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Domain-specific N-glycosylation

of the membrane glycoprotein dipeptidylpeptidase IV (CD26)
influences its subcellular trafficking, biological stability,

enzyme activity and protein folding
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Dipeptidyl peptidase IV (DPPIV, CD26) is an N-glycosylated type II plasma membrane protein. The
primary structure of rat wild-type DPPLV contains eight potential N-glycosylation sites. To investigate
the role of N-glycosylation in the function of DPPIV, three of its asparagine residues were separately
converted to glutamme by site-directed mutagenesis. The resulting N-glycosylation mutants of rat DPPIV
were studied in stable tradsfected Chinese hamster ovary cells. All three N-glycosylation mutants of
DPPIV showed a reduced half-life, as well as differing degrees of inhibition of the processing of their
N-glycans. Mutation of the first (Asn83—GIn) or eighth (Asn686—Gln) N-glycosylation site had only a
small effect on its enzymatic activity, cell-surface expression and dimer formation, whereas the mutation .
of the sixth N-glycosylation site (Asn319—Gln) abolished the enzymatic activity, eliminated cell-surface
expression and prevented the dimerization of the DPPIV protein. The mutant [GIn319]DPPIV is retained
in the cytoplasm and its degration was drastically increased. Our data suggest that the N-glycosylatlon at

Asn319 is involved in protein trafficking and correct protein folding.
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Although most membrane proteins in nature are glycosy-
lated, litile is understood about the role of carbohydrates in pro-
tein structure, function and dynamics. Recent results suggest that
N-linked oligosaccharides may play multiple roles in develop-
ment, growth, function and survival of an organism. Carbohy-
drate units can modulate the physicochemical and biological
. properties of their parent proteins, such as protein folding, sta-
bility, targeting, and dynamiics, as well as cell—matrix and cell—-
cell interactions (Kobata, 1992; Varki, 1993; Lis and Sharon,
1993 ; Helenius, 1994 Fiedler and Simons, 1995).

Dipeptidylpeptidase IV (DPPIV, CD26), is a widely distrib-
uted, multi-functional, highly glycosylated membrane protein
(Fleischer, 1995). It cleaves Xaa-Pro dipeptides from the NH,-
terminus of peptides, and is essential for the intestinal and renal
transport of proline-containing peptides (Reutter et al., 1989;
Brandsch et al., 1995). Expression of DPPIV is tightly associ-
ated with cell differentiation and cell activation. It is involved
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DPPIV ‘with Asn83 replaced by Gln’

in T cell activation (Fleischer, 1994 ; Morimoto and Schlossman,
1994; Ansorge et al., 1995). ' )

" The purified enzyme is 2 homodimer with non-covalently
linked subunits (Elovson, 1980). The oligosaccharide side chains
account for about 30% of the total protein molecular mass (Ya-.
mashita et al., 1988). Rat DPPIV contains eight potential N-
glycosylation sites, whereas O-glycosylation of this protein has
not been detected (Petell et al., 1987; Hong and Doyle, 1987;
Ogata et al., 1989). However, the biological role of DPPIV N-
glycosylation remains obscure.

In transfected Chinese hamster ovary (CHO) cells, DPPIV
is initially synthesized as a 100-kDa monomer, which cotransla-
tionally acquires eight mannose-rich N-glycosyl chains in the
endoplasmic reticulum (ER). During passage through the Golgi
apparatus, these are converted into complex oligosaccharides
containing galactose and sialic acid, thereby increasing the size
of the monomer to 110 kDa (Hong et al., 1989). In the Golgi
apparatus the monomers associate with each other and give rise
to homodimers of 210 kDa (Jascur et al., 1991). We have pre-

-viously’ studied the N-glycosylation and oligosaccharide pro-

cessing of DPPLV using glycosylation inhibitors. Following in-.
hibition of primary N-glycosylation by tunicamycin, the biologi-
cal stability of N-glycosylated DPPIV was dramatically reduced,
and this protein could not be detected at the cell -surface. How-
ever, inhibition of processing by 1-deoxymannojirimycin led to
the formation of DPPIV molecules containing N-glycans of the
oligomannosidic type, but did not affect the activity of the en-
zyme, its stability and cell-surface transport (Loch et al., 1992).

In inhibitor-treated cells, nonspecific inhibition of glycosyla-
tion of many other proteins may complicate the interpretation of
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the results. To investigate the biological function of single N-
glycosylations of DPPIV under physiological conditions, site-
directed mutagenesis was therefore used in the present work to
abolish the addition of single oligosaccharides to specific glyco-
sylation sites.

The extracellular domain of DPPIV, including all eight puta-
tive N-glycosylation sites, can be further divided into three re-
gions with prominent structural features. First, adjacent to the
transmembrane domain, is a region harboring a cluster of five
out of eight putative N-glycosylation sites. This is followed by
a central cysteine-rich region expressing nine of the twelve cys-
teine residues which probably form disulfide bridges. Third, the
C-terminus itself includes the active site of the serine protease
(Reutter et al., 1995) (Fig. 1). In this work, three N-glycosyla-
tion sites were chosen for mutation, each from one of three ex-
tracellular domains, to investigate the influence of these domains
on the biological functions and biochemical properties of the
protein. Wild-type DPPIV and its individual N-glycosylation
mutants were expressed in CHO cells lacking endogenous
DPPIV stable transfectants were cloned and analysed biochemi-
cally as well as immunochemically. In this report we demon-
strate that defective glycosylation of DPPIV at single specific
sites in the molecule has various effects on the biochemical
properties and functions of this protein,

EXPERIMENTAL PROCEDURES

Materials. Escherichia coli, strains HB101, XL1 Blue and
the plasmid pBluescript II SK were obtained from Stratagene.
Expression plasmid pRC/CMV was obtained from In vitrogen
BV. Restriction endonucleases, T4-DNA ligase and the random
pnmed DNA labeling kit were either from Gibco BRL or Boeh-
ringer Mannheim. The T7 sequencing kit was from Pharmacia

