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Human LAMAN (lysosomal α-mannosidase) was synthesized as
a 120 kDa precursor in transfected COS cells [African-green-
monkey kidney cells], which was partly secreted as a single-
chain form and partly sorted to the lysosomes being subsequently
cleaved into three peptides of 70, 40 and 15 kDa respectively.
Both the secreted and the lysosomal forms contained endo H (en-
doglucosidase H)-resistant glycans, suggesting a common path-
way through the trans-Golgi network. A fraction of LAMAN was
retained intracellularly as a single-chain endo H-sensitive form,
probably in the ER (endoplasmic reticulum). The inherited lack
of LAMAN causes the autosomal recessive storage disease α-
mannosidosis. To understand the biochemical consequences of
the disease-causing mutations, 11 missense mutations and two in-
frame deletions were introduced into human LAMAN cDNA by
in vitro mutagenesis and the resulting proteins were expressed in
COS cells. Some selected mutants were also expressed in Chinese-
hamster ovary cells. T355P (Thr355 → Pro), P356R, W714R,

R750W and L809P LAMANs as well as both deletion mutants
were misfolded and arrested in the ER as inactive single-chain
forms. Six of the mutants were transported to the lysosomes, either
with less than 5 % of normal specific activity (H72L, D196E/N
and R220H LAMANs) or with more than 30 % of normal specific
activity (E402K LAMAN). F320L LAMAN resulted in much
lower activity in Chinese-hamster ovary cells when compared
with COS cells. Modelling into the three-dimensional structure
revealed that the mutants with highly reduced specific activities
contained substitutions of amino acids involved in the catalysis,
either co-ordinating Zn2+ (His72 and Asp196), stabilizing the active-
site nucleophile (Arg220) or positioning the active-site residue
Asp319 (Phe320).

Key words: inherited disease, intracellular transport, lysosomal
α-mannosidase, lysosome, α-mannosidosis.

INTRODUCTION

Lysosomal α-mannosidase (LAMAN; EC 3.2.1.24) belongs to
GH38 (glycosylhydrolase family 38) [1]. It is an acidic exo-
glycosidase that cleaves α-1,2, α-1,3 and α-1,6 mannosidic
linkages [2] during the ordered degradation of N-linked oligo-
saccharides [3]. The three-dimensional structures of two GH38
enzymes, Golgi α-mannosidase II from Drosophila melanogaster
[4] and LAMAN from bovine kidney [5], are known. These en-
zymes have a distorted seven-stranded α/β barrel active-site
region, and the base of the active site is well preserved, including
a Zn2+-binding site and the reaction nucleophile [6] follow-
ing strand 4. The substrate-binding residues have been predicted
based on comparison with related enzymes [5] and inhibitor bind-
ing [4].

The human enzyme is synthesized as a polypeptide of 1011
amino acids that is post-translationally modified by N-glyco-
sylation, disulphide bridge formation, proteolysis, zinc binding
and homodimer formation [7]. We refer to the resulting major
proteolytic peptides as peptides a–e starting from the N-terminus
[7,8]. The enzyme is probably transported to the lysosomes via the
mannose 6-phosphate-dependent pathway, since the extracellular
uptake of recombinant human LAMAN produced in CHO cells
(Chinese-hamster ovary cells) is inhibited by mannose 6-phos-
phate [9]. The gene is located on chromosome 19q13.1 [10] and
consists of 24 exons spanning 21.5 kb [11].

Abbreviations used: CHO cell, Chinese-hamster ovary cell; COS cell, African-green-monkey kidney cell; DMEM, Dulbecco’s modified Eagle’s medium;
endo H, endoglucosidase H; ER, endoplasmic reticulum; GH38, glycosylhydrolase family 38; LAMAN, lysosomal α-mannosidase; LAMP-1, lysosome-
associated membrane protein 1; PDI, protein disulphide-isomerase; PNGase F, peptide N-glycosidase F.

1 To whom correspondence should be addressed (e-mail olekt@fagmed.uit.no).

Deficiency of LAMAN causes the autosomal recessive disorder
α-mannosidosis. Affected cells accumulate mannose-containing
oligosaccharides in the lysosomes, resulting in the formation of
large vacuoles containing storage material. Typical clinical symp-
toms are mental retardation, skeletal deformities, hearing loss
and immunodeficiency [12], with varying degrees of severity.
The variation in the clinical expression may be partly due to en-
vironmental factors and partly due to genetic factors other than
the LAMAN gene, since complete lack of enzymic activity is
found in patients with different clinical manifestations [13]. This
is consistent with the observation of similar patterns and levels of
oligomannoses in the urine of mildly and severely affected patients
[14] and the fact that affected siblings can exhibit different clinical
presentations [15]. α-Mannosidosis has also been found, and the
respective mutations are reported, in cat [16], cow [8] and guinea-
pig [17]. A mouse knockout model has also been established [18].
In affected cows and cats, the clinical symptoms are generally
severe central nervous system disorder and premature death,
whereas guinea-pigs and mice express a mild form of the disease.

