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Abstract

The type II transmembrane serine protease dipeptidyl peptidase IV (DPPIV), also known as CD26 or
adenosine deaminase binding protein, is a major regulator of various physiological processes, including
immune, inflammatory, nervous, and endocrine functions. It has been generally accepted that glycosylation
of DPPIV and of other transmembrane dipeptidyl peptidases is a prerequisite for enzyme activity and correct
protein folding. Crystallographic studies on DPPIV reveal clear N-linked glycosylation of nine Asn residues
in DPPIV. However, the importance of each glycosylation site on physiologically relevant reactions such as
dipeptide cleavage, dimer formation, and adenosine deaminase (ADA) binding remains obscure. Individual
Asn—Ala point mutants were introduced at the nine glycosylation sites in the extracellular domain of
DPPIV (residues 39-766). Crystallographic and biochemical data demonstrate that N-linked glycosylation
of DPPIV does not contribute significantly to its peptidase activity. The kinetic parameters of dipeptidyl
peptidase cleavage of wild-type DPPIV and the N-glycosylation site mutants were determined by using
Ala-Pro-AFC and Gly-Pro-pNA as substrates and varied by <50%. DPPIV is active as a homodimer.
Size-exclusion chromatographic analysis showed that the glycosylation site mutants do not affect dimer-
ization. ADA binds to the highly glycosylated 3-propeller domain of DPPIV, but the impact of glycosylation
on binding had not previously been determined. Our studies indicate that glycosylation of DPPIV is not
required for ADA binding. Taken together, these data indicate that in contrast to the generally accepted
view, glycosylation of DPPIV is not a prerequisite for catalysis, dimerization, or ADA binding.
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Dipeptidyl peptidase IV (DPPIV), also called adenosine de-
aminase binding protein (ADAbp) or CD26, is a 220-kD
homodimeric, type Il transmembrane glycoprotein, widely
expressed on the surface of a variety of epithelial, endothe-

Reprint requests to: Kathleen Aertgeerts, Syrrx Inc., 10410 Science Cen-
ter Drive, San Diego, CA 92121, USA; e-mail: kathleen.aertgeerts @syrrx.
com; fax: (858) 550-0526.

Present addresses: 'Institute of Biosciences and Technology, Texas
A&M University System Health Science Center, The Texas Medical Cen-
ter, Houston, TX 77030-3303, USA; 2Celgene Corp., San Diego, CA
92121, USA; *ActiveSight, San Diego, CA 92121, USA.

Article and publication are at http:/www.proteinscience.org/cgi/doi/
10.1110/ps.03352504.

lial, and lymphoid cell types (Abbott et al. 1994; De
Meester et al. 1999; Langer and Ansorge 2002). A soluble
form is also found in plasma (Iwaki-Egawa et al. 1998). The
enzyme regulates various physiological processes by cleav-
ing Xaa-Pro dipeptides from the N terminus of regulatory
peptides, including many chemokines, neuropeptides, and
peptide hormones (Mentlein 1999). Specific inhibition of
the DPPIV dipeptidyl peptidase function increases the half-
life of the incretin hormones glucagon-like peptide-1 and
gastric inhibitory polypeptide, both involved in insulin se-
cretion (for review, see Drucker 2003). Clinical evidence
shows that specific DPPIV inhibitors lower blood glucose
levels in type II diabetics (Ahren et al. 2002).
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DPPIV is a member of the s9b family of serine pepti-
dases. Members of the family include DPPIV, fibroblast
activation protein (FAP; Sun et al. 2002), dipeptidyl pepti-
dase 8 (DPPS; Abbott et al. 2000b), dipeptidyl peptidase 9
(DPPY; Olsen and Wagtmann 2002), dipeptidyl peptidase
10 (DPP10; Qi et al. 2003), and dipeptidyl peptidase 6
(DPP6; Wada et al. 1992). The most studied are DPPIV and
FAP, sharing a sequence identity of 54% (Levy et al. 1999).
Both are integral membrane proteins and require dimeriza-
tion for catalytic activity. It has been reported that glycosyla-
tion of both enzymes is a prerequisite for enzyme activity
(Loch et al. 1992; Fan et al. 1997; Sun et al. 2002). On the
other hand, the enzyme activity of DPPS is similar to DPPIV
and FAP, but DPPS is a nonglycosylated, cytoplasmic protein
that is catalytically active as a monomer (Abbott et al. 2000b).

Based on sequence alignments, members of the s9b fam-
ily of serine peptidases are thought to share a similar three-
dimensional structure (Abbott et al. 2000a). Our group and
others have recently solved the crystal structure of the ex-
tracellular domain of DPPIV (Engel et al. 2003; Hiramatsu
et al. 2003; Rasmussen et al. 2003). The enzyme contains an
eight-bladed B-propeller domain and a peptidase domain
with an o/f3 hydrolase fold. An a-helix insertion in blade
four of the B-propeller domain introduces a negatively
charged pocket in the active site and determines its speci-
ficity for N-terminal peptide cleavage.

