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ABSTRACT Carbohydrate-deficient glycoprotein syn-
drome (CDGS) represents a class of genetic diseases charac-
terized by abnormal N-linked glycosylation. CDGS patients
show a large number of glycoprotein abnormalities resulting
in dysmorphy, encephalopathy, and other organ disorders.
The majority of CDGSs described to date are related to an
impaired biosynthesis of dolichyl pyrophosphate-linked
GlczMangGlcNAc; in the endoplasmic reticulum. Recently, we
identified in four related patients a novel type of CDGS
characterized by an accumulation of dolichyl pyrophosphate-
linked ManyGlcNAc,. Elaborating on the analogy of this
finding with the phenotype of alg5 and alg6 Saccharomyces
cerevisiae strains, we have cloned and analyzed the human
orthologs to the ALGS5 dolichyl phosphate glucosyltransferase
and ALG6 dolichyl pyrophosphate Man¢GlcNAc, «l,3-
glucosyltransferase in four novel CDGS patients. Although
ALGS5 was not altered in the patients, a C—T transition was
detected in ALG6 cDNA of all four CDGS patients. The
mutation cosegregated with the disease in a Mendelian re-
cessive manner. Expression of the human ALG5 and ALG6
cDNA could partially complement the respective S. cerevisiae
alg5 and alg6 deficiency. By contrast, the mutant ALG6 cDNA
of CDGS patients failed to revert the hypoglycosylation ob-
served in alg6 yeasts, thereby proving a functional relationship
between the alanine to valine substitution introduced by the
C—T transition and the CDGS phenotype. The mutation in
the ALG6 a1,3-glucosyltransferase gene defines an additional
type of CDGS, which we propose to refer to as CDGS type-Ic.

Within the last 20 years, various alterations of asparagine-
linked glycosylation have been identified and classified as
subtypes of carbohydrate-deficient glycoprotein syndromes
(CDGS) (1). Besides characteristic clinical features, such as
dysmorphism, psychomotor retardation, and stroke-like epi-
sodes, CDGS patients may present on an individual basis more
specific symptoms, such as coagulation disorders or cerebellar
ataxia (2). The constellation and gravity of the symptoms vary
among CDGS patients, which likely reflect different enzymatic
defects along the glycosylation pathways. Mutations in the
phosphomannomutase-2 gene (3), which affect the availability
of mannose for oligosaccharide synthesis, are the most fre-
quent causes of CDGS. A second type of CDGS characterized
by truncated complex type N-linked glycans has been found to
originate from a mutation in the N-acetylglucosaminyltrans-
ferase-II gene (4). Although no specific therapy exists to
correct the above-mentioned defects, it has been found that
CDGS type-Ib patients bearing an inactive phosphomannose
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isomerase enzyme can be treated effectively by oral mannose
supplementation (5).

A further type of CDGS has recently been documented that
is characterized by an accumulation of dolichyl pyrophos-
phate-linked ManoGIcNAc, (ManyGlcNAc,-PP-Dol) within
the cells of affected patients (6, 7). This feature was directly
related to the hypoglycosylation of secreted proteins detected
in the corresponding CDGS patients. An analogous accumu-
lation of MangGlcNAc,-PP-Dol has been described in alg5 and
algb Saccharomyces cerevisiae mutant strains (8-10). The
ALGS5 and ALG6 genes, which respectively code for the
dolichyl phosphate glucosyltransferase and the ManyGIcNAc;-
PP-Dol «l,3-glucosyltransferase enzymes, participate in the
glucosylation of the oligomannose core. The addition of three
glucose residues to the oligomannose core is critical for
optimal substrate recognition by the oligosaccharyltransferase
complex and therefore is necessary to ensure the efficient
transfer of the oligomannose core to nascent glycoproteins (11,
12). Because the biosynthetic pathway of N-linked core gly-
cosylation is highly conserved in eukaryotic cells, we have
taken advantage of the knowledge gathered in yeast to deter-
mine the molecular basis of the glucosylation defect identified
in CDGS patients.

MATERIALS AND METHODS

Cloning of Human ALG5 and ALG6 cDNAs. Expressed
sequence tag (EST) fragments similar to the S. cerevisiae ALG5
sequence were retrieved from the EST division of GenBank by
using the TBLASTX algorithm (13). The human ALG5 cDNA
was isolated from a T-cell cDNA library (14) by using a 602-bp
fragment derived from the assembled AA425251 and
AA478430 ESTs as a probe. The probing fragment was
generated by PCR by using 50 ng of human T cell cDNA as
template with the primers 5'-CACCTACCAAACAACTT-
TCTGTCG-3" and 5'-TACATCAAATGCCCATCGT-
TCAAC-3' for 35 cycles at 94°C for 45 s, 55°C for 30 s, and 72°C
for 60 s. A fragment of the human ALG6 cDNA was amplified
from T-cell cDNA by using the degenerate oligonucleotides
5'-GCKCARAGACATTGGATGGAAAT-3" and 5'-AG-
GATAGTYTTYTCATGTACKTG-3" designed according to
the yeast ALG6 gene sequence. The PCR conditions were
three cycles at 94°C for 45 s, 40°C for 30 s, and 72°C for 60 s,

This paper was submitted directly (Track II) to the Proceedings office.
Abbreviations: CDGS, carbohydrate-deficient glycoprotein syndrome;
ManyGIcNAc;-PP-Dol, dolichyl pyrophosphate-linked ManoGlcNAcs;
EST, expressed sequence tag; CPY, carboxypeptidase Y; RT, reverse
transcription.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. AF102850 and
AF102851).