We reported previously a spectrum of disease-causing muta-
tions in the LAMAN gene. These include eight splicing, nine
missense and three nonsense mutations, as well as two small inser-
tions and three deletions in humans [7,13] and two missense mu-
tations in cattle [8]. Only three human mutants, H72L (His72 →
Leu), P356R and R750W, have been confirmed as disease-causing
based on activity measurements after transfection of mutant
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Table 1 Primers used for the construction of mutants

The substituted nucleotides are indicated in boldface and dashes indicate the positions at which deletions were introduced to mimic the effect of the splice site mutations [2].

Primer Direction Sequence

H72L Forward 5′-GCCTCACACACTTGATGACGTG-3′

Reverse 5′-CACGTCATCAAGTGTGTGAGGC-3′

D196E Forward 5′-GTGGCCTGGCACATTGAGCCCTTCGGCCAC-3′

Reverse 5′-GTGGCCGAAGGGCTCAATGTGCCAGGCCAC-3′

D196N Forward 5′-GTGGCCTGGCACATTAACCCCTTCGGCCAC-3′

Reverse 5′-GTGGCCGAAGGGGTTAATGTGCCAGGCCAC-3′

R220H Forward 5′-GACGGCTTCTTCTTTGGGCACCTTGATTATCAAG-3′

Reverse 5′-CTTGATAATCAAGGTGCCCAAAGAAGAAGCCGTC-3′

Del(256–260) (IVS5 − 1G-C) Forward 5′-GACCTCTTCAC TGGTTACAACCCGCC-3′

Reverse 5′-GGCGGGTTGTAACCA GTGAAGAGGTC-3′

F320L Forward 5′-CATGGGCTCGGACCTCCAATATGAGAATGC-3′

Reverse 5′-GCATTCTCATATTGGAGGTCCGAGCCCATG-3′

Del(339–342) (IVS7 + 2T-G) Forward 5′-CTCATCCGGCT GCAGGCAAAAGGAAG-3′

Reverse 5′-CTTCCTTTTGCCTGC AGCCGGATGAG-3′

T355P Forward 5′-GTTCTCTACTCCCCCCCCGCTTGTTAC-3′

Reverse 5′-GTAACAAGCGGGGGGGGAGTAGAGAAC-3′

P356R Forward 5′-CTCTACTCCACCCGCGCTTGTTACCTC-3′

Reverse 5′-GAGGTAACAAGCGCGGGTGGAGTAGAG-3′

E402K Forward 5′-CCCTCAAACGCTACAAGCGCCTCAGC-3′

Reverse 5′-GCTGAGGCGCTTGTAGCGTTTGAGGG-3′

W714R Forward 5′-CCTGGAGCTAGAGCGGTCGGTGGGG-3′

Reverse 5′-CCCCACCGACCGCTCTAGCTCCAGG-3′

R750W Forward 5′-GACAGCAATGGCTGGGAGATCCTGGAG-3′

Reverse 5′-CTCCAGGATCTCCCAGCCATTGCTGTC-3′

L809P Forward 5′-GAGATGGCTCGCCGGAGCTCATGGTGC-3′

Reverse 5′-GCACCATGAGCTCCGGCGAGCCATCTC-3′

constructs into COS cells [African-green-monkey (Cercopithecus
aethiops sabaeus) kidney cells] [19], but the consequences
to intracellular transport were not investigated. In the present
study, we have characterized the intracellular transport of human
LAMAN in transfected COS cells and studied the intracellular
transport of 11 α-mannosidosis-related LAMAN mutants, nine
with amino acid substitutions and two with small deletions.

MATERIALS AND METHODS

Site-directed mutagenesis and DNA preparations

The human LAMAN cDNA inserted into the expression vector
pcDNA 3.1 [9] was used as the template for site-directed muta-
genesis using the QuikChangeTM Site-Directed Mutagenesis kit
(Stratagene) and primers as described in Table 1. The presence
of mutations was verified by DNA sequencing. The complete
LAMAN-coding sequences were sequenced for each mutant
to exclude the introduction of other mutations caused by the
PCR [ABI Prism BigDye Terminator Cycle Sequencing Ready
Reaction kit or Thermo Sequenase Terminator Cycle Sequencing
kit (Amersham Biosciences)]. Plasmids were purified using the
NucleoBond® Plasmid Purification kit (Clontech Laboratories) or
the Concert Purification System (Life Technologies; Invitrogen).