DPPIV contains nine potential N-glycosylation sites
mainly present in the B-propeller domain of the molecule.
Our crystallographic data show that all nine glycosylation
sites are used in DPPIV (K. Aertgeerts, S. Ye, M. Tennant,
B. Collins, J. Rogers, B. Sang, R. Skene, D. Webb, and G.
Prasad, unpubl.). Previous studies have shown that inhibi-
tion of primary N-glycosylation of DPPIV using tunicamy-
cin reduced the biological stability of the molecule dramati-
cally (Loch et al. 1992). Furthermore, Fan et al. (1997)
showed that glycosylation of Asn 321 is important for cor-
rect protein folding and protein trafficking. However, the
contribution of each glycosylation site in DPPIV on physi-
ologically relevant reactions such as dipeptide cleavage,
dimer formation, and ADA binding still remains obscure.
Therefore, we overexpressed the extracellular domain of
wild-type DPPIV and introduced individual Asn—Ala point
mutants at each of the nine glycosylation sites. Here we
report that in contrast to the generally accepted hypothesis
that glycosylation of DPPIV is required for its function, lack
of glycosylation at each specific site in DPPIV did not alter
its catalytic activity, dimer formation and ADA binding
capacity.

Results

Structural analysis of glycosylation

Nine potential N-glycosylation sites were predicted in the
extracellular domain of DPPIV by using the Prosite pattern
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N-{P}-[ST]-{P}; these include N85, N92, N150, N219,
N229, N281, N321, N520, and N685 (human DPPIV num-
bering). Seven of the nine predicted glycosylation sites are
conserved in human, rat, mouse, bovine, and pig DPPIV
(Fig. 1A). Compared with human DPPIV, rat and mouse
DPPIV do not have a potential glycosylation site at residue
281; bovine and pig DPPIV lack a site at position 520.
During our crystal structure determination of the extracel-
lular domain of human DPPIV (residues 39-766), we con-
firmed that all nine N-glycosylation sites are used after ex-
pression and purification from Hi5 insect cells (Fig. 1B,C).
Rasmussen et al. (2003) and Hiramatsu et al. (2003) ob-
served carbohydrates at seven and five of the nine potential
N-linked glycosylation positions of DPPIV, respectively,
when expressed by using a baculovirus system. In the crys-
tal structure of DPPIV, obtained from pig kidney, electron
density was observed for carbohydrates at 6 of the 10 po-
tential sites (Engel et al. 2003). The crystal structure of
DPPIV is composed of an eight-bladed B-propeller domain
that is packed against a catalytic domain that has an o/f3-
hydrolase fold. Seven of the nine glycosylation sites are
located in the B-propeller domain (Fig. 1B). None of the
sugars that were modeled in the electron density maps are in
close contact to the catalytic triad or are observed within the
active-site pocket of the enzyme. N85 and N219 are located
at the entrance of the central pore that is formed by the
B-propeller domain. (Fig. 1C). None of the glycosylation
sites are in close contact to a disulfide bond.

In general, the major processed N-glycan produced in
insect cells is the paucimannosidic  structure,
Man;GIcNAc,-N-Asn. The longest ordered N-glycosyl
chain was modeled at position N229, containing
Man,GIcNAc,-N-Asn. All nine glycosylation sites could
contain Man;GIlcNAc,-N-Asn. However, less complex sug-
ars could be modeled in the calculated electron density
maps, most likely because the terminal sugar moieties are
not well ordered or because the longer sugar chains are
heterogeneously distributed between molecules in the crys-
tal.

To study the impact of N-glycosylation of DPPIV on
physiologically important processes such as catalytic activ-
ity, dimer formation, and ADA binding, we generated nine
point mutations in which asparagine at each glycosylation
site was individually mutated to alanine. Alanine substitu-
tions were chosen to avoid introducing new charge interac-
tions or hydrogen bonds and to minimize unfavorable steric
contacts.

Expression and purification of wild-type DPPIV and
DPPIV glycosylation mutants

The extracellular domain of human DPPIV (residues 39—
766) was overexpressed in baculovirus-infected insect cells
as a soluble secreted protein. Two different insect cell lines
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were used to explore possible differences in glycosylation.
Similarly, we expressed DPPIV N-glycosylation mutants by
using recombinant baculoviruses that contained the cDNA
encoding the desired mutants. From 100 mL culture me-
dium, we obtained ~1 mg purified protein for wild-type
DPPIV and a similar amount for most of the glycosylation
mutants. An ~10-fold reduction in yield was found for
N229A, N281A, and N321A. To check whether correct pro-
tein folding and protein trafficking into the media were
affected after expression of the glycosylation mutants, we
analyzed the media and cell lysates of 2 mL monolayer
cultures for the presence of DPPIV protein. We could only
detect the presence of wild-type DPPIV and the N-glyco-
sylation mutants in the media and not in the cell lysates by
SDS-PAGE (data not shown). We could detect enzymatic
activity toward Ala-Pro-AFC in the purified cell lysates;
however, it was not significantly different for the N-glyco-
sylation mutants compared with the wild-type form of the
enzyme. These data indicate that the individual removal of
a glycosylation site in DPPIV does not interfere with correct
protein folding and protein trafficking into the media in
insect cells.