To whom reprint requests should be addressed. e-mail: thennet@
access.unizh.ch.



Medical Sciences: Imbach et al.

followed by 5 cycles at 94°C for 45 s, 45°C for 30 s, and 72°C
for 60 s and 30 cycles at 94°C for 45 s, 50°C for 30 s, and 72°C
for 60 s. The resulting 908-bp fragment was phosphorylated
and subcloned into the Smal site of pBluescript II SK(+)
(Stratagene). The 908-bp ALG6 fragment was used as a
hybridization probe to isolate full-length cDNA from a human
T-cell cDNA library.

Northern Blotting. The human ALGS5 and ALG6 mRNAs
were detected by Northern blot analysis by using commercially
available multiple tissues poly(A) " RNA blots (CLONTECH).
The ALG5 1,018-bp EcoRI-Bbsl and ALG6 1,432-bp Scal-
BamHI fragments were prepared from the human cDNAs and
were labeled with [a-3?P]CTP (Hartmann Analytics, Braun-
schweig, Germany) by random priming. Blots were hybridized
to the probes for 16 h at 42°C, were washed in 0.1 X standard
saline citrate (SSC) and 0.1% SDS up to 60°C, and were
exposed for 5 days (ALG6) and 2 days (ALGS5) between
intensifying screens at —70°C.

Cell Culture, DNA, RNA Extraction. Human primary fibro-
blasts from CDGS patients and healthy controls were culti-
vated in DMEM F12 high glucose medium with 10% fetal calf
serum (Life Technologies, Paisley, Scotland). Cells (2 X 107)
were used for either genomic DNA or RNA isolation.
Genomic DNA was extracted following standard protocols
(15), and total RNA was isolated by the procedure of Chom-
czynski and Sacchi (16).

Reverse Transcription (RT)-PCR Amplification. RT was
performed with 100 units of Moloney murine leukemia virus
reverse transcriptase (New England Biolabs) using 8 pg of
total RNA and a (dT);s-oligonucleotide as primer in a volume
of 100 ul for 2 h at 37°C. ALGS and ALG6 cDNA were
amplified by PCR with the respective primer pairs 5'-
GAGGGCTGCCACGGCATGGAG-3’, 5'-GAAGCATAA-
GAACACAACTGA-AGACTG-3'and 5'-TTAAAAG-
TACTCTGGCACTGGTG-3’, and 5'-CTTTCAGCACTGT-
TCACATTTTC-3' by using 5 ul of RT product as template.
The cycling conditions were 35 cycles at 94°C for 45 s, 53°C for
30s,and 72°C for 1.5 min (ALGY5) and 35 cycles at 94°Cfor 45 s,
58°C for 30 s, and 72°C for 2 min (ALG6). The corresponding
ALGS5 and ALG6 fragments were purified by GeneClean (Bio
101) and were directly sequenced (14).

ALG6 Genotyping. PCR amplification with the ALG6 in-
tronic primer 5'-GGTTTTAAATTTAAGTTGTCT-
GAGCTTCCAGGG-3" and the ALG6 exonic primer 5'-
AAGAGAATGGATTTTTCATGTACTTGGAAAGAA-3’
was performed on 100 ng of genomic DNA for 35 cycles at 94°C
for 30 s, 56°C for 30 s, and 72°C for 45 s. The allelic
discrimination was performed by digesting the PCR products
with Hhal for 1 h at 37°C followed by electrophoretic sepa-
ration in 3% NuSieve 3:1 agarose (FMC) gels.

Yeast Strains and Media. S. cerevisiae strains YG 91: Mata
ade2-101 his3A200 ura3-52 Aalg5::HIS3, YG 355: Mato ade2-
101 his3A200 ura3-52 Aalg5::HIS3 wbpl-2, YG592: Mata
ade2-101 his3A200 ura3-52 lys2-801 Aalg6::HIS3, YG36: Mato
ade2-101 his3A200 ura3-52 alg6b wbpl-2 were used in this
study. Standard yeast media and genetic techniques were
applied (17).

