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13.1

Introduction

Eukaryotic cells of animals have developed a specialized organelle for the degradation and recycling of macromolecules, called the lysosome (De Duve 1963). The
breakdown of these macromolecules is carried out by more than 60 acid hydrolases
such as proteases, nucleases, glycosidases, phosphatases, lipases etc. (Luzio et al.
2007). Newly synthesized lysosomal hydrolases are equipped with mannose
6-phosphate (Man6P) residues on high-mannose type N-glycans. This marker is
generated in the Golgi apparatus in a two-step enzymatic process in which first
a N-acetylglucosamine 1-phosphate (GlcNAc1P) residue is transferred to a terminal
mannose (Man) residue. In a second step the enzymatic hydrolysis of the GlcNAc
uncovers the Man6P residue. Man6P functions as recognition marker for specific
receptors required for lysosomal targeting of acid hydrolases. Importantly, from
a medical point of view, also extracellular Man6P-containing proteins can be
internalized and transported to the lysosomes via Man6P-receptors which are
located also at the plasma membrane (Kornfeld and Mellman 1989; Braulke and
Bonifacino 2009). Whereas the majority of the over 50 known lysosomal storage
disorders are caused by inherited defects of single lysosomal enzymes or lysosomal
membrane proteins, the failure to generate Man6P leads to a deficiency of multiple
enzymes resulting in mucolipidosis (ML) type II and type III (Futerman and
van Meer 2004).
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The diagnosis of MLII and III is only carried out in a few specialized
laboratories throughout the world and is based on the biochemical and genetic
analysis of biomaterial isolated from patients. Diagnosis of MLII and III would
greatly benefit from the development of confirmatory assays easier to perform also
in routine analytic laboratories on suspicious patients. For this purpose the specific
detection of Man6P in glycoproteins by an antibody would be ideal.
This application in mind, we have immunized a rabbit with a neoglycoconjugate
of a mixture of oligosaccharides from yeast containing Man6P residues and bovine
serum albumin (BSA) known to induce a polyclonal anti-Man6P response (Braulke
et al. 1987; Braulke et al. 1988). The antigen binding domain of an antibody can be
expressed in Escherichia coli as a single-chain antibody fragment (scFv) in which
the VH and VL domains of the antibody are joined by a flexible polypeptide linker
(Bird et al. 1988; Huston et al. 1988) and genetically fused to surface proteins of,
e.g., filamentous phage. The surface display then allows selection and amplification, a technique called “Phage Display” [for further information see (Barbas
et al. 2001)]. Since the generation of monoclonal antibodies (mAb) from rabbits is
far from being routine due to the lack of appropriate fusion cell lines, we have
referred to phage display technology to generate a scFv specifically binding to
Man6P (M€
uller-Loennies et al. 2010).
In this review we describe the genetic and biochemical background of
mucolipidoses and the development of a novel antibody scFv (scFv M6P-1) for the
• Easy diagnosis of MLII and III by western blots.
• Selective purification of recombinant high-affinity uptake forms of lysosomal
enzymes on an affinity matrix.
• Immunohistological staining of lysosomes.
Furthermore, scFv M6P-1 can be applied to the quantitation of Man6P in
glycoproteins, the isolation of the Man6P-proteome of cells and organs and has
aided in the investigation of alternative protein trafficking pathways to the
lysosome.

13.1.1 Generation of the Man6P Recognition Marker
Soluble lysosomal enzymes and secretory proteins are synthesized in the endoplasmic
reticulum (ER). The N-terminal signal sequence directs their translocation into the
ER lumen and is subsequently cleaved off by the signal peptidase. For N-glycosylation a preformed oligosaccharide core composed of three glucoses (Glc), nine
Man and two GlcNAc, (Glc3Man9GlcNAc2) is transferred to selected asparagine
residues on the nascent protein prior to protein folding [Fig. 13.1, (Rothman et al.
1978; Ruddock and Molinari 2006)]. The transferred core oligosaccharides are then
subject to ‘trimming’ reactions initiated by glucosidase I in the ER before completion of translation (Kornfeld and Kornfeld 1985). The two other glucose residues
are subsequently hydrolyzed by glucosidase II in the ER. The monoglucosylated
core glycan intermediate is recognized by the lectins calnexin and calreticulin
which function as molecular chaperones until the protein is properly folded
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Fig. 13.1 Schematic drawing of the enzymatic formation of Man6P residues on N-glycans of
lysosomal proteins. The generation of these residues is catalyzed in a two-step reaction initiated
by the transfer of UDP-GlcNAc to selected C6 hydroxyl groups of mannoses in a cis-Golgi
compartment by UDP-N-acetylglucosamine (UDP-GlcNAc):lysosomal enzyme N-acetylglucosamine-1-phosphotransferase (GNPT, GlcNAc-1-phosphotransferase; EC 2.7.8.17) followed
by hydrolysis of the GlcNAc residue in the trans-Golgi apparatus by the N-acetylglucosamine1-phosphodiester a-N-acetylglucosaminidase (UCE, ‘uncovering enzyme’; EC 3.1.4.45). Some
of the N-glycan chains are equipped with a second phosphodiester group. Phosphorylation of
mannose residues in the a(1!6)-branch occurs before the trimming of mannoses in the a(1!3)branch by a-mannosidase I. Therefore, phosphorylated glycans may contain 5–7 mannose residues.
Depending on the lysosomal enzyme and the cell type, certain oligosaccharides are converted into
hybrid or complex type sugar chains (not shown). Therefore, monophosphorylated oligosaccharides
are also found in the a(1!6)-branch of hybrid-type oligosaccharides. The subcellular compartments
in which the reactions take place are indicated as boxes