LKB Biotechnology Inc. Site-directed- -mutagenesis kit nitro-

cellulose and nylon membranes were from Amersham.
[**S]Methionine (800 Ci/mmol), [**S]dATP [aS] (1200 Ci/mmol)
and [e-*P]dATP (3000 Ci/mmol) were purchased from DuPont.
Bicinchoninic acid protein assay reagent was from Pierce. En-
doglycosidase H.(endo H) and protein-A —Sepharose 4B were
from Boehringer Mannheim. Glycyl-prolyl p-nitroanilide (Gly-
Pro-NHNp) was from Bachem. Minimum esséntial medium and
fetal bovine serum were from Gibco BRL. Dulbecco’s modified
essential medium without glutamine, methionine and cysteine
was obtained from ICN. Immunofluorescence-conjugated sec-
ond antibodies, as well as other reagents and chemicals were
from Sigma. Antiserum to wild-type DPPIV and mAb 13.4 were
prepared as described previously (Becker et al., 1986; Hartel-
Schenk et al., 1991). The Mac Molly sequence analysis software
program was a gift of Dr Burghardt Wittig in this institute.
Construction of DPPIV mutants lacking single N-glycans
by site-directed mutagenesis. Wild-type DPPIV ¢cDNA Hin-
dIII—Bglll fragment (position —35 to 280), PstI— PstI fragment
(734—1074) and Sphl—Bglll fragment (1780—2156) were cut
from' pBSK/DPPIV, a plasmid containing the entire wild-type
DPPIV cDNA. The three fragments including the first (Asn83),
sixth (Asn319) and eighth (Asn686) N-glycosylation sites, re-
spectively, were each inserted into HindlIl—BamHI, PstI—Psil
and Sphl—BamHI sites of M13mp19, M13mp18 and M13mp19,
respectively, and confirmed by restriction endonuclease map-
ping. The sense strands of these M13 derivatives were used as
templates for site-directed mutagenesis. Three synthetic anti-
sense oligonucleotides, 5"-pCCAAGAAAATGGAGCTTTGCC-
CGTGTTCAGC-3" (31 residues), 5-pCGCCATCACGGA-
ATATTGCTGAATCCTCCTGAGCC-3" (35 residues) and 5'-
PGACTGTTGATTGCCTGTAATGG-3’ (22 residues) were
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used to replace the codons Asn83, Asn319 and Asn686 by Gln
codons (underlined), respectively. The reaction was performed
using the Amersham M13-phage system according to the manu-
facturer’s protocol. After site-directed mutagenesis, individual
mutations were confirmed by sequencing according to the
method of Sanger et al. (1977). Mutation-carrying DPPIV in-
serts were then isolated from M13 derivatives and inserted into
pBSK/DPPIV DNA in exchange for the wild-type fragments
using HindIIl and Sau3A, Pstl, and Sphl and Sau3A boundaries,
respectively.

Plasmid construction for expression of wild-type DPPIV,
[GIn83]DPPLV, [GIn319]DPPIV and [GIn686]DPPIV. The
HindllI—Apal cDNA fragments containing the full coding se-
quences for wild-type DPPIV, [GIn83]DPPIV, [GIn319]DPPIV
and [GIn686]DPPIV were isolated by double-digestion with
HindIII and Apal, and integrated between HindIII and Apal sites
of the expression plasmid pRC/CMV. Each construction was
confirmed by restriction endonuclease mapping and sequencing.

Transfection of CHO cells and selection of stable
transfectants. Each plasmid DNA (20 pg) was transfected into
5X10° CHO cells by electroporation (Gene Pulser, Bio-Rad) as
described previously (Oda et al., 1989). The transfected cells
were cultured in a minimum essential @ medium containing
440 mg/l glutamine and 10% fetal calf serum in 10-cm dishes
for 48 h, then selected with 400 mg/l geneticin G418 in the same
medium for the following two to three weeks. The surviving
cells were subsequently cloned and further incubated with selec-
tion medium.

Analysis of expressed mRNAs by northern blotting. Total
RNA was prepared from each transfected clone according to the
RNAzol™ B method (Chomczynski and Sacchi, 1987). 20 pg
of each sample were denatured with 50% formamide and 6.5%
formaldehyde, and the RNAs were electrophoretically separated
in 1.5% agarose gels containing 2.2 M formaldehyde. RNAs of
the gel were transferred onto a nylon membrane and hybridized
with **P-labeled BglIl—BglII (position 280—2156) or PstI—Ps:I
(position 734—1074) gene probes isolated from pBSK/DPPIV,
which had been prepared using a random-primed DNA labeling
procedure (Feinberg and Vogelstein, 1983). Hybridization was
performed as described in the manufacturer’s protocol (Sam-
brook et al., 1989), and mRNA species were dclcctcd by auto-
radlography

Immunoprecipitation and western blotting analysis. Cells
were harvested after treatment with NaCl/P; containing 0.05%
(mass/vol.) EDTA for 5 min. After sedimentation, the cell pellets
were solubilized at 4°C for 1h with NaCl/P, containing 1%
(mass/vol.) Triton X-100. Following centrifugation at 48000 g
for 30 min, aliquots of the supernatants were subjected to west-
ern blotting. For analysis under denaturating conditions, samples
of supernatants were incubated with sample buffer [60 mM Tris/
HCI pH 6.8, 5% 2-mercaptopropandiol, 0.003% bromophenol
blue, 10% (by vol.) glycerol and 3% (mass/vol.) SDS] and
boiled for 5 min. For analysis under non-denaturating condi-
tions, the samples were only incubated with non-denaturating
sample buffer (60 mM Tris/HCI pH 6.8, 0.003% bromophenol
blue, 10% (by vol.) glycerol and 0.5% (mass/vol.) SDS] and not
boiled.

