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Membrane peptidases play important roles in cell activation,
proliferation and communication. Human fibroblast-like syno-
viocytes express considerable amounts of aminopeptidase N/
CD13, dipeptidyl peptidase IV/CD26, and neprilysin/CD10,
transmembrane proteins previously proposed to be involved in
the regulation of intra-articular levels of neuropeptides and
chemotactic mediators as well as in adhesion and cell-—cell
interactions. Here, we report these peptidases in synoviocytes to
be localized predominantly in glycolipid- and cholesterol-rich
membrane microdomains known as ‘rafts’. At the ultrastructural
level, aminopeptidase N/CD13 and dipeptidyl peptidase 1V/
CD26 were found in caveolae, in particular in intracellular yet
surface-connected vesicle-like structures and ‘rosettes’ made up
of several caveolae. In addition, clusters of peptidases were seen
at the cell surface in flat patches ranging in size from about 60 to
160 nm. Cholesterol depletion of synoviocytes by methyl-j-

cyclodextrin disrupted > 909, of the caveolae and reduced the
raft localization of aminopeptidase N/CD13 without affecting
Ala-p-nitroanilide-cleaving activity of confluent cell cultures. In
co-culture experiments with T-lymphocytes, cholesterol depletion
of synoviocytes greatly reduced their capability to induce an
early lymphocytic expression of aminopeptidase N/CD13. We
propose caveolae/rafts to be peptidase-rich ‘hot-spot’ regions of
the synoviocyte plasma membrane required for functional cell-
cell interactions with lymphocytes. The peptidases may act in
concert with other types of proteins such as receptors and signal
transducers localized in these specialized membrane domains.

Key words: aminopeptidase N/CD13, dipeptidyl peptidase IV/
CD26, neprilysin/CD10, raft membrane microdomain, syno-
viocyte.

INTRODUCTION

Fibroblast-like synoviocytes are the prominent cell type in
rheumatoid joint pannus tissue and have a central role in the
pathogenesis and development of rheumatoid arthritis [1]. They
express considerable amounts of peptidases, a multifunctional
group of enzymes of which several have been implicated in the
control of growth and differentiation of various cellular systems
[2-4]. Aminopeptidase N/CD13, the most abundant synoviocyte
ectopeptidase, is a widely expressed zinc-dependent enzyme that
preferentially catalyses the removal of neutral amino acids from
oligopeptides. It is a 160 kDa protein anchored to the cell
membrane by a single transmembrane helical region near the N-
terminus and with a short cytoplasmic tail of only 8-10 amino
acids [5]. The functional significance of the high synoviocyte
expression level of aminopeptidase N/CDI13 is not fully under-
stood at present, but it represents a cellular potential for
inactivation of inflammatory mediators such as neuropeptide
hormones [6], kinins [7] and chemotactic substances [8]. In co-
culture experiments, synoviocytes rapidly induce a persistent
aminopeptidase N/CD13 surface expression on both T- and B-
lymphocytes [9]. Interestingly, this induction was observed to
require direct cell-cell contact and could not be mimicked by
soluble aminopeptidase N, pointing to a more complex role of
the ectopeptidase in this process [9].

Other membrane peptidases, such as neprilysin/CD10 and
dipeptidyl peptidase IV/CD26, are co-expressed with amino-

peptidase N/CD13 in fibroblast-like synoviocytes and seem to
co-operate in peptide degradation [2]. Neprilysin/CD10, also
referred to as neutral endopeptidase 24.11, enkephalinase and
CALLA (common acute lymphoblastic leukaemia antigen),
is a ubiquitously occurring membrane-bound zinc-dependent
metallopeptidase with a broad functional repertoire. The enzyme
has a specificity for cleaving oligopeptides (up to about 40 amino
acids in length) preferentially on the amino side of hydrophobic
residues. It has been implicated in many physiological processes,
such as enkephalin-induced analgesia, atrial natriuretic peptide-
mediated hypotension and diuresis, airway tone, down-regulation
of neurogenic inflammation and chemotaxis [10]. The serine
protease dipeptidyl peptidase IV/CD26 catalyses the release of
N-terminal dipeptides from peptides with proline, hydroxy-
proline or alanine in the penultimate position. It binds to collagen
and adenosine deaminase, plays a role in T-cell activation and is
implicated in the processing of neuropeptides such as neuro-
peptide Y and endomorphin, peptide hormones, such as
glucagon-like peptides-1 and -2, and chemotactic cytokines, such
as RANTES (regulated upon activation, normally T-cell ex-
pressed and secreted) and SDF-1 (stromal cell-derived factor 1)
[11].