(Parodi 2000). The removal of the third glucose residue releases the folded glycoprotein from the chaperones and allows the attack of a-mannosidase I for further
trimming reactions in the ER resulting in the formation of octamannosyl highmannose type chains.
An important modification of N-glycans on lysosomal enzymes is the formation of Man6P residues distinguishing these glycoproteins from other classes
of newly synthesized glycoproteins. Two enzymes catalyze the generation of
Man6P residues: UDP-N-acetylglucosamine (UDP-GlcNAc):lysosomal enzyme
N-acetylglucosamine-1-phosphotransferase (GlcNAc-1-phosphotransferase; EC
2.7.8.17) and the N-acetylglucosamine-1-phosphodiester a-N-acetylglucosaminidase (‘uncovering enzyme’, UCE; EC 3.1.4.45).
The initial transfer of GlcNAc1P from UDP-GlcNAc to selected C6 hydroxyl
groups of mannoses occurs in a cis-Golgi compartment that results in a phosphodiester
intermediate. The hydrolysis of the covering GlcNAc residue from the phosphodiester
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by the UCE in the trans-Golgi apparatus exposes the Man6P marker (Fig. 13.1).
Within the Golgi apparatus, some of the monophosphorylated oligosaccharide
chains are equipped with a second phosphodiester group. Phosphorylation of
mannose residues in the a(1!6)-branch occurs before the trimming of mannoses
in the a(1!3)-branch by a-mannosidase I, resulting in high-mannose type
oligosaccharides containing 5–7 mannose residues (Fig. 13.1). Depending on the
lysosomal enzyme and the cell type, different numbers of oligosaccharides can be
converted into hybrid or complex type sugar chains by the transfer of GlcNAc,
galactose (Gal), fucose (Fuc), or N-acetylneuraminic acid (Neu5Ac) residues.
Therefore, monophosphorylated oligosaccharides are also found in the a(1!6)branch of hybrid-type oligosaccharides (Varki and Kornfeld 1983; Goldberg and
Kornfeld 1983; Lazzarino and Gabel 1989).

13.1.2 Mucolipidosis Type II and III
The GlcNAc-1-phosphotransferase complex is composed of three subunits (a2b2g2)
that are encoded by two genes, GNPTAB and GNPTG (Kollmann et al. 2010).
The GlcNAc-1-phosphotransferase activity is lacking or reduced in two distinct
autosomal recessive human diseases impairing lysosomal enzyme trafficking and
lysosomal function, mucolipidosis (ML) II and MLIII, respectively. Although rare
diseases, they have been the subject of extensive studies in the last 40 years since
their first description. These studies were crucial for the discovery of the Man6Pdependent lysosomal enzyme trafficking pathway [reviewed in (Kornfeld and Sly
2001; Kollmann et al. 2010)].
Patients diagnosed with MLII alpha/beta or MLIII alpha/beta (formerly known
as I-cell disease or MLII and MLIIIA, respectively) are either homozygotes
or compound heterozygotes for mutations in the GNPTAB gene localized on
chromosome 12q23.3 (Kudo et al. 2005; Tiede et al. 2005b). The MLIII gamma
patients (formerly known as pseudo-Hurler polydystrophy or MLIIIC) are
homozygotes or compound heterozygotes for mutations in the GNPTG gene
localized on chromosome 16p13.3 (Raas-Rothschild et al. 2000). The revised
nomenclature of mucolipidoses is based on the clinical phenotype and the disease-causing gene defect and is important for clinicians and patients, as GNPTG
mutations cause a milder phenotype and have better prognosis than do GNPTAB
mutations (Cathey et al. 2008). Until now approximately 100 mutations in the
GNPTAB gene have been described whereas 20 different mutations were reported
in the GNPTG gene of MLIII gamma patients (Kollmann et al. 2010).
Clinical symptoms of MLII patients are characterized by dwarfism, skeletal
abnormalities, facial dysmorphism, stiff skin, delayed development, mental retardation and cardiomegaly leading to death between 5 and 8 years of age. In MLIII
gamma patients a later onset of clinical symptoms and a more slowly progressive
course is observed allowing survival into the 8th decade. Because of progressive
stiffness of hands and shoulders and musculoskeletal changes, MLIII gamma is
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often misdiagnosed for a rheumatological disorder (Kelly et al. 1975; Spranger
et al. 2002; Cathey et al. 2008).

13.1.3 Current Diagnostic Analysis of MLII and MLIII
The clinical diagnosis of MLII or III can be confirmed by biochemical
analyses. The loss or reduced capability to generate Man6P leads to a massive
secretion of the lysosomal enzymes into the extracellular milieu and the circulation,
and an intracellular deficiency of multiple lysosomal enzymes (Kornfeld and Sly
2001). The intracellular deficiency of lysosomal enzymes causes subsequently an
accumulation of undegraded material in lysosomes, which is visible by light
microscopy as phase-dense inclusion bodies in fibroblasts of affected patients
(Leroy and Demars 1967). The activity of several lysosomal enzymes (e. g. bhexosaminidase, b-glucuronidase, b-galactosidase, a-mannosidase and arylsulfatase
A) can be measured in serum, or media and cell extracts of cultured fibroblasts from
clinically diagnosed MLII and MLIII patients. In comparison to cells of healthy
individuals the activities of lysosomal enzymes are reduced in patient cells but
increased in serum and conditioned cell media demonstrating the missorting of
lysosomal enzymes (Kornfeld and Sly 2001). During the transport along the
biosynthetic pathway in healthy cells many inactive lysosomal precursors undergo
proteolytic processing steps leading to mature, active enzymes. The modifications
of lysosomal enzymes are dependent on the pH and the intracellular compartment
and can be used as an indicator for proper sorting processes (Hasilik and Neufeld
1980). Radioactive pulse-chase experiments in fibroblasts of diagnosed MLII or
MLIII patients followed by immunoprecipitation of certain lysosomal enzymes is
useful to demonstrate the missorting of lysosomal enzymes (Tiede et al. 2005a;
Pohl et al. 2010b). The direct measurement of the GlcNAc-1-phosphotransferase
activity in fibroblasts requires the synthesis and purification of metabolically
labelled [32P]UDP-GlcNAc (Reitman and Kornfeld 1981). Both methods are cumbersome and therefore cannot be routinely used for diagnosis.
Despite the major progress made during the last decade allowing the identification of the molecular defects in MLII and MLIII by direct sequencing of GNPTAB
and GNPTG, these methods are laborious and expensive, and intronic mutations are
not always detectable. Therefore, a rapid, convenient and sensitive method would
greatly facilitate the diagnosis of MLII and MLIII.

