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Abstract, Background. Dipeptidyl peptidase IV (DPPTV/CD26) is a highly glycosylated type II
membrane protein. In addition to its highly specific ectopeptidase activity it also functions in cell
adhesion, differentiation and T-cell activation. The extracellular domain of rat DPPIV contains eight
N-glycosylation sites and twelve cysteine residues, and it can be divided into three distinctive regions.

Methods. Each N-glycosylation site and cysteine residue was eliminated by site-directed mutagen-
esis. Mutants were expressed and characterized with respect to cellular localisation, N-glycan pro-
cessing, stability, enzymatic activity and dimer formation. The number of free thiol groups in the
native enzyme was determined chemically.

Results. We found that N-glycosylation is important for the stability and processing of the mole-
cule. The glycans are involved in DPPIV-mediated adhesion to collagen type 1. Mutations of the N-
glycosylation site, at 319, and of cysteines 326, 337, 448, 455 and 552 altered the biochemical prop-
erties of DPPIV dramatically. Chemical titration revealed the existence of six free thiol groups in
native DPPLV; the respective six cysteine residues may associate to form disulfide bridges.

Conclusion. Our results suggest that the cotranslational N-glycosylation at position 319 and the
presence of cysteine residues 326, 337, 445, 448, 455 and 552 are necessary for the correct folding
and functional conformation of this molecule.

Keywords: dipeptidyl peptidase IV, disulfide bridge, N-glycosylation, structure-function relation-
ship.

Introduction

The multifunctional type II transmembrane glycoprotein, dipeptidyl peptidase IV
(DPPLV, E.C.3.4.14.5), is expressed by necarly all mammalian cells. First
described as glycyl-prolyl-naphthylamidase, by Hopsu-Havu and Glenner, from
rat liver [1,2], it has been shown to be an activation marker on lymphocytes and
other immune cells [3—35]. The sequences of DPPIV-isoforms from human and
mouse exhibit very high similarities [6,7]. Soluble forms exist, e.g., in lysosomes,
in human serum [8,9] and in Xenopus laevis [10].

The membrane-bound wild-type rat enzyme is expressed as a noncovalently
linked 210-kDa homodimer at the cell surface [11]. Whether dimerization occurs
prior to Golgi import [12] or in the late Golgi-apparatus [13] is still not known.
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Rat-DPPIV consists of a short cytoplasmic domain, followed by a hydrophobic
transmembrane domain and an extracellular sequence of 739 amino acids [14].
The primary structure contains eight potential N-glycosylation sites, five of
them proximal to the transmembrane domain. The glycan-rich domain is fol-
lowed by a cysteine-rich region containing ten of the twelve cysteine residues.
The active site with the catalytic triad is located near the carboxy-terminus (Fig.
1) [15,16].

Besides its well-known exopeptidase activity, DPPIV also exhibits endopepti-
dase activity towards denatured collagen [17). Its very distinct substrate specificity
is important for the processing and modulation of defined peptides and chemo-
kines [18]. Expression of DPPIV/CD26 is closely associated with cell adhesion
[19,20] and differentiation [21]. It displays important costimulatory properties
during T-cell activation and proliferation. The specific interaction of CD26 with
extracellular adenosine deaminase (ADA) has been shown to significantly modu-
late immune activity in humans [3,22].

The biological significance of N-glycosylation and the resulting N-glycans of
DPPIV is not fully understood. The cysteine-rich domain of DPPIV mediates
binding to ADA and collagen [23]. The tertiary structure of DPPIV is unknown,
but initial studies on its elucidation have been reported [24-26]. In the present
work, we investigated the influence of N-glycosylation and cysteine residues on
the structural and biological properties of the protein.

