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FOREWORD

The following manuscript is included as chapter 2 of this thesis. It was submitted for

publication to Genomics on 4/10/96.

Genomic Organization and Chromosomal Mapping of the Murine

al,2.Mannosidase lB Gene Involved in N.Glycan Maturation.

Nathalie Campbell Dyke, Ariadni Athanassiadis, and Annette Herscovics

McGill Cancer Centre, McGill University, 3655 Drummond Street, Montréal, Québec,

Canada. H3G JY6

The isolation and characterization of the cosmid clones, Cos.31.1 and Cos.25.1,

were performed by Ariadni Athanassiadis. FISH was done by Dr. Barbara Beatty. PI

genomie library sereening was done by Genome Systems, Ine. Ali other experiments were

performed by the candidate.
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ABSTRACT

al,2-Mannosidases are a family ofenzymes with similar amino acid sequences that

are required for the formation of complex and hybrid asparagine-linked oligosaecharides in

mammalian eeUs. We have determined the genomic structure of one member of this

enzyme family, the murine al ,2-mannosidase mgene. Two BALB/c cosmid genomic

clones (Cos.3 1.1 and Cos.25.1) and three overlapping 1291sv PI genomie clones were

isolated. Analysis of Cos.3I.l and the Pl clones showed that the al ,2-mannosidase m
gene spans ~80kb of the genome, and consists of 13 exons representing the complete open

reading frame of the enzyme. Comparison of the intronlexon boundaries with those found

in the partially characterized D. melanogaster mas-l gene indieates that there is sorne

conservation of al ,2-mannosidase genomic structure between species. Fluorescence in

situ hybridization with al ,2-mannosidase IB genomic DNA (Cos.3l.1) localized the gene

to mouse chromosome 3F2. Sequence analysis of the Cos.25.l cosmid clone provided

evidence for the existence of another related gene or pseudogene. Auorescence in situ

hybridization with Cos.25.1 localized this sequence to mouse chromosome 4A13.
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RÉSUMÉ

Les al,2-mannosidases, une famille d'enzymes contenant des similarités de

séquence d'acides aminés, sont essentielles à la fonnation d'oligosaccbarides complexes et

hybrides liés à l'asparagine dans les cellules de mammifères. Nous avons determiné la

structure génomique d'un membre de cette famille, l'al,2-mannosidase m de la souris.

Deux clones cosmides génomiques de la souris BALB/c (Cos.3!.1 et Cos.25.1) et trois

clones Pl génomiques de la souris 1291sv ont été isolés. L'analyse du clone Cos.3!.! et

des clones Pl indique que le gène de l'al,2-mannosidase lB a plus que 80 kb de long et

comprend 13 exons représentant la séquence codante complète de l'enzyme. Une

comparaison des sites d'épissage du gène de l'al,2-mannosidase lB avec ceux du gène de

D. melanogaster mas-l indique que la structure de ces gènes a été conservée durant

l'évolution des espèces. L'analyse des chromosomes par hybridation fluorescente in situ

utilisant une sonde génomique de l'al,2-mannosidase lB (Cos.3!.l) iodique que ce gène

se trouve sur le chromosome 3F2 de la souris. L'analyse de la séquence du clone cosmide

Cos.25.1 suggère qu'il existe un autre gène ou pseudogène, semblable mais non identique

au gène de l'al,2-mannosidase lB. Lorsque le clone Cos.25.1 est utilisé comme sonde

pour l'hybridation fluorescente in situ, le signal se trouve sur le chromosome 4Al3.
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CHAPTER 1
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1.0. Introduction.

N-linked oligosaccharides are found on many extraeellu1ar and œll-surface proteins

of multicellular and unicellular organisms. The diverse array of N-linked oligosaccharides

observed in vivo arises from the modification of an oligosaccbaride precursor by enzymes

that remove mannose and glucose (specific a-mannosidases and a-glucosidases) and

enzymes that add sugars such as N-acetylglucosamine, galactose and fucose

(glycosyltransferases). The oligosaccharide structures formed are species and cclI-type

dependent and can vary greatly between different glycoproteins and protein glycoforms.

Studies with compounds that disrupt N-linked oligosaccharide maturation indicate that N

linked oligosaccharides are an intrinsic part of glycoprotein biological activity and play roles

in numerous physiofogical events. In this introduction, the biological importance of N

linked oligosaccharides, their structure, and their biosynthesis, with particular empbasis on

the a-mannosidases, will he discussed.

1.1. Biological importance of N-linked oligosaccbarides.

Inhibition and genetic disruption of the enzymes involved in the biosynthesis of N

linked oligosaccbarides suggests that many biological events of multicellular organisms

require the presence of N-linked oligosaccbarides. N-linked oligosaccharides bave been

shown to mediate events such as cell adhesion (bath cell-cell interactions and cell

extraeellular matrix interactions), ligand-receptor binding, protein folding, protein stability,

and the modulation of protein function (Rademacher et al., 1988; Varki, 1993). Sïnce

processes such as the immune response, embryonic and tissue development, and tumour

metastasis involve many of these N-linked oligosaccharide mediated events, it is clear that

N-linked oligosaccharides are required for normal biological function.

1.1.1. N-Iinked oligosaccharides in cell adhesion and receptor-Iigand

interactions.

Examples of protein-oligosaccharide mediated œil adhesion events and receptor

ligand interactions can he seen during many events of the immune response, such as naturaI

killer celllysis and leukocyte adhesion during inflammation. Natural killer (NI{) cells are a

population of lymphocytes that destroy certain tumour cells and virally infected cells

6
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without prior sensitization or involvement of major histocompatibility antigens. Target cells

for NK celllysis are identified by the NIC ceU tIuough a protein-oligosaccharide recognition

event (Ahrens~ 1993; Bezouska et al.~ 1994). NK ceU surface proteins, such as the C-type

lectin NKR-Pl, recognize and bind complex N-linked oligosaccharides expressed by target

eeUs. This recognition is dependent on the structure of the target eeU oligosaccbaride.

Altering the oligosaccharides by the use of inhibitors affects the sensitivity of the target œil,

and ean he used to target normally NK-resistant tumour cells for celllysis (Bezouska et al.~

1994).

Similar recognition events are aIso observed during the early stages of inflammation

(Smith. 1993). Inflammation begins with the recruitment of circulating leukocytes to the

site of injury by their rolling adhesion on the surface of activated endothelial cells. The

rolling adhesion phenomenon involves the direct interaction ofendothelial œil-surface

proteins called selectins ( P. L, and E) with specific oligosaccharide structures found on

cireuJating neutrophils. This adhesion is dependent on the type of oligosaccharide

structures expressed by the circulating leukocytes, and cao he significantly altered when the

structure of the oligosaceharides is modified by inhibition of N-linked oligosaccharide

maturation (Srîramarao et al.~ 1993).

1.1.2. N·linked oligosaccharides in development.

Although the exact roles N-linked oligosaccharides play in embryonic development

are not weU defmed. there is strong evidence that they are essential for this process. When

oligosaccharide maturation is prevented by the genetic disruption of an enzyme essentiai for

generating eomplex and hybrid oligosaccharides in vivo, normal embryonic development is

impaired (loffe and Stanley, 1994; Metzleretal., 1994). Disruption of the N

acetylglucosaminyltransferase 1gene, which encodes a key enzyme in N-glycan maturation

(see below), results in embryos that are not viable past 9.5 dpc. They are smallerthan

wild-type embryos, exhibit impaired vascularization, inverted left-right symmetry and bave

unclosed neural pores. The fallure to generate the diverse array of complex and hybrid

oligosaccharides observed in vivo is lethaI, suggesting an essentiai role for these structures

in post-implantation development.

Complex and hybrid oligosaccbaride structures are also invoived in angiogenesis,

an essential process during embryonic development, wound healing and tumour growth.

7
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ln vitro studies using castanospennine (pHi et aJ., 1995) and I-deoxymannojirimycin

(Nguyen et al., 1992), both inhibitors ofN-linked oligosaccharide processing, demonstrate

that in the absence of complex and bybrid structures, capillaxy tubes do not fonn.

1.1.3. N-linked oligosaccharides in metastasis.

Dramatic changes in the composition ofœll-surface N-linked oligosaccharides are

believed to contribute to events sucb as tumour celI migration. An increase in tumour

metastasis and tumour cell growth is correlated with the presence of highly siaIylated and

branched complex N-linked oligosaccbarides on œll-surface glycoproteins. When the

formation of these complex structures is prevented by the use of inhibitors of N-linked

oligosaccharide processing, the rate of tumour growth and the metastatic potentiaI of

tumour cells can he significantly reduced (Dennis, 1986; Pili et al., 1995). ln vitro studies

have aIso shown that the transformed phenotype of cells cao he reversed by treatment of the

cells with different N-oligosaccharide processing inhibitors (Nichois et al., 1985; DeSantis

et al., 1987). These observations have led to the initiation ofclinicaI trials with N-linked

oligosaccharide processing inhibitors sucb as swainsonine for use as potentiaI anti-canœr

drugs (Goss et al., 1994).

1.1.4. N·linked oligosaccbarides in protein folding and stability.

Monoglucosylated N-linked oligosaccharides play an important mie in the folding

of glycoproteins and their quality control. Inhibitor studies demonstrate that incompletely

folded and/or misfolded glycopmteins lacking these monoglucosylated structures are not

transported to the Golgi, but instead accumulate in the ER (Lodisb and Kong, 1984). This

accumulation of glycoproteins in the ER results from the failure of calnexin, a cbapero~e

which mediates glycoprotein folding, to reeognize the incompletely folded and/or misfolded

glycoproteins lacking the GlctMaD9GlcNAc2 and to mediate their correct folding (Ou et al.,

1993; Wace et al., 1995). The incompletely folded glycoproteins may then undergo rapid

degradation (Ora and Helenius, 1995).

The stability and degradation of sorne glycoproteins is aIso dependent upon the

composition of their oligosaccharide chains. Studies using inhibitors of glucose trimming

indicate that the fallure to remove the glucose residues results in rapid degradation of sorne

glycoproteins in the ER (Moore and Spiro, 1993). It has been shown that modifications

8
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made to the oligosaccharide structure al later stages of maturation cao also affect

glycoprotein stability. When the yeast prepro-a-factor is expressed in rodent ceUs, the

newly synthesized glycoprotein is rapidly degraded in the ER or another pre-Golgi

compartment. However9 by inhibiting mannose trimming, tbis protein is stabilized (Su et

al' 9 (993).

I.I.S. N·linked oligosaccharides in iDtracellular targeting.

The presence of N-linked oligosaccharides on glycoproteins can also he essential

for their correct intraceUuIar targeting. Examples of this oligosaccharide mediated targeting

are the targeting of the glucose transporter, GLUT19 to the plasma membrane and the

targeting of newly synthesized lysosomal glycoproteins to the lysosomes. The GLUT1

transporter is nonnally targeted to the plasma membrane, however when it is

deglycosylated9 it is mistargeted to intraeellular vesicles (Asano et al. 9 1993). The delivery

of newly synthesized soluble lysosomal glycoproteins to the lysosomes is mediated by

mannose 6-phosphate receptor recognition of mannose 6-phosphate residues on their

glycoproteins (Komfeld9 1990). The mannose 6-phosphate receptor-glycoprotein

complexes fonn in the Golgi and are sorted to the prelysosomal compartment where they

are dissociated, allowing the glycoproteins to he delivered to the lysosome. If the

glycoproteins do not bear mannose 6-pbosphate residues on their oligosaccharides, they

cannot he recognized by the mannose 6-phosphate receptors. In the absence of this

recognition, the lysosomal glycoproteins fail to reach the lysosome and are secreted into the

intracellular space.

1.1.6. Modulation of protein activity by N·linked oli.gosaccharides.

N-linked oligosaccharides a1so play important roles in modulating the activity of

certain proteins. Recently, N-linked oligosaccharides have been implicated in the

modulation of in vivo and in vitro thyroid hormone synthesis (Mallet et al., 1995). Thyroid

honnone synthesis occurs al specific sites of thYr0globulin upon iodotyrosine coupling.

Studies with the N-terminal domain of thyroglobulin, wbich contains the preferred site for

thyroxine synthesis, have shown that N-glycosylation is required for thyroxine formation.

The N-terminal domain of thyroglobulin contains two glycosylation sites wbich must he

fully or partially glycosylated for hormone synthesis to accur. In the absence of

9
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glycosylation of these specific sites, thyroxine synthesis does not occur. Furthermore, it

has been shown that certain oligosaccharide structures enhance bonnone synthesis more

than others. The N-Iinked oligosaccharides are thought to induce a conformational change

in the structure of the N-tenninal peptide affecting its ability to produce honnone.

N-linked oligosaccharide chains are also involved in the modulation of neural cell

adhesion molecule (N-CAM) homophilic binding (Krog and Bock, 1992). In the

embryonic fo~ N-CAM carries large extended polysialic acid oligosaccharide chains that

reduce its capacity for homophilic binding. During development, the length of these

polysialic acid chains is modified, aItering the homophilic adhesion of N-CAM. In the

adult state, N-CAM carries shorter chains, and as a result exhibits an increased capacity for

binding. The presence and regulation of polysialic acid on N-CAM has been associated

with neuroplasticity, modulating such processes as neuron pathfinding, axon regeneration,

and cell migration (Rutishauser and Landmesser, 1996).

1.2. The structure of mammalian N·linked oligosaccharides.

The N-ünked oligosaccharide side chains of mammalian glycoproteins are

characterized by rheir linkage via IJ-N-glycosidic bonds to the asparagine of Asn-X-Ser/Thr

sequons (X;tPro) found within membrane and secreted proteins (for review see Kornfeld

and Kornfeld, 1985). The rmal structures of these oligosaccharides are very diverse, and

can he classified as high mannose, complex or hybrid structures (Fig.1). Memhers of all

three categories of N-linked oligosaccharides contain a common pentasaccharide core,

Man3GlcNAc2, that is derived from an oligosaccharide precursor, usually

Glc3Man9GlcNAc2. In addition to this pentasaccharide core, the high mannose

oligosaccharides typically contain two to six mannose residues linked al,3, al,6, and/or

al,2. The complex oligosaccharides are more heterogeneous, containing N

acetylgiucosamine, fucose, galactose and sialic acid residues attached to the core structure.

They can he very large, exist as bi-, tri-, or tetra-antennary forms, and can aIso he

substituted with single sugars such as a fucose (linked al,6 to the Asn-linked N

acetylglucosamine) and N-acetylglucosamine (linked pl,4 to the ~linked mannose of the

pentasaccharide core). The hybrid oligosaccharides contain fealures of bath high mannose

and complex type oligosaccharides. Like the complex structures, hybrid oligosaccharides

10



Fig.l. Examples of the different types of N-Iinked oligosaccharides. A

variety of structures ranging in size from the smaller high mannose oligosaccharides to the

very large complex oligosaccharides such as the polylactosaminoglycans exist. The sugar

residues of the common pentasaccharide core found in all N-linked oligosaccharides are

shown in grey.
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High mannose:

a1,2
Man-Man~.6

r) ~Man a1,6
M a1"M ,...a1 3 ~
an- an ' Man~GlcNAc~GlcNAc-Asn

Man~Man~~an~t,3

Hybrid:

Man~.6

Man at 6

ManA1.3 ~. R14 R14
Man~ GlcNAc~ GleNAc -Asn

Gal~GlcNAC~Man~t.3Ip1,4
±GleNAc

Comprex:

a) Biantennary

a2.3.
or6 P1,4 lJt,2

SA-Gal-GICNAc-Man~1.6

a23 Man~GlcNAc~GlcNAe-Asn
SA~'Gal~GlcNAc~Man~1.3IlJ1.4 1a1,6

±GleNAc ±Fuc

b) Polyractosaminoglycan

(Gal~GlcNAC~)nGal~GlcNAC~Man a1,6
~ pt 4 p14

Man-:"GlcNAc~GleNAc-Asn
(Gal~GICNAC~)nGa~GICNAc~Man~1.3 1a1,6

±Fuc
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cao he bisected by a N-acetylglucosamine linked JJ 1,4 to the (J-mannose of the

pentasaccharide core.

