus nidulans. Glycobiology, 8, 17—
33.

Gaikwad, S. M., IslamKhan, M., & Keskar, S. S.
(1997). Chemical modification of a-
mannosidase  from  Aspergillus  sp.
Biotechnology and Applied Biochemistry,
25, 105-108.

Gaikwad, S. M., Keskar, S. S., & Khan, M. 1.
(1995). Purification and characterization of
a-D-mannosidase from Aspergillus  sp.
Biochimica et Biophysica Acta (BBA) -

Protein Structure and Molecular
Enzymology, 1250, 144-148.

Gonzalez, D. S., & Jordan, I. K. (2000). The a-
mannosidases: Phylogeny and adaptive
diversification. Molecular Biology and
Evolution, 17, 292-300.

Hara, K., Fujita, K., Nakano, H., Kuwahara, N.,
Tanimoto, T., Hashimoto, H., et al. (1994).
Acceptor specificities of a-mannosidases
from jack bean and almond, and trans-
mannosylation of branched cyclodextrins.
Bioscience, Biotechnology, and
Biochemistry, 58, 60—63.

Heikinheimo, P., Helland, R., Leiros, H. K. S.,
Leiros, |., Karlsen, S., Evjen, G., et al.
(2003). The structure of bovine lysosomal
a-mannosidase  suggests a  novel
mechanism for low-pH activation. Journal
of Molecular Biology, 327, 631-644.

Henrissat, B. (1991). A classification of glycosyl
hydrolases based on amino acid sequence

similarities. Biochemical Journal, 280,
309-316.

Herscovics, A. (1999). In B. M. Pinto (Ed.),
Comprehensive Natural Products
Chemistry (Vol. 3, pp. 13-35). Elsevier,
Amsterdam.

Howard, S., Braun, C., McCarter, J., Moremen,
K. W, Liao, Y. F., & Withers, S. G. (1997).
Human lysosomal and jack bean a-
mannosidases are retaining glycosidases.
Biochemical and Biophysical Research
Communications, 238, 896-898.

Howard, S., He, S., & Withers, S. G. (1998).
Identification of the active site nucleophile
in jack bean a-mannosidase using 5-fluoro-
B-L-gulosyl fluoride. Journal of Biological
Chemistry, 273, 2067-2072.

Jagadeesh, B. H., Prabha, T. N., & Srinivasan, K.
(2004). Activities of glycosidases during
fruit development and ripening of tomato
(Lycopersicon esculentum L.): Implication
in fruit ripening. Plant Science, 166, 1451—
1459.

Jelinek-Kelly, S., Akiyama, T., Saunier, B.,
Tkacz, J. S., & Herscovics, A. (1985).
Characterization of a specific alpha-
mannosidase involved in oligosaccharide
processing in Saccharomyces cerevisiae.
Journal of Biological Chemistry, 260,
2253-2257.

Jones, G. H., & Ballou, C. E. (1969). Studies on
the structure of yeast mannan: |
Purification and some properties of an a-
mannosidase from an  Arthrobacter
species. Journal of Biological Chemistry,
244, 1043-1051.

348



Shashidhara et al.; Arch. Curr. Res. Int., vol. 25, no. 8, pp. 336-350, 2025; Article no.ACRI.141675

Kang, M. S., & Elbein, A. D. (1983). Mechanism
of inhibition of jack bean a-mannosidase
by swainsonine. Plant Physiology, 71,
551-554.

Keskar, S. S., Gaikwad, S. M., & Khan, M. I
(1996). Microbial a-mannosidases.
Enzyme and Microbial Technology, 18,
602—604.

Kestwal, R. M., & Bhide, S. V. (2005).
Purification and partial characterization of
a-D-mannosidase from Erythrina indica
seeds. Indian Journal of Biochemistry and
Biophysics, 42, 159-160.

Kestwal, R. M., Konozy, E. H. E., Hsiao, C. D.,
Roque-Barreira, M. C., & Bhide, S. V.
(2007). Characterization of a-mannosidase
from Erythrina indica seeds and influence
of endogenous lectin on its activity.
Biochimica et Biophysica Acta (BBA) -
General Subjects, 1770, 24-28.

Kumar, A., & Gaikwad, S. M. (2010). Multistate

unfolding of a-mannosidase  from
Canavalia  ensiformis (jack  bean):
Evidence for the thermostable
molten globule. Biochemical and
Biophysical Research Communications,
403, 391-397.