Purified samples of wild-type DPPIV and the N-glyco-
sylation mutants gave one major band on a SDS-PAGE at
~95 kD (Fig. 2). The primary amino acid sequence has a
calculated molecular mass of 86 kD, indicating the presence
of posttranslational modifications that account for ~10% of
the total mass of the protein.

DPP4 glycosylation mutants are catalytically active

The extracellular domain of wild-type DPPIV (residues 39—
766) expressed in SfY insect cells has dipeptidyl peptidase
activity and has a catalytic efficiency of 1.3 x 10° M~ 'sec™
and 1.2 x 10° M~'sec™! for cleavage of the fluorogenic sub-
strate Ala-Pro-AFC and the chromogenic substrate Gly-Pro-
pNA, respectively (Table 1A). The enzymatic constants of
the nine N-linked glycosylation mutants of DPPIV for en-
zymatic cleavage of the fluorogenic substrate Ala-Pro-AFC
varied by <50%, compared with that of wild-type DPPIV.
Similarly, individual k., and K, values for all DPPIV vari-
ants toward the synthetic fluorogenic substrate varied by
less than a factor of two compared with the wild-type en-
zyme (Table 1A). These data indicate that N-linked glyco-
sylation of DPPIV does not significantly modulate the di-
peptidyl peptidase activity of the enzyme toward small syn-
thetic substrates. Comparable conclusions were made when
the chromogenic substrate Gly-Pro-pNA was used and
when the wild-type protein and the mutants were expressed
in Hi5 insect cells (Table 1B). Interestingly, complete de-
glycosylation of DPPIV obtained by the addition of tunica-
mycin during protein expression resulted in active DPPIV
(data not shown), consistent with the conclusion that gly-
cosylation is not a prerequisite for enzyme activity.

Effect of glycosylation of DPPIV on ADA binding

It has been reported that five residues located within the
cysteine-rich domain of human DPPIV (L294, L340, V341,
A342, and R343) are required for binding to ADA (Dong et
al. 1997; Abbott et al. 1999). In the crystal structure, these
residues form two hydrophobic patches that are solvent ex-
posed and are located in the highly glycosylated (3-propeller
domain of the molecule. The first hydrophobic patch is
formed by residue 1.294; the second is composed of residues
L340, V341, and A342 (Fig. 1B). It is worth noting that the
glycosylated residues N229 and N321 are in close proximity
(~15 A) to the proposed ADA-binding site. Moreover, mu-
rine and rat DPPIV lack a glycosylation site on N281 (hu-
man DPPIV numbering) and are unable to bind ADA. It has
been hypothesized from the crystal structure of porcine
DPPIV that glycosylation of N279 (corresponds to N281 in
the human sequence) might control ADA binding (Engel et
al. 2003). No biochemical data have been reported to date
on the effect of glycosylation of DPPIV on ADA binding.
We measured the kinetics of wild-type DPPIV/ADA bind-
ing by using SPR measurements. Figure 3A shows a
sensorgram illustrating the high-affinity binding of ADA
(concentration range, 3.1 to 800 nM) to the extracellular do-
main of wild-type DPPIV. The association rate constant
(ka) was 1.79 + 0.014 x 10° M~! sec™!, and the dissociation
rate constant (kd) was 6.95 + 0.55 x 107 sec™'. The appar-
ent equilibrium dissociation constant (KD = kd/ka) was
0.40 £ 0.0042 nM. We also titrated the binding of the ex-
tracellular domain of wild-type DPPIV to ADA by high-
performance size-exclusion chromatography (HP-SEC) us-
ing DPPIV/ADA molar ratios ranging from 2:1 to 1:2
(Fig. 3B). A clear shift in retention time from 8.94 (DPPIV
only) to 8.51 (DPPIV/ADA complex) was observed when
equimolar concentrations of the two proteins or a molar
excess of ADA over DPPIV were used. An intermediate
complex was observed when a molar DPPIV/ADA ratio of
2 : 1 was used. Similarly, we used HP-SEC to analyze bind-
ing of the N-glycosylation mutants to ADA. Retention times
were measured for the mutants first in the absence of ADA
and then after incubation with a twofold molar excess of
ADA for 2 h at 37°C. The effects of the point mutations on
binding to ADA are illustrated in Table 2. Compared with
wild-type DPPIV, we observed a similar shift in the reten-
tion time when the DPPIV glycosylation mutants were in-
cubated with ADA. These data indicate that the mutations
do not abolish binding to ADA, indicating that glycosyla-
tion of DPPIV is not a requirement for ADA binding.