1.3. Biosynthesis of N-linked oligosaccharides.

The modifications of the common precursor, G1c3MangGlcNAc2, to yield the

diverse array of high mannose, complex and hybrid structures observed in vivo are

catalyzed by a series of ER and Golgi resident enzymes. In higher eucaryotes, the

biosynthesis ofN-linked oligosaccharides cao he divided into four major stages; 1) the

synthesis of a dolichol-linked oligosaccharide precursor, 2) its subsequent transfer to

protein, 3) the action of ER and Golgi processing enzymes to yield the oligosaccharide

intermediate, MansGIcNAc2, and 4) the action of a-mannosidase II and the

glycosyltransferases in the Golgi to yield complex and hybrid structures.

The initial assembly of the oligosaccharide precursor begins by the formation of a

lipid-linked oligosaccharide on the cytoplasmic face of the ER, where two N

acetylglucosaDÙne and five mannose, derived from their respective nucleotide sugars

(UDP-GlcNAc and GDP-Man) are sequentially added to dolichol phosphate by specific

glycosyltransferases to yield MansGlcNAc2-PP-dolichol (Hubbard and Ivatt, 1981; Snider

and Robbins, 1982; Snider and Rogers, 1984). Once the ManSGlcNAc2-PP-dolichol

precursor is formed, it is transferred across the ER membrane so that the oligosaccharide

moiety faces the ER lumen. The mechanism by which this translocation occurs is

unknown. Studies, however, indicate that dolichol derivatives do not spontaneously

translocate across the lipid bilayer (McCloskey and Troy, 1980), and that their translocation

may he protein mediated (Rush and Waechter, 1995). In the ER lumen, an additional seven

sugars (four mannose, three glucose), derived from the lipid intennediates DoI·P·Man and

DoI-P-Glc, are added to the precursor to yield GIc3ManC)GlcNAc2-PP-dolichol. The

oligosaccharide moiety, Glc3Man9GlcNAc2, is then transfeaed en bloc to the asparagine of

the sequon Asn·X-Serffbr (where X~Pro) of a nascent polypeptide chain. This transfer of

the oligosaccharide moiety to protein is catalyzed by oligosaccharyltransferase, a large

heteroligomeric membrane protein cornplex of at least three subunits in vertebrates (four in

pig) and eight in yeast (for review see Silberstein and Gilmore, 1996), resulting in the

formation of an N·C bond hetween the amide N of the asparagine and the Cl of the N

acetylglucosamine at the reducing end.
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Once transfer of the oligosaccharide to the nascent peptide has occurred, the

Glc3Man9GlcNAcz structure is subjected to processing by a series of ER and Golgi

glycosidases and glycosyltransferases (Fig.2). The fICSt modification made to the

Glc3Man9GlcNAcz is the removal of the al,2 glucose to yield GlczMan9GlcNAcz. This

reaction is catalyzed by an ER resident enzyme, glucosidase 1, which has been isolated and

characterized in a number of species (Kilker et al., 1981; Hettkamp et al., 1984; Bause et

al., 1986; Schweden et al., 1986; Shailubhai et al., 1987; Bause et al., 1989), and recently

cloned from human hippocampus (Kalz-Füller et al., 1995). Following glucosidase 1

trimming, glucosidase II catalyzes the removal of the two al,3linked glucose residues to

yield Man9GlcNAc2 (Grinna and Robbins, 1979; Grinna and Robbins, 1980; Burns and

Touster, 1982; Saunier et al., 1982; Brada et al., 1990). Although most of the glucose

removai occues by glucosidases, sorne deglucosylation also occurs by an altemate pathway

involving a unique endo-a-mannosidase that cao cleave the oligosaccharide chain intemally,

removing Glcl-3Man from Glcl-3Man9-4GlcNAc2 to yield Mans-3GIcNAcZ (Lubas and

Spiro, 1987; Lubas and Spiro, 1988; Moore and Spiro, 1990; Fujimoto and Komfeld,

1991). Evidence for the existence ofthis pathway is supported by the observations that,

when castanospermine or I-deoxynojirimycin (inhibitors of glucosidase 1) are added to

normal cells, or when oligosaccharide biosynthesis is examined in glucosidase ndeficient

celllines, sorne complex oligosaccharides are still formed. Addition of the endo-a

mannosidase specific inhibitor Glea1,3( I-deoxy)mannojirimycin to either castanospermine

inhibited ceUs or glucosidase deficient ceUs, abolishes the formation of complex

oligosaccharides, and results in the accumulation of glucosylated polymannose structures

(Hiraizumi et al., 1993).

The Man9GlcNAc2 can then be processed by number of different ER and Golgi (X

mannosidases specifie for the removai of up to four al,2-linked mannose residues to yield

Mang_sGlcNAcz. ln vivo studies suggest that al,2-mannosidase trimming is initiated in

the ER of mammalian ceUs. Studies with the inhibitor l-deoxymaonojirimycin indicate that

there are I-deoxymannojirimycin sensitive ER al,2-mannosidase activities that yield

MaD6-sGlcNAc2 in rat liver (Bischoff and Komfeld, 1983) and Man6GlcNAcz in pig liver

(Schweden and Bause, 1989). In BHK cells, a specific isomer of MangGlcNAc2 (isomer

B), identical to the intermediate in yeast oligosaccharide processing, is formed by a 1

deoxymannojirimycin sensitive ER a-mannosidase (Rizzolo and Komfeld, 1988).

14



Fig.l. Mammalian N-linked oligosaccharide processing patbway. The

enzymes involved in processing the oligosaccharide precursor, GIc3MangGIcNAc2, to

yield complex structures are shown in white boxes. Inhibitors of the pathway are shown in

black boxes. The abbreviations used are as follows: OST, oligosaccharyltransferase;

Glc I, a-glucosidase 1; Olc n, a-glucosidase U; ER al,2-Man 1; ER al,2-mannosidase 1;

ER al,2-Man n, ER al,2-mannosidase II; al,2-Man lA, Golgi al,2-mannosidase lA;

al,2-Man lB, Golgi al,2-mannosidase lB; Eudo a-Man, eodo a-mannosidase;

GnTI, N-acetylgiucosaminyltransferse 1; Gnru, N-acetylglucosaminyltransferase II;

DNJ, I-deoxynojirimycin; CAS, castanospermine; KIF, kifunensine;

ManONJ, I-deoxymannojirimycin; SW, swainsonine.
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The same MansGlcNAc2 isomer is a1so formed by a I-deoxymannojirimycin resistant

al,2-mannosidase activity in rat liver (Bischoff et al., 1986). Recently, two other 1

deoxymannojirimycin sensitive ER mannosidase activities, ER mannosidase 1 and ER

mannosidase II, have been described (Weng and Spiro, 1993; Weng and Spiro, 1996). ER

mannosidase 1is kifunensine sensitive, is inactive with p-nitrophenyl a-D-mannoside, and

removes the al,2-mannose on the middle branch yielding MansGlcNAc2 (isomer 8). This

enzyme and the ER a-mannosidase activity described Rizzolo et al. (Rizzolo and Komfeld,

1988) May he the same enzymes, but this has not yet been confmned. In contrast, ER

mannosidase II is kifunensine resistant, is active with p-nitrophenyl a-D-mannosidase, and

removes the al,2-mannose on the outer a 1,6 branch yielding MangGlcNAc2 (isomer C).

A number of Golgi al ,2-mannosidase activities involved in the removal of al ,2-mannose

to yield MaD6-sGlcNAc2 have also been identified (Tabas and Komfeld, 1979; Tulsiani et

al., 1982; Schweden etai., 1986; Forsee etaI., 1989; Bause eta/., 1993; Herscovics et al.,

1994; LaI et al., 1994; Iooue et al., 1995; Kerscher et al., 1995; Ren et al., 1995; Yoshida

and Ichishima., 1995; Hamagashira et aL., 1996). Biochemical evidence and cIoning srudies

reveal that there are at least two Golgi al,2-mannosidase activities in rat and mouse, that

are involved in trimming to MansGlcNAc2 (Tulsiani et aI., 1982; Herscovics et al., 1994;

LaI et al., 1994).

The MansGIeNAc2 produced by the al,2-mannosidases is then modified by N

acetylglucosaminyltransferase 1, an enzyme that transfers an N-acetylglueosamine residue

to the al,3 mannose of the pentasaccbaride core (Kornfeld and Kornfeld, 1985; Kumar et

al., 1992). This transfer marks the beginning of the branching process that will eventually

yield hybrid and complex oligosaccharide structures. The addition of N-acetylg1ucosamine

by N-acetylglueosaminyltransferase 1 is followed by the action of Cl-mannosidase II, whieh

removes the al,3 and al,6 mannose to yield the structure GlcNAcMan3GlcNAc2

(Moremen, 1989; Moremen and Robbins, 1991; Misago et al., 1995). This structure is

then modified by a series of specifie glycosyltransferases that add monosaccharides such as

galactose, fucose, and sialic acid derived from their respective nucleotide sugars (Komfeld

and Komfeld, 1985; Paulson and Colley, 1989)
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1.4. Genes of the glycosylatioD pathway.

Little is known about the reguJation of the enzymes involved in N-linked

oligosaccharide maturation, however the diverse anay of N-linked oligosaccharides that are

produced at different stages of development, differentiation and oncogenic transformation,

suggest that these enzymes, the glycosidases and glycosyltransferases, are tightly

regulated. As a tirst step in understanding this regulation, the genes for a number of these

enzymes have been clooed and characterized.

The geoomic organization of the glycosyltransferases has been the focus of mucb

work in this field since many of their cDNAs have been cIoned (Joziasse, 1992). The type

of genomic organization observed for these enzymes cao he divided into two categories,

those which are encoded for by a single exon, and those that are multiexonic. A number of

these enzymes, such N-acetylglucosaminyltraosferase 1 (Kumar et al., 1992), N

acetylglucosaminyltransferase il (Tan et al., 1995), and human a1,3-fucosyltransferase

(Lowe et al., 1991; Weston et al., (992) have their coding regions contained within a single

exon. In contrast, others, such as 1i1,4-galactosyltransferase (6 exons) (HoUis et al., 1989;

Mengle-Gaw et al., 1991), N-acetylglucosaminyltransferase V(16 exons) (Saito et al.,

1995), a2,6 sialyltransferase (6 exons) (Svensson et al., 1990; Wang et al., 1990; Wen et

al., 1992), and al,3-galactosyltransferase (9 exons) (loziasse et al., 1992) are large

multiexonic genes spanning~5 kb (al ,3-galactosyltransferase) to -140 kb (N

acetylglucosaminyltransferase V). Although the Golgi glycosyltransferases sbare a similar

domain structure at the protein level, this structural similarity does oot appear to he reflected

in their genomic organization (loziasse, 1992). Northem blot analysis of these enzymes

reveals that tbey exhibit developmental and tissue-specifc patterns of expression (for review

see Kleene and Berger, 199~).

Knowledge of the genomic structure for the glycosyltransferases has pemûtted

investigators to gain insight into their regulation, and to determine that this regulation

involves a nuniber of different mechanisms. Studies on genes such as the IU,4

galactosyltransferase and the a2,6-sialyltransferase genes show that altemate promoter

usage, alternative splicing, and differential usage of translational and transcriptional start

sites may ail play a role (for review see Dinter and Berger, 1995). For example, the

multiple transcripts observed for pl ,4-galactosyltransferase arise from the use of different

transcriptional start sites and a1temate promoters (Hollis et al., 1989; Harduin-Lepers et al.,
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1992; Harduin-Lepers et al., 1993), while those transcripts observed for a2,6

sialyltransferase arise from the use of altemate promoters and alternative splicing (Wen et

al., 1992). Different enzymes have different mechanisms of regulation, however there is

evidence that the homologous enzymes in different species May he similarly regulated.

The information gathered on genomic structure for different enzymes bas also been

extremely useful in the genetic studies aimed at evaluating the role of the enzymes in vivo.

Transgenic experiments in which the N-acetylglucosaminyltransferase 1gene is disrupted

demonstrate that this enzyme and the formation of complex and hybrid oligosaccharides is

essential for embryonic development (loffe and Stanley, 1994; Metzler et al., 1994).

There is no infonnation on the genomic organization of genes encoding the (l

glucosidases and the al,2-mannosidases, enzymes that act at the early stages ofN-linked

oligosaccharide processing.

1.5. Genetic diseases of glycosylation.

The existence of human genetic N-glycosylation diseases provides in vivo evidence

that interfering with the processing and modification of N-linked oligosaccharides cao have

severe biological consequences. These genetic diseases have been shown to he caused by a

number of different mechanisms, including defects in N-linked oligosaccharide processing

enzymes, deficiencies in the metabolism of the nucleotide sugars, and the lack of

oligosaccharide phosphorylation.

Congenital dyserythropoietic anaemia type fi (HEMPAS) is an autosomal recessive

disease that is characterized by erythroid hyperplasia in the bone marrow, with mature

erythroblasts being bi- or multinucleated (Fukuda, 1990). The erythrocyte band 3 and 4.5

glycoproteins are underglycosy]ated~with their characteristic polylactosaminoglycan chains

being replaced by shorter hybrid and high mannose structures. These shorter structures

arise, in one case because of a lack of a-mannosidase II activity, and in others because of

lowered levels of N-acetylglucosaminyltransferase II activity, both ofwhich black

oligosaccharide maturation. There are aIso HEMPAS patients for which the defect is

unknown~ suggesting that this disease May result from any of a heterogeneous collection of

glycosylation deficiencies. As a result of these deficiencies, HEMPAS patients suffer from

a variety of symptoms such as life long anaemia, splenomegaly, jaundice, hepatomegaly,

cirrhosis of the liver, diabetes and gallstones.
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The carbohydrate deficient glycoprotein (COO) syndromes are another group of

genetic diseases characterized by the aberrant N-glycosylation of secretory glycoproteins,

lysosomal enzymes, and membrane bound glycoproteins (Charuk et al., 1995). These

syndromes are multisystemic congenital disorders that result in severe neurological

symptoms and/or psychomotor retardation. CDG syndrome type l is characterized by a

decreased number of oligosaccharide chains present on glycoproteins. The deficiency

involved has been identified as a defect in phosphomannomutase, which catalyzes the

conversion of mannose 6-phosphate to mannose I-phosphate (Van Schaftingen and Jaeken,

(995). A defect in this enzyme results in the failure to generate mannose I-phosphate, and

hence the GDP-mannose needed in the assembly of the dolichol-linked oligosaccharide

precursor. A deficiency of this enzyme in yeast is lethal (Kepes and Schekman, 1988).