Complementation of S. cerevisiae Strains. The 1,164-bp
human ALGS5 cDNA Scal-Pstl fragment and the 1,781-bp
human ALG6 cDNA Scal-Scal fragments were blunted and
subcloned into the YEp352-GAL1-10 (18, 19) vector opened
with Xbal-HindIIl and blunted. Yeast strains were grown
overnight in 5 ml of liquid yeast extract/peptone/dextrose
medium. Series of 1:10 dilutions starting with 2 X 10 cells were
made in yeast extract/peptone/dextrose medium, and 5 pul of
each dilution were spotted on YPgalactose plates and were
incubated at 25°C. A reduced growth rate is reflected by a
reduced cell density at a given dilution. Western blot analysis
was performed as described (20) using anti-carboxypeptidase
Y (CPY) specific antibodies.
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RESULTS

The phenotypic accumulation of ManyGlcNAc,-PP-Dol oligo-
saccharide has been detected in four related CDGS patients,
who presented signs of psychomotor retardation and epilepsy
(S. Griinewald, personal communication). The isoelectric fo-
cusing of serum transferrin showed increased levels of the
disialylated form (6), which is typical of CDGS. The analogy
of the ManyGIcNAc,-PP-Dol accumulation to the alg5 and alg6
phenotypes of S. cerevisiae prompted us to investigate the
integrity of these genes in the CDGS patients.

We have cloned the human orthologs of the ALGS5 and
ALG6 genes by BLAST (13) searching of EST databases and
low-stringency PCR amplification. Several human EST frag-
ments similar to the yeast ALGS5 were retrieved from Gen-
Bank, and a putative ORF of 644 bp was constructed by

a

-28 CGGCACGAGGGCTGCCACGGCATGGAGAATGGCTCCGCTTCTGTTGCAGCTGGCGGTGCT
M A P L L L QL AV L

33  CGGCGCGGCGCTGGCGGCCGCAGCCCTCGTACTGA CCATCGTTGCATTTACAACTGC
G A AL A A A ALV LI SI VAFTTA

93 TACAAAAATGCCAGCACT CCATCGACATGAAGAAGAGAAATTCTTCTTAAATGCCAAAGG
T KM P A L HRHETETEIKTFFLNAKG

153 CCAGAAAGAAAC ACCCAGCATATGGGACTCACCTACCAAACAAC CTGTCGTTGT
Q K ET L P S I WDSPTIKUGQLS VYV VYV

213  GCCTTCATACAATGAAGAAAAACGGTTGCCTGTGATGATGGATGAAGCTCTGAGCTATCT
P S Y N E K R L PV MMDEA AL S Y L

273 AGAGAAGAGACAGAAACGAGATCCTGCGTTCACT TATGAAGTGATAGTAGT TGATGATGG
E KR QKRDUPATFTYEV IV VDDG

333 CAGTAAAGATCAGACCTCAAAGGTAGC AAATATTGCCAGAAATATGGAAGTGACAA
S KD QTS KV A F KYCCQKY G s b K

393 AGTACGTGTGATAACCCT GGTGAAGAATCGTGGAAAAGGTGGAGCGATTAGAATGGGTAT
vV R VvV I L N R G K G G A TI RMGTI

453 ATTCAGTTCTCGAGGAGAAAAGATCCTTATGGCAGATGCTGATGGAGCCACAAAG cC
F S SR GEKTILMADADSGATKF P

513 AGATGTTGAGAAATTAGAAAAGGGGCTAAATGATCTACAGCCTTGGCCTAATCAAATGGC
DV E KL E K GLNUDLQPWPNGEMA

573 TATAGCATGTGGATCTCGAGCTCATTTAGAAAAAGAATCAATTGCTCAGCGTTCTTACTT
I A CG S R A H L EKE S I AQR S Y F

633 CCGTACTCTTCTCATGTATGGGTTCCACTTTCTGGTGTGGTTCCTTTGTGT CAAAGGAAT
R T L LMY GFHF LV WF L CVKGTI

693 CAGGGACACACAGTGTGGGTTCAAATTA ACT CGAGAAGCAGCTTCACGGACGTTTTC
R DT Q CGF KL FTREAASR RTF S

753 ATCTCTACACGTTGAACGATGGGCA GATGTAGAACTACTGTACATAGCACAGTTCTT
S LHV ERWATFDVEULLY I AOQF F

813 TAAAATTCCAATAGCAGAAATTGCTGTCAACTGGACAGAAATTGAAGGTTCTAAATTAGT
K I P I A EI AV NWTETIETGSK L V

873 TCCATTCTGGAGCTGGCTACAAATGGGTAAAGACCTACTTTTTATACGACTTCGATATTT
P F WS WULQMGKDTULULFTIRILRYL

933  GACTGGTGCCTGGAGGCT TGAGCAAACTCGGAAAATGAATTAGGTTGTTTGCAGTCTTCA
T G A WR L E QTR KMN -

993 GTITGTGTTCTTATGCTTCAGTGTCACATTTCATTTCATTTGAAACTAAAATTTTAAGTAA
1053  AGCTGAAATAAACTTCTTGTCATTGAAAAAAAAAAAAAAAAAAAAA

ScAlg5: Mﬁ*RF ENRNTVFFT LVls| L FEHIIPREP - YPEELKYI HEVSR
HsAlgS: LLQl----A§LG I SIYAFT] LHRH[EEEKF KE--
ScAlgS: ﬁNE’;"EHQD Hm& A KERYGSR - - - -EHAAYEE
HsAlgS: SHWDS PTKE]- - -| E DI EIGIQKRDPA FT\{ AT Aol
ScAlgS: YCLFIEKEQFKLNYEQ WENRGKGGAVR & GIIMR IS L ADADGAS
HsAlgS: KVA KYGSD--K- (RN RGKGGAT R IGIEISR G @11 YADADGAT
scalgS: [EFSPEIUIDANS SSTDLKTTKPIYAI ELENONTRAN T IfN