Cell culturing, transient transfection and metabolic labelling

COS-7 cells (CRL-1651; A.T.C.C., Manassas, VA, U.S.A.) were
cultured in DMEM (Dulbecco’s modified Eagle’s medium),
supplemented with 10% (v/v) foetal calf serum and antibiotics.
For transfection, 350–400 × 103 cells/well were seeded in 3 cm

culture plates (Nunc Brand Products; Nalge Nunc International,
Rochester, NY, U.S.A.) 1 day before transfection. The next
day, cells were transfected with 2.0 µg of the respective DNA
constructs using LIPOFECTAMINETM 2000 (Life Technologies).
As negative control, cells were transfected with pcDNA 3.1
lacking the LAMAN cDNA insert (mock construct). The medium
was removed 2 days post-transfection and replaced by DMEM
without methionine/cysteine (BioWhittaker, Wokingham, Berks.,
U.K.). After incubation for 60 min, the medium was replaced
by 200 µl of the same medium and added to 100–123 µCi/ml
35S-labelled methionine/cysteine (Amersham Biosciences). After
30 min pulse labelling, the cells were harvested or washed twice
with complete DMEM and chased for different time periods. CHO
K1-cells (CCL-61; A.T.C.C.) were transfected as described above,
except that, on the day after transfection, they were transferred to
a T-25 culture flask containing 0.4 µg/ml G418 (Sigma). After
approx. 10 days, colonies containing stably transformed cells
were transferred to T-75 culture flasks.

Cell harvest and activity analysis

Cells from 3 cm plates were harvested by trypsinization and lysed
in PBS containing 1% Triton X-100 (ICN Biomedicals, Aurora,
OH, U.S.A.), 0.5% deoxycholic acid (Sigma) and a protease
inhibitor mixture (Sigma) consisting of 2 µg/ml leupeptin, 1 µg/
ml pepstatin A, 1 mM EDTA and 100 µg/ml PMSF. Enzymic ac-
tivity was measured in the cell lysate and medium by incubation
with 4 mM p-nitrophenyl α-D-mannopyranoside (Sigma) in 0.1 M
acetic acid (pH 4.5) at 37 ◦C. The reaction was stopped by the
addition of an equal volume of 13 mM glycine, 67 mM NaCl
and 83 mM Na2CO3 (pH 10.7). The absorbance was recorded at
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405 nm; 1 unit of enzymic activity was defined as the amount of
enzyme that released 1 µmol of p-nitrophenol/min. The activity
was correlated with the total amount of protein in the sample,
which was measured by the DC protein assay kit (Bio-Rad
Laboratories) according to the supplier’s instructions.

Immunoprecipitation and SDS/PAGE

Immunoprecipitation of LAMAN from cell lysate and medium
was performed using 1.5 µl of antiserum raised against native
human placenta LAMAN [15] in the presence of 0.05% BSA
and PBS. After overnight incubation, 1 mg of the cellular fraction
of Staphylococcus aureus (Sigma) was used to precipitate the
immunocomplexes. Immunoprecipitated LAMAN was either
incubated with p-nitrophenyl α-D-mannopyranoside to measure
α-mannosidase activity or analysed by SDS/PAGE (8–25% gel)
under reducing conditions using the Phast system (Amersham
Biosciences), followed by autoradiography. The 14C-labelled
molecular-mass standards for autoradiography were obtained
from Amersham Biosciences.

Deglycosylation

Immunoprecipitated LAMAN was added to 5 µl of 0.5% SDS
and incubated at 100 ◦C for 3 min. Then, 3 µl of 6% Nonidet
P40 and 5 µl of PBS were added, followed by the addition of
either 2 µl of 5 units/ml endo H (endoglucosidase H; EC 3.2.1.96;
Roche Biochemicals, Basel, Switzerland) or 2 µl of 1 mg/ml
PNGase F [peptide N-glycosidase F or peptide-N4(N-acetyl-
β-glucosaminyl) asparagine amidase F; EC 3.5.1.52; Hampton
Research, Laguna Niguel, CA, U.S.A.] and incubated overnight
at 37 ◦C.

Western blotting

Cell lysate or medium, prepared as described above, was subjected
to SDS/PAGE using an 8–25% gradient and electroblotted on to
a PVDF membrane (ImmobilonTM-P; Millipore) according to the
manufacturer’s instructions (PhastSystem; Amersham Biosci-
ences). The membrane was incubated in 1:3000-diluted anti-
serum against native recombinant human LAMAN (gift from
HemeBiotech, Hillerød, Denmark) overnight at 4 ◦C in PBS con-
taining 3% (w/v) BSA (Sigma). Alkaline phosphatase-conju-
gated goat anti-rabbit (IgG) serum (1:3000 dilution) was used as a
secondary antibody (Bio-Rad Laboratories). Immunocomplexes
were visualized by chemiluminescence using the CDP-STAR
substrate (Roche Biochemicals).

Immunofluorescence

COS-1 cells (A.T.C.C.) were cultured as described above: 2 ×
105 cells/well were plated on poly-D-lysine (Sigma)-pretreated
coverslips in six-well culture plates (Nunc) 1 day before trans-
fections. Transfections were performed using 1.5 µg of plasmid
DNA and LIPOFECTAMINETM (Life Technologies) according to
the manufacturer’s instructions. Protein synthesis was arrested
36–42 h post-transfection with serum-free DMEM containing
50 µg/ml cycloheximide (Sigma) for 2 h at 37 ◦C, and the cells
were washed with PBS and fixed in ice-cold methanol for 6 min
at −20 ◦C. Unspecific staining was blocked by incubation for
30 min at room temperature (22 ◦C) in blocking buffer [0.5%
BSA/0.2% saponin (Sigma) in PBS]. Coverslips were incubated
for 45 min at room temperature in primary antibody diluted in
blocking buffer. The following antibodies were used: rabbit anti-
native human LAMAN [15] (1:1000 dilution), rabbit anti-bovine
LAMAN peptide abc [10] (1:500 dilution), mouse anti-PDI
(where PDI stands for protein disulphide-isomerase, EC 5.3.4.1)