Effect of glycosylation on homodimer formation

DPPIV is enzymatically active as a homodimer, whereas the
monomeric form of the enzyme has no activity (Bednarczyk
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et al. 1991; De Meester et al. 1992; Gorrell et al. 2001).
HP-SEC analysis of wild-type DPPIV revealed that the pro-
tein elutes as a dimer with an apparent molecular weight
(MW) of ~160 kD. As was also observed by others, the
mobility of the dimer is greater than expected from the
estimated MW of the monomer by SDS-PAGE (95 kD;
Ajami et al. 2003). All the glycosylation mutants elute as a
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dimer from HP-SEC, indicating that the glycosylation sites
do not individually contribute to DPPIV dimerization. The
observation that glycosylation is not required for dimeriza-
tion was already suggested from the crystal structure of
DPPIV. The asymmetric unit is composed of two ho-
modimers in which the monomers are related by a twofold
axis. None of the glycosylated residues occupy the dimer
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Entrance to central
pore

Figure 1. (A) Sequence alignment of human, rat, mouse, bovine, and pig DPPIV. The potential glycosylation sites predicted by using the Prosite pattern
N-{P}-[ST]-{P} are indicated in bold and underlined; an asterisk indicates the catalytic triad residues: Ser 630, Asp 708, and His 740. (B) Ribbon diagram
of the three-dimensional structure of DPPIV. The glycosylation sites are labeled, and the sugar molecules that were modeled into the electron density maps
are shown in green as ball-and-stick representations. Seven of the nine glycosylation sites were found in the B-propeller domain of the molecule (blue),
and two glycosylation sites were observed in the a/B3-hydrolase domain (red) of the molecule. Disufide bonds are shown in yellow. Residues (L294, L340,
V341, A342, and R343) that have been reported to play a role in ADA binding (Abbott et al. 1999) are labeled in red and shown in gold as ball-and-stick
representations. Residues of the catalytic triad are shown in blue as ball-and-stick representations. (C) Three-dimensional structure of DPPIV with
space-filled representation of 3 -propeller domain. Glycosylation sites N219 and N85 are labeled and are located at the entrance of the central pore of the
B-propeller domain. The central pore (approximate diameter of 15 A) creates an entrance to the active-site of the molecule.

interface (K. Aertgeerts, S. Ye, M. Tennant, B. Collins, J.
Rogers, B. Sang, R. Skene, D. Webb, and G. Prasad, unpubl.).

Discussion

It has been reported that DPPIV (Fan et al. 1997) and other
dipeptidyl peptidases such as DPP2 (Chiravuri et al. 2000)
and FAP (Sun et al. 2002) depend on glycosylation for their
enzymatic activity and/or biological stability. DPPIV has
nine potential N-linked glycosylation sites. During previous
studies, we crystallized wild-type human DPPIV and col-
lected a 2.1 A X-ray diffraction data set (K. Aertgeerts, S.
Ye, M. Tennant, B. Collins, J. Rogers, B. Sang, R. Skene,
D. Webb, and G. Prasad, unpubl.). We could clearly observe
from the calculated electron-density maps that all nine gly-
cosylation sites were used in DPPIV. The exact contribution
of each individual glycosylation site to physiologically rel-
evant reactions such as enzyme activity, ADA-binding, and
dimer formation has not previously been addressed.

We overexpressed the extracellular domain of DPPIV in
Sf9 and Hi5 insect cells and analyzed the role of N-glyco-
sylation through individual site-directed mutagenesis of all
nine glycosylation sites to alanine. The complexity of insect
protein N-glycosylation pathways is intermediate between
those of Saccharomyces cerevisiae and mammalian cells
(for review, see Jarvis 1997; Varki et al. 1999). In contrast

to mammalian cells, insect cells are unable to naturally pro-
duce complex, terminally sialylated N-glycans. When we
expressed DPPIV in Hi5 and Sf9 insect cells, ~10% of the
total protein molecular mass originated from oligosaccha-
ride side chains, whereas a value of ~12% to 20% was
observed when DPPIV was obtained from rat hepatocytes
(Loch et al. 1992; Porwoll et al. 1998). Despite the generally
known differences in glycosylation and postbiosynthetic N-
glycan modifications observed between mammalian cells
and insect cells, we measured kinetic parameters for dipep-
tide cleavage of Ala-Pro-AFC that are comparable to the
ones reported for purified DPPIV obtained from mamma-
lian cells (Dobers et al. 2002). Taken together, these data
indicate that differently glycosylated DPPIV obtained from
different expression systems do not affect dipeptidyl pepti-
dase activity. Similarly, SPR analysis of ADA binding to
DPPIV expressed in insect cells revealed binding constants
that are comparable to the values reported for ADA binding
to rabbit kidney DPPIV (Richard et al. 2002).