HsAlgS: [S5PRELqREKGANDEP-- - - - WPNQMEMERCELERINE - i3S F

LRIy F)de T RETKDTQCGF KL FNRNAIREKMFIYL HgE €W IFDVE T Lpfi AN Pgsﬁ
FEYARFEEw[dRey €I RDTQCGF KL FYR]IAL S SEIMERBAZRYAMIVITIQF F N
ScAlgS: H LATDSTIAIRY 1 FIRARE 21 HRADNKKC - - -

HsA1gS: PFWSWEQEGIOIREFIGIER MR T@ANKL EQTRKMN

Fi6. 1. Sequence of the human ALGS5 dolichyl phosphate glucosyl-
transferase cDNA. (@) Primary structure and predicted amino acid
sequence of the human ALG5 cDNA. The ATG codon and stop codon
are underlined. (b) Protein alignment of the S. cerevisiae (sc)Alg5 and
the Homo sapiens (hs)Alg5 protein sequences. Conserved residues are
shaded.
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-225  CGGCCGGCGGGCGGCGGGGATACTTCTACATAGACATAATCAAGTTTTGACTATTTGGAA
-165 ACCAAGCATCATTAAAATTCTCTCAAACTGCTAATTGCGAAGAATCGATAACATTTCAAG
-105 AAGTGATAACATTTCTCTGAACAAGAAAAGAAGT GATTGACCACG AAAAGTACTCT