For immunoprecipitation, the anti-DPPIV mAb 13.4 was in-
cubated with protein-A —Sepharose at 4°C for 2 h before the cell
supernatants were incubated overnight with mAb 13.4 conju-
gated to protein-A—Sepharose at 4°C. After extensive washing,
immunoprecipitates were eluted by boiling for 4 min in SDS
sample buffer for electrophoresis. SDS/PAGE was performed
according to Laemmli (1970). After electrophoresis, the sepa-
rated proteins were transferred onto a nitrocellulose membrane.
Polyclonal antiserum against wild-type DPPIV or mAb 13.4 was
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Fig. 1. Schematic representation of N-glycosylali.on sites and domains of wild-type DPPIV deduced from its primary structure. The Y-shaped

structures represent N-glycans; SH, cysteine residue.

used for immunostaining; visualisation was performed with per-
oxidase-conjugated-. pig anti-rabbit or rabbit anti-mouse IeG
(Sigma) and the chemiluminescent reagent, luminol.

Immunoflurescence microscopy. Cells were incubated in
NaCl/P;, then fixed with 3% (by vol.) formaldehyde in NaCl/P,
at room temperature for 10 min (if indicated, after permeabiliza-
tion with 0.1% Triton X-100 in NaCl/P, at room temperature for
5 min). Cells were then extensively washed with NaCl/P; and
blocked with 0.1 M glycine in NaCl/P, for 30 min and washed
with NaCl/P, again. Polyclonal antibodies against wild-type
DPPIV and mAb 13.4 were used for immunostaining at room
temperature for 2 h. After further washing with NaCl/P,, the cells
were incubated with fluorescein-isothiocyanate conjugated rab-
bit anti-mouse IgG (diluted 1:200) at room temperature for 1h.
After extensive washing with NaCl/P,, the cells were mounted
with glycerol/NaCl/P; (10:1, by vol.) for fluorescence micro-
SCOpY. . '
Pulse-chase experiments. Cells (2X10° cells/dish) were in-
cubated at 37°C for 4 h in Dulbecco’s modified essential me-
dium lacking cystine and methionijne. The cells were pulse-la-
‘beled with [**S]methionine, for 1 h with 100 pCi/dish. After the
chase times indicated, cell lysates were prepared, immunopreci-
pitated with anti-DPPIV mAb 13.4 and subjected to SDS/PAGE
(7.5%) followed by scanning phosphoimaging (Phosphoim-
ager™ 445 S1, Molecular Dynamics).

Determination of enzymatic activity of DPPIV mutants.

The pellets obtained from transfected cells were solubilised at.

4°C for 1 h.with NaCl/P, containing 1% (mass/vol.) Triton X-
100 and 1 mM EDTA, and subjected to enzyme activity assay.
DPPIV enzymatic activity was determined with Gly-Pro-NHNp
as substrate (Nagatsu et al., 1976). The relative DPPIV specific
activity was calculated by comparing the activity of the same
amount of protein from wild-type DPPIV and DPPIV mutants,
which was determined by scanning the immunoblot after loading
with identical amounts of total solubilised protein (data not
show).

Endoglycosidase H treatment. Immunoprecipitates were
eluted by boiling for 4 min in buffer containing 0.4% SDS, 1%
2-mercaptopropanediol and 40 mM EDTA. Endoglycosidase H
(endo H) treatment was performed with endo H (0.02 U/80 ml)
at 37°C for 16 h in 50 mM sodium acetate pH 5.5.

Other methods. The protein concentration in the superna-
tant was determined using the bicinchoninic acid protein assay
reagent. DNA sequencing as performed by the dideoxynucleo-
tide chain-termination method (Sanger et al., 1977) using the
T7-sequencing™ kit (Pharmacia LKB).

RESULTS

Generation of Asn—GIn DPPIV N-glycosylation mutations
by site-directed mutagenesis. Three N-glycosylation sites were

-3 4 b

Fig. 2. Northern blot analysis of DPPIV mRNAs in transfected CHO
cells. Total RNA was prepared from transfected clones using the RNA-
zol™ B method. 20 pg of each preparation were denatured and separated
by electrophoresis on a 1.5% agarose gel. Separated RNA was trans-
ferred to a nylon membrane and hybridized with **P-labeled Bglll—Bglll
(position 281—2156) or Pstl—PsiI (position 735—1074) fragments as
prepared from pBSK/DPPIV. RNA size markers are 28S and 185 rRNAs .
of CHO cells. DPPIV mRNA could not be detected in control CHO cells
prior to transfection (lane 1), whereas the mRNA of wild-type DPPIV
(lane 2), [GIn83]DPPIV (lane 3), [GIn319]DPPIV f(lane 4) and
[GInG86]DPPIV (lane 5) were present in transfected CHO clones.

selected for conversion to glutamine by site-directed mutagene-
sis. The first is located at position Asn83 near the membrane-
anchoring domain. The sixth is located at position Asn319
within the central Cys-rich region, while the eighth is located at
position Asn686 close to the enzyme active centre in the C-
terminus of the primary structure (Fig.1). The strategy of
DPPIV subconstructs and oligonucleotide-controlled mutagene-
sis is described in Experimental Procedures. The correct muta-
tions were confirmed by sequencing. The resulting three DPPIV
N-glycosylation mutants were designated as [GIn83]DPPIV,
[GIn319]DPPIV and [GIn68G]DPPIV.