CDG syndrome type II, in contrast to COQ syndrome type l, is characterized by the

absence of complex glycoforms of serum transferrin and other glycoproteins, rather than a

decreased number of oligosaccharide chains (Charuk et al., 1995). The absence of

complex glycoforms has been attributed to a deficiency in N-acetylglucosaminyltransferase

nactivity. Although, CDG syndrome type II involves a deficiency in the same step of the

pathway as in sorne HEMPAS patients, the pathology of these diseases is quite different.

A defect in fucose metabolism, specifically deficient biosynthesis of GDP-fucose,

resulting in an absence of fucosylated glycoproteins has been shown to cause a congenital

neutrophil disorder called leukocyte adhesion deficiency syndrome type II (Etzioni et aI.,

1995). This disorder is characterized by the failure of neutrophils to express the

fucosylated sialyl Lewis X oligosaccharide, which is essential for selectin binding (Phillips

et aI., 1995). In the absence of sialyl Lewis X, the selectin mediated recruitment and

adhesion of neutrophils is interrupted~ interfering with events of the host defense

mechanism. Patients lacking fucosylated glycoproteins are short in stature and suffer from

mental retardaùon and recurrent bacterial infections.

The failure of lysosomal glycoproteins to he targeted to the lysosome is also the

result of a genetic defect that alters the final structure of N-linked oligosaccharides.

Targeting of newly synthesized lysosomal enzymes such as a-mannosidase, a-fucosidase,

and p-galactosidase to the lysosomes is mediated by recognition of a phosphorylated

mannose, mannose 6-phosphate, by mannose 6-phosphate receptors in the Golgi

(Komfeld, (990). In I-cell disease, the mannose residues of the N-linked oligosaccharides
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are oot phosphorylated due to a deficieocy in N-acetylglucosamine I-phosphotransferase

(Reitmann et al., 1981). As a result, mannose 6-phosphate is not generated and the

lysosomaJ glycoproteins cannot he recognized by the mannose 6-phosphate receptor. This

results in a multiple lysosomal enzyme insufficiency due to a disruption of mannose 6

phosphate mediated lysosomal targeting.

1.6. The a-mannosidases.

The regulation of a-mannosidase trimming is poorly understood and appears to he

more complicated than previously thought. Multiple ER and Golgi a-mannosidases with

similar specificities have been purified and cloned from different species, showing that

severa! a-mannosidases are involved in the trimming process. These a-mannosidases have

been separated and characterized by a large number of techniques, including ion-exchange

and affinity chromatography, subcellular fractionation, their affinity for synthetic substrates

and inhibitors, and their ability to be stimulated or inhibited by cations. These biochemical

studies reveal the existence of distinct types of a-mannosidases. There are a-mannosidases

that remove four Cl 1,2-linked mannose residues al early stages of the biosynthetic pathway,

a-mannosidases that act at intermediate stages of the pathway to remove al,3- and al,6

linked mannose, and aIso a-mannosidases involved in the degradation of Cree

oligosaccharides during glycoprotein turnover. Recent clooing studies of the a

mannosidases isolated from various tissues and species indicate that these enzymes cao he

grouped ioto two classes, Class 1and Class II, based on amine acid sequence similarity

[Moremen, 1994 #34]. Between the two classes, the enzymes cao he distinguished not

ooly by their unrelated sequences, but a1so by their differentiaJ sensitivity to inhibitors and

by their differences in ability to hydrolyze aryl-a-mannosides. The Class 1 a-mannosidases

hydrolyze onJy al ,2-mannosidic linkages. They range in size from 49-73 kDa, and cao

exist as both soluble or membrane bound enzymes. They are inhibited by 1

deoxymannojirimycin, but not by swainsonine, and cannot hydrolyze the synthetic

substrate p-nitrophenyl a-D-mannoside. The Class fi a-mannosidases are more

heterogeneous in their specificity, hydroJyzing al,2, al,3, aod al,6 mannosidic linkages.

They are inhibited by swainsonine, but not by I-deoxymannojirimycin, and hydrolyze p

nitrophenyl a-D-mannoside. The enzymes ofthis c1ass include the ERicytosolic,
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lysosomal9 and vacuolar a-mannosidases, as well as the processing Golgi a-mannosidase

II.

1.6.1. The Class 1 a-mannosidases.

The Class 1a-mannosidases act at early stages of N-linked oligosaccharide

processing9 providing the substrate for the synthesis of complex and hybrid

oligosaccharides. Althougb Many of these enzymes have been purified, characterized9 or

c1oned9 little is known about their regulation and respective physiological roles. In the

following sections, the properties of the Class 1a-mannosidases, both those classified as

Class ron the basis of sequence similarity, and those whose enzymatic properties suggest

that they are Class 1a-mannosidases9 will he discussed.

1.6.1.a. Yeast ER al,2-maonosidase.

The Saccharomyces cerevisiae specific al,2-mannosidase activity was frrst

described following pulse-Iabeling experiments with [2-3H]mannose in yeast. This activity

was capable ofcatalyzing the removal of a single al,2-mannose to yield MangGlcNAc2

(isomer B) as a transient intermediate in N-linked oligosaccharide processing (Byrd et al.,

1982). Partial purification and cbaracterization of tbis enzyme showed tbat it produced the

specifie MangGlcNAe (isomer B). This al,2-mannosidase was found to he inactive with

the synthetie substrate p-nitrophenyl a-D-mannopyranoside and I-deoxymannojirimycin

sensitive (lelinek-Kelly et al., 1985). Purification of the yeast al ,2-mannosidase to

homogeneity confmned these results and aIso showed that the enzyme was dependent on

calcium for aetivity (Jelinek-Kelly and Herscovies, 1988; Ziegler and Trimble9 1991).

Localization of the yeast al,2-mannosidase tQ the ER was suggested by the observation

that glycoproteins carrying MangGIeNAc2 oligosaccharides accumulated in the ER in the

sec 18 mutant9 a yeast strain deficient in ER to Golgi transport (Esmon et al., 1984). This

localization bas recently been established by immunofluorescence and immunoelectron

microscopy of yeast ceUs (Burke et al., 1996).

The yeast al,2-mannosidase was the frrst member of the Class 1a-mannosidase to

he cloned (Camirand et al., 1991). The intronless al ,2-mannosidase gene (MNS1)

encodes a 63 kOa type II membrane proteine It contains a non-eleavable hydrophobie

signal sequence, a putative EF hand-like calcium-binding consensus sequence, three
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potential N-glycosylation sites, and no known ER retention motifs. Disruption of the

MN51 gene in yeast has no apparent effect on ceU growth (Camirand et al., 1991), and

MNSI activity is not essential for outer chain elongation (Puccia et al., 1993). Using

Saccharomyces cerevisiae and Pichia pastoris expression systems, Lipari and Herscovics

(Lipari and Herscovics, 1994; Lipari and Herscovics, 1996) have been able to produce

milligram quantities of an active secreted soluble fonn of the yeast al ,2-mannosidase

without the transmembrane domain, allowing structure function studies to he performed.

NMR experiments using this soluble fonn determined that this enzyme catalyzes removal of

the al ,2-mannose bya mechanism of inversion (Lipari et al., 1995). A recent study

demonstrates that the formation of a disulfide bond between two conserved cysteine

residues found in all Class 1a-mannosidases is essential for enzyme activity (Lipari and

Herscovics, 1996).

1.6.1.b. Fungal al,2-mannosidases.

Two isozymes of a soluble aI,2-mannose specifie mannosidase have been purified

and characterized from the fungus, Penicillium citrinum (Yoshida et al., 1993). Analysis of

these isozymes, 1,2-a-D-mannosidase la and lb, showed that they have identical molecular

weights (53 kDa), and identical amino acid sequences al their C and N tenninals. They are

both inactive with p-nitrophenyl a-D-mannoside. Although they have sequence simiJarity

to other Class 1a-mannosidases isolate<L they do not require calcium for activation and are

not inhibited by EDTA. I-deoxymannojirimycin inhibits these enzymes at higb

concentration, and bas been shown to mask a catalytically important aspartic acid residue

(Yoshida et al., 1994). Despite their similarity, these isozymes differ in their pl by 0.1 and

behave differently under alkaline or acidic conditions. The reason for these differences is

still unknown, but may he due to posttranslational modifications. The Penicillium citrinum

1,2-a-D-mannosidase gene (MsdC) spans four exons of genomic DNA (Yoshida and

Ichishima, 1995). Sequence analysis reveals that the soluble 53 kDa enzyme is originaUy

produced as a 56 kDa protein and that its hydrophobie signal sequence is proteolytically

removed during growtb in culture. Although the sequence appears to contain the putative

EF hand calcium-binding domain found in the yeast al,2-mannosidase, it includes an extra

amino acid. Yoshida and Ichishima (Yoshida and Ichishima, 1995) suggest that this

insertion may disrupt the fonnation of one of the a-helices of the helix-loop-helix EF hand
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by introducing a confonnational change, and changes the ability of this motif to bind

calcium. This however is speculation, as no direct evidence has yet been obtained

confuming that the EF hand motif is actually the site of calcium binding in this class of

enzymes.

A 51 kDa soluble al,2-mannosidase has aIso been purified and characterized from

Aspergillus saitoi (Yamashita et al., 1980; Ichishima et al., 1981). Like the Penicillium

citrinum enzyme, Aspergillus saitoi 1,2-a-D-mannosidase does not require calcium for

activity, does not hydrolyze p-nitrophenyl a-D-mannoside, and is inhibited by 1

deoxymannojirimycin. Cloning of tbis 1,2-a-D-mannosidase (MsdS) indicates that this

protein is originally formed with a hydrophobie signal sequence, and that the signal

sequence is cleaved, releasing a soluble protein (Inoue et al., 1995). The Aspergillus saitoi

and Penicillium citrinum 1,2-a-D-mannosidase share 70% identity in amino acid sequence,

including the extra amino acid in the EF ha.l'ld-like putative calcium-binding domain.

1.6.1.c. Rat Golgi a-mannosidase 1.

The first mammalian Class l a-mannosidase activity to he described was Golgi a

mannosidase 1 isolated from rat liver Golgi membrane extracts (Tabas and Komfeld, 1979).

a-Mannosidase 1catalyzes the removal of four al ,2-mannose residues from Man~lcNAc2

to yield MansGlcNAc2. This activity was distinguished from other Golgi mannosidases by

its inability to hydrolyze p-nitrophenyl a-D-mannoside and its inhibition by EDTA. Further

studies using ion exchange chromatography and gel fùtration resolved the a-mannosidase 1

activity into two distinct components, a-mannosidase lA and a-mannosidase m (Tulsiani et

al., 1982). Golgi a-mannosidase IA is unable ta bind a cellulose phosphate column at pH

7.2, whereas Golgi a-mannosidase mis retained on the column and is eluted at low salt

concentrations. a-Mannosidase lA exists as a tetramer of 230 kDa with 57 kDa subunits.

This enzyme is glycosylated as deternùned by its ability to bind to Con A and is inactive

with p-nitrophenyl a-D-mannoside. a-Mannosidase m differs from a-mannosidase lA in

its ability to hydrolyze trace amounts ofp-nitrophenyl a-D-mannoside, however this

activity could he due to contamination with Golgi Class II a-mannosidases. Both a

mannosidase lA and a-mannosidase lB trim to MansGlcNAc2, are l-deoxymannojirimycin

sensitive, and are inhibited by EDTA (Tulsiani et al., 1982; Tulsiani and Touster, 1988).

Whether or not these enzymes require calcium for activity has never been studied. Studies
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with antibodies generated against a-mannosidase lA suggest that these two enzymes share

antigenic determinants (Tulsiani and Touster, 1988).

1.6.1.d. Calf and pig Man,-mannosidases.

Calf liver crude microsomes were aIso found to contain al,2-mannosidase activity

(Schweden et al., 1986). The calf Mang-mannosidase catalyzes the selective removai of

three al,2-linked mannose to yield a specific Man6GlcNAc2 isomer. Its inability to bind

Con A indicates that it does not carry complex or high mannose oligosaccharides. A similar

activity was aIso identified in crude pig liver microsomes (Schweden and Bause, 1989).

Purification of the pig Man9-mannosidase yields a 49 kDa soluble protein that is not N

glycosylated. A 65 kDa membrane bound form of the enzyme can also be detected by

Western blot analysis, indicating that the hydrophobic N-terminal of the protein is

proteolytically removed to release a soluble fonn. Like the calf Mang-mannosidase, the pig

enzyme removes only three al,2-mannose from MangGlcNAc2. It has been localized to

the ER by immunogold labeling ofpig hepatocytes (Roth et al., 1990). Even though they

only remove three mannose, the pig and calf liver Mang-mannosidases behave similarly to

other Class 1a-mannosidases. They are I-deoxymannojirimycin sensitive, calcium

dependent, and do not hydrolyze p-nitrophenyl a-D-mannoside.

Studies with the pig Mang-mannosidase suggest that the apparently unique substrate

specificity observed by the pig and calf enzymes may he determined by the substrate (Bause

et al., 1992). When MangGlcNAc2 is used as substrate, the pig enzyme cleaves only to

Man6GlcNAc2, however, if the terminal N-acetylglucosamine is reduced or removed, the

enzyme to trims to MansGlcNAc. This suggests that the substrate used may impose

structural constraints on the enzyme and determine its highly selective specificity. If this is

the case, the differences observed in trimming among the al,2-mannosidases (specifically

trimming to Man6GIcNAc2 or MansGlcNAc) may he due to the use of different substrates,

rather than a reflection of different specificities in vivo.

1.6.1.e. Rabbit a 1,2-mannosidase.

Rabbit liver microsomes contain an a-mannosidase activity capable of removing

four al,2-linked mannose to yield MansGlcNAc2 (Forsee and Schutzbach, 1981). This

rabbit liver al,2-mannosidase activity is calcium-dependent and does not hydrolyze p-
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nitrophenyl a-D-mannoside. Optimal activity for this enzyme is obtained only when it is

surrounded by a specific phospholipid environment (Forsee et al., 1982). Purification of

the rabbit liver al.2-mannosidase to homogeneity confinned these enzymatic properties

(Forsee et al.• 1989). Inhibitor studies indicate that like other Qass 1 a-mannosidases, the

rabbit enzyme is sensitive to I-deoxymannojirimycin. Binding of the enzyme to Con A

Sepharose indicates that it is N-glycosylated. The purified protein bas a molecular weight

of 52 kOa by SDS-PAGE. On the basis of N-terminal and CnBc peptide sequences,

oligonucleotide primers were designed to generate a probe for screening a rabbit Uvee

cDNA library (Lai et al.• 1994). Analysis of the rabbit liveral,2-mannosidase cDNAs

isolated indicated that the full length protein undergoes proteolysis during purification to

yield the 52 kDa purified form. The active 52 kDa fonn lacks -26% of the protein

including its transmembrane domain, suggesting that the N-terminal region is not essential

for enzyme activity. Northem blot analysis reveals three fulllength al,2-mannosidase

transcripts of 2.5. 2.6 and 4.7 kb. which differ in their 3' ends as a result of altemate use

of polyadenylation signais.

1.6.1.f. Ruman al,2-mannosidases.

