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Abstract

We present the three-dimensional structure of rat DPPIV/CD26, as determined by cryo-TEM and single particle analysis at a

resolution of �14�AA. The reconstruction confirms that the protein exists as a dimer, as predicted earlier. Since there are structural

analogies to the serine peptidase POP, docking calculations of the two structures were performed. Although the docking showed a

similar spatial organization (catalytic domain, b-propeller, distal opening, central cavity), the detailed comparison revealed clear

discrepancies. The most marked difference is a second (lateral) opening in DPPIV/CD26, which would enable direct access to the

catalytic site. We therefore assume that substrate selectivity and binding rate are most probably driven by different mechanisms in

DPPIV/CD26 and POP.

� 2003 Elsevier Science (USA). All rights reserved.
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The serine protease dipeptidyl peptidase IV (DPPIV,

CD26) (EC 3.4.14.5) is a widely distributed type II

plasma membrane glycoprotein, expressed as a non-co-

valently linked 210 kDa homodimer at the cell surface of

nearly all mammalian tissues [1]. This protein is a mul-

tifunctional protein, involved in a multitude of different

biological processes [2]. Besides its role in immunoreg-
ulation and T cell activation [3,4], its peptidase activity

is of particular interest: as an exopeptidase it cleaves N-

terminal dipeptides from polypeptides with either pro-

line or alanine residues in the penultimate position, thus

regulating the function and activity of some peptide

hormones and neuropeptides [5]. To understand the

enzymatic mechanism of DPPIV/CD26, it is necessary

to know its three-dimensional structure.
DPPIV/CD26 is highly conserved among different

species. cDNA-sequences encoding human, mouse, and

rat DPPIV/CD26, show 84.9% similarity [6,7]. The pri-

mary structure of rat DPPIV/CD26 consists of 767

amino acid residues. The N-terminus of this protein

serves both as signal peptide and membrane anchor,

containing a short cytoplasmic domain of six and a

hydrophobic transmembrane domain of 22 amino acid

residues [8]. The large extracellular domain of DPPIV/

CD26 (739 amino acids) can be divided into three re-

gions with specific characteristics. Adjacent to the

membrane domain is the N-glycan-rich region contain-

ing 5 out of 8 N-glycosylation sites. The N-glycans of
DPPIV/CD26 are essential for folding and biological

stability of this molecule [9,10]. The central cysteine-rich

region contains 10 of the 12 cysteine residues involved in

the disulfide bridge formation necessary for the func-

tional conformation of DPPIV/CD26 [11]. The C-ter-

minus harbors the active site of this enzyme, which

consists of a triad of amino acids including Ser631,

Asp709, and His741 [12,13].
In this work we present the three-dimensional struc-

ture of rat DPPIV/CD26 determined by cryo-TEM and

single particle analysis.

Materials and methods

Purification and isolation of homogeneous dimeric DPPIV/CD26

with enzymatic activity. cDNA of rat DPPIV/CD26 was cloned into the
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pRc/CMV expression vector (Invitrogen) and the recombinant plasmid

DNA was transfected into CHO cells. Stable transfectants were se-

lected, cloned, and characterized as described previously [9].

Enzymatically active DPPIV/CD26 was purified by immunoaffinity

chromatography as described previously [14] with the following

modifications: (1) the monoclonal anti-rat DPPIV mAb 13.4 was co-

valently coupled to a protein A–Sepharose Cl 4B column (Sigma,

P3391) for the affinity chromatography; (2) bound proteins were eluted

with 50mM ethanolamine at pH 10.8; and (3) fractions were collected

and promptly neutralized with a 1/30 volume of 0.5M NaH2PO4, and

concentrated to 250–300ll using an Ultrafree-4 centrifugation unit

with a Biomax-30 membrane (UFV4BTK25, Millipore).

The homogeneous dimeric DPPIV/CD26 was isolated by size-ex-

clusion fast protein liquid chromatography (SE-FPLC). The immu-

nopurified DPPIV/CD26 was loaded onto a Superdex 200 column

(Pharmacia Biotech), which had been previously equilibrated with

PBS, and eluted at a flow rate of 0.5ml/min with equilibrium buffer.

The molecular weight of the obtained protein was determined from the

elution profile of standard proteins.

Sample preparation. Droplets (5ll) of the protein solution were

placed on hydrophilized (glow discharge treatment for 30 s at 8W in

a BALTEC MED 020 device from Baltec, Liechtenstein) carbon-

coated copper grids and blotted to create an ultrathin layer of the

solution. A droplet of 2% (m/v) phosphotungstic acid (PTA) was

subsequently applied for 30 s and blotted again. The grids were

eventually propelled into liquid ethane at its freezing point (89K)

using a custom made plunging device. Liquid nitrogen was used as

storage medium. The specimen preparation procedure was essentially

the same as described earlier for the 3D-structure determination of

influenza HA [15]. The embedding matrix had a somewhat higher

contrast than that of the conventional vitreous-ice preparation. De-

spite the relatively high acceleration voltage of the microscope

(160 kV) and the chosen ‘‘close-to-focus’’ imaging conditions, a better

signal-to-noise ratio is obtained and the beam sensitivity is reduced

[16]. Comparison of the X-ray crystallographic structure of HA with

our three-dimensional EM-reconstruction revealed no significant

structural difference within the limits of the achieved resolution of

10�AA.

