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Abstract

The specific binding of adenosine deaminase to the multifunctional membrane glycoprotein dipeptidyl peptidase IV is thought to

be immunologically relevant for certain regulatory and co-stimulatory processes. In this study we present the 3D structure of the

complete CD26–ADA complex obtained by single particle cryo-EM at 22�AA resolution. ADA binding occurs at the outer edges of

the b-propeller of CD26. Docking calculations of available CD26 and ADA crystal data into the obtained EM density map revealed

that the ADA-binding site is stretched across CD26 b-propeller blades 4 and 5 involving the outermost distal hydrophobic amino

acids L294 and V341 but not T440 and K441 as suggested by antibody binding. Though the docking of the ADA orientation

appears less significant due to the lack of distinct surface features, non-ambiguous conclusions can be drawn in the combination with

earlier indirect non-imaging methods affirming the crucial role of the ADA a2-helix for binding.

� 2003 Elsevier Inc. All rights reserved.
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The type II plasma membrane protein dipeptidyl

peptidase IV (DPPIV; EC 3.4.14.5; synonymous with

CD26) is a widely distributed multifunctional membrane
protein [1–5] expressed as a non-covalently linked ho-

modimer of 210 kDa at the cell surface in nearly all

mammalian tissues. As an exo-peptidase, it cleaves di-

peptides from polypeptides (e.g., chemokines, neuro-

peptides, and hormones), showing a preference for those

possessing proline or alanine in the second position from

the N-terminus [6–8], while its gelatinase activity shows

that it also has an endo-peptidase function [9].
Besides its enzymatic activity CD26 is involved in

cell-adhesion [10–12] and acts as a co-stimulator in T-

cell activation [13–15]. CD26 interacts with extracellular

adenosine deaminase (ADA, EC 3.5.1.1) and with
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tyrosine phosphatase CD45, so that it mediates signal

transduction, thereby playing a crucial role in immu-

noregulation [1,16–18].
In this context CD26 was found to be identical to the

ADA binding protein (ADAbp) or ADA complexing

protein (ADA-CP) [19]. Although CD26 is expressed in

almost all examined species, it binds to ADA only in

higher mammals [20,21], where this binding occurs

without significant interference with the enzymatic

activity of the CD26 [21,22]. Due to the fact that

extracellular adenosine (the substrate for ADA) inhibits
T-cell proliferation, the allocation of ADA at the cell

surface by binding to CD26 plays an important role in

the regulation of immune activity by reducing the local

concentration of adenosine [22]. In addition, binding

of ADA to CD26 induces a co-stimulatory response in

T-cell activation [17,23,24] and a regulation of epithelia

and lymphocyte cell adhesion [25].

Considerable efforts have been made to study the
specific binding properties of ADA to CD26. ADA

binding to human CD26 is, e.g., inhibited by the HIV-1
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Fig. 1. Analysis and isolation of the CD26–ADA complex. ADA (lane

1) and CD26 (lane 2), binding of CD26 to ADA in ratio 1:0.5 (lane 3),

binding of CD26 to ADA in ratio 1:1 (lane 4) and binding of CD26 to

ADA in ratio 0.5:1 (lane 5). The binding products were analyzed by

non-denaturing PAGE with silver staining (A), Western blot of CD26

using anti-human CD26 sera (1:500 dilution) (B), and Western blot
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glycoprotein gp120, which might have significant con-
sequences in the pathogenesis of AIDS [26]. A number

of reports give at least indirect evidence for molecular

sites potentially involved in ADA–CD26 binding

[27–30].

The catalytic site of CD26 has recently been located

and two substrate entry sites have been identified, as

well as sites of intermolecular interaction. These data,

together with the elucidation of the crystal structure of
the dimeric human CD26 at 2.5�AA resolution [31], the

detection of a tetrameric complex of porcine CD26 at

1.8�AA resolution [32], as well as the determination of the

3D-structure of dimeric rat CD26 at 16�AA by means of

single particle cryo-EM [33], have provided an advanced

understanding of the different functionalities of CD26.

