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ABSTRACT Golgi a-mannosidase II (a-Mll) is an en-
zyme involved in the processing of N-linked glycans. Using a
previously isolated murine cDNA clone as a probe, we have
isolated cDNA clones encompassing the human a-MII cDNA
open reading frame and initiated isolation of human genomic
clones. During the isolation of genomic clones, genes related
to that encoding a-MIl were isolated. One such gene was
found to encode an isozyme, designated acMIIx. A 5-kb cDNA
clone encoding a-MIIX was then isolated from a human
melanoma cDNA library. However, comparison between
a-MIIX and a-MIl cDNAs suggested that the cloned cDNA
encodes a truncated polypeptide with 796 amino acid residues,
while a-MI consists of 1144 amino acid residues. To reeval-
uate the sequence of a-MIIx cDNA, polymerase chain reaction
(PCR) was-performed with lymphocyte mRNAs. Comparison
of the sequence of PCR products with the a-MIIX genomic
sequence revealed that alternative splicing of the a-MIIX
transcript can result in an additional transcript encoding a
1139-amino acid polypeptide. Northern analysis showed tran-
scription of a-MIIX in various tissues, suggesting that the
a-MIIX gene is a housekeeping gene. COS cells transfected
with c-MIIX cDNA containing the full-length open reading
frame showed an increase of a-mannosidase activity. The
ca-MIIX gene was mapped to human chromosome 15q25,
whereas the a-MIl gene was mapped to 5q21-22.

a-Mannosidase (a-M) activities are involved in both biosyn-
thesis and catabolism of N-linked glycans (1, 2). These enzyme
activities are present in cells ranging from yeast to human.
There are different forms of a-Ms: lysosomal a-Ms are soluble
and involved in degradation of N-glycans, endoplasmic retic-
ulum (ER) and Golgi a-Ms are involved in processing of newly
synthesized N-glycans, and cytoplasmic a-Ms may be involved
in degradation of dolichol intermediates that are not needed
for protein glycosylation or oligosaccharides derived from
glycoprotein turnover in the ER (1).. Substrate specificities of
these a-Ms differ from each other, and Golgi a-MIl specif-
ically hydrolyzes two peripheral mannosyl residues from
Manal1-6(Manal --3)Manal ->6(GlcNAcf31--2Mana1 ->3)
[Man/31 ->4GlcNAc,lB --4GlcNAc31 ->]asparagine struc-
ture. Several a-Ms have been cloned to date. These include
Golgi a-MIT (3, 4), ER/cytosolic a-MI (5), two isozymes of
Golgi a-MI (6-8), lysosomal a-M (9), Dictyostelium a-M
(10), and yeast a-M (11) (for a recent review, see ref. 2).
a-MII is a type II membrane protein mainly residing in the

medial Golgi cisternae, while its localization is cell-type de-
pendent (12, 13). A genetic defect of a-MIT in humans causes
congenital dyserythropoietic anemia type II or HEMPAS
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(hereditary erythroblastic multinuclearity with positive acidi-
fied serum lysis test) (14). Thus, the reduction of a-MIT activity
results in a failure of polylactosaminoglycan formation in
erythrocyte membrane proteins, leading to clustering of mem-
brane proteins and formation of unstable erythrocytes (14-
17). Since a-MIT is normally expressed in a variety of cells in
tissues, the HEMPAS defect is not restricted to erythroid cells
(18, 19). However, there are cells and tissues that are not
affected by HEMPAS genetic defect. This predicts the exis-
tence of one or more tissue-type-specific a-MIT isozymes (16,
17) that compensate for the a-MIT defect in certain cell types.
The present report describes the cloning of human a-MIT and
the genomic and cDNA cloning of an a-MIT isozyme desig-
nated a-MITx and their sequences.l

MATERIALS AND METHODS
Materials. Full-length mouse a-MIT cDNA clones and

cDNA clones containing the partial human a-MIT open read-
ing frame have been isolated (3). Additional human a-MIT
cDNA clones were isolated from a human liver cDNA library
in the Uni-ZAP XR vector (Stratagene). A human cosmid
genomic library constructed in pWE15 cosmid vector (Strat-
agene) was provided by T. Sato, La Jolla Cancer Research
Foundation. A melanoma cDNA library constructed from
human melanoma cell line SK-Mel-28 (ATCC HTB 72) in the
pcDNAI vector was purchased from Invitrogen.