13.2

Generation and Characterization of scFv M6P-1

13.2.1 Immunization and Selection
Upon mild hydrolysis of Pichia (Hansenula) holstii NRRLY-2448 yeast mannan
oligosaccharides can be obtained which contain Man6P. The structural analysis
revealed that the hydrolysate consists of a mixture of oligosaccharides (Fig. 13.2)
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Fig. 13.2 Chemical structures of Man6P-containing oligosaccharides from Pichia (Hansenula)
holstii (Bretthauer et al. 1973; Parolis et al. 1998; Ferro et al. 2002)

and the majority are pentasaccharides (Bretthauer et al. 1973; Parolis et al. 1996;
Parolis et al. 1998). Therefore, this preparation is referred to as pentamannose
6-phosphate (PMP). As opposed to N-glycans, in which the terminal phosphorylated
mannose residues are connected aMan(1!2)aMan, the PMP contains terminal
a(1!3)-linked mannoses in which only the reducing end is formed in an a(1!2)linkage [Fig. 13.2, (Fischer et al. 1980; Parolis et al. 1996; Parolis et al. 1998)].
The conjugation of PMP to BSA and immunization with this conjugate induces
a polyclonal antibody response in rabbits which binds Man6P also in glycoproteins
[PMP-BSA, (Braulke et al. 1987)]. The basis for this observation is an apparent
structural similarity of a(1!2)- and a(1!3)-linked Man2 leading to a cross-reaction
with antibodies.
For the generation of a Man6P-specific scFv from an immunized rabbit, a library
of scFv was assembled by standard genetic procedures (Barbas et al. 2001). This
was achieved by taking bone marrow from both legs and spleen, extraction of total
RNA, reverse transcription into cDNA and PCR amplification of genes coding for
the variable domains of antibody heavy (VH) and light (VL) chains. The amplified
genes were then assembled into full length scFv by PCR overlap extension and
ligated into the phagemid vector pComb3XSS (Barbas et al. 2001). Transformation
of E. coli yielded 5.7  106 transformants and after induction of phage-production
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by superinfection with M13KO7 helper phage, 1012 phages were obtained for the
selection. The selection and enrichment of phage bound scFv (“panning”) specific
for Man6P was performed on PMP-BSA immobilized on ELISA plates. The
selection of carbohydrate antibodies by phage display is difficult to achieve due
to often low avidities. Because the conditions to achieve optimum binding were
unknown, we have varied the amounts of immobilized PMP-BSA (3–100 pmol/well)
used for panning. The outcome of each panning round was analyzed by phageELISA and successful enrichment was only seen at 50 pmol immobilized antigen
after five rounds of panning. Some binding was also seen after three rounds, which
was, however, not specific for Man6P.

13.2.2 Expression and Biochemical Characterization
For purification by immobilized metal ion affinity chromatography (IMAC) and
detection 5xHis-tag and a c-myc were attached to the C-terminus of the scFv M6P-1
protein sequence, respectively. Expression in E. coli following the protocol of
MacKenzie and To (1998) yielded soluble protein, which was extracted from the
periplasm by treatment of harvested cells with the polycationic membrane active
peptide Polymyxin B (0.1 mg/ml final conc. in ice cold buffer). The soluble protein
could be collected from the supernatants of three extractions by IMAC. Separation
of monomers from oligomeric scFv was achieved by gel filtration (Fig. 13.3).
The cDNA sequence analysis revealed an unpaired cysteine at the beginning of
complementarity determining region (CDR) 2 VH (Fig. 13.4) which is also present
in the germline sequence IGHV1S40*01 (Giudicelli et al. 2006). The substitution of
this residue by serine (scFv M6P-1S) or alanine improved expression levels in E. coli
three- to four-fold and increased the protein stability whereas the affinity towards
Man6P was not affected (Fig. 13.5). After purification to homogeneity and lyophilization in phosphate buffered saline (PBS) pH 7.2 containing 1% PEG 8,000, 5 mM
EDTA and 250 mM trehalose (Carpenter et al. 1993; Draber et al. 1995) the protein
was stable for over a year without loss of activity.

13.2.3 Analysis of Binding by ELISA
To achieve comparable results in ELISA and ELISA inhibition studies using scFv,
in general, freshly prepared solutions of purified mono- or dimer scFv should be
used to avoid influences from avidity effects. Although scFv contain only a single
antigen binding site, they are prone to form fully functional oligomers (Dolezal
et al. 2000) and the ratio at equilibrium depends on the affinity between the VL and
VH interfaces and the length of the linker (Glockshuber et al. 1990).