Expression of wild-type and mutant DPPIV in transfected
CHO cells. In order to characterize the wild-type DPPIV and
its mutants, CHO cells were transfected with their cDNAs. CHO
cells were chosen because they do not express endogenous
DPPIV. The coding sequences for wild-type and mutant DPPIV
were integrated into the pRC/CMV expression vector sepa-
rately; they were then under the transcriptional control of the
enhancer/promoter sequence of human cytomegalovirus (CMV).
Stable transfectants were selected and cloned via geneticin selec-
tion.

mRNA  expression of wild-type and mutant DPPIV in
transfected CHO cells. In order to determine the mRNA ex-
pression of transfected wild-type and mutant DPPIV in CHO
cells, northern blot analysis was performed to detect DPPIV
mRNA. Fig. 2 shows that DPPIV mRNA could not be detected
in non-transfected control CHO cells (lane 1), whereas the
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Fig. 3. Immunoprecipitation and western blot analysis of wild-type
and mutant DPPIV in transfected CHO cells. The pellets obtained
from transfected cells were solubilised at 4°C. for 1 h with NaCl/P, con-
taining 1% (mass/vol.) Triton X-100 and 1 mM EDTA. 300 pg total pro-
tein in solution were subjected to immunoprecipitation with anti-DPPIV
mAb 13.4. The imimunoprecipitates were analysed by SDS/PAGE
(7.5%) and detected by immunostaining. In contrast to untransfected
CHO cells (lane 6), the wild-type DPPIV appears as a band with molecu-
lar mass of about 110 kDa (lanes 1, 3, 5, 7), the mutant [Gln83]DPPIV
as a band with molecular mass of about 104 kDa (lane 2), the mutant
[GIn686]DPPLV as a band with molecular mass of about 107 kDa (lane
4), whereas the mutant [Gln319]DPPIV (lane 8) exhibits only as a sharp
band with molecular mass of about 97 kDa.

mRNAs of wild-type DPPIV (lane 2), [GIn83]DPPIV (lane 3),
[GIn319]DPPIV (lane 4) and [GIn686]DPPIV (lane 5) were pre-
sent in transfected CHO clones.

Effects of defective N-glycosylation of DPPIV on electropho-
retic mobility. Protein expression in wild-type and mutant
DPPIV CHO clones was determined by immunoprecipitation
and western blotting (Fig. 3). In comparison with transfected
wild-type DPPIV with an apparent molecular mass of about
110 kDa (lanes 1, 3, 5, 7), most’[GIn83]DPPIV (lane 2) and
[GIn686]DPPIV (lane 4) mutants showed a band in this region
but with slightly increased mobilities (104 kDa and 107 kDa,
respectively), whereas mutant [GIn319]DPPIV (lane 8) exhib-
ited a significantly increased mobility (97 kDa). This band could
represent an incompletely glycosylated form.

N-glycosylation processing of wild-type and mutant DPPIV

in transfected CHO cells. In order to gain insight into the pro-

cessing of carbohydrate residues of wild-type and mutant

DPPIV, we performed a pulse/chase experiment with transfected

clones and digested the immunoprecipitated peptides with endo-

" H. Glycoproteins containing only mannose-rich glycans are
endo-H-sensitive, whereas hybrid or mature complexes form are
endo-H-resistant.

In this experiment cells were pulse-labeled for 30 min with
[**S]methionine, thén chased with excess unlabeled methionine
for various times. After immunoprecipitation with mAb 13.4,
half of the immunoprecipitates were subjected to treatment with

“endo H for 16 h at 37°C. Fig. 4 shows that, after a 30-min pulse,
about 50% of the oligosaccharides of wild-type DPPIV had been
processed to a mature complex form, whereas the corresponding
values for [GIn83]DPPIV and [GIn686]DPPIV are about 25%
and 40%, respectively. After a 60-min chase almost all of the
oligosaccharides of wild-type DPPIV were processed to mature
complex form, while the processing of [GIn83]DPPIV reached
about 50% and [GIn686]DPPIV about 75 %. This result suggests
that N-glycosylation mutations at positions Asn83 and Asn686
may retard the N-glycosylation processing of this protein. In
contrast, most of the {GIn319]DPPIV was couverted into a poly-
peptide of apparent molecular mass 84 kDa after endo H diges-
tion at each time, indicating that most mutant proteins of
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Fig.4. Analysis of the processing of wild-type and mutant DPPIV in
transfected CHO cells. (A) CHO/wild-type DPPIV, CHO/
[GIn83]DPPIV, CHO/[GIn319]DPPIV and CHO/[GIn686]DPPIV were
pulse-labeled with [*S}methionine for 30 min and chased for O min,
10 min, 30 min, 60 min, 90 min or 120 min. Immunoprecipitates of cell
lysates obtained at the indicated times of chase were treated with endo
H (0.02 U/80 ml) at 37°C for 16 h in 50 mM sodium acetate pH 5.5 and
analysed by SDS/PAGE. As indicated, after digestion with endo H, the
mannose-rich form of DPPIV and its mutants were converted into a
polypeptide of apparent molecular mass 84-kDa. The lanes in the middle
of the SDS/PAGEs were used for a non-radioactive marker. (B) The
protein bands obtained in puls/chase experiments were analysed by phos-
phoimager scanning. Each value indicated represents the average of
three separate experiments. The total amounts of both endo-H-resistant
and endo-H-sensitive protein band at each time were set as 100 %.

[GIn319]DPPIV were not processed to a mature complex‘form
within the tested time period. ' ‘

Half-life of N-glycosylation mutants of DPPIV in transfected
CHO cells. In order to study the effect of the N-glycosylation"
on protein stability, the half-life of the DPPIV mutants was de-
termined by pulse/chase experiments. Transfected CHO clones
were pulse-labeled for 1h with [¥*S]methionine, then chased
with an excess of unlabeled Met for various times. Following
termination of the reaction, wild-type and mutant DPPIV were
immunoprecipitated. The immunoprecipitates were resolved by
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Fig.5. Biological stability of wild-type and mutant DPPIV in

transfected CHO cells. (A) -CHO/wild-type DPPIV, CHO/[GIn83]-
DPPIV, CHO/[GIn319]DPPIV and CHO/[GIn686IDPPIV were pulse-ia-
beled with [**S]methionine for 1 h and chased for 0 min (lane 1), 2k
(fane 2}, 5h (lane 3), 10 h (lane 4), 22 h (lane 5) or 44 h (lane 6). Imrmu-
noprecipitates of cell lysates obtained at the indicated times of chase
were analysed by SDS/PAGE. (B) Theé results of the pulse/chase experi-
ments were anafysed by phosphoimager scanning. Each time point répre-
sents the average value defived frorm three separate experiments. The
radioactivities ‘obtained by imnunopreecipitation of the pulse-labeled
cells without chase were set as 100%. All other values were expressed
relative to this value,

SDS/PAGE and detected and quantified by ptosphoimaging. As
shown in Fig. 5, wild-type DPPIV is very stable with a half-life
of about 50 h. In contrast, the biological stabilities of the three
N-glycosylation mutants of DPPIV were significantly reduced,
but to different extents. [GIn83]DPPIV possessed an average
hail-life of about 25 h and [GIn686]DPPIV of about 35 h. The
half-life of [GIn319JDPPIV wis remarkable reduced to 4 h,
which is more than 10 times shorter than that of wild-type
DPPIV.