(1:50 dilution; StressGen, Victoria, BC, Canada), mouse anti-
LAMP-1 (where LAMP-1 stands for lysosome-associated mem-
brane protein 1) (1:50 dilution; antibody H4A3, developed
by Thomas August, John Hopkins University, Baltimore, MD,
U.S.A.). Mouse anti-LAMP-1, under the auspices of the National
Institute of Child Health and Human Development (NICHD),
was obtained from Developmental Studies Hybridoma Bank and
maintained by the Department of Biological Sciences at the
University of Iowa (Iowa City, IA, U.S.A.). Cells were washed
with blocking buffer and incubated with 40 µl of secondary
antibody [FITC- and TRITC (tetramethylrhodamine β-isothio-
cyanate)-conjugated mouse anti-rabbit and rat anti-mouse anti-
bodies (Sigma) diluted to 1:200] in blocking buffer for 45 min at
room temperature. After washing with PBS, the coverslips were
mounted in glycerol and analysed by a DMR immunofluorescence
microscope (Leica Microscope and Scientific Instruments Group,
Solms, Germany), using the Quips fluorescence in situ hybrid-
ization image capture system (Applied Imaging, Santa Clara, CA,
U.S.A.). The experiments were repeated at least twice.

Structural analysis

The missense mutations were modelled into the structure of bo-
vine LAMAN (PDB code 1o7d) [5]. The Figures were obtained
with Molscript and Raster3D [20,21] and edited with Photoshop.

RESULTS AND DISCUSSION

Intracellular transport of wild-type LAMAN in transfected COS cells

Wild-type LAMAN was synthesized as a 120 kDa single-chain
precursor as judged from autoradiography after 30 min of pulse
labelling (Figure 1A, left panel). This precursor contained only
endo H-sensitive N-glycans (Figure 1A, left panel), indicating that
LAMAN had not yet reached the complex glycan-synthesizing
enzymes of the trans-Golgi network. After 5 h of chase, the
intracellular level of the single-chain form had decreased and
two peptides of 70 and 40 kDa had appeared (Figure 1A, middle
panel), corresponding in molecular masses to peptides abc and d
respectively of human placenta LAMAN [7]. The 15 kDa peptide
e [7] was not observed. Probably, its small number of methionine
residues and lack of cysteine residues caused too weak a signal
in autoradiography. The 70 and 40 kDa peptides were partially
endo H-resistant (Figure 1A, middle panel), indicating that they
had been transported through the trans-Golgi network. The
extracellular form of LAMAN also contained endo H-resistant
N-glycans (Figure 1A, right panel), indicating that the lysosomal
and extracellular forms followed the same route through the trans-
Golgi network. Since the secreted form was of the single-chain
form, proteolysis into peptides abc and d must have taken place
after sorting from the secretory pathway and entry of LAMAN
into the hydrolytic environments of the endosomal/lysosomal sys-
tem. The physiological importance of this cleavage is unclear,
since the single-chain form is enzymically active [9]. The presence
of endo H-sensitive N-glycans in mature lysosomal and secreted
LAMAN (Figure 1A, middle and right panels) was consistent
with the phosphorylation of certain N-glycans during intracellular
transport, since this modification prevents synthesis of complex
type structures. This conforms to the mannose 6-phosphate-
inhibited uptake of recombinant human LAMAN into fibroblasts
[9] and the presence of endo H-sensitive N-glycans in human pla-
centa LAMAN [7], and is consistent with nascent human LAMAN
utilizing the mannose 6-phosphate-dependent pathway in the COS
cells. Overexpression studies on other lysosomal proteins in
COS cells have also shown that the secreted forms are mannose-
6-phosphorylated, and this is probably due to an oversaturation
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Figure 1 Intracellular transport of human LAMAN

(A) COS-7 cells were transfected with pcDNA constructs containing wild-type human LAMAN cDNA using LIPOFECTAMINETM 2000. The cells were pulsed 48 h later with [35S]methionine/cysteine
for 30 min and the cells were subsequently harvested or chased for 5 h. Human LAMAN was precipitated from the cell lysates or the media with a polyclonal antiserum [7]. The resulting
immunoprecipitates were treated with endo H or PNGase F, separated by SDS/PAGE and analysed by autoradiography. The positions of the respective LAMAN peptide fragments are indicated on the
left. (B) A model of the intracellular transport of human LAMAN in COS cells, based on the results shown in (A).

of the mannose-6-phosphate receptor [12]. Some of the LAMAN
remained as an intracellular single-chain form after 5 h chase
(Figure 1A, middle panel). Since all of its N-glycans were of endo
H-sensitive type (Figure 1A, middle panel), this was probably a
form that was retained in the ER (endoplasmic reticulum). It
may have been folded incorrectly and thus trapped in the ER
by the folding control system. Surprisingly, the quantity of this
form was not reduced even after 12 h chase, indicating a very
slow turnover. A schematic model of the intracellular transport of
wild-type LAMAN in COS cells is presented in Figure 1(B).