13.2.3.1 ELISA with Soluble scFv M6P-1
For ELISA, the outcome of the experiment largely depends on the amount of
immobilized antigen and the concentration of the primary antibody. Due to the
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Fig. 13.3 Gelfiltration on
Superdex HR75 (GE Healthcare; 30 cm  1.5 cm in PBS,
pH 7.2, 0.5 ml/min) of recombinantly expressed scFv M6P1S after purifica-tion by
affinity chromatography. Two
major and one minor fraction
can be separated consisting of
monomeric (1), dimeric (2)
and oligomeric (3) scFv. All
fractions are able to bind
the antigen

Fig. 13.4 Primary structure of the scFv M6P-1 deduced from its cDNA sequence. The CDR of
heavy and light chains are indicated and alignment to its germline precursor assigned according to
Giudicelli (2006)

monovalent nature of scFv and the often low affinities of anti-carbohydrate
antibodies, the ELISA is even more affected by these factors. Thus, when using
neoglycoconjugates made with isolated oligosaccharides a high ligand to protein
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Fig. 13.5 ELISA binding assay of recombinant scFv M6P-1 (broken line, triangle down) and
scFv M6P-1S (solid line, triangle up) against immobilized PMP-BSA (45 pmol/cup). The scFv
starting concentration was 0.18 mM (5 mg/ml)

ratio would be desirable. However, neoglycoconjugates with a high ligand to
protein ratio not always give the best results in ELISA binding assays when native
BSA is used (own observation). It may thus be advantageous to use denatured and
reduced BSA for the generation of neoglycoconjugates (Houen and Jensen 1995)
for this purpose.
In any case, to determine the ligand concentration suitable for ELISA the
binding reactivity should be tested in an ELISA checkerboard titration in which
binding at different scFv starting concentrations is measured against varying
concentrations of immobilized ligand. For ELISA using scFv M6P-1 (Fig. 13.5)
we have used PMP-BSA (molar ratio of PMP:BSA of 20:1) containing 3–100 pmol
of ligand with 45 pmol giving the best result when purified scFv was added at
a starting concentration of 5 mg/ml. Bound scFv was detected by incubation with the
anti-c-myc mAb 9E10 (gift from Dr. C. R. MacKenzie, NRC, Ottawa, Canada),
a HRP-conjugated goat-anti-mouse IgG H + L (Dianova, Hamburg, Germany) and
diammonium 2,20 -azino-bis(3-ethylbenzothiazoline-6-sulfonate (AzBTS-(NH4)2,
Sigma-Aldrich) as substrate.

13.2.3.2 ELISA Inhibition
Inhibition of binding in ELISA is performed conveniently by first titrating the
inhibitor in buffer in a separate non-treated polystyrene plate (e.g., Nunc V96
MicroWell) starting in the first row at double concentration of the highest inhibitory
concentration to be tested in a volume of, e.g., 30 ml. The same volume of antibody
is then added at a constant concentration which yields an OD within the linear range
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of the colour reaction and which is sufficiently strong to allow sampling of the
inhibition (OD 1.0–2.0). For best results quadruplicate measurements at each
inhibitor concentration should be performed and titrations starting at a concentration sufficiently high to achieve complete inhibition over a few titrations and ending
with several dilute concentrations of inhibitor at which no inhibition is seen. After
preincubation (1 h, 37 C) 50 ml are then transferred to a plate coated with ligand
and developed like a regular ELISA. The ELISA inhibition data should then be
analyzed by plotting the OD versus the inhibitor concentration and applying an
error-weighted non-linear logistic fitting function as implemented in statistical
analysis software.
For ELISA inhibition with scFv M6P-1 (Fig. 13.6) we have used 0.6 mg/ml final
concentration of scFv and inhibitor concentrations ranging from 0.01 to 100 mM.
Binding was measured against 45 pmol PMP-BSA/well. The amount of bound
antibody was then determined as for normal ELISA. Using one plate per inhibitor,
data points can be measured in quadruplicates over 22 concentrations spanning six
orders of magnitude which is sufficient to sample the whole inhibition curve and
determine the concentration yielding 50% inhibition (IC50) by fitting to a logistic
function. Such an analysis for scFv M6P-1 is shown in Fig. 13.6 showing the strong

Fig. 13.6 ELISA inhibition data using scFv M6P-1 as primary antibody, PMP-BSA as
immobilized antigen and Man6P, Glc6P, Fru1P, Man, and Glc as inhibitors (a) at the indicated
concentrations. Experimental details are described in M€
uller-Loennies et al. (2010). Structural
comparison of Man6P and Fru1P (b). Fig. (a) from M€
uller-Loennies et al. (2010), with permission
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inhibition by Man6P and fructose 1-phosphate (Fru1P) and no inhibition by Man,
Glc and Glc6P.
The observed cross-reaction of Man6P and Fru1P can be explained by the
structural similarity due to the same relative orientation of hydroxyl groups at
C2-C3-C4, and C3-C4-C5, respectively, with a similar position of the phosphate.
Thus, the discrimination between Glc6P and Man6P is likely due to an unfavourable equatorial position of the C2 OH for binding.

13.2.4 Analysis of Binding by ITC-Microcalorimetry
The comparison of ELISA IC50 values allows the ranking of different ligands
according to their relative affinities; however, the absolute affinities in terms of
Kd cannot be obtained. Therefore we have performed isothermal titration microcalorimetry (ITC) measurements. Using 10 mM of Man6P or Fru1P as ligands and
purified dimeric scFv M6P-1 (11 mg/ml in 100 mM PBS, pH 7.2 containing
150 mM NaCl) we have performed ITC experiments using an ITC200 calorimeter
(Microcal Inc., Northampton, MA, USA). As an example, the measurement of scFv
M6P-1S against Fru1P is shown in Fig. 13.7. For this experiment the measurement
cell of the calorimeter was filled with the antibody solution and the ligand loaded
into the injection syringe from where it was injected into the cell in 2 ml portions.
Twenty injections were performed with 3 min equilibration times between
injections and the evolved heat measured with the first injection not considered
for data analysis. The heat of dilution was measured for the same number of buffer
injections which was subtracted from the sample data. The Kd values of Man6P and
Fru1P were 30 mM for the germline derived scFv sequence (M€uller-Loennies et al.
2010) and for the VH Cys/Ser mutant (Fig. 13.7).