The present study now provides the first direct de-

scription of the 3D organization of the complete CD26-
ADA complex at 22�AA resolution determined by the

application of 3D-reconstruction techniques to single

molecules of cryo-EM data sets. Considering the known

X-ray data of bovine ADA [34,35] (which has therefore

been used for complexation in this study) and of human

CD26 [31], a three-dimensional fitting into the low reso-

lution EM structure can be calculated by the use of

dedicated software [36]. This procedure permits a more
advanced study of the protein–protein interaction, com-

pared with the rather moderate resolution of the EM-

reconstruction alone. The results are discussed in the light

of various earlier reports based on indirect methods.
of ADA using anti-ADA mAb (1:2000 dilution) (C). Elution profile of

CD26–ADA complex after size exclusion chromatography on a

Superdex 200 column (D).

Materials and methods

Expression, purification, and isolation of homogeneous dimeric

human CD26 with enzymatic activity. The full-length cDNA of CD26

was cloned from a human kidney cDNA bank and ligated into the

multiple cloning site of pFastBacHTc (Gibco-BRL) vector for ex-

pression in Sf9 insect cells. Recombinant bacmid-DNA and high-titer

baculovirus stock were generated and human CD26 was expressed in

Sf9 cells as described earlier [37].

Specific rabbit anti-CD26 IgGs were separated from polyclonal

antiserum and covalently coupled to an Affi-Gel 10 column (Bio-Rad).

Human CD26 with enzymatic activity was purified from solubilized

insect cells by immunoaffinity chromatography as described previously

[33]. The protein concentration was assayed using the BCA protein

assay reagent kit (Pierce). DPPIV enzymatic activity was determined

with Gly-Pro-4-nitroanilide as substrate as described [38].

Binding of CD26 to ADA and analysis of the CD26–ADA complex

by gel electrophoresis and Western blot. Elution fractions were con-

centrated up to 20mg/ml with Centriplus YM-30 centrifugal filters

(Millipore) at 3000g. Concentrated human CD26 was complexed in the

presence of excess bovine ADA type VIII (Sigma) in ADA-binding

buffer (50mM Tris/HCl, 500mM NaCl, pH 8.0) for 2 h at ambient

temperature. The binding results were analyzed by gel electrophoresis

under non-denaturing conditions and by Western blot as described

earlier [38]. Anti-human DPPIV/CD26 serum (1:500 dilution) and

anti-ADA mAb (1:2000 dilution, Chemikon) were used for immuno-

staining; visualization was performed with peroxidase-conjugated pig

anti-rabbit or rabbit anti-mouse IgG (Sigma) and chemiluminescence

(Figs. 1A–C).
Isolation of CD26 in complex with ADA by size-exclusion fast pro-

tein liquid chromatography (SE-FPLC). As much as 100ll of binding-
mixture were loaded on a Superdex 200 column (Pharmacia Biotech),

previously equilibrated with 20mM Tris/HCl, 150mM NaCl, pH 8.0

and run at a flow rate of 0.5ml/min with Tris buffer (Fig. 1D). The

molecular weight of the eluted protein was determined using thyro-

globulin (670 kDa), bovine IgG (158 kDa), myoglobin (44 kDa), cya-

nocobalamin (17 kDa), and vitamin B12 (1.35 kDa) (all Pharmacia

Biotech) as standards. The standard linear regression curve was gen-

erated by plotting the log of the molecular mass of different calibration

proteins against their retention times (see inset Fig. 1D).

Sample preparation for Cryo-EM. High contrast embedding and

vitrification of protein samples were performed as previously described

[39].

Cryo-EM. Vitrified samples were transferred into a Tecnai F20

FEG using a Gatan cryoholder and cryostage (Model 626). 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). Image recording followed the low-

dose protocol of the microscope at a primary magnification of

65,473�.

Image processing. Optical sound micrographs (laser optical check)

were digitised using the “Primescan” scanner (Heidelberger Druckm-

aschinen AG) at a nominal pixel resolution of 0.61�AA in the digitised

images. All image-processing procedures were performed with the

IMAGIC 5 software (Image Science GmbH). Four thousand five

hundred single molecules were interactively selected and classification
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as well as “angular reconstitution” techniques were applied [40]. The

resolution obtained in the final 3D reconstruction was determined to

be �22�AA according to the 3r threshold criterion of the Fourier shell

correlation [41].