As determined from the autoradiograph in Figure 2, approx.
30% of the secreted LAMAN had reached the medium after
1.5 h chase, and the level of LAMAN protein in the medium
reached a plateau 3 h after the end of labelling (Figure 2). Two
weak bands of approx. 70 and 50 kDa appeared in the medium,
as seen in both Figures 1(A) and 2. These may be the result of a
slow proteolysis between peptides c and d, as observed previously
in overexpressing CHO cells [9]. Also, the intracellular forms
had reached their peak levels after 3 h chase (results not shown),
suggesting that the forms obtained after 5 h chase (Figure 1A,
middle and right panels) corresponded to the mature forms. This
transport kinetics is similar to that for other lysosomal proteins,
e.g. human sulphamidase [22]. The proteolytic maturation of sul-
phamidase in transfected cells begins only after 8 h of chase [22]
and is thus a late lysosomal maturation. In contrast, the proteolytic

Figure 2 Secretion kinetics of human LAMAN

COS-7 cells were transfected with pcDNA constructs containing a human LAMAN cDNA con-
struct as described in Figure 1. Subsequent to the pulse period of 30 min with [35S]methionine/
cysteine, the cells were chased for the indicated times. Human LAMAN was immunoprecipitated
from the medium and analysed by autoradiography. The bands were scanned and the intensity
of the respective bands was correlated with that of the band representing the 24 h chase.
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Table 2 Summary of the LAMAN mutations presented

Type of variation

cDNA level Protein level Exon/peptide Reference

Human mutations
215A-T H72L 2/a [7]
IVS5 − 1G-C Del(256–260) 6/a [13]
IVS7 + 2T-G* Del(339–342) 7/a [13]
1063A-C T355P 8/b [13]
1067C-G P356R 8/b [13]
1204G-A* E402K 9/b [13]
2140T-C W714R 17/d [13]
2248C-T R750W 18/d [13]
2426T-C L809P 20/d [13]

Bovine mutations
662G-A R220H† 2/a [8]
961T-C F320L† 3/a [8]

Substitutions of the
active-site nucleophile
588C-G D196E 4/a This study
586G-A D196N 4/a This study

* These two mutations are located on the same allele.
† Correspond to R221H and F321L respectively in bovine LAMAN.

processing of LAMAN into peptides abc, d and e is an early lyso-
somal maturation, since it occurred shortly after entry into the
lysosomes. Probably, further partial processing of peptide abc into
peptides a, b and c, as seen in purified human placenta LAMAN
[7], is a late lysosomal processing event. The level of radioactive
LAMAN appearing in the medium after 5 h chase was higher than
the intracellular level (Figure 1A), and it correlated with a larger
increase in LAMAN activity in the medium compared with that in
the cell lysate 48 h after transfection of the COS cells (results not
shown), suggesting that most of the nascent recombinant LAMAN
protein was secreted. Secretion of lysosomal proteins in high-pro-
ducer cells has also been reported in [23] and may be caused by
saturation of the sorting system in the trans-Golgi network.

Intracellular transport of LAMAN mutants in COS cells

Eleven putative disease-causing mutations (Tables 1 and 2)
were introduced into human LAMAN cDNA. In addition, the
D196E and D196N mutants affecting the active-site reaction
nucleophile [5,6] were constructed to demonstrate the biochemi-
cal consequences of an active-site substitution. The
constructs were transfected into COS-7 cells, and
the cell extracts and culture media were assayed
for α-mannosidase activity both on cell lysates and
immunoprecipitates. Only COS cells transfected with the
following LAMAN constructs expressed activities higher
than the background: pcDNA-E402K, pcDNA-R220H and
pcDNA-F320L (Table 3).

To study the expression and proteolytic maturation, COS cells
transfected with different mutated pcDNA-LAMAN constructs
were metabolically labelled with [35S]methionine/cysteine for
30 min and chased for 5 h. After the pulse period, five of the
labelled mutants (H72L, E402K, D196E, R220H and F320L) were
immunoprecipitated from the cell lysates as single-chain forms
(Figure 3A). Subsequently, these mutants were partly transported
to the lysosomes as judged from proteolytic processing into the
peptides abc and d (Figure 3B) and partly secreted as single-
chain forms (Figure 3C). Thus it appeared that these mutants
exhibited an intracellular transport similar to wild-type LAMAN.