13.2.5 Western Blot and Immunoprecipitation
Western blot analysis against the purified lysosomal enzyme arylsulfatase B (kindly
provided by M. Vellard, Biomarin, Navato, USA) immobilized on a nitrocellulose
membrane at concentrations ranging from 1 to 10 ng revealed that scFv M6P-1 can
be used for the detection of lysosomal enzymes with a detection limit of a few ng,
depending on the degree of phosphorylation (Fig. 13.8). For comparison the PMPBSA glycoconjugate used for the immunization and in ELISA binding assays is
shown. This is of particular importance for the commercial production of recombinant proteins for enzyme replacement therapy (ERT) of lysosomal storage diseases.
By Western blot analysis the expression levels of bioactive enzyme which contains
the essential Man6P modification can be assessed easily, allowing the selection of
clones producing high levels of recombinant protein and therefore leading to
a considerable reduction of production costs. A comparison of methods for the
quantitative analysis of Man6P in glycoproteins revealed that the degree of phosphorylation maybe underestimated in Western blots (Schr€oder et al. 2010), possibly
due to steric hindrance.
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Fig. 13.7 Isothermal titration microcalorimetry (ITC) measurement using scFv M6P-1 in the cell
and Fru1P as ligand in the injection syringe. The measurement was performed in 100 mM
phosphate buffered saline (150 mM NaCl) at pH 7.2. The cell was filled with the antibody solution
(11 mg/ml ¼ 0.4 mM) and the ligand (6 mM) loaded into the injection syringe from where it was
injected into the cell in 2 ml portions. Twenty injections were performed with 3 min equilibration
times between injections and the evolved heat measured with the first injection not considered for
data analysis. The data were then subjected to non-linear least squares curve fitting (1 set of
binding sites) using MicroCal Origin v. 7.0 analysis software

Fig. 13.8 Sensitive detection of Man6P-modified lysosomal enzymes. Recombinant lysosomal
enzymes arylsulfatase A (ASA), arylsulfatase A (ASB) and a glycoconjugate of pentamannose-6phosphate and BSA (PMP-BSA) (1 and 10 ng) were separated by SDS-PAGE, blotted onto
nitrocellulose and analysed by scFv M6P-1 Western blotting. The positions of the molecular
mass marker proteins in kDa are indicated. ASB was kindly provided by M. Vellard, Biomarin,
Nevato, CA
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Fig. 13.9 Man6P-dependent precipitation of [125I]-labelled ASA after incubation with scFv
M6P-1-coupled beads in the absence (100%) or presence of the inhibitors Man6P, PMP-BSA
and arylsulfatase A (ASA). Bound material was eluted, separated by SDS-P AGE, and visualized
by autoradiography

As a first step towards the generation of an affinity support for large scale
chromatography we have first tested whether it would be possible, in principle,
to couple the scFv M6P-1 to beads without its inactivation. ScFv M6P-1 coupled beads
allowed the subsequent immunoprecipitation of Man6P-containing glycoproteins
from conditioned cell culture media. When a solution (0.5 ml) of iodinated
arylsulfatase A (ASA) was incubated for 10 h at 4 C with 50 ml of scFv M6P-1Sconjugated Affi-gel 10 beads (BioRad), the ASA could be precipitated with the beads
shown by SDS-PAGE and subsequent visualization by autoradiography (Fig. 13.9).
Addition of 5 mM Man6P to the reaction abrogated the binding indicating that the
reaction was Man6P specific. Evaluation of the intensity of the [125I]-labelled polypeptide bands by densitometry or, alternatively, after excision from the dried gel and
g-counting revealed that 18% of the input was precipitated.
Similar results were obtained when conditioned serum-free media from BHK
cells which stably overexpressed human ASA (hASA) or transiently expressed
mouse cathepsin D (mCtsD) were used (M€
uller-Loennies et al. 2010). After mixing
aliquots of media (0.25 ml, 1:1 ratio) with medium from non-transfected cells or
from the other overexpressing cell line, a Man6P-dependent precipitation with
50 ml of scFv M6P-1 coupled beads could be shown by Western blotting using
anti-hASA and anti-mCtsD polyclonal antibodies (Fig. 13.10).

13.2.6 Immunofluorescence Microscopy
and Immunohistochemistry
The scFv M6P-1 antibody can be used as lysosomal marker colocalizing with
lysosomal enzymes such as cathepsin D as showed by double immunofluorescence
microscopy (Fig. 13.11a). In cerebellar sections of mouse brain cells Man6Pcontaing proteins are detectable by immunohistochemistry (Fig. 13.11b). The
stainings were performed in COS7 cells derived from kidney cells of the African
green monkey and mouse tissue demonstrating the species-independence of the
antibody.
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Fig. 13.10 Precipitation of Man6P-containing lysosomal enzymes. Purification of Man6Pcontaining lysosomal enzymes from media of overexpressing cells. Serum-free media from
BHK cells stably overexpressing human ASA or transiently expressing mouse cathepsin D
(mCtsD) were conditioned for 24 h. Aliquots of the media (0.25 ml) were either mixed with
0.25 ml of the other overexpressing cell line or of non-transfected cells and incubated with 50 ml of
scFv M6P-1–coupled beads in the presence or absence of Man6P (5 mM) for 10 h at 4 C. Then the
samples were centrifuged and the supernatant removed. The proteins bound to the scFv M6P-1–
coupled beads were solubilized and analyzed by Western blotting using anti-ASA and anti-mCtsD
polyclonal antibodies (From M€
uller-Loennies (2010))