Isolation of a-MIT cDNA Clones. The human liver cDNA
library (-1 X 106 plaques) was plated on XL-1-Blue host cells
and screened by plaque hybridization using standard proce-
dures (20). The probe used for the library screening was a
32P-labeled 578-bp EcoRI restriction fragment derived from
the 3' end of the previously isolated human a-MIT clone, HM-1
(3). Clones were excised from the Uni-ZAP vector as inserts
in Bluescript II SK(-) and were sequenced. A single clone,
designated HM-4, was completely sequenced and found to be
2825 bp long, to overlap the 3' end of the HM-1 clone starting
at base pair position 810 of HM-1, and to contain 163 bp of 3'
untranslated sequence followed by a poly(A) tail. The full open
reading frame of human a-MII cDNA was assembled from
those two clones by ligating the 5' 1258-bp HindIlI fragment
of HM-1 with the 2383-bp HindIlI fragment of HM-4.

Screening of the Human Genomic Library. About 1 x 106
colonies of the cosmid library were hybridized with a 32p
labeled 1.4-kb EcoRI fragment of human a-MIT cDNA as a

Abbreviations: a-M, a-mannosidase; a-MI and a-MII, a-Ms I and II;
HEMPAS, hereditary erythroblastic multinuclearity with positive
acidified serum lysis test.
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probe (20). Two positive clones with an insert size of about 40
kb were isolated and were designated clone 7 and clone 14.

Screening of a Human Melanome cDNA Library for a-MIlx
Clones. A human melanoma cDNA library in the pcDNAI
vector was screened with a 69-bp PCR amplimer probe derived
from genomic aMlIx clone 7 (see Fig. 2). A clone with an insert
size of 5 kb was isolated and sequenced (pcDNA-IMX).

Partial cDNAAmplification by Reverse Transcription (RT)-
PCR. Poly(A)+ RNAs were isolated from normal human
lymphocytes, and cDNAs were synthesized by using a First-
Strand cDNA synthesis kit (Pharmacia). PCR was performed
with the following oligonucleotide primers: 5'-TTTCTTCTC-
CTATGCGGACCG (nucleotides 1476-1496 in Fig. 3) and
5'-CCAGCTCCTTGTTGACGTAGTC (nucleotides 2652-
2631 in Fig. 3). The PCR products were subcloned into
Bluescript vector and designated pBS-LymRTPCR. Genomic
clone 14 was also subjected to PCR with the primers 5'-GG-
CCTGGGCGTGCAGCTA (nucleotides 2140-2160 in Fig. 3)
and 5'-AGACAAGGACCTGCATGTCCA (nucleotides
2404-2384 in Fig. 3). A PCR product of about 500-bp was
subcloned into pBluescript and named pBS-genomePCR.

Sequencing. Nucleotide sequencing of the cDNA and
genomic clones encoding a-MIlx was performed by dideoxy-
termination methods (21) using a Sequenase kit (United States
Biochemical).

Construction of a Mammalian Expression Vector Harboring
a-MITP cDNA. Because the subclone pcDNAI-MX, isolated from

m-MIXI
ha-MII
ha-MI4J

mat-NII
ha-MII
ha-MIX4

ma-MII

the melanoma cDNA library encoded a truncated a-MIIx prod-
uct, a cDNA encompassing the full coding region of a-MIlx
cDNA was obtained by replacing the Cpo I fragment (1095 bp)
of melanoma cDNA with a Cpo I fragment (1070 bp) of pBS-
LymRTPCR. The resulting clone was named pcDNAI-MIIx. The
large EcoRI fragment from pcDNAI-MIIx containing the entire
a-MITx cDNA open reading frame was excised and ligated into
the EcoRI site of a mammalian expression vector, pXM (4).

RESULTS
Isolation of Human a-MII cDNA Clones. Partial cDNA

clones containing the 5' end of the human a-MIl open reading
frame have been previously isolated (4). Clones containing the
remainder of the 3' end of the open reading frame were
isolated by plaque hybridization with a 578-bp EcoRI restric-
tion fragment as a radiolabeled probe. The longest of the
clones overlapped with the previous clones and extended
downstream through the end of the open reading frame and
163 bp into the 3' untranslated region before terminating in a
poly(A) tract. A full-length human a-MIT cDNA open reading
frame was assembled from these clones. The open reading
frame encompassed by this construct encoded a product that
was 1144 amino acids in length and 80% identical to the
product of the cDNA sequence of murine a-MIT (Fig. 1),
including a 97% identity over the NH2-terminal 87 amino acids.
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Forward primer Reverse primer

Genomic clone:...ATGAAGCTGAAAAAGCAGGTGACAGTGTGTGGGGCTGCCATCTTCTGTGTGGCAGTCTTCTCGCTCTACCTCATGCTGGACCGAGTGCAACACGAT...

a-NII cDNA :...ATGAAGTTAAGCCGCCAGTTCACCGTGTTCGGCAGTGCGATCTTCTGTGTGGTGATTTTCTCGCTCTkCCTGATGCTGGACCGGGGTCACTTAGAC...
1

FIG. 2. Partial nucleotide sequence of genomic clone 7 and corresponding cDNA sequence of human a-MIT. DNA sequence obtained from
a subclone of the 2.4-kb fragment. Primers were designed of positions indicated by the arrows for amplification of the 69-bp probe used in cDNA
library screening.