Table 3 Biochemical characterization of the variants expressed in COS
cells

Peptide forms
Location

Intracellular Extracellular Enzyme activity*
Variant proteolysed single-chain ER Lysosomes (fold increase) Group†

Wild-type + + − + 8 (14)‡ 1
H72L + + − + 1 (1)‡ 1
D196E§ + + − + 1 1
D196N§ + + − + 1 1
R220H‖ + + − + 1.5 (1.5–2)‡ 1
F320L‖ + + − + 3–4 (1)‡ 1
T335P − − + − 1 2
P356R − − + − 1 2
E402K + + − + 3–4 1
W714R − − + − 1 2
R750W − − + − 1 2
L809P − − + − 1 2
Del(256–260) − − + − 1 2
Del(339–342) − − + − 1 2

* Activity relative to mock-transfected cells.
† Group 1 is defined as being transported to the lysosomes, whereas group 2 is accumulating

in the ER.
‡ In CHO cells.
§ Substitution of the active-site nucleophile.
‖ Bovine mutations introduced into human LAMAN.

Figure 3 Intracellular transport of mutant human LAMANs

COS-7 cells were transfected with pcDNA constructs containing missense mutations obtained
by site-directed mutagenesis (Table 1) and metabolically labelled as described in Figure 1.
Subsequent to the pulse period of 30 min with [35S]methionine/cysteine, the cells were either
harvested (A) or subjected to 5 h of chase (B, C). Human LAMAN was immunoprecipitated from
the cell extracts (A, B) or the media (C) and analysed by autoradiography.

In contrast, other mutants (T355P, P356R, W714R, R750W and
L809P) could not be immunoprecipitated after the pulse period
(Figure 3A) and were precipitated neither as the proteolytically
processed lysosomal form (Figure 3B) nor as the secreted
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Figure 4 Intracellular distribution of human LAMAN in COS cells observed with immunofluorescence microscopy

Double immunofluorescence staining was performed using antibodies against LAMAN, LAMP-1 and PDI. Yellow indicates overlap of the LAMAN peptides (green) and LAMP-1 (red) or PDI (red).

single-chain form (Figure 3C). This result indicates that these
mutants did not reach beyond the Golgi apparatus and were either
accumulating in the ER in a form that was not recognized by the
antibody or quickly degraded shortly after synthesis or subjected
to a decreased translation rate.

To study the levels of LAMAN protein expression, the proteins
were denatured before binding to the primary antibody, thus
excluding any folding-dependent binding. When the LAMAN
expression was studied by immunofluorescence, the proteins were
denatured during fixation of the COS cells and, consequently,
exhibited affinities towards antibodies against denatured LAMAN
(Figure 4). As seen in the upper panels of Figure 4, the wild-type,
H72L and D196N LAMANs were localized to vesicular structures
that co-localized with the lysosomal marker LAMP-1. Similar co-
localization was also observed for the D196E, R220H, F320L and
E402K LAMANs (results not shown). These mutants exhibited
lysosomal processing similar to that of wild-type LAMAN (Fig-
ure 3B), thus confirming the normal sorting of these mutants.
T355P and R750W LAMANs were expressed at significant levels
as evidenced by immunofluorescence studies (Figure 4, bottom
panels). This indicated that the apparently low expression levels
of these mutants as judged by metabolic labelling (Figures 3A
and 3B) were due to a low affinity of the folded mutants for the
antibody raised against native LAMAN. Probably, these mutants
folded abnormally, preventing the normal expression of antigenic
epitopes. Such misfolding was consistent with the localization of
these mutants to structures that co-localized with the ER marker
PDI, but not with LAMP-1 (Figure 4, bottom panel), indicating
that the T355P and R750W LAMANs were retained in the ER
by the folding control system. Similar co-localizations were also
found for the P356R, W714R and L809P LAMANs as well as the
two deletion mutants, del(256–259) and del(339–342) LAMANs
(results not shown).

Western blotting was performed to investigate in more detail
the expression levels and structures of the ER-retained forms.
All the seven mutants that accumulated in the ER as judged from

immunofluorescence (Figure 4) existed as intracellular 120 kDa
single-chain forms (Figure 5A). These mutants were neither
proteolytically processed nor secreted (Figures 5A and 5B), and
this is consistent with their ER retention. The other mutants were
proteolytically processed as judged from the appearance of the
40 kDa peptide d (Figure 5A) and were secreted as single-chain
forms (Figure 5B), suggesting that their intracellular pathways
were similar to the wild-type. This result was confirmed for a sel-
ected group of mutants expressed in CHO cells (results not shown).

Results obtained from the expression of LAMAN mutants in
COS cells and the selected mutants in CHO cells are summarized
in Table 3. We divided the mutants into two main groups according
to their intracellular routes: (i) lysosomal sorting and secretion
and (ii) transport arrest in the ER. The phenotype of the group 1
mutants is characteristic for proteins that fold sufficiently to pass
the ER folding control system, although some group 1 mutants
may possess subtle alterations in their structures, which decrease
their activities compared with wild-type LAMAN in transfected
COS cells. Five of the mutants in group 1 exhibited <5% of the
increase in activity caused by the wild-type construct D196N,
D196E, H72L and R220H, whereas the activities caused by
the F320L and E402K mutants were 30–40% of the wild-type
activity (Table 3). In CHO cells, two of the group 1 mutants, H72L
and R220H, had similar activity as in COS cells, whereas F320L
had much lower activity in CHO cells (Table 3). The phenotype of
the group 2 mutants is characteristic for proteins that are not folded
correctly and are thus retained by the folding control system of
ER. In agreement with this model, none of the group 2 mutants
exhibited any significant activity (Table 3).