Fig. 13.11 For double immunofluorescence microscopy COS7 cells were fixed, permeabilized
and incubated with myc-tagged scFv M6P-1 and the lysosomal marker protein cathepsin D (a). The
merged picture reveals overlapping distribution (yellow). Scale bar, 80 mm. For immunohistochemistry (b) paraffin-fixed cerebellar sections of an adult mouse were incubated with myc-tagged
scFv M6P-1 and HRP-coupled anti-myc antibodies followed by the peroxidase-diaminobenzidine
reaction. The scFv M6P-1 immunostaining is strong in cerebellar Purkinje cells. Scale bar, 80 mm

13.2.7 Diagnostic Application of scFv M6P-1
The high specificity of the scFv M6P-1 antibody for Man6P and its ability to
recognize these residues on lysosomal enzymes allows its diagnostic application.
In MLII and MLIII patients the activity of the GlcNAc-1-phosphotransferase is
absent or reduced by mutations in GNPTAB or GNPTG, respectively. The antibody
scFv M6P-1 permits the indirect determination of GlcNAc-1-phosphotransferase
activity by western blotting. In detail, cultured fibroblasts obtained from controls
and patients clinically diagnosed for MLIII were lysed and cell extracts were separated
by SDS-PAGE followed by Western blot analysis. Several Man6P-containing
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Fig. 13.12 Protein extracts
of HeLa cells, and fibroblasts
from a healthy control and
from four MLIII patients were
separated by SDS-PAGE,
blotted onto nitrocellulose
and analyzed by scFv
M6P-1 western blotting.
The positions of the
molecular mass markers
are indicated

proteins in the range between 20 and 100 kDa were detected with different intensities
in extracts of human fibroblasts from healthy controls or in HeLa-cells (Fig. 13.12).
Man6P containing proteins are also detectable in conditioned media of cultured
fibroblasts representing secreted lysosomal enzymes (Pohl et al. 2010a). By contrast,
extracts of four MLIII gamma patients exhibiting different mutations in the GNPTG
gene (Persichetti et al. 2009) contained only one prominent Man6P-containing
protein. The experiment showed that the method is a rapid tool for diagnosis which
is less expensive than sequencing of GNPTAB and GNPTG genes.

13.3

Conclusion and Outlook

The posttranslational modification with Man6P is essential for the viability of
eukaryotic cells and the generation of functional lysosomes. As such, inherited
genetic defects in the biosynthesis of Man6P derivatized glycoproteins lead to
severe diseases called mucolipidosis. The diagnosis of these diseases has been
technically difficult to achieve and could be only carried out in specialized
laboratories.
From an immunized rabbit we have isolated by a genetic approach and phage
display a novel scFv specifically binding to Man6P residues on glycoproteins. Our
experiments have shown that the scFv M6P-1 and its derivative M6P-1S can be
used for the diagnosis of MLII and MLIII by simple western blotting. Furthermore,
the scFv M6P-1S can be used for immunohistological stainings and immunofluorescence microscopy.
Enzyme replacement therapy (ERT) is possible for eight lysosomal storage
diseases at present, with recombinant enzymes which have to be expressed in
eukaryotic cells and have to be equipped with Man6P for cellular uptake with the
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exception of b-glucocerebrosidase (Keutzer and Yee 2008). The purification of
enzymes for ERT requires expensive chromatographic procedures which do not
discriminate between therapeutically active and inactive forms, i.e., with or without
Man6P modification. Since usually only less than 20% of recombinant proteins
when expressed in eukaryotic cells are equipped with Man6P, and only a fraction
contains high level phosphorylation at more than one site, it would also be desirable
to enrich such enzymes because it can be anticipated that such preparations yield
enzymes binding with higher affinity to the Man6P-receptor at the cell surface
leading to an efficient uptake and transport to the lysosomes.
The successful use of scFv M6P-1 coupled to beads in immunoprecipitation
experiments indicates that they may be of use in a purification procedure of Man6Pcontaining glycoproteins. Conveniently, a very mild elution of bound proteins
would be achievable by the addition of Man6P or Fru1P without the risk of enzyme
inactivation during the purification process. Such beads could also prove useful in
studies aiming at the characterization of the Man6P-proteome of cells and organs
as described for a soluble form of the Man6P-receptor purified from bovine serum
(Sleat et al. 2007; Sleat et al. 2008; Sleat et al. 2009).