A human Man9-mannosidase cDNA was isolated from a human kidney cDNA

library using cDNA probes derived from peptide sequences of the pig Man9-mannosidase

(Bause et al., 1993). The cDNA of the human Man9-mannosidase encodes a 625 amino

acid type II membrane glycoprotein. When transiently expressed in COS-l cells, the 73

kDa human kidney Man~mannosidasecan he detected with the pig Man9-mannosidase

antibodies, and is found to localize to the Golgi apparatus (Bieberich and Bause, 1995).

Because of the cross-reactivity between the human and pig enzymes, the fact that their

localization differed was unexpected. The reason for this difference is unclear, however it

is most likely due to differences in N-terminal sequence which is not yet known for the pig

enzyme. Characterization of human kidney Mang-mannosidase reveals that this enzyme is

I-deoxymannojirimycin sensitive and requires calcium for activity. Although it is specific

for al ,2-linked mannose residues, it is unclear whether it removes three or four mannose

residues.

RecentlYt a second putative human al,2-mannosidase cDNA bas been isolated from

human placenta (Tremblay et al., (996). This human placenta alt2-mannosidasecDN~
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termed human al,2-mannosidase m, encodes a 73 kDa proteine Like other members of the

Class 1a-mannosidases, it contains the twelve amino acid EF band like calcium-binding

domaine The activity of human al,2-mannosidase lB bas Dot yet been studied. Sequence

analysis reveals that this cDNA sbares -65% amino acid identity with the human kidney

l\rfan9-mannosidase and -94% amino acid identity with murine al,2-mannosidase lB

described below.

1.6.1.g. Mouse al,2-mannosidases.

Two murine Golgi a1,2-mannosidases, a1,2-mannosidase lA and al,2

mannosidase m, have been shown to existe The al,2-mannosidase lA cDNA was isolated

from a murine 3T3 cell cDNA library using the rabbit liver al ,2-mannosidase specifie

probe described above (LaI et al., 1994), while the al,2-mannosidase lB cDNA was

isolated from a mouse liver cDNA library using a murine al,2-mannosidase m specifie

probe. The murine al ,2-mannosidase lB specifie probe was generated by PCR

amplification ofcDNA using degenerate oligonucleotide primees derived from sequences of

highly conserved regions in yeast and rabbit (Herscovics et aL, 1994). Both al ,2

mannosidase lA and al,2-mannosidase lB are calcium-dependent 73 kDa type fi membrane

proteins sharing 65% amino acid identity. They are in~tive with p-nitrophenyl a-D

mannoside and are inhibited by I-deoxymannojirimycin (Herscovics et al., 1994; LaI et al,

1994). Both enzymes catalyze the removal of four al ,2-mannose from MangGlcNAc to

yield ManSGIcNAc (Schneikert and Herscovics, 1994; LaI et al., 1996). Murine al,2

mannosidase lA shares 90% amino acid identity with the human kidney Man9

mannosidase, and is immunologicaUy related to rat liver Golgi a-mannosidase lA (LaI et

al., 1994). Southem blot analysis of mouse genomic DNA using al ,2-mannosidase lA

and al,2-mannosidase lB specifie probes c1early indicates that they arise from two distinct

genes (Herscovics et al., 1994). This is supported by Northem blot analysis which

demonstrates that they exhibit different patterns of tissue-specific expression in adult mouse

tissues and during embryonie development (Herscovics et aL, 1994; Herscovies,

unpublished data). When al ,2-mannosidase lA is used as a probe in Northem blot

analysis, two transcripts of 2.7 kb and 4.8 kb arising from the differential use of

polyadenylation signaIs are detected (LaI et al., 1994). In contrast, multiple transeripts
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ranging in size from 4.2 to 8.7 kb are seen when an al,2-mannosidase lB specifie probe is

used (Herscovies et al., 1994).

1.6.1.b. ReD al ,2-maDDosidase.

Recently, an al,2-mannosidase with the same substrate specificity as the calf and

pig Man9-mannosidase bas been purified from hen oviduet (Hamagashira et al., 1996).

Characterization of the hen oviduct al,2-mannosidase indieates that the molecular weight of

this protein is 42 kDa by SOS-PAGE, or 50 kDa by gel fl1tration. The hen al ,2

mannosidase activity can he inhibited by EDTA and then restored by calcium. Like all

Class 1 a-mannosidases characterlzed to date, il is inhibited by I-deoxymannojirimycin and

does oot hydrolyze p-nitrophenyl a-D-mannoside. Cloning of the gene for this enzyme is

required before it can he tnlly classified as a member of the Class 1a-mannosidases.

1.6.1.i. Insect al,2-mannosidases.

A Class 1 cd ,2-mannosidase gene, mas~l, was recently i50lated from Drosophila

melanogaster (Kerscher et al., 1995). The D. melanogaster mas-l gene yields two proteins

that differ at their 5' ends through the use of altemate promoters and the aItemate usage of

exons 1a and 1b. Transcripts containing the 1a exon represent a rare late embryonie and

aduJt head specifie class of transeripts. In eontrast, transcripts eontaining exon 1b are

ubiquitously expressed througbout development. Both mas-la and mas-lb eocode type n
transmembrane proteins of 72.5 kDa and 75 kDa, respectively. The substrate specificity

and cation dependency of these enzymes is not yet known. However like the calcium

dependent al,2-mannosidases, mas-l eontains the putative EF-hand calcium-binding

domain. The mas-l gene is expressed in the preblastoderm stage as an abundant maternaI

message uniformly distributed in the egg cytoplasm. During formation of the cellular

blastoderm, this signal becomes restricted to the basal part of the fonning blastoderm ceUs

and the egg eytoplasm and tben eventually disappears. In the developing D. melanogaster,

mas-l is expressed strongly in the central nervous system, the traeheal system, and to a

lesser extent in the peripheral muscles and in a segmentally repeated pattern in the ventral

nerve cord. The null mutation of mas-l produces a number of developmental defects. One

sees intersegmental nerve pathfinding errors in the embryonic peripheral nervous system,

and abnormal clusters of sensory organs. In the adul~ the wing and longitudinal veins are
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often incomplete and end in deltas. Mutant eyes are aIso observed, displaying patches with

imperfectIy aligned ommatidia and extra bristles. These observations indicate that the al,2

mannosidases may play important roles in guidance mechanisms of the nervous system.

Evidence has also been gathered that lepidopterin insect ceUs (Spodoptera

frugiperdo.) (IPLB-SF-2IAE) contain a Class 1a-mannosidase activity that is enhanced

upon baculovirus infection (Ren et al., 1995). The enzymatic properties ofthis 63 kDa

Golgi membrane bound al ,l-mannosidase are similar to other Class 1 a-mannosidases. It

is inhibited by I-deoxymannojirimycin and by EDTA, and is inactive on p-nitrophenyI a-D

mannoside. It differs from the other Class 1 enzymes in its unique specificity. This

enzyme cleaves the al ,l-mannose linkage from the specific MaD6 isomer Man

(a1,2)Mana1,3[Mana1,3-[Mana1,6]Mana1,6Man~1,4GlcNAC2 with high affmity, and

bas weaker affmity for Man9-7GlcNAc2.

Recently, a second insect cell al,l-mannosidase that sbares -46% identity with

human kidney Man9-mannosidase and -57% identity with D. melanogaster mannosidase-I

has been isolated from lepidopterin Sf9 cells (Kwar et al., (996). This al,2-mannosidase

is a 670 amino acid type fi membrane protein that is capable oftrimming Man9GlcNAc.

1.6.1.j. Comparison of the Class 1 a-maoDosidases.

The al,2-mannosidases described above, aIthough differing in substrate specificity,

cation dependency and subcellular localizationt are strikingly similar between species. AIl

of the Class 1 a-mannosidases described to date are sensitive to I-deoxymannojirimycin

and inactive against the substrate p-nitrophenyl a-D-mannoside. Sequence comparisons of

the cloned al,2-mannosidases (S. cerevisiaet rabbit, mouset humant D. melanogaster, P.

citrinum., and A. saUoi) indicate that these enzymes share a high degree of amino acid

sequence similarity throughout the catalytic domain (Fig.3). The yeast ER al,2

mannosidase exhibits -36% identity at the amino acid level with murine al,l-mannosidase

IA, murine al .,2-mannosidase lB, rabbit al ,l-mannosidase, and human kidney Man9

mannosidase, and exhibits -25% identity with the fungai enzymes. The fungai and insect

enzymes aIso share 30-37% identity with the murine al,2-mannosidases and the human

Man9-mannosidase. Amino acid sequence alignment of the cloned
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Fig.3. Dendrogram depicting the amino acid sequence relatioDships

between the Class 1 a-mannosidase5. AlI members of this class share significant

amino acid identity. The yeast ER, D. melanogaster, and the fungal a-mannosidases share

-30-37% identity with the mammalian enzymes. Murine al,2-mannosidase lB and

al,2-mannosidase lB share 65% identity. Human kidney Man9-mannosidase is the human

homologue of mouse al ,2-mannosidase lB, exhibiting -90% identity, while the putative

human al,2-mannosidase lB shares >90% identity with mouse al,2-mannosidase lB.

Sequence comparison of the Class 1a-mannosidases reveaJs two distinct groups of

mammalian a1,2-mannosidases. The fllSt group contains species variants of the

al,2-mannosidase lA enzymes, and includes al ,2-mannosidase lA, buman kidney

Man9-mannosidase, and rabbit al ,2-mannosidase. The second group contains the

al,2-mannosidase lB enzymes, murine al,2-mannosidase lB and human

al,2-mannosidase lB. This nomenclature stems from the observation that murine

al,2-mannosidase lA cross-reacts with an antibodies specific to rat liver Golgi

a-mannosidase lA. MOOne al,2-mannosidase lB may be related to rat liver Golgi

a-mannosidase lB, however this has not been determined. Between the al,2-mannosidase

lA and lB enzymes, there is -65% amino acid identity. Sequence identity within these

groups -90%. The dendrogram was prepared using the Pileup program of the University

of Wisconsin Genetics Computer Group software (version 8).
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al,2-mannosidases reveals highly conserved sequence motifs such as FNTEAH,

GDSFYEYI..LK, and SFFLAETLK (Fig.4). The roles, if any, that these motifs play in the

regulation or function of the al ,2-mannosidases are still unknown. AlI of the cloned

calcium-dependent al,2-mannosidases contain a twelve amino acid EF-hand like putative

calcium-binding domaine Direct involvement of this domain in calcium binding has not

been demonstrated, but it is disrupted in the calcium independent al ,2-mannosidases by the

insertion of an extra amino acid. If this EF-hand is indeed the calcium-binding domain, this

observation suggests that the requirement for calcium could have developed through

evolution.

As previously mentioned, the mammalian Class 1a-mannosidases have been

localized to both the Golgi and the ER. While the pig Man9-mannosidase is localized to the

ER, the highly similar human Man9-mannosidase is localized to the Golgi. The

implications of these localization differences are important, as it suggests thal members of

the Class 1a-rnannosidases play a role in ER mannose trimming, and that there may he

other ER Class l a-mannosidases that have not yet been described in other species.

1.6.2. Class II a-mannosidases.

Unlike the Class 1a-mannosidases, the activity of the Class n a-mannosidases is

not limited to processing reactions during N-linked oligosaccharide maturation. Some

members of this class a1so play mIes in glycoprotein catabolism. The Class II a

mannosidases are heterogeneous in theiroligosaccharide specificity, trimming al,3-, a1,6

and al ,2-linked mannose, and in their subcellular localization, being found in the E~

cytosoI, Golgi, lysosomes and yeast vacuoles. Despite these striking differences, they

share regions of significant sequence similarity (Fig.5). In the following sections, the

different class n a-mannosidases will he discussed.

1.6.2.a. Golgi a-mannosidase II.

a-Mannosidase II was fmt described in rat liver Golgi membranes as an enzyme

capable of hydrolyzing the substrate p-nitrophenyl a-D-mannoside (Dewald and Touster,

1973). It has been purified to homogeneity from different sources {Tulsiani et al., 1977;

32



Fig.4. Highly conserved sequence motifs of the Class 1 a ..maonosidases.

Alignment of the amino acid sequences of the conserved motifs from different species is

shown, and their position with respect to the murine al,2-mannosidase lB cDNA is

indicated. The extra amino acid found in EF band putative calcium-binding domain of the

fungal enzymes is indicated in boldo

(Mouse lA =murine al,2-mannosidase IA; Mouse lB =murine al,2-mannosidase lB;

Human Man9 =human kidney Man9-mannosidase; S. cerevisiae = S. cerevisiae ER

al,2-mannosidase; D. melanogaster =D. melanogaster mas-l; P. citrinum =P. citrinum

l ,2-a-D-mannosidase; A. saitoi = A. saitoi 1,2-a-D-mannosidase).
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Fig.S. Dendrogram depicting the amino acid sequence relationships

between members of the Class II a-manDosidases. The human lysosomal

a-mannosidase and the Dictyostelium discoideum share share -38% sequence identity,

while the ERIcytosolic a-mannosidase and the S. cerevisiae vacuclar a-mannosidase share

- 33% identity. The dendrogram was prepared using the Pileup program of the University

of Wisconsin Genetics Computer Group software (version 8). Sequences representing the

fulllength proteins were used.
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Kaushal et al.• 1990; Moremen et al.• 1991; Foster et al.• 1995). Rat liver a-mannosidase

II differs from Golgi Class 1a-mannosidases in its oligosaccharide specificity. hydrolyzing

two terminal mannose residues, linked al.3 and al,6, from GlcNAcMansGlcNAc2 to

yield GlcNAcMan3GlcNAc2 (Tulsiani el al., 1982). This trimming requires the prior

addition of N-acetylglucosamine by N-acetylglucosaminyltransferase I.

Rat Iiver a-mannosidase II is a glycosylated homodimer with -124kDa subunits as

determined by SOS-PAGE (Morernen and Touster, 1985; Moremen et al.• 1991). It is

resistant to inhibition by I-deoxymannojirimycin and EDTA. but strongly inhibited by

swainsonine (Tulsiani et al.• 1982; Tulsiani et al., 1982). Proteolytic cleavage of this

enzyme with chymotrypsin releases an active soluble peptide of 110 kDa (Morernen et al.•

1991). NH2-terminal sequence data obtained from the 110 kDa peptide was used to

generate probes to isolate an a-mannosidase II cDNA from a rnouse 3T3 cDNA libracy

(Morernen and Robbins, (991). Sequence analysis reveals that the murine a-mannosidase

II cDNA encodes a -131 kDa type U membrane proteine The size diserepancy between the

purified enzyme and the actual size of the c10ned enzyme have been attributed to abnonnal

migration of the pucified protein on SOS-PAGE. When murine a-mannosidase II is

overexpressed in COS eells, detection with the antî-rat a-mannosidase II antibody conftrmS

that it is Golgi localized.

An a-mannosidase fi cDNA has also been isolated from human liver (Misago et al.•

1995). The human liver a-mannosidase II cONA encodes a 1144 amino acid type II

membrane proteine While screening for a-rnannosidase II-containing genomic clones. a

second related a-mannosidase II gene. a-mannosidase IIx. was identified (Misago et al.•

1995). Alternate splicing of the a-mannosidase nx gene gives cise to two cDNAs. one

encoding a tnll~cated protein of 796 amino acids, and the other encoding a fulilength

protein of 1139 amino acids. Both human a-mannosidase il and the fuliiength a

mannosidase IIx are active towards p-nitrophenyl a-O-mannoside. Chromosomal

localization of the human enzymes locates a-mannosidase II to chromosome 5q21-22 and

a-mannosidase IIx to chromosome 15q25.