Over the past few years it has become increasingly clear that
the lipid bilayer of the plasma membrane of many cell types is
organized into microdomains rich in glycosphingolipids and
cholesterol, commonly referred to as ‘rafts’ [12-14]. Rafts are
thought to exist as relatively ordered (1, phase) membrane patches
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surrounded by more fluid, liquid-crystalline (1, phase) membrane
composed mainly of glycerolipids, and to provide a platform for
a number of different types of protein, including various
receptors, membrane transporters, structural proteins and signal
transducers. In some but not all cases, rafts reflect the presence
of caveolae, small flask-shaped membrane invaginations at the
cell surface engaged in endocytic membrane trafficking as well as
in cell signalling events [12—-16].

In the present work, we studied in closer detail the subcellular
localization and membrane organization of aminopeptidase
N/CD13, dipeptidyl peptidase IV/CD26 and neprilysin/CD10
in cultures of rheumatoid synoviocytes. The results obtained
demonstrate that these peptidases are localized mainly to raft
membrane microdomains morphologically identifiable as
caveolae, in particular intracellular yet surface-connected vesicle-
like caveolae and caveolae ‘rosettes’, whereas at the cell surface
they mainly cluster in flat patches of about 60-160 nm. Chol-
esterol depletion disrupted the caveolar/raft organization and
greatly reduced the ability of synoviocytes to induce an early
lymphocytic expression of aminopeptidase N/CD13. The cell-
cell interactions taking place between synoviocytes and lympho-
cytes therefore seem to rely on a cholesterol-dependent micro-
domain compartmentation of the synoviocyte cell surface and to
involve clustering of membrane peptidases, possibly together
with other cell-surface peptidases, receptors and signal-
transduction proteins.

EXPERIMENTAL
Materials

Gelatin and Fungizone were purchased from Life Technologies
(Eggenstein, Germany). Ala-p-nitroanilide, concanavalin A, pro-
tease inhibitor mixture and methyl-S-cyclodextrin were from
Sigma (St. Louis, MO, U.S.A.). Refobacin was purchased
from Merck (Darmstadt, Germany). Interleukin-2 (Proleukin)
was obtained from Behring AG (Marburg, Germany). Mono-
clonal antibodies used: Leu-M7 (CD13), CD3, CD14, CD19
and negative controls IgG1-FITC/IgG2a-phycoerythrin (Becton
Dickinson, Heidelberg, Germany), MCA1556 (CDI10)
(SEROTEC, Kidlington, Oxon, U.K.), MY7 (CD13; Coulter,
Hamburg, Germany), WMI15 (CD13; Dianova, Hamburg,
Germany), SJ1D1 (CD13; Immunotech, Hamburg, Germany)
and EBM11 (CD68; Dako, Hamburg, Germany). A polyclonal
antibody to caveolin was obtained from Transduction
Laboratories (Lexington, KY, U.S.A.). A secondary antibody
against mouse IgG (FITC-labelled) and an antibody against
rabbit IgG (labelled with Cy3) were purchased from Immunotech.
A polyclonal antibody specific for dipeptidyl peptidase IV was
kindly provided by U. Kettmann (Institute of Physiological
Chemistry, Martin Luther University, Halle, Germany). The use
of an antibody to intestinal aminopeptidase N for immuno-
blotting and immunogold electron microscopy has been described
elsewhere [17].

Cell isolation and culture

Fibroblast-like synoviocytes were isolated from the adherent
cells of collagenase-dispersed synovectomy tissues of patients
suffering from juvenile chronic arthritis or rheumatoid arthritis
as reported previously [3]. The use of joint pannus as a source of
synoviocytes was performed with the permission of the local
ethics committee. The cells were grown in Dulbecco’s modified
Eagle’s medium (Gibco-BRL, Paisley, Scotland, U.K.), con-
taining 10 9, foetal calf serum and antibiotics, in flasks precoated
with 0.5 9, gelatin. Cells were passaged with 0.2 mM EDTA and
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0.05 9% trypsin. Experiments were performed using confluent cell
lines of the third to eleventh passages. Cells were a homogeneous
population of fibroblasts not positive for the macrophage-specific
antigens CD68 and CDI14. For cholesterol-depletion experi-
ments, 2 %, methyl-f-cyclodextrin was added for 1-2 h.