Nine glycosylation mutants, each removing one N-glyco-
sylation site, expressed well and were secreted into the cul-
ture medium. Fan et al. (1997) showed that the individual
replacement of residues N85, N321, and N686 with Gln
decreased the biological stability and processing of rat
DPPIV in CHO cells. We did observe an ~10-fold reduction
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Table 1A. Kinetic constants for cleavage of the fluorogenic
substrate Ala-Pro-AFC and the chromogenic substrate
Gly-Pro-pNA by wild-type DPPIV and DPPIV glycosylation
mutants (proteins expressed in St9 insect cells)

Table 1B. Kinetic constants for cleavage of the fluorogenic
substrate Ala-Pro-AFC and the chromogenic substrate
Gly-Pro-pNA by wild-type DPPIV and DPPIV glycosylation
mutants (proteins expressed in Hi5 insect cells)

DPPIV Km kcat kcat/Km Relative DPPIV Km kcat kcat/Km Relative
mutant (WM) (sec™h) M sec™) kcat/Km mutant (WM) ™ M™s™h kcat/Km
Kinetic constants for cleavage of Ala-Pro-AFC Kinetic constants for cleavage of Ala-Pro-AFC
Wild-type DPPIV 14 18 1.3 x 10° 1.0 Wild-type DPPIV 16 23 1.4 x 10° 1.0
DPPIV-NS5A 15 16 1.1 x 10° 0.85 DPPIV-NS5A 16 27 1.7 x 10° 1.2
DPPIV-N92A 14 18 1.3 x 10° 1.0 DPPIV-N92A 17 31 1.9 x 10° 1.4
DPPIV-N150A 14 18 1.3 x 10° 1.0 DPPIV-N150A 17 37 2.2 x 10° 1.6
DPPIV-N219A 15 18 1.2 x 10° 0.92 DPPIV-N219A 19 42 2.2 x 10° 1.6
DPPIV-N229A 14 12 9.1 x 10° 0.70 DPPIV-N229A 15 40 2.7 x 10° 1.9
DPPIV-N281A 14 15 1.1 x 10° 0.85 DPPIV-N281A 20 40 2.0 x 10° 1.4
DPPIV-N321A 14 9 6.5 x 10° 0.50 DPPIV-N321A 18 34 1.8 x 10° 1.3
DPPIV-N520A 14 13 8.9 x 10° 0.68 DPPIV-N520A 17 36 2.1 x 10° 15
DPPIV-N685A 13 19 1.4 x 10° 1.1 DPPIV-N685A 15 30 1.9 x 10° 1.4
Kinetic constants for cleavage of Gly-Pro-pNA Kinetic constants for cleavage of Gly-Pro-pNA
Wild-type DPPIV 170 20 1.2 x 10° 1.0 Wild-type DDPIV 138 24 1.7 x 10° 1.0
DPPIV-N85A 155 16 1.1x10° 0.92 DPPIV-N85A 149 30 2.0 x 10° 1.2
DPPIV-N92A 147 19 1.3 x 10° 1.1 DPPIV-N92A 143 34 2.4 x 10° 1.4
DPPIV-N150A 143 19 1.3 x 10° 1.1 DPPIV-N150A 151 40 2.6 x 10° 1.5
DPPIV-N219A 144 19 1.3 x 10° 1.1 DPPIV-N219A 160 45 2.8 x 10° 1.6
DPPIV-N229A 151 13 8.8 x 10* 0.73 DPPIV-N229A 145 43 3.0 x 10° 1.8
DPPIV-N281A 159 17 1.1 x 10° 0.92 DPPIV-N281A 168 43 2.5 % 10° 1.5
DPPIV-N321A 156 10 6.5 x 10* 0.54 DPPIV-N321A 146 35 24 x 10° 14
DPPIV-N520A 142 14 9.6 x 10* 0.80 DPPIV-N520A 131 35 2.7 x 10° 1.6
DPPIV-N685A 152 21 1.4 x 10° 1.2 DPPIV-N685A 142 32 2.2 x 10° 1.3

in expression of N321A, but we could not detect a corre-
sponding increase of insoluble material inside the cell. Dif-
ferences in results between our data and those reported by
Fan et al. could be attributable to the different expression
systems used or to intrinsic differences between the rat and
human versions of the enzyme.

Tunicamycin treatment of insect cells infected with the
virus encoding wild-type DPPIV significantly reduced ex-
pression of the protein. This is probably due to the inhibition
of protein synthesis, which occurs simultaneously with the
inhibition of protein glycosylation. However, the addition of
tunicamycin resulted in correctly folded and active DPPIV,
as observed by DPPIV activity in the medium, whereas
DPPIV activity was not found in the medium of noninfected
cells. The low level of expression in the presence of tuni-
camycin did not allow for quantitation of the protein. There-
fore, detailed reaction kinetics, dimerization, and ADA
binding were not measured for the nonglycosylated enzyme.

It was apparent from the crystal structure that none of the
glycosylated residues occupy or are in close contact to the
active site pocket of the enzyme and therefore would not be
expected to contribute directly to the substrate specificity of
the enzyme. However, it is generally known that enzyme
activity is highly associated with the structural integrity of
the protein, which in turn can be associated with correct
N-glycosylation. This indirect effect could lie in the correct
dimerization of the protein because DPPIV is active as a
homodimer, and no activity can be found for the monomeric
form of the enzyme (Piischel et al. 1982; Bednarczyk et al.
1991; De Meester et al. 1992; Gorrell et al. 2001). Evidence
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Figure 2. SDS-PAGE of purified wild-type DPPIV and DPPIV glycosyla-
tion mutants. (A) Mutants expressed in Sf9 insect cells. (B) Mutants ex-
pressed in Hi5 insect cells. Approximately 1000 ng purified material was
loaded on a 4% to 20% gradient gel for each sample. (Lane /) Wild-type
DPPIV; (lane 2) N85A; (lane 3) N92A; (lane 4) N150A; (lane 5) N219A;
(lane 6) N229A; (lane 7) N281A; (lane 8) N321A; (lane 9) N520A; (lane
10) N685A.
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to indicate that glycosylation of DPPIV could contribute to
dimer formation comes from the observation that DPPS,
which is 27% identical to DPPIV and shares the same sub-
strate specificity, is a nonglycosylated protein and catalyti-
cally active as a monomer (Abbott et al. 2000b). Our data
clearly indicate that compared with wild-type DPPIV, the
glycosylation mutants do not change the catalytic efficiency
of DPPIV for dipeptide cleavage and do not hamper dimer
formation. The latter observations are not totally unex-
pected because we observed from the crystal structure of
DPPIV that none of the glycosylation sites are in close
contact to the dimer interface.