Hydropathy analysis on murine (4) and human a-MIT and
protease studies on the murine enzyme (22) indicate that a-MIT
from both species is a type II transmembrane protein with an
NH2-terminal 5-amino acid cytoplasmic tail and a single trans-
membrane domain within this highly conserved sequence region.
Expression in COS cells (4) resulted in the overexpression of
a-MIT activity toward the synthetic substrate, p-nitrophenyl a-D-
mannoside, and the appearance of anti-a-MII antibody cross-
reactive material in a juxtanuclear membrane array consistent
with the Golgi complex (data not shown).

Screening of a Human Genomic and cDNA Libraries and
Identification of a-Mllx Gene. A human genomic library
constructed in cosmid vector pWE15 was screened using
32P-labeled human a-MIT cDNA as a probe. Two positive
clones, each with an insert size about 40-kb, were isolated.
These two clones were designated clone 7 and 14, digested with
EcoRI, and then analyzed by Southern blot hybridization using
32P-labeled a-MIT cDNA as a probe. EcoRI fragments of
2.4-kb and 4.0-kb from each clone were found to hybridize with
the probe and were subcloned into pBluescript. The nucleotide
sequence of these subclones showed that the sequences are
similar but not identical to a-MIT DNA (Fig. 2), suggesting that
clone 7 encodes a new gene related to the a-MIT gene. The
product of this new gene was named a-MIlx. A human
melanoma cDNA library was then screened by using a short
(69-bp) DNA fragment as a probe (Fig. 2), and one positive
clone with an insert size of 5-kb was obtained. The nucleotide
sequence of the cDNA clone had an open reading frame
encoding 796 amino acid residues (Fig. 3).
To determine if a different cDNA sequence encoding

a-MITx is present in different cells, RT-PCR was performed
with poly(A)+ RNAs isolated from normal human lympho-
cytes. PCR primers were designed so that the PCR products to
be sequenced would cover the area between nucleotides 1476
and 2652, which is the region containing the stop codon at
2389. The sequences of lymphocyte PCR products revealed
that there is an alternative a-MITx cDNA sequence that has a
25-bp deletion when compared with the sequence of the
a-MITx cDNA clone isolated from the melanoma library (see
Fig. 3). When the sequence obtained by PCR replaces the
corresponding sequence in the melanoma cDNA clone, the
resulting product of translation has 1139 amino acid residues

(Fig. 4), which is comparable to the size of human a-MII (1144
amino acids). Hereafter, the cDNA product of 1139 amino acid
residues will be referred to as a-MITx.
A hydropathy plot (23) of the a-Mllx polypeptide showed an

uncleavable membrane-spanning domain near the NH2 terminus,
suggesting that a-MITP is a type II membrane protein. Alignment
of peptide sequences shows a close similarity between human
a-MIIx and human and mouse a-MIT, respectively (Fig. 1).

Alternative Splicing of a-MIIX Gene. The sequences ob-
tained from a-MITx genomic clone 14 revealed that both cDNA
sequences obtained from melanoma and lymphocyte cells are
present in genomic clones. Melanoma cDNA contains an extra
25 nucleotides (see highlighted letters in Fig. 3) after residue
2347, leading to a frame shift with a stop codon at 2389. On
the other hand, lymphocyte a-MIlx mRNA spliced out an
additional 25-bp, yielding an open reading frame extending to
nucleotide 3417, thus encoding a polypeptide with 1139 amino
acid residues. RT-PCR analysis showed that these two forms
of a-MITx transcripts are present in various cell types (data not
shown), suggesting that the a-MITx gene generally produces
two alternatively spliced mRNAs in normal human cells.

Expression of ai-MIIx in Various Human Tissues. RNA
hybridization (Northern) analysis of a-MITx (Fig. 5 Left)
showed that a-MITx mRNA is seen as a single band at 5 kb in
various types of adult tissues. Northern analysis of a-MIl and
a-MITx showed that both enzymes are strongly expressed in the
placenta and kidney; in heart, brain, and skeletal muscles,
expression of a-MITx is stronger than that of a-MIT. Expression
of these enzymes is very weak in lung.
Enzyme Activity of a-MIIx. COS-1 cells were transfected

with plasmid constructs containing human a-MII or a-MITx
coding regions and assayed for overexpression of a-mannosi-
dase activity as described (4). Cell lysates prepared from the
COS-1 cells transfected with a-MITx cDNA exhibited a 1.6-fold
increase of a-mannosidase activity compared with those of
controls (Table 1). These results indicate that a-MITx polypep-
tide with 1139 amino acids is catalytically active and can
hydrolyze p-nitrophenyl a-D-mannoside.
Chromosome Localization. a-MITx gene and a-MIT gene

were mapped to human chromosomes 15q25 and 5q21-22,
respectively (Fig. 6).