Enzymatic activity of the N-glycosylation mutants of DPPLV.
The enzymatic activity of N-glycosylation mutants was com-
pared with that of wild-type DPPIV. The relative DPPIV specific
activity was calculated by comparing the activities of equal
amounts of protein from the wiid-type and mutants. Fig. 6 shows
that the specific cnzymatic activity of |Gln83]DPRIV (lane 3)
and [GIn6B6IDPPIV (lane 5) were only slightly reduced in com-
parison with wild-type DPPIV (lane 2), whereas [Gln319]-
DPPIV (lanc 4) had no measurablc enzymatic activity.
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Fig. 6. Specific enzymatic activity of wild-type and mutant DPPIV.
The ordinate represents the relative DPPIV specific activity calculated
from the same protein amounts of wild-type and mutant DPPIV. The
amount of protein expressed was determined by scanning the immo-
noblot loaded with identical amounts of total solubilised protein (blot
not show). The activity of wild-type DPPIV was set at 100% and all
other values were expressed relative to it. Each column represents the
average from four separate experiments. A control experiment of the
immnunoblot was always run in parallel.
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Fig.7. Analysis of dimerisation of wild-type and mutant DPPIV by
non-denaturating SDS/PAGE. The cell solubilizates were incubated
with non-denatirating sample buffer containing 60 mM Tris/HCl pH 6.8,
0.003 % bromophenol blue, 10% (by vol.) glycerol and 0.5% {massivol.)
SDS, and ot boiled. After SDS/PAGE (7.5 %), immunostaining was per-
formed using mAb 13.4. In contrast to CHO cells (lane 2), the wild-type
DPPIV (lane 1) shows a major bind with molecular mass of about
210 kDa and a minor band at about 100 kDa, Most of [GIn83]DPPIV
(lane 4) and of [GIn686]DPPIV (lane 3} migrates to a position corre-
sponding to approximately 210 kDa, whereas [GIn319]DPPIV (lane 3)
cortesponds to about 97 kDa,

Dimerization of the N-glycosylation mutants of DPPIYV.
Analysis of wild-type DPPIV and its N-glycosylation mutants
by SDS/PAGE under non-denaturating conditions (Fig. 7} re-
vealed that most profeins of [GIn83]DPPIV (lane 4) and
{GIn6B6]DFFIV (lane 3) migrated at a position corresponding to
200—210 kDa, similar to those of wild-type DPPIV (lane 1).
Only a small portion of wild-type DPPIV (lane 1) and
[GIn83]DPPIV (lane 4) migrated faster, corresponding to about
100-kDua and 97 kD4, respectively. Under the same conditions,
however, all of [GIn319)DPPIV remained at a position corre-
sponding to about 97 kDa (lane 5). By cross-linking, it has al-
ready been demonstrated that wild-type DPPTV exists as a ho-
modimer of 210 kDa (Jascur et al., 1991). Qur resulls suggest
that {GIn83]1DPPIV and [Gin686|DPPIV exist mainly as dimers,
whereas [GIn3 19]DPPIV remains monomeric.
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Table 1. Comparison of the biochemical properties and functions of wild-type and mutant DPPIV.

DPPIV Enzyme activity Cell surface Half life N-glycosylation Endo H resistance  Dimerisation
translocation processing after 1-h chase
h %
Wild-type + + 50 + 92 +
[Gin83]DPPIV + + 25 + 55 +
[GIn319]DPPIV - - 5 - = -
[GIn686]DPPIV + + 35 + 717 +

Intracellular localization of N-glycosylation mutants of
DPPIV. Wild-type DPPIV exists as a cell-surface glycoprotein
in various cell types in different organisms. The expression of
wild-type and muténis DPPIV in CHO cells was investigated
using anti-DPPIV mAb 13.4 and polyclonal anti-DPPIV IgG in
immunofluorescence microscopy. We have confirmed that non-
transfected CHO cells (Fig. 8A, a) are negative in this pro-
cedure, whereas wild-type DPPIV (Fig. 8 A, b) is expressed on
the surface of transfected CHO cells. [GIn83]DPPIV (Fig. 8A,
c) and [GIn686]DPPLV (Fig. 8A, e) were also found at the sur-
face of CHO cells. However, the inactive mutant [Gla319])-
DPPIV does not appear on the cell surface (Fig. 8A, d). It is
located inside the cell, concentrated near the endoplasmatic re-
ticulum (ER) (Fig. 8B, d).

DISCUSSION

Although a large number of studies have been performed
on a variety of glycoproteins, using glycosylation inhibitors
(Elbein, 1991; Loch et al., 1992), the presence of nonspecific
and indirect effects may interfere, in the interpretation of the
-data. In order to investigate the function of the N-glycosylation
of a single protein such as DPPIV more specifically, site-di-
rected mutagenesis was used in the present study to abolish the
addition of single oligosaccharides to different domains of
DPPIV. Three out of eight potential N-glycosylation sites
(Asn83, Asn319 and Asn686) were individually replaced by a
Gln residue (Fig. 1). Analysis of such DPPIV N-glycosylation
mutants was performed in CHO stable transfectants. We found
that these serial mutations exert very different effects on the
physiological properties and functions of the protein. Each
single defective N-glycosylation site of DPPIV resulted in vari-
ous changes on the enzymatic activity, subcellular localisation
and biological stability of the protein in comparison with wild-
type DPPIV, as listed in Table 1.