DPPIV binds ADA to the T-cell surface and thereby pro-
tects the T cell from adenosine-mediated inhibition of pro-
liferation. ADA binding does not block the enzymatic ac-
tivity of DPPIV. The binding site for ADA on DPPIV has
been determined by site-directed mutagenesis and epitope
mapping to reside in the glycosylation-rich 3-propeller do-
main of the enzyme (Dong et al. 1997; Abbott et al. 1999).
These studies showed that residues 1294, 1.340, V341,
A342, and R343 in DPPIV are required for ADA binding.
The effect of glycosylation of DPPIV on ADA binding has
not been studied previously. From the crystal structure of
DPPIV, we observed that the residues required for ADA
binding form two hydrophobic patches on the surface of the
molecule and are in close proximity to the glycosylation
sites N229 and N321 (Fig. 1B,C). HP-SEC analysis dem-
onstrates that none of the nine glycosylation mutants are
deficient in ADA binding. These data clearly indicate that
glycosylation of DPPIV is not involved in ADA binding and
indicate that glycosylation does not interfere with DPPIV-
mediated catalysis in lymphocyte biology.

In conclusion, we analyzed the involvement of each in-
dividual N-linked glycosylation site of DPPIV in enzyme
catalysis, dimerization, and ADA binding. Our results indi-
cate that in contrast to the general accepted hypothesis that
glycosylation is a prerequisite for enzymatic activity of di-
peptidyl peptidases, none of the nine glycosylation sites are
involved in physiologically relevant reactions that we mea-
sured in vitro.

Materials and methods

Construction of wild-type DPPIV and DPPIV
glycosylation mutants

The ¢cDNA encoding human DPPIV was isolated by PCR from
spleen cDNA (Clontech), and the extracellular domain (residues
39-766) was cloned into the Smal site of a modified pFastBacHTb
vector (Invitrogen). The final construct contains a baculovirus
gp67 signal peptide followed by a His, tag fused to the coding
sequence corresponding to residues 39-766 of DPPIV. This con-
struct was used to express soluble DPPIV designated as wild type.
This construct was also used as a template for the PCR-based
site-directed mutagenesis reactions to generate single amino acid

substitutions at the nine N-linked glycosylation sites in DPPIV.
The following oligonucleotide primers were used to introduce the
desired mutation (mutation(s) underlined):

N85A-5'-TATTCAATGCTGAATATGGAGCAAGCTCAGTT
TTCTTGGAGAA-3', N92A-5'-GCTCAGTTTTCTTGGAGGCC
AGTACATTTGATGAGTTTGG-3', N150A-5'-TTACAGAAGAG
AGGATTCCAGCAAACACACAGTGGGTCACATG-3', N219A-
5'-CTGCTCTGTGGTGGTCTCCAGCAGGCACTTTTTTAGCAT
ATGC-3', N229A-5'-TTTTAGCATATGCCCAATTTGCAGAC
ACAGAAGTCCCACTTAT-3’, N281A-5-ACTCTCTCAGCTC
AGTCACCGCAGCAACTTCCATACAAATCAC-3', N321A-5'-
AGTGGCTCAGGAGGATTCAGGCATATTCGGTCATGGAT
ATTTG-3', N520A-5'-AACTGGACTTCATTATTTTGGCAGA
AACAAAATTTTGGTATCA-3', and N685A-5'-GACAACCTT
GACCATTACAGAGCTTCAACAGTCATGAGCAGAGC-3'".

In each case the presence of the desired mutation was verified
by DNA sequencing.