-45 GGCACTGGTGCTGTGTTTTCTTCCCCTCCCTAAA GAAGAACTATGGAGAAATGGTAC
M E K w Y

16 TTGATGACAGTAGTGGTTTTAATAGGACTAACAGTACGATGGACAGTGTCTCTTAATTCT
L MT V VYV LIGLT R W T V S L N S

76  TATTCAGGTGCTGGTAAACCGCCTATG GGTGATTATGAAGCTCAGAGACACTGGCAA
Y S GA G K PP MF G D Y E Q R H W Q

136 GAAATAACTTTTAATTTACCGGTCAAACAATGGTA AACAGCAGTGATAACAA A
E I T F NL PV K QWY F N S S D NN L

196 CAGTATTGGGGATTGGATTACCCACCTC ACAGCTTATCATAGTCTCCTATGTGCATAT
Q Y W G L DY P P LT AYHS L L C A

256 GTGGCAAAG ATAAATCCAGACTGGATTGCTCTCCATACATCACGTGGATATGAGAGT
V A K F I NP D W I A H T R G Y E S

316 CAGGCACATAAGCTCTTCATGCGTACAACAG TAATTGCTGATCTGCTGA ACATA
Q AHKLFMRTTV LI ADTULILTITVYT]I

376 CCTGCAGTGG GTACTGTTGTTGCTTAAAAGAAAT CTCAACTAAGAAAAAGATTGCT
P AV V LY CCCLIKTETLISTI KIEKIKTIA

436 AATGCATTATGCATCTTGCTGTATCCAGGCCTTATTCTTATAGACTATGGACATTTTCAA
N AL CILLY PG I L I DY G HF Q

496 TATAATTCTGTGAGTCTTGGCTTTGCTTTGTGGGGTGTTCTTGGAATATCTTGTGACTGC
Y NSV S L GF ALWGV L GI S CODC

556 GACCTCCTAGGGTCACTGGCATTTTGCTTAGCTATAAATTATAAACAGATGGAACTTTAC
3} L A A I NY K QM E L Y

616 CACGCCTTGCCA TGC ACTTGGCAAGTG AAAAAAGGCCTCAAAGGA
H A L P F F CF L L G K CFKIZKUG L K G

676 AAGGGGTTTGTGTTGCTAGTTAAGCTAGCTTGTATTGTTGTGGCTTCCTTCGTTCTCTGC
K 66 F V L LV KLACIVVYASTFUVLC

736  TGGCTGCCATTCTTTACAGAAAGGGAACAAACCCTGCAGGTTCTAAGAAGACTCTTCCCG
w L P F FTEREQTLQV L RRLFP

796 GTTGATCGTGGATTA GAGGATAAAGTAGCCAATATTTGGTGCAGCTTCAATGTC
vV D R G L F DK V ANT WCSF NV F

856 CTGAAGATTAAGGATATTTTGCCACGTCACATCCAATTAATAATGAGC TG TACG
L K I K DI L PRWHIOQLTIMSFOCFT

916 TTTTTGAGCCTGCTTCCTGCATGCATAAAATTAATACTTCAGCCCTCTTCCAAAGGATTC
F L s L LP ACTIKULTIULAOQ®PS S KGTF

976 AAATTTACACTGGTTAGCTGTGEGCTATCATTCTTTTTATTTTCTTTCCAAGTACATGAA
K F T LV S CALSTFTFLTFSFOQVHE

1036 AAATCCATTCTCTTGGTGTCACTACCAGTCTGCTTAG AAGTGAAATTCCTTTTATG
K' s I L LV S L PV CLV L S ETIPFM

1096 TCTACTTGG ACTTGTGTCAACATTTAGTATGCTACCTCTTCTATTGAAGGATGAA
S T WF L LV STF S MLPL L L D E

1156 CTCCTAATGCCCTCTGTTGTGACAACAATGGCAT ATAGCTTGTGTAACTTCC
L L MP SV VTTMA I vV T § F

1216 TCAATATTTGAAAAGACTTCTGAAGAAGAACTGCAGTTGAAATCC CCATTTCTGTG
I1 FEKTS EEELOQLKSF S I s vV

1276 AGGAAATATCTTCCATGT ACA CTTTCCAGAATTATACAATATTTGTTTCTTATC
R KY L PCFTF LS RIIOQYLF LTI

1336 TCAGTCATCACTATGGTGCTTCTGACGTTGATGACTGTCACACTGGATCCT CCTCAGAAA
S vITMV LLTLMTVTLDU®P®PQQK

1396 CTACCGGACTTG CTGTATTGGTGTG GTATCTTGCTTGAACTTCCTGTTCTTC
L PDLF SV LV CFV S CLNTFLFF

1456 TTGGTATAC AACATTATTATTATGTGGGATT CCAAAAGTGGAAGAAAT CAGAAGAAA
L VY FNTITITIMMWUDS K S GRNQK K

1516 ATCAGCTAGCTGTATTCCTAAACAAATTG CCTAAACAAATGTGAAAATGTGAACAGT
I s -

1576 GCTGAAAGGTTTTGTGAACTT GCTATGTATAAATGAAATTACCATTTT GAGAACCAT
1636 GGAACCACAGGAAAGGAAATGGTGAAAAGTCATTGTTGTCTACACAAAATAAATGTATAT
1696 GGAGACCAAAAAAAAAAAAAAAAAAAA
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ScAlg6: MAIGKRLL\/NKPAEESFYASPMYDFLYPFRPVGN LPE CAY1|

HSATG6: =m===mmmmmmme e LMT) I sfIns
ScAlg6: PPLYGDFEAQRHW*EITD LS Etatal’ - QYWGLDYPPLTAFHS|YL (RN &3
HsAlg6: $PPMFGDYEAQRHWEE TTIRNL PV NEENL QYWGLDYPPLTAYHSL IXTVEVY
ScAlgé: l%vﬂﬁ SRGFE S[g] YMRSTVIIDIL PAVINgFi K RYRNQS PRIGQ
HsAlg6: [§ CHSRGYE S SR MFMR T TV L T DLLPA KEISTKKKHAN
ScAlg6: SIARSAEFOESITRTHSENTEYMEL TAGARNNELDEYY. Varg

LA TREEE A\ Re1 L[R7PEL 1L IDGHFQYNSVEL GiYEWe (e Sastanl) d] N E
scalgh: B‘/NPI g SLLFPKFNIARHT TFAI LGGGLKNIHEICIH
Hsalgs: RYHAL FKKGLKGKGFL] A PRFTE-REQTLEVLR
ScAlg6: WIRGI FEDKVAN|E ERFTIQQL LI GF| HEKK
HsAlg6: BRGL FEDKVANISWCESS IDILPRHIQ FCrRUFES LR K Ss
ScAlg6: HLLPVIASS IS SN P STOWN INNY
HsAlg6: KGFK(FTIRYSE LSFFLFSFQVHEKSILL S - - - - LMA
ScAlg6: mqu ﬁTﬁASNWLIGNFs FLPKSETPGPSISERINS DYRR PYN
HsA1g6: [d ps FFIACVTSFS| SEEEMQLKSFSIEYRKYLPCFIJFESRI
ScAlg6: KSFRIGT FYHFNDQFYARTRS Y RV WINSAY S1| SYYKRFTS
HsAlg6: LFLYS - - LLTULTV DR R SYIVEFYscNEL FIFLYAYFNT TigMwD
ScAlg6: GS--[@S -

HsAlg6: SKSGEN S

F1G.2. Sequence of the human ALG6 dolichyl pyrophosphate ManoGlcNAc; al,3-glucosyltransferase cDNA. (a) Nucleotide and deduced amino
acid sequence of the human ALG6 cDNA. The ATG codon and stop codon are underlined. The nucleotide position 998 is shaded. (b) Alignment
of the S. cerevisiae (sc)Alg6 and the H. sapiens (hs)Alg6 protein sequences. Conserved residues are shaded. The amino acid substitution A333V

found in CDGS is indicated by a subscript V.

assembling the ESTs AA425251 and AA478430. Using this
fragment as a probe, we have isolated a full-length ALGS5
cDNA from a human T-lymphocyte cDNA library. The
1,126-bp human ALGS5 c¢DNA included an ORF of 729 bp
encoding a polypeptide of 242 amino acids (Fig. 1la). The
human ALGS5 gene showed 37% identity and 58% similarity to
the S. cerevisiae ortholog (Fig. 1b).