Kumar, A., & Gaikwad, S. M. (2011). Jack bean
a-mannosidase (Jba-man): Tolerance to
alkali, chelating and reducing agents and

energetics of catalysis and inhibition.

International  Journal of  Biological

Macromolecules, 49, 1066-1071.
Kuokkanen, E., Smith, W., Maékinen, M.,

Tuominen, H., Puhka, M., Jokitalo, E., et
al. (2007). Characterization and subcellular
localization of human neutral class Il a-
mannosidase cytosolic
enzymes/freeoligosaccharides/glycoside
hydrolase family 38/M2C1/N-glycosylation.
Glycobiology, 17, 1084-1093.
https://doi.org/10.1093/glycob/cwm083

T. (1967). Studies on the glycosidases in

Jack bean meal. I. Isolation and properties

of  alpha-mannosidase.  Journal  of

Biological Chemistry, 242, 5474-5480.

Mathur, R., Alvares, K., & Balasubramanian, A.
S. (1984). Two forms of acid a-D-
mannosidase in monkey brain: Evidence
for the co-existence of high mannose and
complex oligosaccharides in one form.
Biochemical and Biophysical Research
Communications, 123, 1185-1193.

Matta, K. L., & Bahl, O. P. (1972). Glycosidases
of Aspergillus niger: IV. Purification and
characterization of a-mannosidase. Journal
of Biological Chemistry, 247, 1780-1787.

Li, Y.

Merkle, R. K., Zhang, Y., Ruest, P. J., Lal, A,
Liao, Y. F., & Moremen, K. W. (1997).
Cloning, expression, purification, and
characterization of the murine lysosomal
acid a-mannosidase. Biochimica et
Biophysica Acta - General Subjects, 1336,
132-146.

Misaki, R., Fujiyama, K., Yokoyama, H., Ido, Y.,
Miyauchi, K., Yoshida, T., et al. (2003).
Characterization of almond a-mannosidase
and its application for structure analysis of
sugar chain. Journal of Bioscience and
Bioengineering, 96, 187-192.

Moremen, K. W., Trimble, R. B., & Herscovics, A.

(1994). Glycosidases of the asparagine-

linked oligosaccharide processing

pathway. Glycobiology, 4, 113-125.

A. J., Shuaibu, M. N., Kanbara, H., &

Yanagi, T. (2000). Purification and partial

characterization of a-mannosidase from

Trypanosoma rangeli. Parasitology

Research, 86, 923-928.

Numao, S., Kuntz, D. A., Withers, S. G., & Rose,
D. R. (2003). Insights into the mechanism
of Drosophila melanogaster Golgi a-
mannosidase |l through the structural
analysis of covalent reaction intermediates.
Journal of Biological Chemistry, 278,
48074-48083.

Ockerman, P. A. (1967). Deficiency of beta-
galactosidase and alpha-mannosidase—
Primary enzyme defects in gargoylism and
a new generalized disease? Acta
Paediatrica Scandinavica, 177, 35-36.

Oku, H., Hase, S., & lkenaka, T. (1991).
Purification and characterization of neutral
a-mannosidase that is activated by Co?*
from Japanese quail oviduct. The Journal
of Biochemistry, 110, 29-34.

Schatzle, J., Bush, J., & Cardelli, J. (1992).
Molecular cloning and characterization of
the structural gene coding for the
developmentally  regulated lysosomal
enzyme, alpha-mannosidase, in
Dictyostelium  discoideum. Journal of
Biological Chemistry, 267, 4000—4007.

Shashidhara, K. S., & Gaikwad, S. M. (2007).
Fluorescence quenching and time-resolved
fluorescence studies of a-mannosidase
from Aspergillus fischeri (NCIM 508).
Journal of Fluorescence, 17, 599—605.

Shashidhara, K. S., & Gaikwad, S. M. (2009).
Class Il a-mannosidase from Aspergillus

Nok,

fischeri: Energetics of catalysis and
inhibition. International  Journal of
Biological Macromolecules, 44, 112-
115.

349



Shashidhara et al.; Arch. Curr. Res. Int., vol. 25, no. 8, pp. 336-350, 2025; Article no.ACRI.141675

Shashidhara, K. S., & Gaikwad, S. M. (2010).
Conformational and functional transitions
in Class Il a-mannosidase from Aspergillus
fischeri. Journal of Fluorescence, 20, 827—
836.