Expression and purification of wild-type DPPIV and
DPPIV point mutants

Individual recombinant baculovirus constructs, each incorporating
a distinct DPPIV N-glycosylation site mutation, were generated by
transposition using the Bac-to-Bac system (GIBCO-BRL). High-
titer viral stocks were generated by infection of Spodoptera frugi-
perda (Sf9) cells, and the expression of recombinant protein was
carried out by infection of a 100 mL suspension culture of Sf9 and
a 100 mL suspension culture of Trichoplusia ni (Hi5) cells
(3 x 10° cells/mL; GIBCO-BRL) with a multiplicity of infection of
five to 10. The culture media was harvested 72 h (for Sf9) or 48 h
(for Hi5) postinfection and concentrated to 50 mL; 0.5 mL of
Ni-NTA agarose beads (Qiagen) was added to the concentrated
media and incubated with shaking for 2 h at 4°C. The beads were
separated from the media by centrifugation and washed with 50

Table 2. HP-SEC analysis showing binding of wild-type DPPIV
and DPPIV mutants to ADA

DPPIV Ire!ention trelention A(trelenlion no
mutant no ADA + ADA ADA — t. eniion + ADA)
Proteins expressed in Sf9 cells
Wild-type 8.99 8.54 0.45
N85A 9.12 8.51 0.61
N92A 9.08 8.60 0.48
N150A 8.94 8.52 0.42
N219A 9.09 8.50 0.59
N229A 8.98 8.49 0.49
N281A 8.97 8.49 0.48
N321A 9.00 8.49 0.51
N520A 9.01 8.50 0.51
N685A 8.95 8.48 0.47
Proteins expressed in Hi5 cells
Wild-type 8.85 8.42 0.43
N85A 8.89 8.45 0.44
N92A 8.87 8.43 0.44
N150A 8.83 8.41 0.42
N219A 8.90 8.47 0.43
N229A 8.85 8.40 0.45
N281A 8.87 8.41 0.46
N321A 8.91 8.42 0.49
N520A 8.86 8.41 0.45
N685A 8.79 8.40 0.39
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Figure 3. (A) BIAcore analysis: sensorgram showing binding of ADA to DPPIV. DPPIV was immobilized on a CM5 Biacore sensor
chip, and ADA was injected at various concentrations (indicated on figure) over the DPPIV surface. Specific signal for binding of ADA
to DPPIV was measured by subtracting response units (RU) obtained from no-protein control. Data shown are from one of four
experiments. (B) Titration of binding of wild-type DPPIV to ADA by HP-SEC. Purified samples of wild-type DPPIV and ADA were
incubated for 2 h at 37°C using DPPIV/ADA ratios of 2 : 1 (dashed line), 1 : 1 (dotted line), and 1 : 2 (dashed/dotted line). ADA binding was
confirmed by a shift in the retention time from 8.94 (DPPIV only, full line) to 8.51 (DPPIV/ADA complex, dotted and dashed/dotted
lines). An intermediate complex with a retention time of 8.67 was observed when a DPPIV/ADA ratio of 2 : 1 was used (dashed line).

column volumes of wash buffer (S0mM NaH,PO,, 300 mM NaCl,
20 mM imidazole, and 0.05% Tween 20 at pH 8.0). The protein
was eluted with five column volumes of buffer (50 mM NaH,PO,,
300 mM NacCl, 250 mM imidazole, and 0.05% Tween 20 at pH
8.0) and then concentrated to a final volume of 600 wL by using
an Apollo high-performance concentrator (Orbital Biosciences).
Protein was quantitated by using a BCA assay according to the
manufacturer’s protocol (Pierce).

Lectin-binding studies were performed by using the DIG Glycan
differentiation kit according to the manufacturer’s protocol (Roche
Molecular Diagnostics).
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Analysis of protein folding and trafficking

To test the effect of glycosylation on protein secretion into the
media, recombinant baculovirus was used to infect confluent
monolayers of Sf9 and Hi5 cells at a multiplicity of infection of 5
to 10. Cultures were incubated for 72 h at 27°C. The culture media
was harvested, and 75 pL of Ni-NTA magnetic beads was added
to the samples and incubated for 2 h at 4°C with shaking on a
rotary shaker. The infected cells were washed with phosphate-
buffered saline and lysed with 10 mM Tris (pH 7.5), 130 mM
NaCl, and 1% Triton X-100. The clarified cell lysates were gently
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rocked for 1 h at 4°C after the addition of 35 pL of Ni-NTA
magnetic beads (Qiagen). The beads that were added to the media
and to the cell lysates were removed from the solution by a mag-
netic separator and washed three times with 500 wL wash buffer
(50 mM NaH,PO,, 300 mM NaCl, 20 mM imidazole, and 0.05%
Tween 20 at pH 8.0). The bound material was eluted with 35 pL
elution buffer (50 mM NaH,PO,, 300 mM NaCl, 250 mM imid-
azole, and 0.05% Tween 20 at pH 8.0). Samples were analyzed by
SDS-PAGE. The catalytic activity was measured by adding 10 nL
purified protein sample to 80 wL assay buffer (25 mM glycine, 25
mM acetic acid, 25 mM MES, 75 mM Tris, and 0.1 M NaCl at pH
8.0) in a 96-well black plate; 10 pL of 100 uM H-Ala-Pro-7-
amido-4-trifluromethylcoumarin (Ala-Pro-AFC; Bachem) was
added to the reaction, and release of free AFC was monitored by
using a 395-nm excitation/530-nm emission filter set (SpectraMax
Gemini XS, Molecular Devices).