[pBS-genomePCR]
[intron] 230bp

..... GGGCTCCTCAAGgtaaa........ acatgctggtgtggagcaa GCATCCGAAGGGTGGATQRGGAGCkC.

[pCDNML-NZ]
2347 2389

.... 1IAIc7 A UCCGTiAGGAGTGGATGRG
....G L L K G S G L C F L A HB P K G G end

783 796

[pBS-Ly RTPCR]
2347

.....GGGCTCCTCACAT1GAAOGGG GCrCAGCAGCAC
....GLLK S I R R V D EEB Q Q

783

3418

rGTGGACATGCAGGTCCTT..............CGCTTGGGTTAGGGCTTC
V D M Q V L ...............R L G end

1139

FIG. 3. Two alternative splicings of the genomic DNA encoding a-MITx, resulting in either short (796 amino acid residues) or long (1139 amino
acid residues) a-MIIx polypeptide. The sequence of 25-bp nucleotides (highlighted) is present in genomic clone 14 (top line). The sequence that
becomes a part of the exon by an alternative splicing is highlighted (middle line).
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Proc. NatL Acad. Sci. USA 92 (1995)



Biochemistry: Misago et al. Proc. Nati. Acad. Sci. USA 92 (1995) 11769

-68

ATGAAGCTGRAAAAAGCAGGTGACAGTGTGTGGGGCTGCCATCTTCTGTGTG
MRK LIKI Q VT VC G AA I C V

AACTTCCCCCGGAGCCAAATTTCTGTGCTGCAGAACCGCATTGAGCAGCTG
Q

CCC

aAA

!CTO
L

GACI
D

OGCO
A

TGOO

CAC

ITCI
I

CAA

Q

PT?T

PT?T
F

COGG
R

PTC'"

F

CTG(
L

TCG(
S

CAG

Q

1300G

:AGC
S

!ACG
T

COGT
R

TOGC
C

C0O
R

lAG

ATO

N

!CTA
L

AOCI
S

;C

C

Zi

CG

CATTGTCCCCAACTARI TAG GGCA

IS V L QHNR

XCCATGCTGCCCTACTACACG
A NL P Y Y T

:CAGAGCTGCAGATGCTCACT
P EBL QN L T

C:AGGTGTTTGTGGTGCCCCAC
Q V FV VP

:CCCGGCGGCGCTTCCTCTGO
PR RRFPL W

LCAGCAGGCTOGGTGATGCCB
TOGGWV N P

1CAGTOGACCCCTTTGGATAC

A V D PFGY

LGCCTAGAGTTCATGTGGAOO
L B F NW R

rGCTGCCAATTTGATTTCAAAI
C C Q FPDFRK

PACCGGAAGAAGTCCCAGCTO7
YTR IKRKSQL

*.ACT?CT?CAACAGCAGOCCTJ
D FFHNS R P

'CTGTGCTGAOCGGGGATTTC!
.PV LSG D F

OGGGCAGAGGOTTCTGTACAGCI
G AB VL Y S

:AGCATCACGATGCCATCACT
Q HH8D A IT

?TGCTGOGGOGACAAOGAGACC!
V L GDRKH T

.CCAGOQTTTGTOGTCCTATTC
P R FV VL

LTCAOCOCACACTGOAGCTCT4
I SA WS S

CACCGCACGCTGCCCTCCTCT
RT LP S S

IACCGCTACATGvCAGGTCTGG
R TN Q VW

TCCAAAGACAAGAGTGGA0CC
HIKDIKSGA

LkCTATGAGCACATTCACCAGG
T N ST FPT R

LtCATCCATACAGACATCGACAR
T S I QYTS T

CTCACGCTGCACACTGCCCAG
LT LH8TA Q

IACAACAAGAGAACCTGCAAC,
DHNR R T C

7ACCTGRACGCCCCGGCGCTC,
Y LHA PA L

r:GTACGCTCCA=OTGAOGAG
R TL Q A

CAAGCAAOOGTAGCCCTGGGC
G IKV ALOG

I

GTC
V

GMC
V

FcN

S

3CMC
A

GAT
D

LOGC

CAG
Q

GOc
R

MlC

LAC

ETC

:TO

L

NACI
Y

LAC

XcC
A

FTC

V

FTC

TAC
Y

COT

R

3CC

A

(;Cc
A

R

3CNC
A

2AC

D

WOC
S

H

NTCC

'CAC

kGAC

MGA

ITCC

ACh
T

L

:CGI
R

ICYC
L

.TCC

;OCT
A

ACC
T

'CAC
H

'CCAS

ACC
T

3COC
R

ITCI

L

;TCC
S

:AGG
R

cYCT
L

"FTC
F

'cYC
L

:ACC
T

ICT,
L

Q

2GC!