Cryo-electron microscopy. Vitrified samples were transferred into a

Tecnai F20 FEG using a Gatan cryoholder and –stage (Model 626).

Samples were constantly cooled by LN2 during imaging to maintain a

sample temperature of T ¼ 93K. Imaging was performed at 160 kV

accelerating voltage at a defocus value of 600 nm, which corresponds

to a first zero of the contrast transfer function at 13�AA (Cs ¼ 2:0 mm).

Micrographs were recorded following the low-dose protocol of the

microscope at a primary magnification of 65,473�.

Image processing. Micrographs were screened using a laseroptical

diffractometer. Images were selected for further processing, which were

free of aberrations, charging, drift, misalignments, etc. The selected

micrographs were then digitized using the Heidelberg ‘‘Primescan’’

drum scanner (Heidelberger Druckmaschinen AG, Heidelberg, Ger-

many) at a resolution of 4l (6350 dpi), which corresponds to a pixel

resolution of 0.61�AA on the negative.

All subsequent steps of the image processing procedure were per-

formed with IMAGIC 5 software (Image Science GmbH, Berlin,

Germany). 11,121 single molecules were interactively selected and used

for further processing. The three-dimensional reconstruction was cal-

culated using the ‘‘angular reconstitution’’ approach [17] as described

elsewhere [15]. Fourier shell correlation (FSC) [18] of two different 3D

reconstructions, each of which included half of the final class averages,

was done to assess the resolution at a 0.5 cutoff. For the final recon-

struction the resolution was determined to be �14�AA.

For docking experiments of the crystal structure of POP, the Situs

Software Package Version 2.0 (http://situs.scripps.edu/index.html) was

used to fit the high-resolution X-ray structure into the EM density

maps. The docking procedure was performed following the protocol

described by Wriggers and Birmanns [19].

Results and discussion

Homogeneous dimeric DPPIV/CD26 with enzymatic

activity was purified and isolated by size-exclusion fast

protein liquid chromatography (SE-FPLC) following

immunoaffinity chromatography. The elution profile of

rat DPPIV/CD26 after SE-FPLC was shown in Fig. 1A.

The purity and enzymatic activity of these fractions were

analyzed by activity assay (Fig. 1B), polyacrylamide gel
electrophoresis under non-denaturing conditions (Fig.

1C), and SDS–PAGE (Fig. 1D) as described previously

[14]. As shown by gel electrophoresis (Fig. 1C), dimeric

DPPIV/CD26 has a molecular weight of 210 kDa.

Fraction 24, which showed homogeneous, dimeric

DPPIV/CD26 with the highest enzymatic activity and

contained a homogeneous glycan structure of complex

form [9], was selected for cryo-transmission electron-
microscopic studies.

The three-dimensional structure of this protein was

determined at a resolution of �14�AA applying cryo-

electron microscopy and angular reconstitution tech-

niques to single particle preparations. All reconstruction

procedures were performed without application of

symmetry restraints. The obtained 3D-structure can be

described as two distinct, nearly identical barrel-shaped
subunits, which are connected by two well-defined

Fig. 1. Isolation and analysis of homogeneous, dimeric rat DPPIV/

CD26. (A) Typical elution profile of rat DPPIV/CD26 after size

exclusion chromatography on a Superdex 200 column. (B) Analysis of

enzymatic activity. (C) Silver stained polyacrylamide gel electropho-

resis under non-denaturing conditions. (D) Silver stained SDS–PAGE.
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bridges, confirming the expected dimeric organization of

the protein (Fig. 2).

The subunits are tilted against each other at an angle
of approximately 120� when the molecule is observed

from the side (Fig. 2A). Viewed longitudinally, the sub-

units are also twisted against each other (Figs. 2B and

C). The overall length of the dimer is �120�AA, whereas

the individual monomers measure �70�AA in length and

�65�AA in diameter. The threshold of the depicted sur-

face representation was chosen to correspond to the

experimentally determined molecular weight of
210 kDa. Glycosylated sites in the molecule, which tend

to be highly flexible, do not contribute to the density

map.