References
Barbas CF III, Burton DR, Scott JK, Silverman GJ (2001) Phage display: a laboratory manual.
Cold Spring Harbor Laboratory Press, New York
Bird RE, Hardman KD, Jacobson JW, Johnson S, Kaufman BM, Lee SM, Lee T, Pope SH,
Riordan GS, Whitlow M (1988) Single-chain antigen-binding proteins. Science 242:423–426
Braulke T, Bonifacino JS (2009) Sorting of lysosomal proteins. Biochim Biophys Acta
1793:605–614
Braulke T, Gartung C, Hasilik A, Von Figura K (1987) Is movement of mannose 6-phosphatespecific receptor triggered by binding of lysosomal enzymes? J Cell Biol 104:1735–1742
Braulke T, Causin C, Waheed A, Junghans U, Hasilik A, Maly P, Humbel RE, Von Figura K
(1988) Mannose 6-phosphate/insulin-like growth factor II receptor: distinct binding sites for
mannose 6-phosphate and insulin-like growth factor II. Biochem Biophys Res Commun
150:1287–1293
Bretthauer RK, Kaczorowski GJ, Weise MJ (1973) Characterization of a phosphorylated
pentasaccharide isolated from Hansenula holstii NRRL Y-2448 phosphomannan. Biochemistry
12:1251–1256
Carpenter JF, Prestrelski SJ, Arakawa T (1993) Separation of freezing- and drying-induced
denaturation of lyophilized proteins using stress-specific stabilization. I. Enzyme activity and
calorimetric studies. Arch Biochem Biophys 303:456–464
Cathey SS, Kudo M, Tiede S, Raas-Rothschild A, Braulke T, Beck M, Taylor HA, Canfield WM,
Leroy JG, Neufeld EF, McKusick VA (2008) Molecular order in mucolipidosis II and III
nomenclature. Am J Med Genet A 146A:512–513
De Duve C (1963) The lysosome. Sci Am 208:64–72
Dolezal O, Pearce LA, Lawrence LJ, McCoy AJ, Hudson PJ, Kortt AA (2000) ScFv multimers of
the anti-neuraminidase antibody NC10: shortening of the linker in single-chain Fv fragment
assembled in V(L) to V(H) orientation drives the formation of dimers, trimers, tetramers and
higher molecular mass multimers. Protein Eng 13:565–574
Draber P, Draberova E, Novakova M (1995) Stability of monoclonal IgM antibodies freeze-dried
in the presence of trehalose. J Immunol Methods 181:37–43

13

A Novel Mannose 6-phosphate Specific Antibody Fragment

323

Ferro V, Li C, Fewings K, Palermo MC, Linhardt RJ, Toida T (2002) Determination of the
composition of the oligosaccharide phosphate fraction of Pichia (Hansenula) holstii NRRL
Y-2448 phosphomannan by capillary electrophoresis and HPLC. Carbohydr Res
337:139–146
Fischer HD, Natowicz M, Sly WS, Bretthauer RK (1980) Fibroblast receptor for lysosomal
enzymes mediates pinocytosis of multivalent phosphomannan fragment. J Cell Biol
84:77–86
Futerman AH, van Meer G (2004) The cell biology of lysosomal storage disorders. Nat Rev Mol
Cell Biol 5:554–565
Giudicelli V, Duroux P, Ginestoux C, Folch G, Jabado-Michaloud J, Chaume D, Lefranc MP
(2006) IMGT/LIGM-DB, the IMGT comprehensive database of immunoglobulin and T cell
receptor nucleotide sequences. Nucleic Acids Res 34:D781–D784
Glockshuber R, Malia M, Pfitzinger I, Pl€
uckthun A (1990) A comparison of strategies to stabilize
immunoglobulin Fv-fragments. Biochemistry 29:1362–1367
Goldberg DE, Kornfeld S (1983) Evidence for extensive subcellular organization of asparaginelinked oligosaccharide processing and lysosomal enzyme phosphorylation. J Biol Chem
258:3159–3165
Hasilik A, Neufeld EF (1980) Biosynthesis of lysosomal enzymes in fibroblasts. Synthesis as
precursors of higher molecular weight. J Biol Chem 255:4937–4945
Houen G, Jensen OM (1995) Conjugation to preactivated proteins using divinylsulfone and
iodoacetic acid. J Immunol Methods 181:187–200
Huston JS, Levinson D, Mudgett-Hunter M, Tai MS, Novotny J, Margolies MN, Ridge RJ,
Bruccoleri RE, Haber E, Crea R (1988) Protein engineering of antibody binding sites: recovery
of specific activity in an anti-digoxin single-chain Fv analogue produced in Escherichia coli.
Proc Natl Acad Sci USA 85:5879–5883
Kelly TE, Thomas GH, Taylor HA, McKusick VA, Sly WS, Glaser JH, Robinow M, Luzzatti L,
Espiritu C, Feingold M, Bull MJ, Ashenhurst EM, Ives EJ (1975) Mucolipidosis III
(pseudo-Hurler polydystrophy): clinical and laboratory studies in a series of 12 patients.
Johns Hopkins Med J 137:156–175
Keutzer J, Yee J (2008) Enzyme replacement therapy for lysosomal storage disorders. Hum Gene
Ther 19:857
Kollmann K, Pohl S, Marschner K, Encarnacao M, Sakwa I, Tiede S, Poorthuis BJ, L€
ubke T,
M€uller-Loennies S, Storch S, Braulke T (2010) Mannose phosphorylation in health and
disease. Eur J Cell Biol 89:117–123
Kornfeld R, Kornfeld S (1985) Assembly of asparagine-linked oligosaccharides. Annu Rev
Biochem 54:631–664
Kornfeld S, Mellman I (1989) The biogenesis of lysosomes. Annu Rev Cell Biol 5:483–525
Kornfeld S, Sly WS (2001) I-cell disease and pseudo-Hurler polydystrophy: disorders of lysosomal enzyme phosphorylation and localization. In: Scriver CR, Beaudet AL, Sly WS, Valle D,
Childs B, Kinzler KW, Vogelstein B (eds) The metabolic and molecular bases of inherited
disease. McGraw-Hill, New York, pp 3421–3452
Kudo M, Bao M, D’Souza A, Ying F, Pan H, Roe BA, Canfield WM (2005) The alphaand beta-subunits of the human UDP-N-acetylglucosamine:lysosomal enzyme N-acetylglucosamine-1-phosphotransferase are encoded by a single cDNA. J Biol Chem 280:
36141–36149
Lazzarino DA, Gabel CA (1989) Mannose processing is an important determinant in the assembly
of phosphorylated high mannose-type oligosaccharides. J Biol Chem 264:5015–5023
Leroy JG, Demars RI (1967) Mutant enzymatic and cytological phenotypes in cultured human
fibroblasts. Science 157:804–806
Luzio JP, Pryor PR, Bright NA (2007) Lysosomes: fusion and function. Nat Rev Mol Cell Biol
8:622–632
MacKenzie CR, To R (1998) The role of valency in the selection of anti-carbohydrate single-chain
Fvs from phage display libraries. J Immunol Methods 220:39–49