Materials and Methods

Purification of DPPIV from plasma membranes and titration of free sulfhydryl
groups

Native DPPIV from the livers of adult male Wistar rats was purified by concava-
lin A— and immunoaffinity chromatography as described earlier [27]. Purified
DPPIV was titrated with 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) according
to Pecci et al. [28]. Titrations were performed under native (0.1 M Tris/HCI, pH
7.8) or denaturing (6.4 M guanidinium/HCI, pH 6.0) conditions at 25°C for up
to 4 h.
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Fig. 1. Schematic primary structure of rat DPPIV with N-glycosylation-sites and cysteine positions.



305

Construction of mutant DPPIV

Each point-mutation was generated by site-directed mutagenesis with synthetic
oligonucleotides bearing the desired mutation. Mutations N89Q, N319Q,
N686Q and C326G were generated with the Amersham Sculptor-system [29].
The cysteine mutations were performed using the Stratagene Quikchange-system
[30].

Transfection, flow cytometry and the sorting of stable CHO transfectants

Transfections were performed using the Eppendorf Multiporator and an appro-
priate Eppendorf protocol. Transfectants were selected with geneticin G418. For
immunostaining, polyclonal antiserum against wild-type DPPIV or monoclonal
antibody 13.4 (mAb 13.4) against the cysteine-rich domain of DPPIV was used.
Cells were incubated with fluorescein isothiocyanate (FITC)-labeled rabbit anti-
mouse (for mAb 13.4) and goat antirabbit IgG (for polyclonal antibodies), then
analysed using a FACScan flow cytometer (Becton Dickinson). Surviving positive
cells were selected with the FACS Vantage cell-sorter.

338 labelling of DPPIV by the pulse-chase method

Pulse-chase experiments were performed as described earlier [29]. In the case of
Endo H treatment, cells were pulse-labeled for 30 min, then chased for various
periods. Polyclonal anti-DPPIV IgG or mAb 13.4 was used for immunoprecipita-
tion. The radioactivity of protein bands was quantified on a Phosphor Tmager
(Molecular Dynamics) with the aid of IPLabGel-Software.

Endoglycosidase H (Endo H) treatment

After the **S-labeling and immunoprecipitation of DPPIV with mAb 13.4, pre-
cipitates were eluted by boiling for 4 min in buffer containing 0.4% SDS, 1% PB-
mercapto-propanediol and 40 mM EDTA. One-half of the eluted protein was
treated with Endo H (0.02 unit/80 ml) at 37°C for 16 h in 50 mM acetate buffer,
pH 5.5.

Immunofluorescence microscopy

Cells were fixed with 3% v/v formaldehyde in NaCl/Pi at room temperature (RT)
for 10 min (if indicated, after permeabilization with 0.1% Triton X-100 in
NaCl/P1 at RT for 5 min), then blocked with 0.1 M glycine in NaCl/Pi for 30
min. Anti-DPPIV polyclonal antibodies and mAb 13.4 were used for immuno-
staining. After washing, the cells were incubated with FITC-conjugated rabbit
antimouse IgG antibodies. |
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Other methods

For Western blot analysis, immunostaining was performed with mAb 13.4 or
polyclonal antibodies and visualized by chemiluminescence. For immunoprecipi-
tation, the supernatant was incubated with protein A-Sepharose-bound mAb
13.4, or protein A-Sepharose-bound polyclonal antibodies for 12 h at 4°C. Enzy-
matic activity was determined as described, with Gly-Pro-4-nitroanilide as the
substrate [31]. Protein crosslinking was performed with the homobifunctional
disuccinimidylsuberate as described earlier [30]. To normalize differences in the
expression level, DPPIV Western blots were performed in parallel and the inten-
sities of bands at 100 and 110 kDa were determined with IPLabGel software.

Results
N-Glycosylation is important for biological stability of DPPIV

In order to study the influence of N-glycosylation on the protein stability, the
half-lives (t;,2) of N-glycosylation mutants of DPPIV were analysed by pulse-
chase experiments. As shown in Fig. 2, wild-type DPPIV is very stable with a
t1,2 of 55 h, as previously reported by Hong et al. [32]. In contrast, the N-
glycosylation mutants of DPPIV are less stable; most t;,, are in the range of 20
to 40 h, but the t;,, of N319Q is much shorter, being only about 10% of the value
for wild-type DPPIV.