AG

IAT(

FTCI

GCCJ
A

ACCJ
T

FOGG

CCTN
P

IGCJ

CAT(
H

TAT(

A

3iCCi
A

FTIN

CTGC
L

GAG(
B

ATCI
I

GM(

TTC(

2GCI
G

GTOC
V

GGT(
G

CGC(
R

CCTN
P

CTA'
L

TTC(
F

L

:TCCI

GAG

GACI
D

AATI

ITO
N

GIACI
D

GOG
G

IAC(
H

GTG
V

GCCG
A

2CTM
A

AAG(
K

GAC(
D

GRAA
B

2CG(
A

TAC
Y

CTTJ
L

!CTG4
L

TFTT
F

CAGA
Q

QTC!
V

CTC(
L

OTA
V

ICCCl
P

CAT
H

GGCAGCTCGGCCGACTGGGCCCOGGGCGGCGCGGAGGCCGGGCGCTGACGGTGTGTGTGGAGGCCAGT

GiCAGTC
A V

;GIGCAC
E Q

:TGGGTO
WV

;CTGCCC
L P

:CCAGGC'
P G

'TTCTTCI
FFr

TCCCAC
S B

;CCTTACi
P T

,TCGGAC'
S D

,GOOCC
G R

GTCCTCI
V L

CAGGCCI
Q A

GACCGG
D R

'CACGCTI
H A

GAGGCTI
H A

CCTGAG
PHE

CAGGAG
QHE

GTCCCTI
V P

:CTG;CAC
L H

'ACTGGC
T G

;CCCGAT
P D

'ACAATC
T I

;CCCCGH,
P R

TCTAGC
88s

CTGCTA,
L L

OGCCAGG
A R

!TCGGCG
S A

GrGCCTO
G L

riTTTTGGAGGAGAACCATGAGATTATCAGCCATJ
L

FTC

V

FTN

TGG

13CC
A

TAC
Y

.TO

L

FCC

S

LTC

I

L

ZA0
Q

R

A

'GA!
R

D

GGCC

'CT
L

GGCC
G

TGC
C

r0G
R

CTC
L

GAG

ILTG

GAG

D

L

CCI

P

GAC
D

ITC

I

IAC

mIT
F

CTC

L

IOC

S

LAC

ITO

V

ZITT
F

GAN
D

:ocl
R

ITO

V

Xc,
P

ErTC

V

COC

R

CTC

L

GAG

CAC

Q

TAT
Y

AAA

COC

R

CAC

Q

ICC

T

FTC

V

CCG(
P

lAAC

lAG

W

30ka
A

C0C(
R

ACAI
T

FOCI

C

CCTN
P

G3CC

CAT"

PCIN.