Modelling of the mutations into the three-dimensional
structure of LAMAN

To understand the structural consequences of the disease-causing
missense mutations, we modelled each of the amino acid replace-
ments into the three-dimensional structure of bovine LAMAN.
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Figure 5 Western-blot analyses of mutant human LAMANs

Cell lysate and medium from COS cells transfected with various mutant LAMAN constructs were subjected to SDS/PAGE and electroblotted on to a PVDF membrane. The membrane was incubated
in diluted antiserum against native recombinant human LAMAN as described in the Materials and methods section.

Group 2 mutants contained mutations in either the active-site
domain (Thr355, Pro356) or on a domain interface (Arg750) or interior
of the domain formed by peptide d (Trp714, Leu809). Two exam-
ples of substitutions in this group are shown in Figure 6(A). In the
LAMAN three-dimensional structure, Thr355 is hydrogen-bonded
to Glu149, an interaction that the mutated Pro355 cannot make.
During the folding, Thr355 probably also hydrogen-bonds to the
free cysteine residue Cys358, which forms a disulphide bridge
with Cys55 in the mature structure [5]. Pro356 is in an optimal
position to initialize the formation of the following α-helix and
to affect the rate of LAMAN folding [5]. The P356R substitution
also introduces a residue that does not fit the folded structure
well. A human LAMAN mutant lacking the Cys55-Cys358 disul-
phide bridge also exhibited a group 2 phenotype (T. Berg, unpub-
lished work), suggesting that any mutation affecting the formation
of this disulphide bridge causes misfolding and ER retention.
Probably, the T355P and P356R LAMANs are two examples
of such mutations, since they were both predicted to affect the
positioning of Cys358.

Figure 6(B) depicts a model of those group 1 mutants that are
located in the active site. The D196N/E changes were not model-
led, as the function of the Asp196 active-site nucleophile is well
established [5,6], and the biochemical phenotype of the substi-
tutions (Table 3) was consistent with this function. His72 co-
ordinates the active-site Zn2+, and the H72L mutation abolishes
this interaction (Figure 6B). The OD1 oxygen of the reaction
nucleophile Asp196 directly co-ordinates Zn2+, indicating that
the Zn2+ positions Asp196 and stabilizes the protonation states
of the reacting partners. It has been suggested that Zn2+ is
directly involved in the catalysis by Golgi α-mannosidase II in
co-ordinating the O2 and O3 oxygens of the mannose substrate
and facilitating the deglycosylation step by moving from a less

favoured hexavalent co-ordination on the substrate to a quin-
quivalent co-ordination after product release [4]. These functions
of Zn2+ fit well with the complete loss of activity after substitu-
tion of the Zn2+-co-ordinating His72. Furthermore, the functional
importance of His72 is shown by its conservation among all the
GH38 enzymes (results not shown). The R220H mutant pos-
sessed less than 5% of the wild-type specific activity (Table 3).
This conforms to the activity measured in livers from cattle
affected with the R220H mutation [8], indicating that the activ-
ity phenotype was caused mainly by a decreased specific activity
and was not due to abnormal folding or increased turnover
in the lysosomes. In the bovine LAMAN structure, Arg220 is
hydrogen-bonded to both the reaction nucleophile Asp196 and a
Tris molecule (Figure 6B). This suggests a dual role for Arg220

in both the activation and orientation of the nucleophile Asp196

as well as in substrate recognition. The modelled residue His220

can also position Asp196 correctly (Figure 6B); however, due to
the substantially lower pKa value of a histidine side chain, it is
not as effective in activation of the nucleophile. In the GH38
family, Arg220 can be substituted only with a lysine residue
(results not shown), which has similar chemical properties to an
arginine residue. Hydrogen-bonding to the Tris molecule in the
bovine LAMAN structure and superimposition with α-amylases
[5] also suggest a role for Arg220 in substrate binding. Both
arginine and lysine residues at position 220 have unoccupied
co-ordination sites towards the substrate. Histidine, on the other
hand, is substantially shorter and has no unco-ordinated N atoms
according to our model as shown in Figure 6(B).