Docking. For docking of crystal data into low-resolution EM

density maps, “Situs 2.0” (http://situs.biomachina.org) was used.

Corresponding volumes of the complex constituents were extracted by

difference mapping followed by “qrange” docking as described in [36].
Results

Preparations of CD26:ADA in molecular ratios of

2:1, 1:1 or 0.5:1, respectively, migrated the same distance

through a non-denaturing gel, indicating that preferen-

tially one ADA per CD26 dimer was bound (Fig. 1A).

After isolation by size-exclusion fast protein liquid

chromatography (SE-FPLC), the CD26–ADA complex

(fraction 10) was checked for molecular mass (Fig. 1D)

and CD26 enzymatic activity (data not shown).
A first visual inspection of the raw microscopical data

of CD26–ADA samples immediately confirmed extra

density at least on one of the monomers when compared
Fig. 2. (A) Surface representation of the crystal structure of human CD26 (1N

structure shown in (C). (B) Surface representation of the 3D-reconstruction o

particle cryo-EM [33]. (C) Surface representation of the 3D-reconstruction o

single particle cryo-EM at 22�AA resolution. The 2:1 complex with a single boun

been proven in the data (see text), is not shown). (D) Crystal structures of the

bovine ADA (1KRM, secondary structure representation, green), both of w

calculations (yellow mesh surface).
with preparations of the dimeric CD26 alone. Though
the reconstruction of the 3D structure almost instantly

revealed the location of the binding site on one of the

monomers, a considerably number of CD26 particles

were complexed with two molecules of ADA, one on

each monomer. This observation is in accordance with

reports, which showed that human CD26 could bind

two ADA molecules [42–44]. Since this doubly loaded

CD26 appears to be less represented in the data set and
the spatial binding site was found to be identical for

both subunits, we have restricted our presentation to the

exact binding location of only the mono-adduct. The

corresponding 3D structure of the complex is shown in

Fig. 2C as determined from 4500 single particles at a

resolution of about 22�AA (3r threshold).

Typical overall features of the human CD26 struc-

ture, which was reported earlier [31] and is represented
in Fig. 2A, can be allocated in the reconstruction. Both

structures show two identical subunits connected in a

typically asymmetric manner, each of them having

two separate openings, one at the site, the other in the

center of the characteristic b-propeller domain (see
1M), Gaussian filtered to a resolution, which is comparable to the EM-

f rat CD26 at a resolution of 16�AA, previously determined from single

f the human CD26–bovine ADA complex, which was determined from

d ADA molecule is represented here (2:2 complexation, which has also

human CD26 (1N1M, secondary structure representation, cyan) and of

hich are docked into the EM density map (C) by the use of “Situs”

http://situs.biomachina.org


Fig. 3. Area of CD26 (‘b-propeller’) relevant for ADA binding. The

orientation complies with the docking of the crystal structure into the

EM density map (yellow mesh surface) by the use of “Situs.” (A)

Secondary structure representation of the CD26 b-propeller. The

viewing angle and the indices are those used by Rassmussen et al. ([31],

Fig. 2B). (B) View from (A) tilted out-of-plane by 90� and subse-
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Discussion). The complex of CD26 with ADA (Fig. 2C)
reveals additional mass attached to the b-propeller
domain of CD26. The rather globular appearance of this

extra density is thought to be contributed by the binding

of ADA and it agrees with the size and volume expected

from the known crystal structure of isolated bovine

ADA [45].

Access to both X-ray structures (human CD26 pdb-

entry: 1N1M [31]; bovine ADA pdb-entry: 1KRM [45])
should in principle allow a very accurate examination of

the binding site, provided that a spatially unambiguous

fitting of the structures can be performed. Such docking

calculations of the high-resolution crystal data into the

low-resolution density map of the EM reconstruction

were accomplished by “Situs.” The high conformity of

both crystal structures with the EM reconstruction was

very evident (Fig. 2D). For the CD26 docking, the
overall dimensions and geometrical conditions, as well

as the structural features like disposition of openings,

catalytic domain or propeller domain [31] are perfectly

reproduced. Minor differences are detectable for some

loop positions, which are not fully enclosed by the 3D-

volume.