S

GFM,
V

FTCI

ILGCU.
S

FACC
Y

CAG

Q

lAG

GCAJ
A

GG00

CTG

L

GAT(
D

CGAJ
R

CTCI
L

GCA(
A

GTA'
V

GAO

MOTO
V

ICC!
T

TMG

PTM
L

COT(

GAC

CCTr
P

CT?(
L

ACT(
T

FACI
Y

300C

GACI
D

CTCI

L

ITOI

CAM
Q

ICYG
L

iA0C
S

AOCI
S

TOO

UAAG

ACC

T

CCA

P

CTCJ
L

IT?C

;CCC

OGAT
D

GAC

D

ART?
I

0CC

A

ITC"
I

TOO

WN
GA

CTT'
L

TOG

CTG(
L

PAT(

CAM

3TGI

MCC

!AT'C
I

ICCT

ARGO
R

UAAO

!CAG

OGTO

GC

:CT?q
L

.GO

R

IAC

D

LkAC

3ACI
D

LACl

LAO

IAT

D

LCAI
T

CT4
A

GT

'CTi
S

3TC
V

.GA
R

LCO

T

bC,

.TC

L

'.TG
L

bC7

.CTA

L

:AG
Q

B

ccc

RAG

RTC
I

CAC

0

CTC

L

IAC'
D

IAC'
D

bGC
G

3AT
D

I.To
L

ITO

LOC

R

FCC

S

GAC

LOGT
S

claT

CAC

-CCA
P

I

AGC
S

GTG
V

FAC

Y

ANT

!CT
L

ICC

T

CAC

CCAI
P

MlC

EAT

Y

EAT

Y

CGOO
R

LtOG
R

IAC,

D

:TG
L

:CT

P

lGG
R

F'TG
V

CCI

P

CTC

L

'CT
L

V

GAG

CTG
L

COT

R

ICC

T

I SH

TTCTTCTCC
FF S

TOGAGGCAAI
W RQ

TACACAGAG
Y TE

GTCCAAAAG
V QR

ATCGAAGGAI
IHO

IGCATGCTG
S NL

ITGATGCCCI
NM P

CCCCGGGCCJ
PR A

CGATATGACJ
R Y D

TTTGATGCC'
FD A

TACACT?CC(
YT S

FACCCACTM
YP L

CTTCTGCGCI
LL R

LCTCOCT?AJ
TR L

ITCAACTCIN

VHNS

IvTCCOCCTGC
V R L

CACGAAGCO
HE9 A

G2ATGAGGAO
DE E

AGGAOCCCCi
R S P

FOGACATAT4
W TY

CAGvGCCAAC'
QAHN

ATCTTGGACI
I L D

GTCCAAGAT,
V QD

CGCTCATTT4
R S

AAGGOTT?TT
KOGF

TCCTTGACG'
SL T

'C

rG

IA

CG

IA

NTCAGCCA1CANTCTGCAAN'I CCTCT

*CACGATCCCACCCGACACCAGAATGGTGGGG
H

IATC
I

!ATC

G

;CAG
Q

;AGA,
R

LCAC,
H

ATT

ITTC

ATC

AAO

CTG?
L

COO
R

TCT4
S

OTM

CCA(

nTY
F

.CCC

"CAT
H

F

R

'AOCI
S

!CAT
H

!GAC,
D

'TTAS
L

D

lAGG
K

FCCI

TI

rNCGG
A

LACA(

T

2CCC

rACAI

:CCN"

IATNI
DI

LI

:ACG
H

:0CCl
RI

;CC(!
A3

:CTCI
P

GAGC
I

TOC7
CI

CCC7
PI

TACCI
Y

COGG
R

CACT
H

CCTC
P

FWOC
CI

CTGZ
L

P

IAC!
D

CCG(
P

GACJ
D

CAN

GCA(
A

FOGG

AGA(
R

2AGC

CAGC
Q

PLAG)
K

FTCl

2TCI

GACCI
D

UTGC

L

CAG(

FCAM

TC(

CT=
L

CTGi
L

T0CT

G

TACI
Y

T R

s V

CAGGAC'
Q D

ATCTCCI
I S

CACATC
H I

IGTCCGA&
V R

CTGGAG

LHB
IGTGCAC!
VHB
PATGAC4
Y D

GCCAAC'
A N

GAGTGG(
1WN
AGGACA(
A T

TACAAG)

ICCCTC(
T L

AACCTGi

GCCCTC(
A L

CGTGTCC
R V

GGCCTGC
G L

CGTGTrc
R V

CAGGTO

2TGGTCA'