Shashidhara, K. S., Prashanthkumar, H. P.,
Srivastava, S., & Gaikwad, S. M. (2012).
Neutral a-mannosidase from fungus
Aspergillus fischeri (NCIM 508) belongs to
Class IIC subfamily. International Journal
of Fundamental and Applied Sciences, 1,

53-55.

Shashidhara, K., Gaikwad, S., Khan, M.,
Bharadwaj, K., & Pandey, G. (2009).
Interaction of a-mannosidase  from
Aspergillus  fischeri  with  glycosidase
inhibitors, metal ions and group specific
reagents. Research Journal of

Biotechnology, 4, 39-48.
Snaith, S. (1975). Characterization of jack-bean

a-D-mannosidase as a zinc
metalloenzyme. Biochemical Journal, 147,
83-90.

Snaith, S. M., & Levvy, G. A. (1968). Purification
and properties of a-D-mannosidase from
jack-bean meal. Biochemical Journal, 110,
663—-670.

Suits, M. D., Zhu, Y., Taylor, E. J., Walton, J.,
Zechel, D. L., Gilbert, H. J., et al. (2010).
Structure and kinetic investigation of
Streptococcus pyogenes family GH38 a-
mannosidase. PLoS One, 5, e9006.

Sun, H., & Wolfe, J. H. (2001). Recent progress
in lysosomal a-mannosidase and its
deficiency. Experimental & Molecular
Medicine, 33, 1-7.

Suvarnalatha, G., & Prabha, T. N. (1999). a-D-
Mannosidase from Lycopersicon
esculentum Il. Phytochemistry, 50, 1111-
1115.

Takegawa, K., Miki, S., Jikibara, T., & lwahara,
S. (1989). Purification and characterization
of exo-a-D-mannosidase from a
Cellulomonas sp. Biochimica et Biophysica

Acta (BBA) - General Subjects, 991, 431—
437.

Van Den Elsen, J. M., Kuntz, D. A., & Rose, D.
R. (2001). Structure of Golgi
a-mannosidase Il: A target for inhibition of
growth and metastasis of cancer cells. The
EMBO Journal, 20, 3008-3017.

Van Petegem, F., Contreras, H., Contreras, R., &
Van Beeumen, J. (2001). Trichoderma
reesei a-1,2-mannosidase: Structural basis
for the cleavage of four consecutive
mannose residues. Journal of Molecular
Biology, 312, 157-165.

Vazquez-Reyna, A. B., Ponce-Noyola, P., Calvo-
Mendez, C., Lopez-Romero, E., & Flores-
Carreon, A. (1999). Purification and
biochemical characterization of two soluble
a-mannosidases from Candida albicans.
Glycobiology, 9, 425-432.

Vazquez-Reyna, A. B., Rozalia, B. O., & Arturo,
F. C. (1993). Biosynthesis of glycoproteins
in Candida  albicans: Biochemical
characterization of a  soluble a-
mannosidase. FEMS Microbial Letters,
106, 321-325.

Winkler, D. A., & Holan, G. (1989). Design of
potential anti-HIV agents. 1. Mannosidase
inhibitors. Journal of Medicinal Chemistry,
32, 2084-2089.

Wolfenden, R., Lu, X., & Young, G. (1998).
Spontaneous hydrolysis of glycosides.
Journal of American Chemical Society,
120, 6814-6815.

Yamashiro, R., Itoh, H., Yamagishi, M., Natsuka,
S., Mega, T., & Hase, S. (1997).
Purification and characterization of neutral
a-mannosidase from hen oviduct: Studies
on the activation mechanism of Co2*. The
Journal of Biochemistry, 122, 1174-1181.

Zymenex, A.S., Andersson C., Fogh J., Weigelt
C., Roces D.P., Von F.K., et al. (2005).
Medical use of alpha-mannosidase.
WO/2005/094874.
https://www.freepatentsonline.com/W 0200
5094874.html.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of the publisher and/or the editor(s). This publisher and/or the editor(s) disclaim responsibility for
any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.

© Copyright (2025): Author(s). The licensee is the journal publisher. This is an Open Access article distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
https://pr.sdiarticle5.com/review-history/141675

350


https://pr.sdiarticle5.com/review-history/141675