The docking of the nearly globular ADA appeared

more difficult, since this protein lacks very prominent
surface features at the achieved moderate resolution of

the reconstruction. However, comparing reasonable

solutions of the docking calculation (cp. Fig. 4) with

earlier results based on the application of various indi-

rect methods [29,30] only one particular orientation of

ADA complies with these experimental results (see

Discussion).
quently rotated clockwise by 90�. See text for details.
Discussion

Single particle electron cryomicroscopy was used to

reconstruct the 3D-structure of the complete CD26–

ADA complex. This 3D-structure clearly shows that

ADA binds at the outer edges of the b-propeller of

CD26 without any steric interference with the two
openings, which are thought to allow direct access to the

catalytic site [31–33]. This observation is in agreement

with the finding that ADA binding does not affect the

enzymatic activity of CD26 [8,21,22,46]. The location of

the binding site is in extremely close agreement with the

suggestions made by various authors using indirect non-

imaging methods [27,28,47]. The relevant aspects in

terms of specific CD26-ADA interaction are discussed.

ADA binding site on human CD26

With the availability of the crystal structures of hu-

man CD26 and bovine ADA, docking calculations
provide direct access to binding patterns on a molecular

level. The relevant area for CD26 viewed from two
different angles (Fig. 3) shows that the ADA-binding is

stretched across the b-propeller blades 4 and 5 (residues

282–295 and 322–350).

This result is in good agreement with reports by
Dong et al. [22], which authors used sequentially CD26

deletion, human–rat swap and point mutations, and

found that the residues of L340, V341, A342, and R343

on the CD26 molecule were essential amino acids for

ADA binding. Moreover, the replacement of the pe-

ripheral amino acids L294 and V341 (which are not

conserved between human and rodent CD26) with hy-

drophilic residues (L294R and V341K) at either of the
two locations decreased ADA binding [28]. This is in

impressive accordance with the docking result: As can

be seen in the “top view” as well as in the “side view” of

the b-propeller (Fig. 3), L294 and V341 are the outer-

most distal amino acids of the human CD26 at the

CD26–ADA interface, providing direct access to the

contact region (cp. Fig. 3).

On the other hand, L294 and V341 alone are not
sufficient to mediate the binding of ADA, as shown by
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the corresponding inverse point mutations of rat CD26.
The authors showed that six mAbs found to inhibit

ADA binding had an epitope involving residues 340–343

as well as 440–441. This finding suggests that T440/K441

provide additional relevance for ADA binding. How-

ever, the docking clearly shows that the residues T440

and K441 are localized outside of the ADA contact re-

gion (see Figs. 4A and B, respectively) and are therefore

not directly involved in the binding.

Influence of tetramerization of CD26 on ADA binding

Very recently, Engel et al. [32] resolved the crystal

structure of CD26 obtained from porcine kidneys at
1.8�AA resolution. Remarkably, the crystal structure re-

vealed a tetrameric assembly, showing two dimers of

CD26 to be connected via b-propeller blade 4 of each

monomer to form a dimeric dimer complex. The authors

supposed i.a. that the tetramerization of CD26 might

interfere with the ADA binding. As becomes obvious

from our reconstruction and docking calculations, ADA

binding would be unambiguously sterically disabled if
Fig. 4. Crystal structure of bovine ADA (1KRM, secondary structure represe

as obtained from “Situs” calculations. (A) First, numerically best fitting so

highlighted in red (residues 126–143, see text), the C-terminal helix in blue. S

(orange). (B) Alternative (¼ coincident with indirect experimental data and th

prominent a2 helix is highlighted in red (residues 126–143, see text), the C-term

in orange. (C) X-ray structure of CD26 (cyan) and ADA (green) docked in

software. Left: view along the longitudinal axis of the CD26 dimer (cell memb

in red, the C-terminal helix in blue. Right: close-up view of CD26–ADA com

orange.
CD26 were engaged in a tetrameric arrangement. Tet-
ramerization of CD26 might thus act as a control

mechanism for ADA binding. It is noteworth that tet-

rameric or higher complexes of CD26 have not been

found in our preparation.