Defective N-glycosylation delays processing and translocation of DPPIV

In order to confirm the above interpretation, we performed pulse-chase experi-
ments with transfected wild-type DPPIV and DPPIV N-glycosylation mutants
and digested the immunoprecipitated peptides with Endo H. Glycoproteins con-
taining only mannose-rich glycans are Endo H-sensitive, whereas hybrid or
mature complex forms are Endo H-resistant.

Figure 3 shows that after a 30 min pulse, 50% of the oligosaccharides of wild-
type DPPIV had been processed to a mature complex form, whereas the corre-
sponding values for N83Q and N686Q were 25 to 40%, respectively. After a 60
min chase almost all of the oligosaccharides of wild-type DPPIV were processed
to the mature complex form, whereas N83Q and N686Q were processed more
slowly. It is interesting that most of the N319Q was converted into a polypeptide
of apparent M, 84,000 after Endo H digestion, irrespective of the chase and
sampling time; therefore, only a small proportion could be processed to a mature
complex form. This result suggests that mutation at position N319 dramatically
inhibits the N-glycosylation process, and the mutations at positions N83 and
N686 may retard the N-glycosylation processing of this protein. Immunofluores-
cence microscopy shows that, as well as wild-type DPPIV, all N-glycosylation
mutants, except N319Q, were expressed on the surface of transfected CHO cells
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Fig. 2. Biological stability of DPPIV N-glycosylation mutants. CHO transfectants were pulse-labeled
with [**S]methionine for 30 min and chased for 0, 1, 2, 5, 12, 24, 48 or 72 h. Immunoprecipitates of
cell lysates obtained at the indicated times of chase were analysed by SDS/PAGE. The results of the
pulse-chase experiments were analysed by phosphoimager scanning.

(Fig. 4). Mutant N319Q, however, does not appear on the cell surface but is
located inside the cell (Fig. 4). N319Q is concentrated near the endoplasmic
reticulum (ER) suggesting that this protein cannot be translocated from the ER
to the cell surface.

N-Glycans are associated with adhesion of DPPIV to collagen

CHO cells transfected with DPPIV and DPPIV N-glycosylation mutants were
tested for adhesion on collagen I. Compared with nontransfected CHO cells,
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Fig. 3. Processing of DPPIV N-glycosylation mutants. A: CHO/wild-type DPPIV, CHO/N83Q,
CHO/N319Q and CHO/N686Q were pulse-labelled with [**Smethionine for 30 min and chased for
0, 10, 30, 60, 90 or 120 min. After the immunoprecipitation of DPPIV with mAb 13.4, one-half of
the eluted immunoprecipitates were treated with Endo H (0.02 U/80 ml) and then analysed by SDS/
PAGE. B: The protein bands obtained in pulse-chase experiments were quantified on a Phosphor Im-
ager with the aid of IPLabGel-Software. The total amounts of both Endo-H-resistant and Endo-H-
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sensitive protein bands at each time were set as 100%.
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Fig. 4. Immunofluorescence microscopy of DPPIV N-glycosylation mutants. The anti-DPPIV mAb
13.4 was used for immunostaining. A: Cell surface staining. B: Cell permeability staining. CHO cells
(DPPIV negative) (a), CHO/wild-type DPPIV (b), CHO/N83Q (¢), CHO/N319Q (d), and CHO/
N686Q (e).
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wild-type DPPIV-transfected cells adhered more quickly to collagen I. This
DPPIV-mediated effect was abolished by mAb 13.4, which is in accordance with
the results of Loster et al. [27]. Compared with wild-type DPPIV transfectants,
the initial adhesion of specific N-glycosylation mutants (transfectants N83Q,
N148Q, N237Q) to collagen 1 is slower.