An EST search using the yeast ALG6 gene as query failed
because only EST fragments similar to the closely related yeast
ALGS8 gene (21) emerged at the time the search was per-
formed. As an alternate approach, we designed a series of

degenerate oligonucleotides within regions of the S. cerevisiae
ALG6 sequence that were dissimilar to the yeast ALGS
sequence. A PCR performed on human T-cell cDNA using two
degenerate oligonucleotides as primers yielded a 908-bp frag-
ment that was similar to the yeast ALG6 as determined by
sequencing. This 908-bp fragment permitted the isolation of a
complete human cDNA, which contained a 1,524-bp-long
OREF coding for a protein of 507 amino acids (Fig. 2a). Though
shorter by 37 amino acids, the human Alg6 protein shared
several conserved regions with its S. cerevisiae ortholog (Fig.
2b). The overall identity and similarity between the two
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FiG. 3. Expression pattern of the ALG5 and ALG6 genes in adult
human tissues as determined by Northern blot analysis. Each lane
represents ~2 pg of poly(A)™ RNA. The bottom panel shows the
Bactin hybridization signal as a loading control. At the left, the size of
the transcripts is indicated in kilobases.

orthologs was 32% and 51%, respectively. The human Alg6
contains several hydrophobic regions, compatible with the
transmembrane topology attributed to the yeast Alg6 (10). The
human ALG5 and ALG6 genes were found to be expressed in
all tissues examined by Northern blotting (Fig. 3). The intensity
of the hybridization signal varied among tissues, showing the
same pattern for both ALGS5 and ALG6, indicating a possible
coordinated expression.

Total RNA was isolated from fibroblasts obtained from the
four CDGS patients harboring the ManyGlcNAc,-PP-Dol
accumulation phenotype. The integrity of the ALGS5 and
ALG6 cDNA sequence in these patients was investigated by
RT-PCR performed on total RNA. The intensity of the
RT-PCR signals obtained indicated similar expression levels
for the ALGS5 and ALG6 cDNAs in healthy control and in the
CDGS fibroblasts. Direct sequencing of the PCR products
obtained from the four patients revealed the absence of any
mutation in the ALGS5 sequence as compared with the se-
quence obtained from cDNA derived from unaffected indi-
viduals (data not shown). By contrast, a C—T transition was
detected at the nucleotide position 998 of the ALG6 cDNA in
all four CDGS patients. This C—T transition indicated an
amino acid substitution from alanine to valine at position 333
of the Alg6 protein. The 998C/T mutation was confirmed at
the genomic level by sequencing the AL G6 region surrounding
the mutation as effected by PCR amplification using intron-
and exon-specific primers (Fig. 4a). A similar analysis per-
formed on genomic DNA isolated from the parents of
CDGS-Ic patients showed the heterozygosity of the parents for
the mutant ALG6 allele (Fig. 4a). The 998C/T transition
introduced a restriction-fragment-length polymorphism in the
ALG6 gene sequence attributable to the loss of an Hhal
cleavage site, thereby permitting a simple genotyping of the
CDGS patients and their relatives (Fig. 4b). By using this test,
134 ALG®6 alleles from geographically matched control sub-
jects have been investigated. This study revealed a strict
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Fic. 4. Mutation at the ALG6 allele in CDGS patients. (a)
Electropherograms of the genomic ALG6 sequence obtained from a
control subject, a CDGS type-Ic patient (CDGS-Ic), and a parent of
a CDGS type-Ic patient. The region surrounding the 998C/T base
transition is shown. (b) Pedigree of CDGS type-Ic family. CDGS
patients are indicated in black. The bottom panel shows the bands
obtained after Hhal digestion of genomic PCR ALG6 fragments
effected on parent (P1-P4) and patient (C1-C4) DNA. The mutant
allele remains uncut and runs at 400 bp whereas the wild-type allele
is cleaved by Hhal and yields two fragments of 350 bp and 50 bp, but
only the larger fragment (350 bp) is visible.

segregation of the 998C/T mutation with the CDGS-Ic phe-
notype.

In yeasts, the alg5 and algéb mutations lead to the hypogly-
cosylation of secreted proteins (9, 10). To investigate the
functional similarities of the human and yeast orthologs, the
human ALG5 and both wild-type and mutant ALG6 cDNA
were subcloned into the yeast YEp352 expression vector (18).
Expression was controlled by the inducible/repressible
GALI1-10 promoter (19). After transformation into the alg5
and alg6 yeast strains, we ascertained the processing of the
CPY protein. This vacuolar protein carries four N-linked
oligosaccharides. A deficiency in glycosylation of the lipid-
linked oligosaccharide results in the incomplete glycosylation
of glycoprotein because of the decreased affinity of the
oligosaccharyltransferase toward the incomplete substrate.
The reduced glycosylation caused by the alg5 or alg6 deletion
in the yeast strains was visualized by the appearance of CPY
glycoforms lacking one or two oligosaccharide chains. Expres-
sion of the human ALG5 and ALG6 cDNA partially comple-
mented the respective yeast mutations, as shown by the