Tonsillar T-cells were isolated from human palatine tonsils as
described previously [9]. T-cells obtained after lysis of sheep red
blood cells were > 969, pure, as estimated by use of flow-
cytometry analysis with monoclonal antibodies specific to CD19,
CD3 and CD14. The human lymphocytic T-cell lines HUT 78
and Jurkat (ATCC, kindly provided by Dr O. Werdelin, Uni-
versity of Copenhagen, Copenhagen, Denmark) were cultured in
RPMI 1640 with 109, foetal calf serum, antibiotics (1 xl/ml
Fungizone and 0.75 xl/ml refobacin) and 50 xM 2-mercapto-
ethanol.

For co-culture experiments, synoviocytes were seeded in flat-
bottomed 12-well culture plates (10° cells/well), precoated with
0.59 gelatin in PBS (pH 7.4). Cells were treated with methyl-/-
cyclodextrin either as native cells or after fixation (29, para-
formaldehyde in PBS, pH 7.4, for 15 min followed by three
washes in PBS). Tonsillar lymphocytes, resuspended at a final
concentration of 5 x 10° cells/ml serum-free AIM-V medium and
interleukin-2 (100 units/ml)/concanavalin A (10 ng/ml), were
added to the adherent cells and co-cultured for periods of 2 h-2
days. HUT 78 and Jurkat cells were used under similar conditions,
but without interleukin-2 and mitogens, in a concentration of
3 x 10° cells/ml. After the co-culture period, lymphocytes were
harvested by vigorous pipetting and stained for flow cytometry.

Immunofluorescence staining and confocal laser microscopy

Synoviocytes are distinguishable from lymphocytes by FACS
light scattering. To ensure that detectable CD13 expression was
truly of lymphocytic origin, two-colour staining with FITC-
conjugated anti-CD3 and phycoerythrin-conjugated anti-CD13
was performed in experiments with tonsillar T-cells. Lymphocytes
were resuspended at a concentration of 10° cells/well. Double
staining was performed at 20 °C for 20 min. After two cold
washes with PBS containing 0.1 %, sodium azide, the cells were
fixed using 19, paraformaldehyde. Fluorescence analyses
were performed on a Becton Dickinson FACScan; 5000 cells/
sample were counted. Data were subsequently processed using
the Lysis program (Becton Dickinson).

For laser-scanning microscopy, synoviocytes grown in
chamber slides (Nunc, Wiesbaden, Germany) were fixed with
49, paraformaldehyde in PBS (pH 7.2). After permeabilization
(0.5% Nonidet P-40 for 10 min) and quenching with 50 mM
ammonium acetate, cells were washed and stained with anti-
CD13 monoclonal antibody (clone Leu-M7) or an isotype control
at 20 °C for 30 min, followed by three washing steps and
incubation with a FITC-conjugated secondary antibody. Cells
were stained with the polyclonal anti-caveolin antibody over-
night, followed by three washing steps, incubation with an anti-
rabbit secondary antibody, washing and mounting. Laser-scan-
ning confocal microscopy was performed using a Zeiss LSM 410
microscopic system (Carl Zeiss, Jena, Germany). Image pro-
cessing was done by using the co-localization program of the
LSM 410 by selecting pixels of the same intensity higher than
the relative brightness of 20 9.

Electron microscopy

Unless stated, all procedures were performed at 4 °C. For
ultrastructural analysis, synoviocytes depleted of cholesterol
for 1 h at 37 °C by 2 9%, methyl-#-cyclodextrin and control cells
cultured in parallel were fixed in 2.5 9, glutaraldehyde in 0.1 M
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Figure 1 Aminopeptidase N/CD13, dipeptidyl peptidase 1V/CD26 and neprilysin/CD10 of fibroblast-like synoviocytes reside in lipid rafts

Control synoviocytes (— CDX) and cells treated with methyl-/-cyclodextrin (+ CDX) were homogenized, extracted with ice-cold Triton X-100, and subjected to sucrose-gradient centrifugation as
described in the Experimental section. Two low-density fractions (L, and L,, containing the 5/30% sucrose interface) and two high-density fractions (H; and H,, containing the 40% sucrose fraction)
were analysed by SDS/PAGE followed by Western blotting to show the distribution of caveolin, aminopeptidase N/CD13, neprilysin/CD10 and dipeptidyl peptidase 1V/CD26 in lipid rafts. In the
caveolin panel the dark bars represent the 22 kDa form and the shaded bars represent the 18 kDa form of the molecule. Arbitrary units from densitometric scanning are shown. The Figure shows

one representative series of experiments out of three performed.

sodium phosphate, pH 7.2 (PB) for 15 min. After post-fixation in
19, osmium tetroxide in PB for 15 min and treatment with 19,
uranyl acetate for 1 h at room temperature, the cells were
dehydrated and embedded in Epon as described previously
[18,19].