Native rat DPPIV contains six free cysteine residues

Titration of native rat DPPIV with an excess of DTNB showed the presence of
six free sulfhydryl groups after 4 h incubation. Under denaturing conditions the
titration kinetics show a higher accessibility of the SH-groups to DTNB (Fig. 5).
The total of six free SH-groups could be measured either under nondenaturing
or denaturing conditions.

Cysteine mutations cause conformational changes in the cysteine-rich domain

Stable transfectants of DPPIV cysteine mutants were detected by flow cytometry
and selected by cell sorting. Expression of wild-type DPPIV and all cysteine
mutants can be detected intracellularly and, to different extents, on the cell sur-
face using the polyclonal anti-DPPIV antiserum. In contrast, mutants C326G,
C337S and C455G were not detectable with the anti-DPPIV mAb 13.4, whose
epitope is in the cysteine-rich domain of DPPIV [27]. Additionally, mAb 13.4
shows a significantly weaker affinity to C395S, C445S, C448S, C473S and
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Fig. 5. Titration of native rat DPPIV reveals six free SH-groups. Experiments were performed in tripli-
cate with 5,5-dithiobis-(2-nitrobenzoic acid) under denaturing (6.4 M Guanidinium/HCI) and non-
denaturing (0.1 M Tris/HCI) conditions.
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C5528S. Figure 6 exemplifies the intracellular recognition of wild-type protein and
mutants C383G, C326G and C395S by FACS-analysis after mAb 13.4-staining.

Cysteine mutations influence biogenesis of DPPIV

Western blot and flow cytometry show that mutations at individual cysteine resi-
dues exert different effects on the processing and cellular localization of DPPIV.
Mutants that do not develop the mature 110-kDa form are not expressed on the
cell surface, so that their trafficking is different from that of wild-type DPPIV.
Pulse-chase experiments revealed major differences in the t;,» of cysteine
mutants. The t;,, of cysteine mutants C326G, C337S, C383S, C448S and C763S
are 20 to 50% of the wild-type t;,» (55 h), while the t;,» of mutants C445S,
C455G, C473S and C5528 are less than 20% of the wild-type.

These quantitative changes in protein stability are reflected in significant differ-
ences in the processing and degradation kinetics of newly synthesized mutant
DPPIV. Kinetics were determined by consideration of all three DPPIV-forms of
90, 100 and 110 kDa in pulse-chase experiments (Fig. 7). Wild-type DPPIV pro-
cessing starts with almost equal amounts of nonprocessed 100-kDa (55%) and
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Fig. 6. The mADb 13.4 epitope is affected in distinct cysteine mutants of DPPIV. FACS-analysis of
stable transfected CHO cells after intracellular staining with mAb 13.4 as first antibody. C383G: nor-
mal mAb 13.4 recognition, C326G: no recognition, C395S: reduced recognition (transfectants:
hatched charts, negative-controls: clear charts).
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the mature 110-kDa form (45%). The immature 100-kDa form of wild-type
DPPIV is continuously processed to the mature 110-kDa form within 5 h.
Mutants C299G, C383G, C395S, C650G and C763S show similar kinetics, as
illustrated for C383G. Mutants C326G, C3378S, C445S, C448S and C473S show
a second kinetic, exemplified with C337S. The immature 100-kDa form is pro-
cessed significantly more slowly and the mature 110-kDa form shows only weak
stability. The processing pattern of mutant C455G is also shown in Fig. 7. This
kinetic, also found at mutant C5528, is totally different because only the imma-
ture 100-kDa form is expressed over the whole chase period. Neither mature pro-
tein nor the degradation product could be detected.