W T

ATGCCAI

ATGCAG
N Q

ACCAGC'
T S

2CTTCC!
A S

CTGGAO
LIB
CCTCTO
P L

H

;CTC
L

TGOC
C

'TAC,
Y

ICTC
L

kAGO
R

AkGA
R

TAT4
Y

:GTCI
V

!GTo
V

OAT4
D

IGGC
G

AGC!
S

~CTG
L

AAG(
K

CCA(
P

CTT!
L

OGOC
G

ATEI
I

;GAC
D

LCTG
L

T-CC,
S

OGTC
V

OAT
D

TAC
Y

TCA,
S

0GCC
A

0GCCI
A

Q

GAG

CAG

r2AC
D

PLAT

CTC
L

PLAT
H

A

XCC

3CA,
A

3CC
A

3TO
V

NTAI
L

ICO
T

:AG
Q
lAG
H

'CO
S

GAC
D

ITC

LAG
I

LTC
N

rIAC
D

rCCA
P

CTC
L

RAG
I
TCC
S

H

CTC
L

CCG

AGC

FTC

CTN
L

ITC
I

C-AN

rlAO

CAC

GAO

GAC,
D

lAAM

WTC

R

lAG

IT
L

TCl
S

CAC
0

3CC
A

ACT
T

2CC
A

AAC
H

TCC
S

ccc
P

AAC
H

CCG
P

0

CAM
T

2GCTI
A

CAC(
H

ATGO
N

GG0k
0

GGTN
0

lAGI
I

ICCI
T

1004
R

TTCI
F

CCAI
P

COAC
R

2cIN
A

PLTCU
I

PkCGC
T

rlAGC
B

2CAG

CTM
L

ACCO
T

COGG
R

CTC(
L

PTGT
C

PTG(
L

TCCJ
S

G

0GCC
A

-TTO
L

!GAC
D

GTG
V

AAC
H

GCA
A

lAG
I

POT
C

GCA
A

TTC
F

200
0

2TC
V

COG
R

ITT
I

GTG
V

GGT
G

CTA
L

ICC
T

CTT
L

FTCT
S

TCA
S

IATC
I

GOC
0

~CTC
L

GAC
D

IAC
H

KG

:G

3c

Ik

CG

(CANCC GTTCGCN TTATCACGCGCGT WCTACGCCTGAOOC417 I K A CCGCCTIAGGC GGC AGAGU

KCGCTTN CNTACG NCACTTCC(GCACKCTCGGGCTT CGAGCTTCGTTGCAGCCAGA(GGTCCATI

A(TCCAGI TTTGCTTTCAACGGCACTCTGGAGCATTGCCCTCGTTTGTCCTGTACAAAGGACAGGTGC CCAC

KCGCTN GGTCCTTCGNCGGTCTCCTTGG (GGGhTATCTN 1 C NC N ATTCGCCTCACAC TTA(IkCAT

hGCAC CGGGGAAGTCGAACCT NAGTAGTCCGTTGTTCTCGGCC'(NTCCCTTTATTACTC TGACGGAAGTG

AATGGGCCTCCACTAGTCACCTGGC CCAAGGGTTGTGGGCATGGCA CTTTCCCCTGCACTGACAGGCATAT

IGAGCCATA CTGTNTGGNACAC CCTACATTGCCCTGGCCCTCCAGGAGAATGTAGCCAGCTC CAGCGCCGT

ATCAGTGTCCCCCKTTTOCCATACCI ACTGAAGGGTCGAvTGCCGTGCATTCCCTCGNTGTCCTTCTNCGGGAGG

;CCCC;CCTGAGTCGCCAACGGGCCTGCCCIGGGCCGAGCTCAGTTTTGNGTCCTGCGCCTGCGCCGGCGTCTGCAGT

;CGGCCGGTGGCCCCAGTGCCCCCTTGGCTCN CTC GGCGC:CTTCGC4CCi CGAGGTTCTTCGTTCTT CCTGCC

'GCTCCCTCGAACGTCAGAGTCGTTTCGCCTATGGNCTAAhCACCiGGK IG GGCCGGAG(GTGAATCGGC

NTTGCCCGAGTCAN 7ANG CCACTTCCGCC INGGAGCTAGCCIAG CCCCGGTGGGTATGAGCCT

TCCAA ITKC TCATA:CCTTACAG :7CGCTTCATTCC:4GTGA CNNGCCTGC NCACCTGG :1UCGGATAG

AGGTGCCGACTCTAA ACGCGCA GGAGCCCACGTTCGAGACTCCCK AGCCATTTACCATCAG:4GGCTT

C IGhLCCA A CGCTAGTGAATCCAGCTGTGCCACTC1GTGCACG1KG CTGCGGGCGTCA1GUTGCUACGG

1GCC GGCCAGCCCAGG1ACTCCGTTCGCTCTCTG iCGCGACGGGCATjGTCAAI TGCATCACAGTCCATCCC

AGCACGhCCCTTNCThCGCCGCCTGCCGCTTAC AGGTCGTCCGCCTG GGTCTTACCCGCTCTCACTGCCATGT7

:CCCGTCACTCGACCCC4 T KAGA4CCTCCTGCUGG CGAC NCTACACI AGTTTGCGCGCTGAGCAGUC:G

AACTGCCCACAACCAGC NTGCTGGACTTTCTGCTGTNGTTCTCACACTCTTGCGTACTTCCTTGCTCCGTC

-1

120
40

240
80

360
120

480
160

600
200

720
240

840
280

960
320

1080
360

1200
400

1320
440

1440
480

1560
520

1680
560

1800
600

1920
640

2040
680

2160
720

2280
760

2400
800

2520
840

2640
880

2760
920

2880
960

3000
1000

3120
1040

3240
1080

3360
1120

H T D VYL E P N I ATFPR LRLGOGod 1139

ATTGRCAhCCAACGGTATCCATCCGhCTGCTCCAGRATGTRCACCTGGCTCGCCCCATTTCTTTTATGCGCTGTGTGTTTGGCGAACCACAAC36000
AGTGKTGGGAAATAGGGCGhCGCCAGThGATCAGGGGhGRAGGCCTTGGTCAGGTGGGCAGTCCAGGCTCTC --3720