For pre-embedding immunogold labelling of aminopeptidase
N/CDI13 and caveolin, the cells were fixed in freshly prepared
49, paraformaldehyde in PB for 2 h. After three 10 min rinses in
PB, the cells were washed twice in 0.05M Tris/HCl/0.15 M
NaCl, pH 7.4 (TBS) before treatment with 39, BSA in TBS for
30 min. The cells were incubated with primary antibodies (rabbit
anti-aminopeptidase N or rabbit anti-caveolin) for 20 h at 4 °C
and 2 h at room temperature. After three 10 min washes in TBS,
the cells were incubated for 1 h at room temperature with
secondary antibody (goat anti-rabbit IgG conjugated with 7 nm
gold particles [20]) and then washed twice in TBS and in PBS.
The cells were finally fixed, post-fixed and embedded in Epon as
described above. In labelling experiments for caveolin, the cells
were permeabilized with 0.05 9, saponin prior to labelling, and
saponin was included in all subsequent incubations and washing
steps. In double-labelling experiments with both aminopeptidase
N/CD13 and caveolin, fixation in 29, paraformaldehyde and
0.19, glutaraldehyde for 2 h at room temperature was used to

destroy the antigenicity of the antibodies of the first labelling. In
all experiments, controls omitting the relevant primary antibodies
were included.

For quantitative analyses of gold particles and caveolae,
countings were performed on 100 or 200 comparable plasma
membrane stretches at a 30000 x magnification using a monitor
and an MTI CDD 72 video camera.

Subcellular fractionation

Raft membrane microdomains were isolated using flotation on
discontinuous sucrose gradients [21]. In brief, adherent cells
(5 x 107) were washed with ice-cold PBS and lysed for 30 min on
ice in 19, Triton X-100 in MNE buffer (150 mM NaCl/2 mM
EDTA/25 mM Mes, pH 6.5) containing a protease inhibitor
mixture. The lysis solution was homogenized further, and nuclei
and cellular debris were pelleted by centrifugation at 10000 g for
30 min. For sucrose-gradient centrifugation, 1 ml of the cleared
supernatant was mixed with 1 ml of 85 9, sucrose in MNE buffer
and transferred to the bottom of a centrifuge tube. The diluted
lysate was overlaid with 2 ml of 309, sucrose and 1 ml of 59
sucrose in MNE buffer. The samples were centrifuged in an
SWS55 rotor at 200000 g at 4 °C for 16 h. Four fractions of 1 ml
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were collected from the top of the gradient: two low-density
fractions containing lipid rafts (L, L, containing the 5/309%
sucrose interface), and two high-density fractions (H,, H,,
containing the 40 9, sucrose fraction).

Functional assay for aminopeptidase activity

Aminopeptidase activity was determined spectrophotometrically
at 390 nm using 1.5 mM Ala-p-nitroanilide as substrate. Assays
were performed with intact confluent cell monolayers, grown in
48-well plates. Cells were rinsed three times and incubated with
substrate for 30-40 min at 37 °C in 67 mM Na,HPO,/KH,PO,,
pH 7.2, and the amount of p-nitroaniline formed was measured
in the supernatant. Measurements were performed in quad-
ruplicate with cell-free and substrate-free controls incubated in
parallel. Cells were detached and counted. Enzyme activities
were expressed as pkat/10° cells.

Western-blot analysis

Samples were electrophoresed on NuPAGE gels as recommended
by the manufacturer (NOVEX™ Electrophoresis GmBH,
Frankfurt/Main, Germany). Transfer to nitrocellulose (ECL,
Amersham Pharmacia Biotech, Braunschweig, Germany) was
performed using a semi-dry Fastblot™ apparatus (Biometra,
Goettingen, Germany) according to the manufacturer’s protocol.
The nitrocellulose was blocked with 59, dry milk powder in
TBS-T buffer [10 mM Tris/HCI (pH 7.5)/100 mM NaCl/0.1 9%,
Tween-20] for 1 h, and then incubated with the first antibody in
a blocking solution containing 19, dry milk powder at room
temperature for 1 h. The blots were washed three times with
TBS-T buffer. Following incubation with the appropriate horse-
radish peroxidase-conjugated secondary antibody for 1 h, blots
were developed using an ECL-based system (Amersham
Pharmacia Biotech). Densitometry was performed using the
SCANPACK I software (Biometra). For CD13 detection in
Western blots a mixture of the monoclonal antibody clones
SJ1D1, MY7, Leu-M7 and WM15 (each 1:1000) was used. For
detection of dipeptidyl peptidase IV and caveolin, polyclonal
antibodies were used at a dilution of 1:250.