All three mutations affected the biological stability of the
protein. The absence of only one of the N-glycosylations was
sufficient to reduce the stability of the DPPIV protein. While
wild-type DPPIV was relatively stable with an average half-life
of about 50 h, all three mutants investigated in the present study
exhibited a decreased half-life, although to different degrees
(Fig. 5)." This result suggests that complete. N-glycosylation is
important for the protein stability of DPPIV.

It has been demonstrated that N-glycosylation site mutations
have a direct impact on the protein stability of several glycopro-
teins, e.g. mannose-6-phosphate . receptor (Wendland et al.,
1991), the transferrin receptor (Yang et al., 1993) and acetylcho-
linesterase (Velan et al., 1993). It is possible that the oligosac-
charide side chains protect the protein against protease degrada-
tion, as in the case of interferon-y in which the glycans at Asn25
are critical for protease resistance (Sareneva et al., 1995). An-
other possible explanation for the decreased stability of the mu-
tants is that the mutations affect the folding and oligomerization

process, resulting in a prolonged stay in the ER and an increased
proteolytic breakdown in this compartment. The analysis of pro-
cessing kinetics supports this hypothesis. Although the oligosac-
charide side chains of mutants [GIn83]DPPIV and [GIn686]-
DPPIV could be processed to a matute complex form, the pro-
cessing of both mutants was significantly slower than that of
wild-type DPPIV (Fig. 4). '

The Asn319 mutation of DPPIV has a marked influence on
protein stability and enzyme activity, and severely affects protein
transport. Several experiments have suggested that N-linked car-
bohydrates are required for stability of the enzyme structure
(Haraguchi et al,, 1995) and correct intracellular trafficking
(Gieselmann et al., 1992; Olivares et al., 1995; Garcia Rodri-
guez et al., 1995). In SDS/PAGE the [GIn319]DPPIV appeared
as a band of lower molecular mass (Fig. 3), and it was converted
to a polypeptide of 84 kDa after endo H digestion (Fig. 4).
Therefore this molecule presumably contains only high-man-
nose-type N-glycans, and these are not processed into mature
complex oligosaccharides. Furthermore, [GIn319]DPPIV is un-
able to dimerize (Fig. 7). In general, plasma membrane glyco-
proteins tend to be oligomers, and it is assumed that oligomer- .
ization occurs in the ER. It has been postulated that oligomeriza-
tion of membrane proteins is essential for export from the ER
(Copeland et al., 1988; Kreis and Lodish; 1986; Hurtley and
Helenius, 1989). Therefore, the inability of {GIn319]DPPIV to -
dimerize may be the reason for its retention in the ER.

Recently it has been suggested that dimerization of wild-type
DPPIV takes place in the late-Golgi compartment (Jascur et.al.,
1991). This is in conflict with the observation that most proteins
are oligomerized in the ER. Some investigators have suggested
that glycosylation of glycoproteins occurs in the ER because
oligosaccharides are required to facilitate efficient folding and
quality conttol of newly synthesized proteins (Kornfeld and
Komnfeld, 1985; Danielsen, 1992; Marquardt and Helenius,
1992; Helenius, 1994). Only correctly folded and assembled
proteins would then be selectively transported from the ER to
the Golgi compartment and beyond. This perspective is sup-
ported by our experiments, as well as by other recent work (Le-
tourneur et al., 1995). In the sequence of wild-type DPPIV,
Asn319 is located within a cysteine-rich region. For most glyco-
proteins, the folding process involves the formation of disulfide
bridges. It may be assumed that the prevention of N-glycosyla-
tion at position Asn319 leads to a misfolding, for example, by -
formation of aberrant interchain disulfide bonds (Marquardt-and
Helenius, 1992; Helenius, 1994). The resulting’ abnormal con-
formation is recognized as a signal for the retention and degrada-
tion in the ER (Klausner and Sitia, 1990; Sousa and Parodj,
1995). This hypothesis was supported by the results of our pulse/
chase experiments, showing that the mutant [Gln319]DPPIV
was quickly degraded after polypeptide synthesis (Fig. 5). Thus,
incorrect folding and retention in the ER may be the reason for
the defective dimerization of this mutant protein.

Both [GIn83]DPPIV and [GIn686]DPPIV expressed enzy-
matic activity (Fig. 6), despite the fact that Asn686 is located
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close to the active site (Ogata et al., 1992 ; David et al., 1993). In
contrast, [GIn319]DPPIV showed hardly any enzymatic activity
(Fig. 6). This suggests that the conformation of the active site of
mutants [GIn83]DPPIV and [GIn686]DPPIV are not influenced,
whereas the conformation of [Gln319]JDPPIV may be dramati-
cally changed by its incorrect folding.

In conclusion, our results show that single defective N-gly-
cosylations in different domains of DPPIV have widely different
effects on the subcellular localisation and biochemical properties
of the protein. Each of the three N-glycans of DPPIV studied
contributes to biological stability and processing. This suggests
that a cotranslational N-glycosylation of wild-type DPPIV is im-
portant for the attainment of a correctly folded, stable conforma-
tion. However, the degree of dependence is variable. Deletion
of the Asn319 oligosaccharide chain of DPPIV resulted in the
retention of an enzymatically inactive monomeric protein within
the ER, and this pf6tein was rapidly degraded. Since Asn319 is
located in a cysteine-rich domain, it is proposed that this mutant
protein may be misfolded by the formation of aberrant intrachain
disulfide bonds.

This work was supported by a grant from the Deutsche Forschungs-
gemeinschaft Bonn (Sanderforschungsberetch 366), the Fonds der
Chemischen Industrie, Frankfurt/Main and the European Community (W.
Meng). We are grateful to Dr Dr G. Hobom (GieBen) and Dr H.-D.
Soling (Géttingen) for scientific discussions, and Dr B. Wittig (Berlin)
for supplying the Mac Molly sequence analysis software program. We
thank Dr P. Donner (Schering, AG) for the synthesis of oligonucleotides.
We thank Dr R. Huang, Dr X.-J. Liu, Dr B. Schmauser, Dr R. Horstkorte,
F. Kiesewalter and M. Krausharr Dérr for their critical reading of the
manuscript.