324

S. Pohl et al.

M€
uller-Loennies S, Galliciotti G, Kollmann K, Glatzel M, Braulke T (2010) A novel single-chain
antibody fragment for detection of mannose 6-phosphate-containing proteins: application in
mucolipidosis type II patients and mice. Am J Pathol 177:240–247
Parodi AJ (2000) Role of N-oligosaccharide endoplasmic reticulum processing reactions in
glycoprotein folding and degradation. Biochem J 348(Pt 1):1–13
Parolis LA, Duus JO, Parolis H, Meldal M, Bock K (1996) The extracellular polysaccharide of
Pichia (Hansenula) holstii NRRL Y-2448: the structure of the phosphomannan backbone.
Carbohydr Res 293:101–117
Parolis LA, Parolis H, Kenne L, Meldal M, Bock K (1998) The extracellular polysaccharide of
Pichia (Hansenula) holstii NRRL Y-2448: the phosphorylated side chains. Carbohydr Res
309:77–87
Persichetti E, Chuzhanova NA, Dardis A, Tappino B, Pohl S, Thomas NS, Rosano C, Balducci C,
Paciotti S, Dominissini S, Montalvo AL, Sibilio M, Parini R, Rigoldi M, Di Rocco M, Parenti
G, Orlacchio A, Bembi B, Cooper DN, Filocamo M, Beccari T (2009) Identification and
molecular characterization of six novel mutations in the UDP-N-acetylglucosamine1-phosphotransferase gamma subunit (GNPTG) gene in patients with mucolipidosis III
gamma. Hum Mutat 30:978–984
Pohl S, Castrichini M, M€
uller-Loennies S, Muschol N, Braulke T (2010a) Loss of N-Acetylglucosamine-1-phosphotransferase gamma-subunit due to intronic mutation in GNPTG causes
mucolipidosis type III gamma: Implications for molecular and cellular diagnostics. Am J Med
Genet A 152A:124–132
Pohl S, Tiede S, Marschner K, Encarnacao M, Castrichini M, Kollmann K, Muschol N, Ullrich K,
M€uller-Loennies S, Braulke T (2010b) Proteolytic processing of the gamma-subunit is
associated with the failure to form GlcNAc-1-phosphotransferase complexes and mannose
6-phosphate residues on lysosomal enzymes in human macrophages. J Biol Chem
285:23936–23944
Raas-Rothschild A, Cormier-Daire V, Bao M, Genin E, Salomon R, Brewer K, Zeigler M,
Mandel H, Toth S, Roe B, Munnich A, Canfield WM (2000) Molecular basis of variant
pseudo-hurler polydystrophy (mucolipidosis IIIC). J Clin Invest 105:673–681
Reitman ML, Kornfeld S (1981) Lysosomal enzyme targeting. N-Acetylglucosaminylphosphotransferase selectively phosphorylates native lysosomal enzymes. J Biol Chem 256:
11977–11980
Rothman JE, Katz FN, Lodish HF (1978) Glycosylation of a membrane protein is restricted to the
growing polypeptide chain but is not necessary for insertion as a transmembrane protein. Cell
15:1447–1454
Ruddock LW, Molinari M (2006) N-glycan processing in ER quality control. J Cell Sci
119:4373–4380
Schr€oder S, Matthes F, Hyden P, Andersson C, Fogh J, M€
uller-Loennies S, Braulke T, Gieselmann
V, Matzner U (2010) Site-specific analysis of N-linked oligosaccharides of recombinant
lysosomal arylsulfatase A produced in different cell lines. Glycobiology 20:248–259
Sleat DE, Zheng H, Lobel P (2007) The human urine mannose 6-phosphate glycoproteome.
Biochim Biophys Acta 1774:368–372
Sleat DE, Della Valle MC, Zheng H, Moore DF, Lobel P (2008) The mannose 6-phosphate
glycoprotein proteome. J Proteome Res 7:3010–3021
Sleat DE, Ding L, Wang S, Zhao C, Wang Y, Xin W, Zheng H, Moore DF, Sims KB, Lobel P
(2009) Mass spectrometry-based protein profiling to determine the cause of lysosomal storage
diseases of unknown etiology. Mol Cell Proteomics 8:1708–1718
Spranger JW, Brill PW, Poznanski AK (2002) Bone dysplasias: an atlas of genetic disorders of the
skeletal development. Oxford University Press, New York, pp 57–79
Tiede S, Muschol N, Reutter G, Cantz M, Ullrich K, Braulke T (2005a) Missense mutations in
N-acetylglucosamine-1-phosphotransferase a/b subunit gene in a patient with mucolipidosis
III and a mild clinical phenotype. Am J Med Genet A 137A:235–240

13

A Novel Mannose 6-phosphate Specific Antibody Fragment

325

Tiede S, Storch S, L€
ubke T, Henrissat B, Bargal R, Raas-Rothschild A, Braulke T (2005b)
Mucolipidosis II is caused by mutations in GNPTA encoding the a/b GlcNAc1-phosphotransferase. Nat Med 11:1109–1112
Varki A, Kornfeld S (1983) The spectrum of anionic oligosaccharides released by endob-N-acetylglucosaminidase H from glycoproteins. Structural studies and interactions with
the phosphomannosyl receptor. J Biol Chem 258:2808–2818