6986 Medical Sciences: Imbach et al.

a " Qe
8 8 =2
n_ —
b I B8
> 3 @
a £ >
+ + +
Aalgs wt
mCPY —

Aalg6 wbp1-2

Proc. Natl. Acad. Sci. USA 96 (1999)

+ huALG6 [A333V]

+ pYEp352
+ huALG6

wit Aalg6
mCPY — -

q—

2—

huALG6 [A333V]
huALGB
pYEp352

Fic. 5. Complementation of S. cerevisiaze mutant strains by human ALG5 and ALG6. (a) Western blot analysis of carboxypeptidase Y (mCPY)
showing the glycoforms lacking one (—1) or two (—2) oligosaccharide chains. In the left panel, alg5 yeasts transformed with the vector (pYEp352),
with pYEp352-hu4L G5 (huALGS), and with pYEp352-yeast4L G5 (yeastALGS) are indicated. The right panel shows CPY glycoforms in alg6 yeasts
transformed with pYEp352 alone, with pYEp352-huALG6, and with pYEp352-huALG6[A333V]. (b) Growth of algbwbpl-2 yeasts transformed
with pYEp352, pYEp352-huALG6, and pYEp352-huALG6[A333V] constructs. Tenfold dilutions starting from the left with the same cell number

were plated on YPgalactose plates and were incubated at 25°C for 5 days.

improved glycosylation of CPY (Fig. 5a4). By contrast, the
human ALG6 ¢cDNA bearing the 998C/T mutation failed to
correct the hypoglycosylation phenotype, demonstrating the
adverse effect of the A333V substitution onto Alg6 function
(Fig. 5a). The combination of the alg6 mutation with the
wbpl-2 allele, encoding a mutant form of the oligosaccharyl-
transferase subunit Wbpl, results in a synthetic growth defect
caused by the accumulation of incomplete MangGlcNAc,-PP-
Dol and reduced oligosaccharyltransferase activity (10, 21).
While the human ALG6 cDNA was able to correct the growth
defect of algbwbpl-2 yeasts, the ALG6[A333V] cDNA was
only capable of partially restoring growth of the yeast
algbwbp1-2 strain (Fig. 5b).

DISCUSSION

CDGS type-la and type-Ib are caused by a shortage of
mannose incorporation into N-glycans consecutive to muta-
tions in the phosphomannomutase-2 and phosphomannose
isomerase genes, respectively. The decreased availability in
mannose impairs the biosynthesis of the lipid-linked oligom-
annose core, which results in a reduced N-linked glycosylation
of proteins. In the present study, we show that the altered
glucosylation of the oligomannose core caused by a mutation
in the ALG6 «l,3-glucosyltransferase gene also leads to hy-
poglycosylation of proteins, thereby defining an additional
type of CDGS. We propose to refer to the form of CDGS
caused by ALG6 mutation as type-Ic because it represents a
defect in glycosylation localized in the endoplasmic reticulum,
proximally from the transfer of the oligomannose core to
nascent proteins. This nomenclature simplifies the classifica-
tion of CDGS forms between pre-Golgi (type-I) and Golgi-
localized defects (type-II). This system also prevents any
confusion with CDGS type-IIT and type-IV, which represent
clinically defined forms that are as yet uncharacterized at the
molecular level (22, 23). Korner et al. recently have described
a CDGS type-V that is related to a deficiency in Alg6
al,3-glucosyltransferase activity (7). The similarity of this

finding with the CDGS type-Ic reported here suggests that
both types may represent the same entity. However, the genetic
cause of CDGS type-V remains unclear because the integrity
of the ALG6 gene was not determined in the corresponding
CDGS patient (7). In addition, several clinical features attrib-
uted to the single CDGS-V patient, such as recurrent infec-
tions, ataxia, and cerebellar atrophy, were not observed in the
four CDGS-Ic patients.

The effect of the A333V substitution on the properties of the
Algb6 protein is yet unclear. The replacement of an alanine by
a more bulky amino acid like valine has been shown in various
cases to be linked to profound alterations of protein functions,
such as those observed for superoxide dismutase-1 in familial
amyotrophic lateral sclerosis (24) and for the follicle-
stimulating hormone receptor in hereditary hypergonado-
tropic ovarian failure (25). The proximity of the A333V
mutation to a large domain of the Alg6 protein that is
conserved between yeast and man suggests a possible alter-
ation of the catalytic properties of Alg6. However, the A333V
mutation does not inactivate the glucosyltransferase as de-
duced from the partial growth restoration observed in the alg6
yeast transfected with the mutant human ALG6[A333V]
cDNA (Fig. 5b).

The 998C/T missense mutation in the ALG6 gene has only
been identified in the four CDGS type-Ic patients but never in
control healthy subjects, indicating that this mutation does not
reflect a polymorphism unrelated to this entity. Accordingly,
the CDGS phenotype correlated with the genotype for the
mutant ALG6 allele because only patients were homozygous
whereas their parents were heterozygous. Therefore, we con-
clude that the 998C/T mutation in ALGG6 is at the origin of the
accumulation of ManoGIcNAc,-PP-Dol in the endoplasmic
reticulum, which leads to hypoglycosylation of proteins and,
hence, to CDGS.