REFERENCES

Ansorge, S., Biihling, F., Hoffmann, T., Kihne, T., Neubert, K. & Rejn-

hold, D. (1995) DP IV/CD26 on, human lymphocytes functional

. roles in cell growth and cytokine regulauon in Dipeptidyl peptidase
AV (CD26) in metabolism and the immune response (Fleischer, B.,
ed)pp 163—184, Springer, New York."

Becker, A., Neumeier, R., Heidrich, C., Loch, N.; Hartel, S. & Reutter,
W. (1986) Cell surface glycosylations of hepatocytes and hepatoma
cells identified by monoclonal antibodies, Biol. Chem. Hoppe Seyler
367, 681—688.

Brandsch, M., Ganapathy, V. & Leibach, F. H. (1995) Role of dipeptidyl
peptldase IV (DP 1V) in intestinal and renal absorption of peptides,
in Dipeptidyl peptidase IV (CD26) in metabolism and the immune
response (Fleischer, B., ed.) pp.111—130, Springer, New York.

Chomczynski, P. & Sacchi, N. (1987) Single-step method of RNA isola-
tion by acid guanidinium thiocyanate-phenol-chloroform extraction,
Anal. Biochem. 162, 156—159.

Copeland, C. S., Zimmer, K. P, Wagner, K. R., Healey, G. A., Mellman,
I & Helenius, A. (1988) Folding, trimerization, and transport are
sequential events in the biogenesis of influenza virus hemagglutinin,
Cell 53, 197—209.

Danielsen, E. M. (1992) Folding of intestinal brush border enzymes.
Evidence that high-mannose glycosylation is an essential early event,
Biochemistry 31, 2266—2272.

David, F., Bernard, A.-M., Pierres, M. & Marguet, D. (1993) Identifica-
tion of serine 624, aspartic acid 702, and histidine 734 as the catalytic
triad residues of mouse dxpeptldylpcpndasc 1V (CD26), J. Biol.
Chem. 268, 17247—17252,

Elbein, A. D. (1991) Glycosidase inhibitors: inhibitors of N-linked oli-
gosaccharide processing, FASEB J. 5, 3055~3063.

Elovson, J. (1980) Biogenesis of plasma membrane glycoproteins; Puri-
fucation and properties of two rat liver plasma membrane glycopro-
teins, J. Biol. Chem. 255, 5807—5815.

Feinberg, A. P. & Vogelstein, B. (1983) A technique for radiolabeling
DNA restriction endonuclease fragments to high specific activity,
Anal. Biochem. 132, 6—13.

Fiedler, K. & Simons, K. (1995) The role of N-glycans in the secretory
pathway, Cell 81, 309-312.

Fan et al. (Eur: J. Biochem. 246)

Fleischer, B. (1994) CD26: a surface protease involved in T cell activa-
tion, Immunol. Today 15, 180—184.

Fleischer, B. (1995) The dipeptidyl peptidase IV (CD26) in metabolism
and the immune response, Springer, New York.

Garcia Rodriguez, C., Cundell, D. R., Tuomanen, E. I., Kolakowski, L.
F. Jr, Gerard, C. & Gerard, N. P. (1995) The role of N-glycosylation
for functional expression of the human platelet-activating factor re-
ceptor. Glycosylation is required for efficient membrane trafficking,
J. Biol. Chem. 270, 25178—25184.

Gieselmann, V., Schmidt, B. & von Figura, K. (1992) In vitro mutagene-
sis of potential N-glycosylation sites of arylsulfatase A. Effects on
glycosylation, phosphorylation, and intraceliular sorting, J. Biol.
Chem. 267, 13262~ 13 266.

Haraguchi, M., Yamashiro, S., Furukawa, K., Takamiya, K., Shiku, H. &
Furukawa, K. (1995) The effects of the site-directed removal of N-
glycosylation sites from f-1,4-N-acetylgalactosaminyltransferase on
its function, Biochem. J. 312, 273—280.

Hartel-Schenk, S., Loch, N., Zimmermann, M. & Reutter, W. (1991)
Development of monoclonal annbodxes against different protein and
carbohydrate epitopes of dipeptidy! 'peptidase IV from rat liver
plasma membranes, Eur. J. Biochem. 196, 349355,

Helenius, A. (1994) How N-linked oligosacchrides affect glycoprotein
folding in the endoplasmic reticulum, Mol. Biol. Cell 5, 253—265.

Hong, W. & Doyle, D. (1987) ¢cDNA cloning for a bile canaliculus do-
main-specific membrane glycoprotein of rat hepatocytes, Proc. Natl
Acad. Sci. USA 84, 7962-7966.

Hong, W,, Piazza, G. A., Hixson, D. C. & Doyle, D. (1989) Expression
of enzymatically active rat dipeptidyl peptidase IV in chinese ham-
ster ovary cells after transfection, Biochemistry 28, 8474—8478.

Hurtley, S. M. & Helenius, A. (1989) Protein oligomerization in the
endoplasmic reticulum, Annu. Rev. Cell Biol. 5, 277—307.

Jascur, T., Matter, K. & Hauri, H.-P. (1991) Oligomerization and intra-
cellular protein transport: Dimerization of intestinal dipeptidylpepti-
dase IV occurs in the Golgi apparatus, Biochemistry 30, 1908 ~—1915.

Klausner, R. D. & Sitia, R. (1990) Protein degradation in the endoplas-
mic reticuluin, Cell 62, 611614,

Kobata, A. (1992) Structures and functions of the sugar chains of glyco-
proteins, Eur. J. Biochem. 209, 483—501.

Kornfeld, R. & Kornfeld, S. (1985) Assembly of asparagme lmked oli-
gosaccharides, Annu. Rev. Biochem. 54, 631—664.