Dimerization and enzymatic activity of N-glycosylation and cysteine mutants

To investigate the potential role of the mutated N-glycosylation sites and cysteine
residues in the formation of the DPPIV homodimer, detergent-solubilized DPPIV
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Fig. 7. Autoradiographs and protein-processing kinetics of DPPIV. Autoradiographs of pulse-chase
S-labeled and immunoprecipitated DPPIV (mutants). Protein, obtained from equal cell numbers,
was subjected to reducing SDS-PAGE and Western blotting prior to autoradiography. Three different
processing kinetics were computed from the autoradiographs.
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mutants were incubated with the homobifunctional and noncleavable crosslinker
disuccinimidylsuberate (DSS). DSS-crosslinked wild-type DPPIV consists of the
110-kDa monomeric and 210-kDa homodimeric form. All N-glycosylation
mutants except N319Q and cysteine mutants C299G, C383G, C395S, C650G
and C763S are also capable of dimer-formation. However, mutant N319Q is
expressed as a 97-kDa protein, while cysteine mutants C326G, C337S, C445S,
C4488S, C455G, C473S and C5528 are expressed as the 100-kDa form. Relative
enzymatic activity of wild-type DPPIV was compared with the activity of N-
glycosylation and cysteine-mutant proteins. Mutants which did not dimerize
showed hardly any enzymatic activity.

Discussion

In this study we investigated the structural and functional significance of N-gly-
cosylation and of cysteine residues in DPPIV/CD26. Site-directed mutagenesis
was used to abolish glycosylation at single N-glycosylation sites and to modify
single cysteine residues of DPPIV.

We found that defective N-glycosylation affected the biological stability and
processing of the protein. The absence of only one of the N-glycosylation sites
was sufficient to reduce the stability of the DPPIV protein and to retard the N-
glycosylation processing to varying extents. This suggests that complete N-glyco-
sylation is important for the protein stability and processing of DPPIV. It is pos-
sible that oligosaccharide side chains protect the protein directly against protease
degradation. Another explanation would be 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 [33].

Defective glycosylation at sites Asn83, 90, 148, 237, 247, 521 and 686 had little
influence on its cell-surface expression, dimerization and enzymatic activity,
despite the fact that Asn686 is localized close to the active site [15,16]. In con-
trast, defective glycosylation of Asn319, which is located within the cysteine-rich
region of DPPIV, resulted in a dramatic change of the biochemical properties
and functions of this protein. This mutant, which showed hardly any enzymatic
activity, could not dimerize or translocate to the cell surface; it was retained in
the ER and quickly degraded after polypeptide synthesis. This molecule presum-
ably contains only high-mannose-type N-glycans, and these are not processed
into mature complex oligosaccharides. It is proposed that this mutant protein
may be misfolded by the formation of aberrant intrachain disulfide bonds [34].

Chemical titration of native rat DPPIV/CD26 showed the presence of six free
sulthydryl groups. To elucidate which cysteine residues are involved in bridge for-
mation and, therefore, relevant for DPPIV/CD26-structure we generated twelve
different point mutations by site-directed mutagenesis. In each mutant, one of
the twelve cysteine residues was mutated either to an inert glycine or to the struc-
tural homologue serine. Mutants C299G, C393G, C393S, C650G and C763S
show wild-type-like biochemical properties, while mutations at cysteine residues
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326, 337, 445, 448, 455, 473 and 552 caused a dramatic change in the biochemi-
cal properties of this protein. These mutants were expressed as an immature
100-kDa form processing oligosaccharides of the high mannose type. They were
hardly expressed on the surface of cells, could not dimerize, lacked enzymatic
activity and showed drastically reduced t;».

These findings fit well with the preliminary B-propeller structure of the
cysteine-rich domain of human DPPIV predicted by Abbott et al. [26]. According
to this model, cysteines C326/C337, C383/C395, C445/C448 and C455/C473
are located pair-wise on different propeller blades. Propeller structures may be
stabilized by intrablade disulfide bonds. As DPPIV belongs to a special subfami-
ly of serine proteases, the prolyl oligopeptidases, it is predicted that the o/p-
hydrolase fold is present and contains the catalytic domain [23,35,36]. This model
does not have a disulfide bond within the carboxy-terminal domain, which is in
accordance with the wild-type-like characteristics of mutants C650G and C763S.

In conclusion, our results suggest that cotranslational N-glycosylation and the
formation of correct disulfide bonds is important for the attainment of a cor-
rectly folded, stable conformation of DPPIV.
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