Phe320 follows a potential catalytic acid–base Asp319 [4,5] and,
thus, its function could be to anchor Asp319, probably by making a
stacking interaction with Tyr84 (Figure 6B). In our measurements
in COS cells, the F320L mutant appeared to have 30–40% of the
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Figure 6 Amino acid substitutions modelled in the bovine LAMAN structure

(A) Stereographic representation of the complete structure. The active-site domain is darker than the rest of the structure. The affected residues are indicated with black balls. Mutations outside the
active-site domain are labelled, and mutations in the N-terminal domain are shown in detail in (B, C). (B) Mutations affecting the folding of LAMAN. The mutated wild-type residues are shown in dark
grey and the modelled mutations in white. Hydrogen bonds are displayed with broken lines and metal co-ordination with solid lines. The T355P mutation disrupts a hydrogen bond to Glu149 and,
probably, to the free cysteine residue Cys358, which in the mature enzyme participates in a disulphide bridge. Pro356 is in optimal position to initialize helix formation and is important for the rate of
folding of LAMAN. (C) Mutations that inactivate the enzyme, but allow folding, are located close to the active site: although His220 hydrogen-bonds to the nucleophile Asp196, it cannot co-ordinate the
substrate as Arg220 probably does. His72 is involved in the metal binding, whereas Phe320 follows the active-site residue Asp319 and makes a stacking interaction with Tyr84. Probably, the hydrophobic
stacking also stabilizes Trp77, which is involved in substrate binding.

wild-type activity. The activity was, however, much lower when
the mutant was expressed in CHO cells (Table 3). In livers from
cattle affected with the F320L mutation, the measured activity
was less than 1% [8,24], which was accompanied by very low
levels of LAMAN protein as judged by Western blotting [8].
Assuming normal levels of LAMAN synthesis, this indicated that
the endogenous F321L mutant folded abnormally in bovine cells
or was unstable and quickly degraded. Phe320 is not conserved
among GH38 enzymes. The high activity of the F320L mutant in
COS cells relative to CHO cells and cells from cattle affected with
the F321L mutation, may be due to the overproduction system.
Overproduction may overload the folding control or the lysosomal
transport and turnover systems in COS cells, as observed earlier
with disease-causing mutants of β-glucuronidase and lysosomal
β-galactosidase [24,25].

Genotype–phenotype correlation

Eight of the mutants associated with human α-mannosidosis ex-
hibited no detectable activity in COS cells, including five group 2
mutants, one group 1 mutant (H72L) and two deletion mutants
(Table 3). Thus the corresponding DNA mutations are probably
disease-causing. One mutant E402K caused a 3–4-fold increase
in activity in transfected COS cells (Table 3), which is nearly
half of the increase caused by a wild-type construct. However, in
the patient known to carry the E402K substitution, the mutation
causing the del(339–342) variation is located on the same
allele [13]. Since del(339–342) LAMAN is a group 2 mutant
and possesses no activity (Table 3), it is conceivable that the
E402K substitution is a rare variant that is not disease-causing.
Molecular modelling showed that Glu402 forms a hydrogen bond
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to Gln444 (results not shown), which may be important in the
anchoring of the nearby active-site residues His446 (Figure 6B)
and Asp447 [5]. Lys402 may form an alternative hydrogen bond to
Gln444, suggesting that this variation is tolerated. In LAMAN
from D. melanogaster, position 402 is occupied by histidine
(results not shown), indicating that changes are tolerated at this
position.

In contrast with the COS cells transfected with mutants contain-
ing human disease-causing mutations, the cells transfected with
constructs containing either of the two bovine disease-causing
mutations exhibited significant LAMAN activities (Table 3). This
is consistent with activity measurements in human fibroblasts
[7] and in bovine tissues and cells [8,26]. However, the enzymic
activities in cattle do not coincide with mild clinical phenotypes,
since the affected cattle are often stillborn or show early severe
neurological disorders [26]. It thus appears that the minimum
amount of LAMAN activity required to prevent the disease is
higher in cattle than in humans. This may be due to the nature of
the respective glycans that accumulate within the lysosomes
of human and bovine cells in the absence of LAMAN activity.
The major human lysosomal storage product is the trisaccharide
Manα1,3Manβ1,4GlcNAc, whereas, in cattle, the branched pen-
tasaccharide Manα1,3(Manα1,6)Manβ1,4GlcNAcβ1,4GlcNAc
accumulates in the complete absence of LAMAN [2], due to the
lack of lysosomal chitobiase in cattle [3]. Since linear glycans are
better substrates for LAMAN compared with branched glycans
[27] and α1,3-linkages are cleaved faster than α1,6-linkages [28],
a higher LAMAN activity is required to cleave the bovine storage
product compared with the human. This may explain why both
the bovine models of α-mannosidosis can possess significant
LAMAN activity in cells and tissues despite the severe clinical
phenotypes [8,26]. Consistent with this hypothesis, the only other
example of significant LAMAN activity connected to α-manno-
sidosis is in affected long-haired cats [16,29]. Similar to cattle, cats
also lack chitobiase activity [3]. Thus the function of chitobiase
is probably to increase the rate of N-glycan degradation in the
lysosomes.

In the present study, we have found that all the previously
reported mutations suggested to cause human α-mannosidosis
resulted in no significant activity in transfected COS cells, con-
firming that they are disease-causing. Most of the missense muta-
tions resulted in misfolding and ER retention. This is consistent
with the limited number of active-site residues in a protein
compared with residues that are important for the folding process.
The biochemical characterization of the various mutations has
given new insight into the folding mechanism and catalysis of
LAMAN.
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