1.6.2.b. ER and cytosolic a-maIlDosidases.

Class II a-mannosidases have a1so been desccihed in rat liver ER and cytosol. The

first of these to he described was the cytosolic a-mannosidase (Shoup and Touster, 1976).
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This soluble a-mannosidase exists as a letramercomposed of 110 kDa subunits. It

hydrolyzes p-nitrophenyl cx-D-mannoside and is resistant 10 inhibition by 1

deoxymannojirimycin (Bischoff and Komfeld, 1984). An ER Class II a-mannosidase

activity with enzymatic properties similar to the cytosolic enzyme was also deteeted in rat

liver, and was purified by its ability to hydrolyze p-nitrophenyl a-D-mannoside (Bischoff

and Komfeld, 1983). Polyclonal antibodies raised against the cytosolic a-mannosidase

cross-react with a 107 kDa soluble ER a-mannosidase and a 132 kDa protein believed to he

the membrane bound ER a-mannosidase, suggesting that these two proteins are

immunologically related to the cytosolic a-mannosidase (Bischoff and Komfeld, 1986).

Using sequence data obtained from the 107 kDa ER a-mannosidase, probes were generated

to isolate ilS corresponding cDNA from a rat liver cDNA library. This ER a-mannosidase

cDNA encodes a soluble protein lacking a transmembrane domain or signal peptide

sequence (Bischoff et al.. 1990). Sequence analysis reveals that it shares 33% amino acid

identity with the yeast vacuolar cx-mannosidase. Because the soluble ER cx-mannosidase

and the cytosolic a-mannosidase are immunologically related, share similar enzymatic

propenies, and have sunilar molecular weights, they are ofteo referred to as the

ERlcytosolic a-mannosidase or cytosolic a-mannosidase leading to much confusion in the

literature. Whether they are the same enzyme has never been confmned.

An a-mannosidase of lower molecular weight, called ER a-mannosidase II cao aIso

he detected in rat liver ER. ER cx-mannosidase II is an 82 kDa protein capable of

hydrolyzing p-nitrophenyl a-D-manooside (Weng and Spiro. 1996). Peptide antibodies

raised against the ERlcytosolic a-mannosidase react with ER a-mannosidase II, suggesting

mat tbese two enzymes are immunologically related. Studies with antibodies specific to

another peptide at the N-tenninaI of the ERlcytosolic enzyme suggest that ER mannosidase

II does not contain this region. Both the ER a-mannosidase II and ERlcytosolic a

mannosidase are kifunensine resistant and are weak1y inhibited by swainsonine. Studies by

Weng and Spiro indicate that both enzymes are sensitive to 2mM l-deoxymannojirimycin

(Weng and Spiro. 1996), however earlier work done on the effect of 1

deoxymannojirimycin on ER cx-mannosidase indicated that it was not (Bischoff and

Kornfeld, 1984). This discrepancy is most like due to the fact that ooly 50JLM 1

deoxymannojirimycin was used in the earlier studies. The relationship between ER a

mannosidase II and the ERlcytosolic enzyme bas not been conclusively determined, but it
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has been suggested that ER a-mannosidase II is a clipped fonn of ERlcytosolic a

mannnosidase that gets translocated into the ER lumen (Weng and Spiro, 1996).

In contrast to ER a-mannosidase n. which is involved in N-linked oligosaccharide

processing on glycoproteins, the cytosolic a-mannosidase has been implicated in the

catabolism of free oligosaccharides (Grard et aL., 1994). During glycoprotein turnover,

free N-linked oligosaccharides are released from the ER into the cytosol. where tbey are

trimmed to MansGlcNAc before entering the lysosomes for further degradation (Moore and

Spiro, 1994; Grard et al., 1996). The cytosolic a-mannosidase trims Man9GlcNAc to yield

a sPecific isomer of MansGlcNAc that differs from the one generated by Golgi a1.2

mannosidase trimming.

1.6.2.c. Lysosomal and vacuolar a-maonosidases.

The Class II lysosomal a-mannosidases are involved in the Iysosomal degradation

of the free oligosaccharides released during glycoprotein turnover and of the products that

resuit from cytosolic cx-mannosidase trimming. Two tyPes of Iysosomal mannose trimming

activities bave been described (for review see Daniel et al., 1994). The flfSt is a major

lysosomal activity that catalyzes the removal of aIl al,2-, al,3-, and al,6-linked mannose

from Man9GIcNAc2. The second activity is specifie for the removal of the al,6-mannose

that is linked to the ~-linked mannose of the N-glycan core. Sequence analysis of the

cloned major lysosomal a-mannosidases from Dictyostelium discoideum (Schatzle et al.,

1992), mouse (Merk1e and Moremen. 1993) and human (Nebes and Schmidt, 1994),

indicates that these enzymes share significant sequence similarity with the rat ERlcytosolic

a-mannosidase and the a-mannosidase II genes. No sequence bas been reported for the

al,6-mannose specific lysosomal a-mannosidase. Sequence analysis of the

Saccharomyces cerevisiae vacuolar a-mannosidase reveals that it also shares this sequence

similarity (Yoshihisa and Anraku. 1989).

1.7. Objective of tbis thesis.

As described in the introduction, the correct biosynthesis and maturation of N

Iinked oligosaccharides is essential for many biological events. The various stages of the

N-linked oligosaccbaride biosynthetic pathway are reasonably weil established. bowever

little is known about their regulation. Each stage involves one or more enzymes, the
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glycosidases and glycosyltransferases, whose activities and expression are individually

reguJated. The correct expression of these enzymes and the regulation of the order in which

they act determines the final oligosaccharide structures observed in vivo. In order to

understand this control of N-linked oligosaccharide maturation, il is necessary to

characterize the regulation of the individual steps.

The research presented in titis thesis is aimed at understanding the regulation of the

early steps of the pathway, specifically the action of the al,2-mannosidases. The al ,2

mannosidases catalyze the removal of four al,2-mannose residues from Man9GlcNAc2 to

yield MansGlcNAc2. Numerous al ,2-mannosidases implicated in this trimming have been

cloned and characterized from different species, however their exact physiological role and

how they are regulated is not yet known. In mouse and human, there is evidence for the

invoivement of at least two Golgi al,2-mannosidases, al,2-mannosidase lA (LaI et al.,

1994) and a1,2-mannosidase m(Herscovics et al., 1994). The murine enzymes have been

shown to have similar catalytic properties, but exhibit very distinct patterns of tissue

specific expression (Herscovics et al., 1994; LaI et al., 1994). They have also been shown

to arise from two distinct genes (Herscovics et al., 1994).

The focus of this thesis is on the gene encoding one of these mutine a

mannosidases, namely al,2-mannosidase lB (Herscovics etaI., 1994; Schneikert and

Herscovics, 1994). The murine al ,2-mannosidase m cDNA has been cloned and

characterized, however little is known about the physiological cole that this enzyme plays in

protein glycosylation and how it is regulated. To understand these aspects of the murine

al,2-mannosidase lB, it will he necessary to undertake further geoetic studies of the al,2

mannosidase m gene such as the development of transgenic mice bearing a null mutation of

the al ,2-mannosidase mgene and the characterization of the al,2-mannosidase lB

transcriptional start site and potential regulatory elements in the promoter regions. Such

studies have been done on N-acetylglucosaminyltransferase 1, the enzyme responsible for

the next step of the pathway. Disruption of the N-acetylglucosaminyltransferase 1 gene in

mouse results in the death of the embryo at 9.5 dpc due to the absence ofcomplex and

hybrid oligosaccharides. Since the action of al,2-mannosidases is required prior to

N-acetylglucosaminyltransferase 1 for the maturation of complex and hybrid

oligosaccharides, disruption of this trimming activity may also have severe physiological

consequences. However, there are at least two murine al,2-mannosidase genes encoding
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enzymes that exhibit similar eatalytie properties. but different patterns of tissue-specifie

expression. It therefore seems likely that disruption of only one of the al,2-mannosidase

at a time may provide insight into the specifie roles of these individual enzymes during

embryonie development, protein glycosylation and sorne genetie diseases.

The aim of the present work is to characterize the genomic organization of the

murine Œl,2-mannosidase mgene, in order to obtain the infonnation required to undertake

such genetic studies. In tbis thesis, the genomic organization of the Œl ,2-mannosidase m
gene, its chromosomallocaJization, and evidence for another al ,2-mannosidase mrelated

gene or pseudogene are presented and discussed.
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CHAPTER 2
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2.0. Background.

a-Mannosidases play an important role at different stages in the maturation of N

linked oligosaccharides from the common Glc3Man9GlcNAC2 oligosaccharide precursor to

the diverse array of complex and hybrid structures found in mammalian cells. In particular9

al92-mannosidases are essentia! for the removal of the four al 92-linked mannose residues

from the oligosaccharide precursor following the action of glucosidases (Kornfeld and

Kornfeld9 1985; Moremen et al., 1994). The resulting MansGlcNAc2 is the substrate for

N-acetylglucosaminyltransferase l, the fICSt glycosyltransferase essential for the elaboration

of complex and hybrid N-glycans. FoUowing the action of N

acetylglucosaminyltransferase l, a-mannosidase II catalyzes the removal of the a1 93 and

al,6 mannose to yield GlcNAcMan3GlcNAc2. This structure is further modified by

various Golgi glycosyltransferases to yield complex and hybrid oligosaccharides.

Studies with SPecifie inhibitors have demonstrated the importance of a

mannosidases in determining the types of oligosaccharides found on glycoproteins (Elbein9

(991). When ex 192-mannosidases are inhibited with compounds such as 1

deoxymannojirimycin9there is an accumulation of Mans-9GlcNAc2 oligosaccharides and a

failure to fonn hybrid or complex oligosaccharides. On the other hand9when al ,2

mannosidase II is inhibited by swainsonine, there is an accumulation of hybrid N-glycans.

Inhibition of the a-mannosidases with these compounds cao have important biological

consequences such as inhibition of angiogenesis (Nguyen et al., 1992) and of tumor

metastasis (Dennis9 (986). It seems likely therefore that the genetic regulation of

expression of ct-mannosidases plays a role in determining the structure and function of

glycoproteins.

In recent years severa! a-mannosidases have been cloned, and based on amine acid

sequence similarity9 these are divided into two classes (Moremen et al., 1994). Class 1

contains al 92-mannosidases that have sequence similarity with the yeast ER al,2

mannosidase, while Class II contains ct-mannosidases similar to the al,3/al,6 specific a

mannosidase II. Class 1ct1,2-mannosidases have been biochemically characterized and

cloned from a variety of species9beginning with the yeast ER al,2-mannosidase

(Camirand et al., 1991). Since then, al,2-mannosidases have also been cloned from

human, mouse9rabbit, Drosophila melanogaster, Penicillium citrinum, and Aspergillus
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saitoi (Bause et al., 1993; Herscovics et al., 1994; Lai et aJ., 1994; Inoue et aJ., 1995;

Kerscher et al., 1995; Yoshida and Ichishima, 1995). Although these enzymes share high

amino acid similarity, they differ in molecular properties, substrate specificity, and

subcellular localization (Moremen et al., 1994).

Evidence for different mutine al,2-mannosidase cDNAs was obtained following

PCR amplification of mouse liver cDNA using degenerate oligonucleotide primees derived

from amino acid sequences highly conserved between yeast and rabbit al,2-mannosidases

(Herscovics et al., 1994). The resulting PCR products were a mixture oftwo sequences

having 65% identity at the amino acid level. The sequence of one of the PCR products was

identical to the mouse al,2-mannosidase lA cDNA (Lai et al., 1994), while the second

PCR product represented a novel cDNA. Using the second PCR product as a probe, a

BALB/c 3T3 mouse liver cDNA library was screened and overlapping clones representing

the al,2-mannosidase mcDNA were isolated (Herscovics et al., 1994). Clone 4 contains

the entire open reading frame of al,2-mannosidase m, encoding a protein of 641 amino

acids, while clone 16 ooly codes for the last 471 amino acids. The overlapping sequences

of clone 4 and clone 16 are identical except for three nucleotide positions, 1232, 1402, and

1775, which are thymidine in clone 16 and cytidine in clone 4. These point mutations result

in three amino acid changes, from Met4 11 , Phe468, Phe592 in clone 16 to ThJ411, Leu468

and Ser592 in clone 4. Clone 416 was generated by fusing the N-terminal of clone 4 and

the C-terminal of clone 16 (including positions 1232,1402, and 1775) to obtain a fulliengili

cDNA. When al,2-mannosidase lB is expressed as a secreted protein A fusion protein in

COS7 cells, the mutations found in clone 4 prevent its secretion and inhibit enzyme activity.

It was shown that the single mutation of Phe592 to Ser592 is sufficient to completely abolish

al,2-mannosidase m activity (Schneikert and Herscovics, 1995). These studies

demonstrated that the clone 4 cDNA does not encode an enzymatically active al,2

mannosidase.

Murine c:xl,2-mannosidase IA (Lai et al., 1994) and m(Herscovics et al., 1994) are

73 kDa calcium-dependent processing enzymes localized to the Golgi apparatus of

transfected mammalian cells. They are type II membrane proteins, each with a cytoplasmic

tail of about 35 amino acids and a large C terminal catalYtic domain containing a number of

amino acid sequences highly conserved among the different members of this enzyme

family. One such domain is a twelve amino acid putative EF-hand calcium-binding
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consensus sequence. Both enzymes are capable of trimming MangGlcNAc2 to

MansGlcNAc2 and are inhibited by I-deoxymannojirimycin, but not by swainsonine.

Although al,2-mannosidase lA and lB have similar properties, Southem blot analysis

cIearly indicates that they arise from two distinct genes which have not yet been

characterized (Herscovics et al., (994). Furthermore, Northem blot analysis shows that

al,2-mannosidase lA and mexhibit very different patterns of tissue-specific expression

and differential expression in adult mouse tissues and during mouse embryonic

development (Herscovics et al., 1994; Herscovics, unpublished data).

In order to understand the control of protein glycosylation, it is important to study

the regulation and expression of the al ,2-mannosidase genes. As a first step in

determining the role of a1,2-mannosidase m, we have characterized the genomic structure

of the murine al,2-mannosidase lB gene. In the present work, we describe the isolation of

Pl phage genomic clones representing the entire cDNA of murine al,2-mannosidase lB.

The gene spans at least 80kb of genomic ONA, contains 13 exons, and is localized to

mouse chromosome 3. We aIso provide evidence for the existence of another al,2

mannosidase IB related gene or pseudogene on mouse chromosome 4.

2.1. Materials and Methods.

2.1.1. Isolation of cosmid clones.

A pWEI5 cosmid genomic library made from BALB/c mouse liver obtained from

PhilipPe Gros, McGill University was screened by hybridization with 32P-Iabeled BstE

IIINot 1 and Not 1cd,2 mannosidase IB cONA fragments derived from clones 4 and 16,

respectively (Herscovics et al., (994). 1.2 x 106 colonies were transferred in duplicate to

nylon membrane (Hybond-N, Amersham) or nitrocellulose membrane (Xymotech)

according to standard methods (Sambrook et al., 1989), followed by prehybridization at

42°C for 4 hrs in 50% formamide, 5x SSC, 5X Oenhardt's solution, 0.1 % SOS, and

lOOJ,.lglml denatured sonicated herring sperm ONA. Hybridization was carried out

overnight at 42°C with 1.5 x 106 cprnlml of denatured labeled probe. Filters were washed 3

x 20 min at RT in 2x SSC/O.l% SOS, followed by 1 x 20 min at 65°C in 0.1 x SSC/O.l%

SOS. Filters were exposed to Kodak XAR-5 film. After three additional rounds of

screening as described above, three positive clones were identified.
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Colonies containing individual cosmid clones were used to inoculate LB media

containing 5ÛJJ.glml ampieillin and incubated ovemight at 37°C. Cultures were diluted

1: 100 with LB media eontaining 5ÛJlglml ampicillin and incubated overnight al 37°C.