C,CACCCKTC CCAGCATCAGGGTCACTGTGGCARCAGCAGGCTCTAGGG ~~~~~~~3840

GRATCc CCAGhGTTAGCAGTGGGGATGGRGCAOTAGAAGGAATC ~~~~~~~~~3960

ACTGTTCCCTAGRGCTGRGGCTCGCGCTTCTGGRTGCTTGCATAAGGCCCCTGCCTCATCATTGCTACAGCTGAGRAGGCGGRAGACCGCTG40808

ATTGCATOCCGAGTCAAGGTACTCACGrACAAACCCTGGAAATGGCACTGGCTATTACGATTGTGGATGTGCAGGGTTGGGTCCTCACCTC42000
GRATTTCTTTGC.r.lc TGATGCTCTGTCCCAAGGCTCTTCTTTTATGCAGGGGTGGGhTTGGCCTACCTCCAGACT43202

ATGTCTTGGCACTTRGRAGCGTCAGACCCGCCAGCGGCAKCCTGhACCTACCTTAGCTACTGCGAGTATTAGTCCTGCACGGGGCTAGGGCT44404
AGhGATAGRGGGGCGTATGCTTGCAGAGCTTCTTTAGCTCAATAATGGGAGRTTTAGATGCTCATAATGCGAAAGGTTTTGTAAATTAAAAC45606
TCCCTATTAAATCTTGTAATTAGTCGGRAGRACACCTAACTAGTAKGGTC PCAAAACAACGTGKGGCTTCTAAGGTCAACGCACAGCATC46808

ATTAAGTArmAACTGCCAGGGAAGCATTTTCACAGGTCCGGCCTACAACCCTGAACAGCCGATAGGACATAGGAGAATATATTOCATTTTTTA48000
ThMCTGCCTACCTGTAAAA 4824

FIG. 4. Nucleotide sequence of a-Mllx cDNA and deduced amino acid sequence.

DISCUSSION two highly related cDNAs encoding enzymes involved in the

Recetlyit hsbcomeevient hattrimingstep inthe cleavage of a(1,2)-mannosyl units have recently been cloned

(6, 8). We have also identified clones encoding a previously
maturation of N-glycans (24) that were previously attributed to undisclosed a-MII-related gene. A 69-bp probe that was

a single processing hydrolase can potentially be catalyzed by distinctive to this a-MIT-related sequence was successfully
more than one isozyme in mammalian tissues (2). In particular, used to isolate a full-length cDNA clone (Fig. 4).
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FIG. 5. Expression of a-MII and a-MITx mRNA in normal human
tissues. (Upper) The filter (multiple tissue Northern blots, Clontech)
was hybridized with either human a-MITx cDNA probe (Upper Left) or
human a-MII cDNA probe (Upper Right). (Lower) Each filter was
stripped of its probe and rehybridized with ,3-actin cDNA probe. The
numbers show the position of standard size markers in kb.

The present study shows that expression of a-MITx is influ-
enced by alternative splicing. As described above, a-MITx
mRNA is spliced differently in the coding region, and such
alternative splicing results in either active or inactive enzyme.
PCR analysis of several tissues showed coexistence of two
alternatively spliced mRNAs, suggesting that cells regularly
produce both active and inactive a-MITx. It would therefore be
interesting to know whether any factor that affects the mode
of splicing also controls the level of N-glycan processing in vivo.
We have predicted (16, 17) the existence of a fetal type

a-MIT isozyme. Such a hypothesis stemmed from an analysis
of HEMPAS disease; HEMPAS patients do not show an
obvious abnormality at the time of birth (18). This fact is
intriguing, because N-glycans present in plasma membranes
are involved in cell-to-cell interactions, and therefore may play
important roles during embryonic development. In fact,
"knock-out" of the N-acetylglucosaminyltransferase-I gene in
mice resulted in embryonic lethality, presumably because the
conversion of high mannose to complex type N-glycans is
impaired (25). It is therefore possible that a fetal-type isozyme
of a-MIT is expressed in the human embryo, thus avoiding the
genetic defect of a-MII in HEMPAS. Further analysis of
a-MIT-related genes will define an apparently developmental
and tissue-specific manifestation of HEMPAS disease.

Table 1. a-Mannosidase activity in COS-1 cells transfected with
a-MI- and a-Mllx-related cDNAs. Numbers presented are the
average of quadruplicate analysis

a-Mannosidase activity,
% of control

(mean ± SEM)

pXM 1.0
pXM-murine MII 2.5 ± 0.3
pXM-MTTx-sense 1.6 + 0.2
pXM-MTTx-antisense 1.0 ± 0.1
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FIG. 6. Distribution of labeled sites on chromosome 15 for a-MIIx
(Left) and chromosome S for a-MII (Right). Idiograms for the respec-
tive chromosomes were prepared as described (26).
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