Kreis, T. E. & Lodsh, H. F. (1986) Oligomerization is essential for trans-
port of vesicular stomatitis viral glycoprotein to the cell surface, Cell
46, 929—937.

Laemmli, U. K. (1970) Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4, Nature 227, 680—685.

Letourneur, O., Sechi, S., Willette-Brown, J., Robertson, M. W. & Kinet,
J. P. (1995) Glycosylation of human truncated Fc & RI a chain is
necessary for efficient folding in the endoplasmlc reticulum, J. Biol.
Chem. 270, 8249—8256.

Lis, H. & Sharon, N. (1993) Protein glycosylatlon, Structural and func-
tional aspects, Eur. J. Biochem. 218, 1—27.

Loch, N., Tauber, R., Becker, A., Hartel-Schenk, S. & Reutter, W. (1992)
Biosynthesis and metabolism of dipeptidyl peptidase IV in primary
cultured rat hepatocytes and Morris hepatoma 7777 cells, Eur. J.
Biochem. 210, 161—168.

Marquardt, T. & Helenius, A. (1992) Misfolding and aggregation of
newly synthesized -proteins in the endoplasmic reticulum, J. Cell
Biol. 117, 505—513.

Morimoto, C. & Schiossman, S. F. (1994) CD26 — a key costimulatory
molecule in CD4 memory T cells, The Immunologist 2, 4~7.

Nagatsu, T., Hino, M., Fuyamada, H., Hayakawa, T., Sakakibara, S.,
Nakagawa, Y. & Takemoto, T. (1976) New chromogenic substrates
for X-prolyl dipeptidyl-aminopeptidase, Anal. Biochem. 74, 466—
476.

Oda, K., Takami, N., Fujiwara, T., Misumi, Y. & Ikehara, Y. (1989)
Proalbumin is processed to serum albumin in COS-1 cells transfected
.with cDNA for rat albumin, Biochem. Biophys. Res. Comnun. 163,
194-200.

Ogata, S., Misumi, Y. & Ikehara, Y. (1989) Primary structure of rat liver
dipeptidyl peptidase IV reduced from its cDNA and identification of
the NH,-terminal signal sequence as the membrane-anchoring do-
main, J. Biol. Chem. 264, 3596~3601.

Ogata, S., Misumi, Y., Tsuji, E., Takama, N., Oda, K. & lkehara, Y.
(1992) ldentification of the active site residues in dipeptidyl pepti-



Fan et al. (Eur: J. Biochem. 246)

dase IV by affinity labeling and site-directed mutagenisis, Biochem-
istry 31, 2582--2587.

Olivares, L., Aragon, C., Gimenez, C. & Zafra, F. (1995) The role of
N-glycosylation in the targeting and activity of the GLYT1 glycine
transporter, J. Biol. Chem. 270, 94379442,

Petell, J. K., Diamond, M., Hong, W. J., Bujanover, Y., Amarri, S.,
Pittschieler, K. & Doyle, D. (1987) Isolation and characterization of
a M, = 110000 glycoprotein localized to the hepatocyte bile canalic-
ulus, J. Biol. Chem. 262, 14753—14759.

Reutter, W., Hartel, S., Hanski, C., Huhle, T., Zimmer, T. & Gossrau, R.
(1989) Biochemical propetties of dipeptidyl peptidase IV in liver and
hepatoma plasma membranes, Adv. Enzyme Regul. 28, 253—269.

Reutter, W., Baum, O., Loster, K., Fan, H., Bork, J. P, Bemt, K., Hanski,
Ch. & Tauber, R. (1995) Functional aspects of the three extracellular
domains of dipeptidyl peptidase IV: Characterization of glycosyla-
tion events, of the collagen-binding site and of endopeptidase activ-
ity, in Dipeptidyl peptidase IV (CD26) in metabolism and the immune
response (Fleischér, B., ed.) pp. 55~78, Springer, New York.

Sambrook, I., Fritschi E. F. & Maniatis, T. (1989) Molecular cloning: a
laboratory manual, 2nd edr, Cold Spring Harbor Laboratory, Cold
Spring Harbor NY.

Sanger, E, Nicklen, S. & Coulson, A. R. (1977) DNA sequencing with
chain-terminating inhibitors, Proc. Natl Acad. Sci. USA, 5463 —5467.

251

Sareneva, T., Pirhonen, J., Cantell, K. & Julkunen, . (1995) N-glycosy-
lation of human interferon-y: glycans at Asn-25 are critical for prote-
ase resistance, Biochem. J. 308, 9-—14.

Sousa, M. & Parodi, A, J. (1995) The molecular basis for the recognition
of misfolded glycoproteins by the UDP-Gle:glycoprotein gluco-
syltransferase, EMBO J. 14, 4196—4203.

Varki, A. (1993) Biological roles of oligosaccharides: all of the theories
are correct, Glycobiology 3, 97~ 130.

Velan, B., Kronman, Ch., Ordentlich, A., Flashner, Y., Leitner, M., Co-
hen, S. & Shafferman, A. (1993) N-glycosylation of human acetyl-
cholinesterase: effects on activity, stability and biosynthesis, Bio-
chem. J. 296, 649—656.

Wendland, M., Waheed, A., Schmidt, B., Hille, A., Nagel, G., von Fi-
gura, K. & Pohlmann, R. (1991) Glycosylation of the M, 46000
mannose 6-phosphate receptor, J. Biol. Chem. 266, 4598 —4604.

Yamashita, K., Tachibana, Y., Matsuda, Y., Katsunuma, N., Kochibe,
N. & Kobata, A. (1988) Comparative studies of the sugar chains of
aminopeptidase N and dipeptidyl peptidase IV purified from rat kid-
ney brush-border membrane, Biochemistry 27, 5565—5573.

Yang, B, Hoe, M. H., Black, P. & Hunt, R. C. (1993) Role of oligosac-
charides in the processing and function of human transferrin recep-
tors, J. Biol. Chem. 268, 7453—7441.