Bacteria were harvested and the cosmid DNA was isolated using alkaline Iysis, followed by

CsCI preparation according to standard methods (Ausubel et al., 1987).

2.1.2. Isolation of PI genomic clones.

PI library screening was Performed by Genome Systems on a 129/sv mouse

genomic library. Screening of the library was performed using PCR and colony

hybridization, using two sets of oligonucleotide primers. Sense primer position 324

(nucleotide position refers to sequence published in Herscovics et al., 1994),5' GCG TCT

GAG AAA TAAGATTAG 3', and antisense primer 529,5' TCT CCA TGT CITCTG

GAT C 3', were used to sereen for genomic clones containing the 5' end of the al,2

mannosidase IB. Sense primer 1304, 5' TTA AGA AGT CCC GAG GAG 3', and

antisense primer 1490,5' GAC TCA TGA CAT GTT CGT GC 3', were used to screen for

genomic clones containing the 3' end of the al ,2-mannosidase ffi. Optimal PCR reaction

conditions for screening were detennined using 129/sv mouse genomic DNA prepared

from 129/sv mouse blastocysts as template. For primer pair 324-529, the optimal reaction

conditions were 50 mM KCI, 10 mM Tris-HCl (pH 9.0), 0.64 mM of each dNTP, 2.5 mM

MgCh, 12.5 pmol of each primer and I.5U Taq DNA polymerase (Pharmacia). For primer

pair 1304-1490, the final concentration of MgCl2 was 3.0 mM. The reaction mixtures were

overlaid with minerai oil, and 30 cycles of PCR were Perfonned; 1min at 94°C, 1 min at

55°C, 1 min at 72°C. Six positive clones were identified.

2.1.3. DNA isolation and Southern blot analysis of PI clones.

To increase yields of DNA, the PI clones obtained were transduced from the Cre+

host NS3529 to the Cre- host NS3516 as recommended by Genome Systems Inc.

BacteriaI colonies (NS3516) containing single Pl genomic clones were inoculated into LB

medium containing 25Jlglml kanamycin, and were grown to stationary phase overnight at

37°C. The overnight cultures were diluted 1:30 with LB media containing 25J.lg/ml

kanamycin and incubated 1.5 hrs at 37°C. The Pl lytic cycle was induced by the addition

of IPTG to a final concentration of 0.5 mM and incubation was continued for 5 hrs. The
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bacteria were harvested and the Pl plasmid DNA was extracted using a modified alkaline

Iysis protocol reeommended by Genome Systems, me.

Pl genomie clones were analyzed by restriction endonuelease digestion and

Southem blot analysis. Pl DNA was digested overnight with Eco RI and Barn III and the

products were fractionated by electrophoresis on a 0.6% agarose gel. The gels were treated

suecessively with 0.25M HCI for 15 min, with 0.5 NaOH. 1.5M NaCI for 30 min, and

with O.5M Tris-Cl pH 8.0, l.5M NaCI for 30 min, rinsing with water between solutions.

The gels were equilibrated in 10x SSC , and transferred to nylon membrane (Hybond-N,

Amersham) using a vacuutransfer apparatus (LKB-Vacugene XL, Phannacia). Following

the transfer, the membrane was rinsed in 2x SSC and the DNA was crosslinked to the

membrane by exposure to UV light (Stratalinker, Stratagene). Prehybridization was

performed for 1 br at 37°C in 6x SSC, 0.05% Nél4P207* 10H20, 0.5% SOS, 5x

Denhardt's, and l00J,Lg/ml denatured sonicated herring sperm DNA. Hybridization was

performed ovemight at 37°C in 6x SSC, 0.05% Nél4P2Ü7* 10H20, lx Denhardt's, and

lOOJ,Lg/ml denatured sonicated herring sperm DNA with 0.5-1.0 x 106 cpm/ml of 32p_

labeled exon specific oligonucleotide probes.

Genomic fragments hybridizing with exon specific probes were prepared by

restriction endonuclease digestion of the Pl DNA, followed by electrophoretic separation

on a 0.6% agarose gel. Fragments were purified using the Sephaglas kit (Pharmacia) and

subcloned into pBlueseript fi KS(-). Subclones were analyzed by restriction endonuclease

digestion and sequencing.

2.1.4. Southern analysis of 129/sv genomic DNA.

Southem blot analysis was perfonned on 129/sv genomic DNA. Genomic DNA

was digested with Eco RI and Bamm and the digestion products were separated on a 0.8%

agarose gel. The DNA was transferred to nylon membrane as described above.

Prehybridization and hybridization were performed at 42°C in 50% formamide, 5x SSPE.

10x Denhardts', 2% SOS, and lOOmg/ml denatured sonicated herring spenn DNA. 4 x 10

6 cpmlml of 32P-Iabeled clone 416 was used as probe. Washes were performed 2 x 20 min

at RT in 2x SSC, 0.1 % SOS, followed by Ibr at 60°C in O.lx SSC, 0.1 % SOS. The

Southem blot was exposed to a Fuji phosphoimager plate for 1 week.
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2.1.S. PCR on genomic DNA from 129/sv and BALB/c mice.

PCR was performed on lOOng of genomic DNA from 129/sv and BALB/c mice to

determine whether the genomic sequences contained either a thymine or cytosine at

nucleotide position 1402. Primer pair 1304-1490 was used to amplify exon 10 of (11,2

mannosidase m, using reaction conditions described for the PI genomic library screening.

The PCR products of 186 bp were subcloned into the TA vector (Invitrogen). Eighteen

129/sv genomic exon 10 clones and 9 BALB/c genomic exon 10 clones were sequenced.

2.1.6. Radiolabeling of cDNA and oligonucleotide probes.

The cDNA clones 4 and 16 were radiolabeled by [a_32P]dCfP (3000 Cilmmol,

DuPont-NEN) incorporation with the Multiprime random labeling kit (Amersham).

Oligonucleotide probes were end-labeled in a T4 polynucleotide kinase reaction containing

lOOmM Tris-Cl pH 7.5,10 mM MgCI2, and 20mM ~-mercaptoethanol,25J.1.Ci [l2Pl dATP

(3000cilmmol, DuPont-NEN) and 15U T4 polynucleotide kinase (New England Biolabs).

2.1.7. DNA sequencing.

DNA sequencing of the al,2 mannosidase m genomic subcIones to determine the

exons and intronlexon boundaries was performed by the dideoxynucleotide chain

termination method using the TI sequencing kit (Pharmacia) as described by the

manufacturer. Regions of compression were resolved using the Deaza sequencing kit

(pharmacia). Sequence assembly was done using the SeqMan program of DNASTAR.

2.1.8. Fluorescence in situ hybridization (FISH).

Chromosomal mapping of the cosmid probes Cos.3!.1 and Cos.25.1 was

performed by FISH (Lichter et al., 1990) to normal murine spleen chromosomes

counterstained with propidium iodide and DAPI by the CGAT FISH Mapping Resource

Centre, The Hospital for Sick Children, Toronto, Ontario. Biotinylated probe was detected

with FITC and digoxigenin-Iabeled probe with anti-digoxigenin rhodamine. In the dual

color FISH studies in which murine chromosomal paint and the cosmid probe were

combined, the paint was labeled with bjotin and detected with FITC, and the probe was

labeled with digoxigenin and detected with rhodamine. For the dual color FISH the

chromosome spreads were counterstained with DAPI only. Images of metaphase
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preparations were captured by a thermoeIectrically cooled charge coupled camera

(Photometrics, Tuscon, AZ). Separate images of DAPI banded chromosomes (Heng and

Tsui, 1993) and of FITC or rhodamine targeted chromosomes were obtained.

Hybridization signais were acquired and merged using image analysis software and pseudo

coIored bIue (DAPO, red (rhodamine) and yeUow (FITC) as described by Boyle etai.

(Boyle et al., 1992) and overlaid electronically.

2.2. ResuUs.

2.2.1. Organization of the murine al,2-mannosidase lB gene.

In previous work, two overlapping cDNA clones, clone 4 and clone 16, differing

by three point mutations were isolated from a BALB/c 3T3 mouse liver cDNA library

(Herscovics etai., 1994). Clone 16 was shown to he a functionaI al,2-mannosidase in

protein A fusion protein expression studies, while clone 4 was inactive as an cd .2

mannosidase (Schneikert and Herscovics, 1994). In order to isolate genomic clones

representing the aI.2-mannosidase lB gene, a mixture of clones 4 and 16 was used to

screen a cosmid genomic library from BALB/c mouse liver. Three non-overlapping cosmid

clones, Cos.3I.l, Cos.25.1, and Cos.l 1.1 were isolated and characterized. Cos.31.1 is

about 30 kb in size and contains sequences identical to the 5' region of the al ,2

mannosidase m cDNA. Cos.25.1 is about 35 kb and contains sequences similar, but not

identical, to the al,2-mannosidase lB cDNA 3' region, with the similarity beginning at

amino acid 560 of the al ,2-mannosidase IB cDNA. The corresponding regions of

Cos.25.1 and the al,2-mannosidase lB cDNA are 83% similar at the amino acid level, and

93% similar at the nucleotide level. When compared to the amino acid sequence of the

al,2-mannosidase m cDNA and the Pl genomic clones described below, the sequence of

Cos.25.1 contains a premature termination codon at position 566, an 9bp deletion (amino

acids 601-603 of al ,2-mannosidase lB cDNA), multiple single base changes, and sorne

unique sequences different from both intron and exon sequences upstream of position 560.

Cos.l 1.1 had an identical restriction enzyme digestion pattern to Cos.25.1, and therefore

only Cos.25.1 was characterized. Sequences identical to those of Cos.25. 1 were also

found in a). phage clone isolated from a BALBle mouse livee genomic library (Schneikert

and Herscovics, unpublished). Since the cosmid clones did not represent the entire al ,2-
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mannosidase mcDNA, a 129/sv mouse Pl genomic library was screened by PCR and

colony hybridization. Six clones were obtained, of which three unique overlapping clones

were characterized: Pl.EI-6, Pl.E3-12, and Pl.E9-13. The three other clones had similar

restriction enzyme digestion patterns as the three clones that were eharacterized. P I.E1-6,

PI.E3-12, and PI.E9-13 span ~80kb of genomic DNA and contain sequences that are

identieal to clone 416 cDNA and include the complete al,2-mannosidase m open reading

frame. By sequencing, restriction enzyme digestion and Southern blot analysis of the

cosmid and Pl clones, the genomic structure of the al,2-mannosidase lB gene was

determined (Fig. 6). The intronlexon boundaries were mapved by sequencing the exons in

their entirety and portions of the adjoining introns using oligonucleotide probes derived

from the cDNA sequence. A schematic representation of the genomic structure of the cd ,2

mannosidase lB gene is shawn in Fig. 6. The 1926 bp open reading frame of the al ,2

mannosidase cDNA is distributed over 13 exons and spans at least 80kb. The exons range

in size from 81bp (exon 5) to >891 (exon 1) (see Table 1). The size of the introns vary

from about 2.0kb to >10.4kb in size. Exon 1 contains the initiating AUG, >589 bp of 5'

UTR sequence, and the hydrophobie transmembrane domaine The conserved putative 12

amino acid EF-hand caleium-binding domain (255DFSVINSEVSVFE) spans exons 4 and 5

(a slash marks the intronlexon boundary). The highly conserved regions between svecies

are found in exons 9 (398GDSFYEYLLK), 12 (590SFFLAETLK), and 13 (617FNTEAH).

Exon 13 also contains the termination of translation signal as weil as 3' UTR sequences.

Analysis of the DNA sequences spanning the intronlexon boundaries show that they ail

follow the 5' gt ag 3' splice junction consensus (Breathnach and Chambon, 1981;

Shapiro and Senapathy, 1987)

2.2.2. Chromosomal localization of Cos.3l.l and Cos.2S.1.

Sequencing of the genonùc clones suggested that there May he more than one gene

related to the al ,2-mannosidase mcDNA. Cos.31.1 and the Pl clones contain sequences

identical to the active form of al ,2-mannosidase lB, while Cos.25.1 contains sequences

that differed from the al,2-mannosidase mcDNA, or any other a-mannosidase cDNA.
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Fig.6. Schematic representation of the organization of the al,2

mannosidase m gene. Part A shows the arrangement of the 13 exons (depicted as

vertical bars and numbers). The S'and 3' UTR sequences are shown as white boxes. Part

B and C show the positions of the BALB/c cosmid clones and the overlapping PI 1291sv

clones, respectively, with respect to the <X 1,2-mannosidase m gene. Cos.31.l spans

exons 2-S. Cos.2S.1 contains sequences that are similar, but not identical to exons 12 and

13 of the al,2-mannosidase m gene (depicted as stippled grey bars and dashed lines). The

sequence of Cos.2S.1 contains a premature stop and is lacking intron sequence between the

exon 12 and 13 sequences (see Fig. Il, Appendix). Pl.EI-6 spans exons 1-6, Pl.E3-12

spans exons 3-12, and Pl.E9-13 spans exons 9-13. The clone length is indicated in

parentheses. Part D shows a partial restriction endonuclease map of al,2-mannosidase m
gene. Barn HI sites are indicated by triangles, Eco RI sites by ovals, and Hind ID sites by

crosses. The figure is drawn to scale. See Fig. 12, Appendix for further restriction

endonuclease maps.
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TABLE 1
Splice Junction Sequences, Exon Sizes, and Estimated (nlron Sïzes of the

Murine al,z·Mannosidase mGene

Exon size Intron size
Exon 3'-Splice site 5' -splice site <bp) <kb)

101a
1 ••••.••AGA CAC AG gttcgtttgt >891 >5.9

R H R
102 186

2 tatttcccag G GAA GM GAA •••••••ATT AM GAG gtaataagct 256 -2.7
E E E l K E

187 218
3 ctcttctcag ATG ATG AAA •••••••MC ATA TTC G gtaaggtaac 97 -5.9

M M K N l F
219 25B

4 ctaaatatag GA AGe TCA•.••••• TTC AGT GTG gtgtgtatac 119 >1.5
G S 5 F S V

259 285
5 gtctccacag MT TCA GAA •••••••GGA GAG GAA gtgagtagag 81 >2.6

N 5 E G E E
286 317

6 ttcgtctcag ATA TTC MG ••••••• CTG AM AG gtaaacagta 95 -10.4
l F K L K S

318 35B
7 tattactcag T GGA GTA GGT •••...• TAT MT AAG gttcgtctct 124 -2.5

G V G Y N K
359 389

B ttttgattag GTC ATG CAC .••••••TGG GGT CAG T gtaagtattt 94 >2.8
V M H W G Q

3SÛ 428
tttgctacag AT CAC ACA •••••.•GCT GTT GAG gtaactattg 116 -4.3

Y H T A V E
429 501

la tttcttgtag GCT ATA GAA •••.••• GAC AGA ACT G gtaagaatat 220 -6.5
A l E 0 R T

502 559
11 aatgttacag CA "l'TG AAA ••.•••.GCA GCA CTG gtaaatacgc 173 >2.5

A L K A A L
560 598

12 tccctcacag GCT ATT GAG ••••••• ACA TTA AA gtaagcacat 116 >7.3
A r E T L K

599 642
13 ttcttttcag A TAC "l'TG TAC •••..•. GTC CGA TGA GCA CAG CCC

Y L '{ V R

a Amino acid designations are based on Herscovics et al., 1994.
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To determine whether these two cosmid clones were indeed derived from two different

genes, chromosomallocalization was performed with each clone. The 30 kb genomic

probe derived from Cos.31.1, representing the al,2 mannosidase m gene exons 2-5, was

used to determine the regional assignment of the al,2 mannosidase m gene within the

genome. FISH analysis of 20 weil spread metaphases from mouse cells assigned the cd,2

mannosidase m to mouse chromosome 3 in the region of band F2. Positive hybridization

signaIs were observed in 70-80% of the metaphase spreads, with no detectable signais on

other chromosomes. Localization to chromosome 3 was confrrmed by dual color FISH

using chromosome specifie biotinylated murine paints and the digoxigenin labeled

Cos.31.1. probe (Fig. 7B).