The most prominent features of the reconstruction

are two openings observed in each of the two subunits,

creating a central channel through each monomer. In its

central part each channel widens to form a substantial

cavity. One opening (�18�AA diam) is located distally at
the outer top face of each monomer, while the second

(23�AA diam) is located in the side just below a massive

bulge bending from the top. The overall spatial orga-

nization, which is noticeably characterized by the pref-

erential alignment of its two subunits towards one side,

suggests a plausible orientation in the membrane: if one

considers the distal openings to be the entrance or exit

sites for the uptake or release of substrates, they should
be preferentially directed away from the membrane

(Figs. 2A and B).

There are several indications in the literature of

close structural analogies of DPPIV/CD26 and prolyl

oligopeptidase (POP, EC 3.4.21.26). These findings are
based on sequence alignments, structure simulations/

models, CD, and FTIR spectroscopy [20,21]. The en-

dopeptidase POP, which cleaves after proline, is also a

serine peptidase; like DPPIV/CD26 it possesses a cat-

alytic site consisting of a Gly–X–Ser–X–Gly conserved

sequence. Based on the known crystal structure of POP

and three-dimensional structure predictions [22,23], the

following structural elements are expected for DPPIV/
CD26:

(a) a seven-bladed b-propeller domain,

(b) a compact a=b-hydrolase domain including the

catalytic triad Ser, His, and Asp (as in POP S554

H680 and D641),

(c) a central cavity, providing space for access of sub-

strates to the catalytic site.

On the basis of these expected structural motifs, we
performed docking calculations and tried to fit the

density map of the known POP crystal structure (pdb-

entry: 1qfm) into our EM-structure. At first sight, the

result of this calculation reveals certain similarities, such

as the overall dimensions and the general spatial orga-

nization (Fig. 3). In particular, the volume of the cata-

lytic domain in POP is in good agreement.

However, there are also several details that are mis-
matched. The top part of DPPIV/CD26, which is the b-
propeller in the POP structure, is clearly larger for

Fig. 2. Surface representations of the 3D-reconstruction of rat DPPIV/CD26 at a resolution of�14�AA, determined from cryo electron micrographs and

single particle analysis. The distal opening (1) and the lateral opening (2) are indicated by red arrows (for further description see text). (A) Side view.

(B) Side view rotated (in-plane) by 90�. (C) Top view. The putative localization of the cellular membrane is schematically indicated in (A) and (B).
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DPPIV/CD26 (see Fig. 3C) and shows a central opening

of diameter 18�AA, whereas the POP analogue is more

compact and reveals a very small opening of only 4�AA
[24]. The central cavity of DPPIV/CD26 is approxi-

mately 1.4 times larger than that of POP. The docking
procedure therefore produces a position for the catalytic

triad of POP misleadingly located in the cavity of

DPPIV/CD26. The catalytic site of DPPIV/CD26 would,

in fact, be expected to occupy a more proximal position.

The most striking difference is the second side open-

ing in DPPIV/CD26, which is absent in POP. This new

motif, taken together with the above-mentioned mis-

matches, leads us to speculate that the functionality of
DPPIV/CD26 is most probably driven by a different

mechanism. If we assume that the catalytic triad is lo-

cated at the bottom of each subunit cavity, substrates

might reach the catalytic center of DPPIV/CD26 by two

different routes. By entering from the top, the catalytic

triad would be accessible by a direct route leading down
to the bottom of the subunit. Alternatively, the substrate

might enter through the side opening. In both cases, the

products of enzymatic cleavage could be expelled

through the complementary opening. This plausible

mechanism, based on the obvious spatial organization

of DPPIV/CD26, might be more complicated for POP.

Since there is no apparent two-way entry/exit mecha-

nism (the 4�AA opening in the propeller is much too small
to incorporate a peptide chain), one has to assume that a

Fig. 3. Crystal structure of the prolyl oligopeptidase (POP) [24] compared with the 3D reconstruction of rat DPPIV/CD26. (A) X-ray structure of

POP (pdb-code: 1QFM): The secondary structure of the b-propeller domain and the catalytic domain are shown in blue and green, respectively. The

catalytic triad (Ser554, Asp641, and His680) is represented by red balls. (B) X-ray structure of POP as in (A) and coated by a transparent surface

representation (yellow). This surface representation is the result of a low-pass filtering of the X-ray-structure and represents a resolution comparable

to the EM-reconstruction (14�AA). (C) Surface representation of the 3D reconstruction of the rat dimeric DPPIV/CD26 (left) and 3D structure of the

POP (secondary structure representation) docked into one monomer of the DPPIV/CD26 density map by using ‘‘Situs’’ software [19] (right). The

resulting location of the catalytic triad is indicated by an arrow.
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sequential opening and closing is necessary. It has been
proposed that a certain flexibility of the interface be-

tween blade 1 and 7 could be responsible for an active

opening and closing. Since the propeller closure is sta-

bilized only by hydrophobic interactions and no velcro

has been found, reversible opening is very likely

involved in substrate uptake by POP [23,24].
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