Expression and purification of ADA

The cDNA of full-length human ADA was obtained from fetal
kidney cDNA (GIBCO-BRL) and ligated into the Smal site of a
modified pFastBacHTb vector (Invitrogen). The final construct
contains the cDNA encoding full-length ADA fused to an N-ter-
minal Hisc-tag. Insect cell expression of ADA was done by using
the Bac-to-Bac Baculovirus expression system (GIBCO-BRL) in a
manner similar to that described for the expression of DPPIV.
After expression, 100 mL of infected Sf9 and Hi5 cells were lysed
with 25 mL lysis buffer (10 mM Tris at pH 7.5, 130 mM NaCl, and
1% TritonX-100). The samples were centrifuged, and the clarified
cell lysates were applied to Ni-NTA Agarose beads (Qiagen) for
binding at 4°C with shaking on a rotary shaker for 2 h; 1 mL of
bead suspension was used for 25 mL of cell extract. Further pu-
rification of the sample is identical to that described for DPPIV
point mutants.

Determination of catalytic activity

The determination of the catalytic constants for dipeptide cleavage
was performed by using either a fluorescent or a colorimetric
assay. For the fluorescent assay, 0.1 nM enzyme was mixed with
3 to 400 uM Ala-Pro-AFC (Bachem) in 20 mM Tris (pH 7.4), 20
mM KCl, 0.1 mg/mL BSA, and 1% DMSO in a 96-well half area
plate and monitored kinetically at Ex400nm and Em505nm using
Molecular Devices SpectraMax Gemini. For the colorimetric as-
say, 1 nM enzyme was mixed with 15 to 2000 uM H-Gly-Pro-p-
nitro aniline (Gly-Pro-pNA; Sigma) in 20 mM Tris (pH 7.4), 20
mM KCl, 0.1 mg/mL BSA, and 1% DMSO in a 96-well half area
plate and monitored kinetically at 405 nm using the Molecular
Devices SpectraMax Plus. Assays were performed in duplicate for
each sample. MDL data analysis toolbox was used for analysis of
Michaelis-Menten kinetics.

Surface plasmon resonance experiment

Surface plasmon resonance (SPR) using the Biacore 3000 (Biacore
AB) system was used to perform a detailed kinetic analysis of the
interaction of DPPIV with ADA, both expressed in Hi5 insect
cells. DPPIV was immobilized on a CMS5 chip by using primary
amine-coupling chemistry. In each experiment, ~50 to 100 re-
sponse units (RU) were immobilized on flow cell 2 and flow cell
4. No-protein controls were run in flow cell 1 and 3. ADA was
injected at various concentrations (ranging from 3.1 to 800 nM) in
duplicate over the DPPIV surfaces for 1 min using an automated

method. The running buffer was HBS-EP (0.01 M HEPES at pH
7.4,0.15 M NaCl, 3 mM EDTA, 0.005% surfactant P20 at pH 7.4),
and the detection temperature was 25°C. Binding data were then fit
with BIA Evaluation software (Biacore) using a 1:1 model to
obtain the kinetic and affinity constants.

Determination of homodimer formation and
ADA binding

Homodimer formation and binding of DPPIV to ADA was ana-
lyzed by HP-SEC. The binding stoichiometry of DPPIV to ADA
was initially titrated by incubating 0.3 nmole DPPIV together with
0, 0.15, 0.3, and 0.6 nmole ADA, respectively, for 2 h at 37°C.
Subsequently the samples were injected onto a BioSep S3000 col-
umn (300 x 4.6 mm, Phenomenex) set up in a Summit HPLC
system managed by Chromeleon software (both Dionex). The flow
was 0.35 mL/min, and detection was at 280 nm. The column was
calibrated by using a gel filtration standard from Biorad. Apparent
molecular weights of the individual proteins and of the complex
were calculated from the log relation between molecular weight
and retention time. Similarly, we analyzed the binding of the DP-
PIV glycosylation mutants first in the absence of ADA and then in
the presence of a twofold molar excess of ADA incubated for 2 h
at 37°C.

Inhibition of glycosylation in the presence
of tunicamycin

The optimal tunicamycin concentration was obtained by the analy-
sis of expression and cell death in the presence of 1, 10, 25, and 50
pg/mL of the antibiotic. Optimal expression time was obtained by
analysis of expression at different time points (72, 80, 95, 103, and
140 h). Finally, a suspension culture of 200 mL Sf9 and 200 mL
Hi5 insect cells (3 x 10° cells/mL) was infected with recombinant
virus encoding the extracellular domain of DPPIV. Tunicamycin
(1 pg/mL) was added 20 min postinfection. The culture was har-
vested after 140 h at 27°C. The culture media was collected after
centrifugation and was incubated with 700 pL Probond resin (In-
vitrogen) for 2 h at 4°C on a rotating platform. The cell pellet was
washed with phosphate-buffered saline, and the cells were solubi-
lized by the addition of 12 mL lysis buffer (10 mM Tris at pH 7.5,
130 mM NaCl, 1% Triton X-100). The clear cell lysate was incu-
bated with 700 pL of Probond resin (Invitrogen) for 2 h at 4°C on
a rotating platform. Further purification of the samples was iden-
tical to that described for DPPIV point mutants.
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