The 35 kb genomic probe derived from Cos.25.l was also mapped using ASH

analysis to explore the possibility of a second gene or pseudogene. The regional

assignment of this probe was determined by the analysis of 20 well-spread metaphases as

for Cos.31.1. Positive hybridization signais were observed just below the centromere of

mouse chromosome 4 al band AI3 in 80% of the spreads. No detectable signais were

observed on other chromosomes. The localization to chromosome 4 was conftrrned using

dual color FISH as for Cos.3l.l (Fig. 7A).

2.3. Discussion.

We have isolated a series ofcosmid and Pl genomic clones representing the entire

al,2-mannosidase mcDNA, and determined its genomic structure by restriction enzyme

digest analysis, Southem blotting and sequencing. The al,2-mannosidase m gene, with an

open reading frame of 1926 bp, consists of 13 exons distributed over ~80kb of genomic

DNA. The coding sequence is identical to that of clone 416, which is the active foem of the

enzyme (Schneikert and Herscovics, 1995). The 5' end of the gene, encoded by exon 1

and 2, is not required for enzyme activity as determined by protein A fusion protein

expression studies (Schneikert and Herscovics, 1994). Comparison of the murine al,2

mannosidase mgene structure with the partial genomic structure of the D. melanogaster

mas -1 indicates that there is some conservation of intronlexon boundary positions between

species (Fig. 8) (Kerscher et al., 1995). The two splice sites identified in D. melanogaster

mas -1 have the same relative position in the sequence as the corresponding splice sites in
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Fig.7. Chromosomal localization of Cos 25.1. and Cos 31.1. Fluorescence

in situ hybridization (RSH) to mouse metaphase chromosomes using biotinylated inserts of

(A) Cos.25.1 and (B) Cos.3!.l as probes was perfonned. Cos.25.1 was found to localize

to just below the centromere afmouse chromosome 4 in the region A13, while the clone

representing the active murine a1,2-mannosidase lB, Cos.3!.1, was found to localize to

mouse chromosome 3F2.
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Fig.S. Comparison of the murine a 1,2-mannosidase lB intronlexoD

boundaries with the boundaries identified in the D. melanogaster mas-J

gene (Kerscher et aL, 1995). Amino acid positions correspond to those defined in

Herscovics et al., 1994 and Kerscher et al.• 1995.
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the al ,2-mannosidase mgene. The chromosomallocalization of the al ,2-mannosidase m
gene was performed by FISH and was determined to map to mouse chromosome 3F2.

In characterizing the genomic clones for the al,2-mannosidase lB gene, we did not

detect any sequence corresponding to clone 4 cDNA. Previous work demonstrated that the

cDNA clones 4 and 16, containing cytidine and thymidine respectively, are natura!

isoforms of the al,2-mannosidase m (Schneikert and Herscovics, 1995). The al,2

mannosidase m cDNA containing cytidine at positions 1232, 1402, and 1775 is inactive

and poorly secreted when expressed as a protein A fusion protein, while the cDNA

containing thymidine at these positions is active. Genomic DNA from BALB/c and 129/sv

mice ooly contains thymidine at these positions, as determined by sequencing of genomic

clones, and by PCR amplification of exon 10 (containing position 1402) using exon

specific primers (data not shown). Southem blot analysis of genomic DNA does not reveal

any bands that cannot he assigned to the al,2-mannosidase mgene. PCR amplification of

exons 2-10 from genomic DNA yielded no product, indicating that there is no evidence for

an improperly transcrihed processed pseudogene. The origin of these T to C substitutions is

unknown. Because at the present time there is no evidence for cytidine at these positions at

the genomic level, in either 129/sv or BALB/c mice, one possible mechanism to he

considered is RNA editing. This editing would involve three V to C conversion in the

mRNA resulting in a transcript containing Thr, Leu and Ser at amino acid positions 411,

468 and 592 respectively, instead of Met, Phe and Phe. Similar V to C substitutions due to

RNA editing have been observed in the WiIms' tumor suppressor gene (WTl), resulting in

proteins containing proline (CCC) rather than Leu (crC) at anùno acid position 280

(Sharma et al., 1994). Mammalian RNA editing has also been observed for (l

galactosidase (V to A), human intestinal ApoB, and severa! subunits of the human and rat

brain L-glutamate receptor (for review see Simpson and Emeson, 1996). If RNA editing is

indeed occurring in al,2-mannosidase mmRNA, this would he the fust example of

multiple V to C substitutions in a mammalian RNA. Since the non conservative amine

acid change Crom Phe592 to Ser592 is sufficient to abolish al ,2-mannosidase IB activity

(Schneikert and Herscovics, 1995), RNA editing of the al,2-mannosidase lB mRNA may

he functionally relevant and play a role in the genetic regulation of al,2-mannosidase m
gene expression in vivo.
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Sequence analysis of the genomic clones that were isolated using the al.2

mannosidase m cDNAs as probes revealed the existence of another related gene or

pseudogene. Cos.25.1 was found to contain sequences that are similar. but not identical.

to al,2-mannosidase mand clearly different from any other a-mannosidase. The presence

of a premature stop codon in the sequence of Cos.25.1 would result in the production of a

transcript and/or protein truncated at a position corresponding to amino acid 566 of the

al,2-mannosidase IB cDNA. This truncation would eliminate two of the highly conserved

amino acid regions, 617FNTEAH and S90SFFLAETLK. that may he essential for enzyme

activity. Previous work demonstrated that a point mutation at amino acid position 592 is

enough to abolish al,2-mannosidase m activity (Schneikert and Herscovics, 1995). Since

Cos.25.1 is missing this region, it is unclear whether the protein, if translated, would have

al,2-mannosidase activity. Direct evidence that Cos.25.1 belongs to a second gene or

pseudogene was obtained from FISH analysis using Cos.25.1 as a probe, which localized

Cos.25.1 to just below the centromere of mouse chromosome 4 at band A13.

In the present work, we have reported the fICSt complete genomic structure for a

mammalian member of the Class 1al ,2-mannosidases, al,2-mannosidase m, and

provided evidence for the existence of another related gene or pseudogene. The

characterization of the al ,2-mannosidase mgenomic structure will permit further genetic

studies of al,2-mannosidase m, and allow for a better understanding of the regulation of

mannose trimming in the celI.
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3.0. General discussion.

ln this thesis, the genomic characterization of the murine al ,2-mannosidase lB

gene, its chromosomallocalization, and evidence for a second related gene or pseudogene

have been presented. The al,2-mannosidase m gene, one oftwo known Golgi al,2

mannosidase genes in the mouse, is a multiexonic gene containing 13 exons and spanning

~ SOkb of genomic DNA. Cos.25.1 represents a previously undescribed gene or

pseudogene that appears to share significant sequence ideotity with murine al ,2

mannosidase ffi. FISH localization of the al ,2-mannosidase mgene iodicates that it maps

to mouse chromosome 3F2, in a region syntenic to human chromosome 1. while the

sequence represented by Cos.25.1 maps to mouse chromosome 4A 13. In the following

sections, these results and their use in future genetic studies will he discussed.

3.1. The murine al,2-mannosidase lB gene as a possible mode) for otber

Class 1 a-mannosidases.

Since mutine al.2-mannosidase mshares significant sequence and structural

similarities with the mammalian Class 1a-mannosidases (murine al.2-mannosidase lA (Lal

et al., 1994), human Man9-mannosidase (Bause et al., 1993), rabbit al,2-mannosidase lA

(Lai et al., 1994), and human al,2-mannosidase m(Tremblay et al., 1996», the

infonnation gathered from studying the murine al ,2-mannosidase mgenomic organization

is relevant to future studies 00 the other mammalian al,2-mannosidases. The mammalian

Class 1a-mannosidases are ail type II membrane proteins, each with a short eytoplasmic

tail, a hydrophobie transmembrane domain, a "stem" region, and a large eatalytic domain.

Sequence analysis indicates that they ail contain an EF hand-like putative calcium-binding

site and a number of amino acid motifs in their catalytic domain that are highly conserved.

The significant sequence simiIarity of these enzymes, suggests that they may aIso exhibit

similarities at the level of their genomic organization. Support for this hypothesis was

obtained by the observation that sorne of the intronlexon splice junctions found in the

murine al,2-mannosidase mgene are conserved in the partially characterized D.

melanogaster mas-l gene (Kerscher et al., 1995). Since the D. melanogaster mas-l and the

mutine al,2-mannosidase mgenes, two enzymes which share ooly -36% amine acid

identity, exhibit similarities in their genomic organization, it is not unreasonable to expect

the other mammalian Class 1a-mannosidase genes, whose proteins share ~65% amioo acid
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identity with murine al,2-mannosidase ffi, to have similar organization. The information

obtained on murine al ,2-mannosidase IB genomic organization will therefore provide

guidelines for studies on other mammalian Class 1a-mannosidases.

3.2. Regulation of a 1,2-mannosidase [B gene.

Northem blot analysis of mutine al,2-mannosidase mexpression in mouse tissues

reveals multiple transcripts ranging in size from 4.2 kb to 8.7 kb (Herscovics et al., 1994).

In most tissues, the major transcripts observed were 4.2, 5.1, 6.4 and 8.7 kb, but minor

transcripts of different sizes were aIso detected. The relative expression of these multiple

transcripts varied between tissues, with the highest expression being observed in L-ceUs,

followed by colon, ovary, thymus and brain. In brain, the major transcript was 8.7 kb,

accompanied by a reduced expression of the shorter transcripts. In oveuy, a transcript of

5.6 kb, which is a minor transcipt in other tissues, was found to he highly expressed. The

origin of these transcripts and their regulation is stiU unknown.

The multiple transcripts observed for the murine al ,2-mannosidase mgene could

arise from a number of mechanisms including alternative splicing, the differential use of

polyadenylation signaIs, different transcriptional start sites, and/or the altemate usage of

promoters. The possibility that sorne of these transcripts correspond to an uncharacterized

related gene that cross-hybridizes with the al,2-mannosidase lB specific probe, and that

sorne transcripts are incompletely spliced must also he considered.

In arder to determine which of these mechanisms is responsible for the generation

of this complex pattern of transcripts, it will he necessary to undertake further genetic

studies. Knowledge of the intronlexon structure of the murine al ,2-mannosidase lB gene

facilitates the prediction of possible altematively spliced transcripts. Primer extension and

reverse transcription PCR analyses aimed at characterizing the 5' and 3' untranslated

sequences in order to identify transcriptionaI start sites, regulatory element binding sites,

and potential polyadenylation signals will provide insight inta the transcriptional regulation

of this gene. ln vitro transcription studies will also he usefuI in studying the transcription

efficiencies of al ,2-mannosidase IB.

In order to fuUy understand the regulation of al,2-mannosidase IB, it will also he

necessary to study the control al,2-mannosidase lB protein translation. The translation

products of this gene have not yet been studied, however the presence of multiple
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transcripts (Herscovics et al., 1994) and the existence oftwo cDNAs differing in three

point mutations (Schneikert and Herscovics, 1995) suggests that there may he different

protein isoforms. ln vitro translation studies will provide insigbt into the al,2

mannosidase mtranslation products and their efficiency of translation. Regulation at the

level of translation could occur by the use of alternative translation start sites, resulting in

the fonnation of different al ,2-mannosidase m isoforms. It couId aIso result from the

regulation of translation efficiency. The secondary structure of the 5' flanking region of

transcripts often plays a cole in detennining how efficiently a protein is translated.

Transcripts with a 5' untranslated region that bas a complex secondary structure are often

translated inefficiently.

3.3. Why do multiple al,2-mannosidases exist?

The reason for the existence of at least two functionaI murine Golgi al,2

mannosidases, Œl,2-mannosidase lA and al,2-mannosidase lB, is unknown. The

existence of multiple enzymes with similar specificities has also been described for other

enzymes of the N-oligosaccbaride biosynthetic pathway including a-mannosidase n
(Misago et al., 1995) and severa! of the glycosyltransferases (1oziasse, 1992; Dinter and

Berger, 1995). One theory for their existence is that the production of multiple enzymes

capable ofcatalyzing the same reaction ensures the production ofoligosaccharide structures

required for survival of the organism. Currently, there are no genetic diseases known that

involve defects in al,2-mannose trimming. It may he that a deficiency in al,2

mannosidase activity, which would prevent the formation of complex and hybrid

structures, could he lethal at early embryonic stages. It is aIso possible that the activity of

one al,2-mannosidase can replace the activity of another, aIlowing the organism to develop

nonnally. Finally, it may he possible that diseases due to defects in the al ,2-mannosidase

do exist, but have not yet been identified. Assuming that multiple al ,2-mannosidases with

similar specificities exist as a mechanism of molecular redundancy to ensure organism

survivaI, it is important to understand the regulation and expression of these enzymes, and

their role in the control of protein glycosylation.
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3.4. Generation of a mouse Dull al,2-maDnosidase lB mutant.

The generation of transgenic mice carrying a nuU mutation for the murine al,2

mannosidase m gene would he useful in evaluating the role ofal ,2-mannosidase lB in

embryonic development and in physiological events. It has already been establisbed that the

next step in N-linked oligosaccharide maturation, the action of N

acetylglucosaminyltransferase J, is essential for post-implantation development of the

embryo (Joffe and Stanley, 1994; Metzler et aL, 1994). Disruption of this enzyme, and

hence a failure to forro hybrid and complex oligosaccharides results in the death of the

embryos at 9.5 dpc. Inhibition of al,2-mannosidase activity with l-deoxymannojirimycin

or kifunensine aIso prevents the formation of complex and hybrid oligosaccharides in cells

in culture (Elbein, 1991). It seems possible therefore that miee lacking this activity may

also die during embryonic development. However, since at least two murine al,2

mannosidases exist, each exhibiting tissue-specifie expression, disruption of only one of

these enzymes, murine al,2-mannosidase m, could yield one of three possible

phenotyPes.