The CD26 binding site on bovine ADA

Fortunately, the crystal structures of mouse and bo-

vine ADA are known [34,48]. Admittedly, the docking

of the crystal structure into the EM density map in the

case of bovine ADA is much more critical than for

CD26. “Situs” aims at exploiting characteristic features

of 3D structures by placing so-called codebook vectors
into the density distributions to mark the main features

of the protein shape [36]. These vectors provide the in-

formation about the shape of the protein relatively un-

attached from the available resolution and may

therefore serve as a set of landmarks for aligning atomic

structures to low-resolution data. The CD26 dimer with

its very specific geometry allows an unambiguous

docking of the crystal structure in the corresponding
ntation) docked into the EM density map of the CD26–ADA complex

lution of the ADA docking calculations. The prominent a2 helix is

ide chain positions of CD26 residues V341 and L294 are also indicated

erefore favored) solution of the ADA docking calculations. Again, the

inal helix in blue and the side chains of CD26 residues V341 and L294

to the CD26–ADA density map (transparent yellow) by using “Situs”

rane would be located at the bottom). The ADA a2 helix is highlighted

plex as indicated. The relevant CD26 loop L340–R343 is highlighted in
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EM density map. In case of ADA this alignment is
complicated by the protein’s almost spherical appear-

ance, which gives rise to only faint surface features at the

achieved level of resolution.

The optimum number k of vectors is not known a

priori and has to be evaluated by k-dependent criteria. It

becomes obvious by looking at the average statistical

variability of the codebook vectors that the optimum

vector number was k ¼ 4 (see Supplementary Material).
The three best fits for k ¼ 4 (according to the code book

vector rmsd [36]) will be discussed below.

According to the first solution the C-terminus (blue

helix) of ADA is directly orientated towards the CD26

surface (Fig. 4A). Earlier reports suggested that the C-

terminal amino acids L346, A350, and G352 are in-

volved in the CD26 binding by forming a nonconserved

hydrophobic region in human ADA, which is predom-
inantly charged in mouse ADA [28]. The latter is not

able to bind CD26 of mouse or human, which suggests

that this motif is crucial for interaction of ADA with

hydrophobic residues of CD26 [27,49]. However, Rich-

ard et al. [29] proofed this assumption to be wrong by

showing that a human–mouse ADA hybrid (h1–247/

m248–352) binds to CD26 in the same manner. Fig. 4A

also shows that V341 of CD26 could not come in con-
tact with ADA, but is reportedly involved in ADA

binding. We have therefore discarded this particular

docking solution.

Solutions two and three of the docking procedure

showed both the a2 helix in parallel orientation with

respect to the CD26 binding interface. The difference

between these two additional options however is mar-

ginal, though solution three, which is presented in
Fig. 4B, brings the helix in even closer contact to the

CD26 binding interface. The a2 helix has been proven to

be the keystone in ADA binding. Richard et al. [29,30]

demonstrated that the replacement of the entire 18-res-

idue segment of human ADA by the murine equivalent

abolished the ADA binding to human and rabbit CD26.

As can be seen in the close-up view of Fig. 4C the loop

between b-strand 3 and b-strand 4 of the CD26 b-pro-
peller blade 5 which contains the relevant ADA binding

residues 340–343 [27] is not only close but nearly parallel

orientated to the a2 helix of the ADA. Taken the above

arguments together we feel the assumption justified that

the third docking solution comprises best all available

data and provides a good understanding of its spatial

implications.

In conclusion, we can state that although the reso-
lution achieved in our 3D-reconstruction is far too low

for the direct assignment of single side chain interactions

between the complexed molecules, a significant synergy

effect for the examination of even relatively small and

asymmetric protein complexes can be achieved by cryo-

EM, provided the crystal structures of the constituents

are available. The method is suitable for a detailed study
of protein–protein interaction on a level beyond the
current attainable resolution of single particle cryo-EM

and allows affirming or vitiating conclusions previously

derived from indirect non-imaging methods.
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