With the exception of the N-acetylglucosaminyltrans-
ferase-1I deficiency, all types of CDGS characterized to date
have been attributed to mutations in the biosynthesis pathway
of the dolichol-bound oligomannose core. As demonstrated in
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the present study, conservation of the early N-linked glyco-
sylation pathway among eukaryotes enables the application of
yeast glycosylation mutants as tools to elucidate the molecular
basis of CDGS.

We thank the patients and their families for contributing to this
study and J. Jaeken for introducing us to these CDGS cases. We
express our gratitude to G. Matthijs and H.W. van Kerkwijk for
providing us with biological specimens from the CDGS families. Our
thanks also go to Drs. J. de Rijk-van Andel, J. B. C. de Klerk, and H.
Stroink, who diagnosed CDGS in these patients. This work was
supported by the Stiftung fiir wissenschaftliche Forschung an der
Universitdt Ziirich and by the Swiss National Science Foundation
(Grant 3100-46836.96 to E.G.B. and T.H. and Grant 3100-040350.94
to M.AL).

1. Jaeken, J., Carchon, H. & Stibler, H. (1993) Glycobiology 3,
423-428.

2. Krasnewich, D. & Gahl, W. A. (1997) Adv. Pediatr. 44, 109-140.

3. Matthijs, G., Schollen, E., Pardon, E., Veiga-Da-Cunha, M.,
Jaeken, J., Cassiman, J. J. & Van Schaftingen, E. (1997) Nat.
Genet. 16, 88-92.

4. Tan,J., Dunn, J., Jacken, J. & Schachter, H. (1996) Am. J. Hum.
Genet. 59, 810-817.

5. Niehues, R., Hasilik, M., Alton, G., Korner, C., Schiebe-Suku-
mar, M., Koch, H. G., Zimmer, K. P., Wu, R., Harms, E., Reiter,
K., et al. (1998) J. Clin. Invest. 101, 1414-1420.

6. Burda, P., Borsig, L., de Rijk-van Andel, J., Wevers, R., Jacken,
J., Carchon, H., Berger, E. G. & Aebi, M. (1998) J. Clin. Invest.
102, 647-652.

7. Korner, C., Knauer, R., Holzbach, U., Hanefeld, F., Lehle, L. &
von Figura, K. (1998) Proc. Natl. Acad. Sci. USA 95, 13200—
13205.

8. Runge, K. W., Huffaker, T. C. & Robbins, P. W. (1984) J. Biol.
Chem. 259, 412-417.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

Proc. Natl. Acad. Sci. USA 96 (1999) 6987

te Heesen, S., Lehle, L., Weissmann, A. & Aebi, M. (1994) Eur.
J. Biochem. 224, 71-79.

Reiss, G., te Heesen, S., Zimmerman, J., Robbins, P. W. & Aebi,
M. (1996) Glycobiology 6, 493-498.

Murphy, L. A. & Spiro, R. G. (1981) J. Biol. Chem. 256,
7487-7494.

Burda, P. & Aebi, M. (1998) Glycobiology 8, 455-462.
Altschul, S. F., Boguski, M. S., Gish, W. & Wootton, J. C. (1994)
Nat. Genet. 6, 119-129.

Hennet, T., Dinter, A., Kuhnert, P., Mattu, T. S., Rudd, P. M. &
Berger, E. G. (1998) J. Biol. Chem. 273, 58—65.

Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual (Cold Spring Harbor Lab. Press,
Plainview, NY), pp. 9.16-9.19.

Chomczynski, P. & Sacchi, N. (1987) Anal. Biochem. 162, 156—
159.

Berlin, V., Brill, J. A., Trueheart, J., Boeke, J. D. & Fink, G. R.
(1991) Methods Enzymol. 194, 774-792.

Hill, J. E., Myers, A. M., Koerner, T. J. & Tzagoloff, A. (1986)
Yeast 2, 163-167.

Fagan, M. C. & Scott, J. F. (1985) Gene 40, 217-229.

Burda, P., te Heesen, S., Brachat, A., Wach, A., Dusterhoft, A.
& Aebi, M. (1996) Proc. Natl. Acad. Sci. USA 93, 7160-7165.
Stagljar, I., te Heesen, S. & Aebi, M. (1994) Proc. Natl. Acad. Sci.
USA 91, 5977-5981.

Stibler, H., Westerberg, B., Hanefeld, F. & Hagberg, B. (1993)
Neuropediatrics 24, 51-52.

Stibler, H., Stephani, U. & Kutsch, U. (1995) Neuropediatrics 26,
235-237.

Rosen, D. R., Bowling, A. C., Patterson, D., Usdin, T. B., Sapp,
P., Mezey, E., McKenna-Yasek, D., O’Regan, J., Rahmani, Z.,
Ferrante, R. J., et al. (1994) Hum. Mol. Genet. 3, 981-987.
Aittomaki, K., Lucena, J. L., Pakarinen, P., Sistonen, P., Tap-
anainen, J., Gromoll, J., Kaskikari, R., Sankila, E. M., Leh-
vaslaiho, H., Engel, A. R, et al. (1995) Cell 82, 959-968.