The first possibility is that disruption of the al,2-mannosidase mgene would

interfere with normal embryonie developmeot and result in the death of the embryo due to a

laek of eomplex and hybrid N-glycans, as observed for the N

acetylglucosaminyltransferase 1disruptioo (loffe and Stanley, 1994; Metz1er et al., 1994).

Since al,2-mannosidase m acts prior to N-acetylgiucosaminyltransferase 1 in N-linked

oligosaccharide maturation, one may speculate that disruption of this enzyme would

interfere with eartier stages of embryonic development than disruption of N

aeetylglucosaminyltransferase I.

It is also possible that disruption of al,2-mannosidase mwould not he lethaI, but

would result in a more restricted pattern of aboormalities conflDed to tissues and ceU-types

in which this enzyme is expressed. Since the murine al,2-mannosidase lB exhibits

different levels of tissue-specifie expression, the severity of the disruptioo May vary from

tissue to tissue. This pattern of tissue-specifie abnonnalities is observed in D. me/anogaster

when mas-l, aD. melanogaster homologue ofal,2-mannosidase m, is disrupted

(Kerscher et al., 1995). In the embryo of D. melanogaster, a disruption of mas-l results in

intersegmental nerve pathfinding errors and abnormal c1usters of sensory organs. In the

adult D. melanogaster, the wing longitudinal veins are often incomplete and end in deltas.
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Their eyes have imperfectly aligned ommatidia and extra bristles. These observations, in

combination with the high sequence similarity mas-l shares with mutine al,2-mannosidase

IB9lead to the speculation that al ,2-mannosidase lB may be involved in the development

of the nervous system and in angiogeoesis in the mouse. The latter concept is a1so

supported by the observation that al ,2-mannosidase activity is required for capillary tube

foonation in vitro (Nguyen el al.9 1992). If the phenotype of the mas-l disruption in D.

melanogasler is any indication of the phenotyPe that would he observed for an a1 92

mannosidase lB disruption in mouse, the al ,2-mannosidase lB disruption may he

extremely valuable in evaluating the raIe of a192-mannosidase lB in vivo. Should the

resulting abnormalities resemble those observed in sorne human genetic diseases, studies of

the phenotype resulting from an al ,2-mannosidase mdisruption May also he useful in

understanding their cause.

The final possibility is that mice lacking al,2-mannosidase lB would display 00

visible phenotype. This would occur if the expression of the undisrupted al ,2

mannosidase lA is adjusted in arder to compensate for the disrupted al,2-mannosidase lB.

If this compensation were to occur, embryonic development couId proceed nonnally and

result in a viable nonnaI adult mouse.

Knowledge of the genomic organization of the al ,2-mannosidase lB gene, and the

results of al ,2-mannosidase lB expression studies cao he used to identify regions of the

gene that may he essential for enzyme expression and activity. Sînce the exact

physiologicaJ role of the al,2-mannosidase lB gene has oot been studied, it is important to

disrupt regioos of the gene that not ooly abolish enzyme activity9 but aIso prevent formation

of the protein, which may have other unidentified roles in vivo. In the following section,

regions of the al ,2-mannosidase lB gene that could he disrupted are discussed in light of

the information that is presently known.

The fleSt region of the al,2-mannosidase lB gene that couId he targeted for

disruption is exon 1 (see Fig.9). Sïnce exon 1 contains the site of initiation of translation,

its disruption should prevent the transcription and translation of murine al,2-mannosidase

IB, assuming translation cannot he initiated at a downstream ATG. Although there is no

evidence for the dowostream initiation of al ,2-mannosidase lB transcription, the

possibility cannot he excluded. Protein A fusion expression studies have shown that exon

1 and part of exon 2 are not required for enzyme activity {Schneikert and Herscovics,
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Fig.9. Sehematie representation of the al,2-mannosidase lB indieating

possible target sequences for disruption. Exon 1 and 2 are not required for

enzyme activity. The putative EF hand-like putative calcium-binding domain spans exons 4

and 5. Exon 9, 12 and 13 contain regions that are higbly conserved among all species, and

that are thought to he essential for enzyme activity. The sites of the T to C point mutations

observed in clone 4 are indicated by an arrow. Their nucleotide position relative to the

a1,2-mannosidase mcDNA is a1so indicated. Nucleotide positions are according to

Herscovics et al., 1994.
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1994), suggesting that if translation were initiated at a downstream ATG, an active

tnlncated al,2-mannosidase lB protein could hypothetically he produced.

The second region of a 1,2-mannosidase m that could he disrupted is the conserved

EF hand-like putative calcium-binding domain found in all calcium-dependent Oass 1a

mannosidases. EDTA inhibition studies bave shown that murine al ,2-mannosidase m
requires calcium for activity. Disruption of this calcium-binding domain should therefore

result in a protein, if produced, that cannot bind calcium. This possibility however is

speculative, since no experimental evidence has yet heen obtained to establish that the EF

hand is the actual site of calcium binding in tbis particular protein.

The catalytic domain of al ,2-mannosidase mgene also contains a number of

regions that could he targeted for disruption. Previous work bas shown that two naturally

occurring isofonns of al,2-mannosidase lB cDNA differing in three point mutations exist

(Schneikert and Herscovics, 1995). Only one of these isoforms, clone 416, encodes an

enzymatically active al,2-mannosidase. Expression studies have demonstrated that the

presence of cytidine instead of thymidine at position 1775 of clone 4 is sufficient to abolish

enzyme activity. This point mutation changes Phe592 to Ser592, and is found within the

highly conserved seqeunce motif in exon 12 (590SFFLAETLK). Conserved amino acid

motifs are also found in exons 9 (398GDSFYEYLLK) and exon 13 (617FNTEAH).

Although the role of tbese motifs is unknown, their high level of conservation, and the

ability of a single point mutation in exon 12 to abolish enzyme activity, suggests that they

may he essential for enzyme activity. These regions would likely he good candidates for

disruption.

Of these three exons, exon 9 is probably the best candidate for disruption. It is

116 bp in size, is flanked by large introns, and contains the conserved region

398GDSFYEYLLK, is the site of a T to C mutation in clone 4 which changes Met411 to

Thr411. The complete removal of this exon from the coding sequence causes a frameshift

in al ,2-mannosidase m reading frame, producing a tnlncated protein lacking any of the

downstream conserved regions. If by chance the disrupted gene were transcribed and

translated, a disruption of exon 9 would result in a protein lacking most of its catalytic

domain and would most likely he inactive.

Regardless of which al ,2-mannosidase lB region is chosen for disruption, it will

he important to introduce frameshifts and perhaps even point mutations ioto the targeting
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construct to ensure that absolutely no protein is produced. The prevention of al ,2

mannosidase lB formation is extremely important, since al ,2-mannosidase m may he

involved in other physiological events besides mannose trimming.

If the disruption ofal ,2-mannosidase m is lethal at the embryonic stage, it will he

difficult to evaluate the cole of this enzyme in vivo. In this situation, the ability to generate

a mouse model in which a1,2-mannosidase mactivity could he disrupted in specifie

tissues or cell-types would he usefuI. Recently, the development ofCre-loxP vectors has

made these types of studies possible (Martb, 1996). These vectors are designed to take

advantage of the ability of Cre recombinase of bacteriophage Pl to catalyze conservative

reciprocal recombination events in mammalian ceUs. One such vector, ptlox, contains three

loxP sites arranged to alIow the generation of two types of gennline mutations by Cre

recombination (Fig. 10) (Gu et al., 1994). If the al,2-mannosidase lB targeting construct

is designed using pflox as a vector, it will he possible to create two types of germline

mutations, a Type 1systemic mutation and a Type nconditional mutation, by bomologous

recombination. The Type 1 systemic mutation, in which the target a1,2-mannosidase lB

sequence is completely exeised fcom the genomic DNA, wouId result in the disruption of

al,2-mannosidase lB in aIl tissues and cell types al ail ages of development. In contrast,

the Type n deletion conditional mutation introduces loxP sites on either side of the targeted

a1,2-mannosidase lB sequence, allowing the investigator to control the tissues in which the

gene disruption occurs. The removal of the target sequence can then he induced in certain

tissues, or at certain developmental stages by crossing a mouse expressing the Cre

transgene with a mouse homozygous for the conditional mutation. The progenY.produced

will have a disrupted gene only in the cell types expressing the Cre transgene. Cre

recombination cao he temporally regulated and limited to certain œil types depending on the

choice of regulatory sequences ehosen to drive Cre transgene expression. The ability to

target the al ,2-mannosidase mdisruption to specifie œil types at different stages of

development would he extremely useful in detennining the physiological roles ofal ,2

mannosidase lB, especially ifdisroption of this gene was lethal at early embryonic stages.
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Fig.10. Targeting strategy for an al,2-mannosidase lB disruption. The

strategy used to generate two types of mutations, a Type 1systemic mutation and a Type II

conditional mutation by homologous recombination is shown. The Type 1systemic

mutation results in complete excision of the targeted genomic sequence found between the

loxP sites. The Type nconditional mutation effectively flanks the genomic sequence to he

targeted with loxP sites, enabling the investigator to induce recombination and excision of

this fragment in specific tissues and œil-types. LoxP sites are indicated by triangles.
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3.5. Evidence for anotber murine Class 1 a-mannosidase gene or

pseudogene.

The results of this study also raise a number of intriguing questions about the

possibility that other Class 1 a-mannosidases exist. Isolation of a novel genomic clone~

Cos.25.l, tbat contaïns sequence with significant similarity to the murine al.2

mannosidase lB cDNA (see Fig. 11~ Appendix)~provides evidence that other Class 1 (1

mannosidases genes and/or pseudogenes exist within the genome. This existence of other

al.2-mannosidases is supported by biochemical evidence that indicates there are still

uncloned aL2-mannosidases~such as the rat liver ER a-mannosidase 1 (Weng and Spiro~

1993; Weng and Spiro, 1996). The properties of ER a-mannosidase 1 resemble those of

the Oass 1a-mannosidases. It does not hydrolyze p-nitrophenyl a-D-mannoside, is

kifunensine and I-deoxymannojirimycin sensitive, and is resistant to inhibition by

swainsonine. This enzyme has the same specificity as the yeast ER al,2-mannosidase and

yields MansGlcNAc (isomer B). These observations suggest that this enzyme may he an

uncloned member of the Class 1 a-mannosidases. Cos.25.1 could possibly represent the

murine homologue of rat liver ER al.2-mannosidase I. another previously unidentified a

mannosidase~or a pseudogene.

In order to understand the significance of Cos.25.1.~ it will he necessary to isolate

the complete gene represented by this clone, and then undertake studies to detennine if the

gene is transcribed. If it is~ further studies will he required to characterize the protein

produced, the regulation of i15 expression and its physiological activity. IfCos.25.1 does

not represent a functional gene, but rather a pseudogene~ characterization of its structure

will provide information as to i15 evolutionary origin.

3.6. A possible rote for RNA editing in regulation of al,2-mannosidase lB

expression.

As previously describet:L two naturally occuring isoforms of al~2-mannosidaselB

cDNA.. clone 416 and clone 4, differing in only three point mutations.. have been isolated

and characterized (Schneikert and Herscovics. 1995). Clone 4 16~ the active fonn, is the

product of the al.,2-mannosidase IB gene. The origin of clone 4 is still unknown.

Because there is no evidence for a genomic sequence corresponding to clone 4, it is
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suggested that the aly2-mannosidase m transcript may undergoe RNA editing to yield a

cDNA with three point mutations. Since the point mutations introduced ioto the al,2

mannosidase m yield an inactive enzymeyit may be that RNA editing is a control

mechanism goveming al,2-mannosidase m activity. RNA editing bas also been

implicated in the regulation of another step in N-linked oligosaccharide biosyntbesis.

GleNAc l-phosphate transferaseyan enzyme involved in the initial synthesis of the

oligosaccharide dolichol-linked precursor, undergoes a G to A RNA editing eveot (Rajput

et al., 1994). Finally, the possibility that RNA editing may he a mechanism ta alter the

physiological function of mutine aly2-mannosidase mmust he considered. Although the

edited form ofal ,2-mannosidase mlacks mannose trimming activity with Man9GlcNAc as

substrate, il may have some other unknown function.

3.7. Conclusion.

Characterization of the genomic structure of the murine al ,2-mannosidase lB gene

is the fUSl step in achieving a complete understanding of the role and regulation of

expression of the al,2-mannosidases in N-linked oligosaccharide maturation. Knowledge

of the genomic organization of this enzyme provides the basis for further genetic studies as

described above. The completion of these genetic studies will provide insight into the

mechanisms that regulate the invidual steps ofN-linked oligosaccharide maturation and the

overall control of protein glycsoylation.
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APPENDIX
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Fig.ll. ComparisoD of the nucleotide and amino acid sequences from

Cos.25.1 and exons 12 and 13 of murine al,2-mannosidase lB (clone 416).

The sequence similarity between Cos.25.1 and al,2-mannosidase mbegins at amino acid

position 560 of the al,2-mannosidase m cDNA. Sequence comparisons reveal that they

are 83% similar at the amino acid level, and 93% sunilar al the nucleotide level. The

sequence ofCos.25.1 contains a premature termination codon at position 566, an 9bp

deletion (amino acids 601-603 of al,2-mannosidase lB cDNA), and multiple base changes.

The genomic organization also appears to he different. The amino acid and nucleotide

differences found in Cos.25.1 are indicated in boldo The amino acid numbering ofclone

416 is according to Herscovics et al., 1994.
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GGCCACATGA GAAACAATGT CTTATTCTAT ACTGACAGTG CAAGTCAAGA CCATAGAGCA CCTTACAGGA
GCTAGAGATG GCTTTT'I'GAA CCAGTTATAC ATTTGT'I'TTC TCCCACAGTG GAGCAGCTCT CAAATCAAAT
ATAACACATT GTGTAGCCCC TTTCCTCCAT TTTAACAATG GAACAAACCG AATGAGCAGG AACAGAGGAA
CATGTAACTA CATTGTAG~A AGAAGACTTG GGAAAG.... AAACCGATAC TG'l'CCCTGTC TGMCTTTC'l'
AGCTCCTCAT CGGATTT~ ACCAGACTGG CAAC'l'ATTTC ATTCC~AACC TAGGCATTGA AATCTGTTTA
GACTGAGTTT TTCTCTGAGG GGCATGATCT CATGAAGAAT ATTT'M'CAAG TCTT'I'GTCTC CATATGATAT
GCTGAACCTG GTATTTATCA TAACTGCTGC TTATGAGCCG GAATGTGGGA GTGTGCATGT AGCTCACGCT
AGCATTGGGA GCATAATGGA AGGAGGGAAG GTGCCAGATT GTTGCCTTGA AACCTGTTTT AGAGAAATCC
TTAATTATTC TTCTGMCCA GCAACTOTAT CAAGCAAA.CA TTTTCTGCCT TTAATCTCAT AACACAGTTA



Fig.I2. Schematic representation of the al,2-mannosidase lB gene witb

additional restriction endonuclease maps. Part A shows the arrangement of the 13

exons (depicted as vertical bars and numbers). The 5' and 3' UTR sequences are shown as

white boxes. Part B shows a partial endonuclease restriction map for the enzymes BamHI

(triangles), EcoRI (ovals), and Xba 1 (rectangles). Part C shows a partial endonuclease

restriction map for the enzymes Barn HI (triangles), Eco RI (ovals), BgI n (squares), Pst 1

(asterices), and Xho 1(stars)
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