Other methods

The free cholesterol concentration in synoviocyte homogenates
was determined spectrophotometrically by a cholesterol oxidase/
peroxidase assay [22]. Protein concentration was determined
using the BCA protein assay reagent kit (Pierce, Rockford, IL,
U.S.A).

RESULTS

Synoviocyte aminopeptidase N/CD13, dipeptidyl peptidase
IV/CD26 and neprilysin/CD10 reside in lipid rafts that are
sensitive to cholesterol depletion

Figure 1 is one representative experiment out of three performed
showing the distribution of caveolin, a cytosolic coat protein
known to be associated with caveolae [23,24], and amino-
peptidase N/CDI13, dipeptidyl peptidase IV/CD26 and
neprilysin/CD10 in the low-density (L, and L,) and high-density
(H, and H,) fractions of a sucrose gradient following a detergent
extraction at low temperature. Caveolin (both the normal 22 kDa
polypeptide as well as a band of 18 kDa probably representing
the p-isoform of the protein [25]) was predominantly present
in the two low-density fractions, as should be expected for a
marker protein for lipid rafts. The membrane peptidases were
likewise mainly seen in the low-density fractions; thus amino-
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Figure 2 General morphology of synoviocytes

Low-magpnification electron micrograph of synoviocytes grown in the absence (A) or presence
(B) of 2% methyl-/-cyclodextrin for 1 h. The general morphology of the cells was unaffected
by the treatment. Scale bars, 5 zem.

peptidase N/CD13 was almost exclusively confined to the L,
and L, fractions, whereas 30409, of dipeptidyl peptidase
IV/CD26 and neprilysin/CD10 were partitioned in the high-
density fractions.

Treatment with 2 %, methyl-f-cyclodextrin for 60 min depleted
synoviocytes of 60—70 9%, of the cholesterol (results not shown)
without affecting the overall cellular ultrastructure (Figure 2). As
shown in Figure 1, the treatment diminished the relative amounts
of caveolin as well as of the three membrane peptidases in the
low-density fractions of the sucrose gradient to about 50 9%.
Taken together, these results indicate that in synoviocytes most
of aminopeptidase N/CD13 and the major parts of dipeptidyl
peptidase IV/CD26 and neprilysin/CD10 reside in lipid raft
microdomains. Importantly, cholesterol depletion did not affect
the synoviocyte Ala-p-nitroanilide-hydrolysing activity. Thus
control adherent native cells and paraformaldehyde-fixed cells
had an activity of 1597+ 577 pkat/10°® cells (mean+S.D.),
whereas the corresponding activity of cholesterol-depleted cells
was 97.3410.19, of the controls, showing that cholesterol
depletion did not itself cause a loss of aminopeptidase N/CD13
from the synoviocytes.

Subcellular localization of synoviocyte caveolin, aminopeptidase
N/CD13 and dipeptidyl peptidase IV/CD26

Figure 3 shows the distribution of aminopeptidase N/CD13 and
caveolin in adherent subconfluent monolayers of synoviocytes
using laser-scanning microscopy, and indicates a partial co-
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Figure 3 Partial co-localization of aminopeptidase N/CD13 and caveolin on synoviocytes

After fixation and permeabilization subconfluent cell cultures were indirectly stained with a CD13-specific monoclonal antibody (green), followed by indirect staining for caveolin (red). In the merged

picture, co-localization is visualized as yellow. Quantification of pixel co-localization is also shown.

Figure 4 The ultrastructure of synoviocytes is affected by cholesterol
depletion

Caveolae (CA) are seen as single flask-shaped invaginations at the cell surface (A), as vesicle-
like structures distinct from coated vesicles (CV) inside the cell (C), and as conglomerates of
several caveolae organized in a rosette-like pattern (D). Cholesterol depletion greatly reduced
the number of all the caveolae structures (B), but did not affect coated pits (CP). Scale bars,
100 nm.

localization of the two proteins. At the ultrastructural level many
single caveolae were seen at the cell surface, exhibiting the typical
flask-shaped morphology, but vesicle-like caveolae and con-
glomerates consisting of several caveolae organized in a charac-
teristic rosette pattern were also frequently observed lying deeper
in the cytoplasm (Figure 4). Cholesterol depletion reduced
dramatically (> 909, by quantitative analysis) the number of
caveolae at the cell surface as well as those located intracellularly,
whereas clathrin-coated pits were unaffected by cholesterol
depletion (Figure 4B).

By immunogold electron microscopy, an antibody to caveolin
specifically labelled the caveolae at the cell surface, the in-
tracellular vesicle-like structures and the caveolae rosettes (Figure
5), demonstrating that the latter are indeed of caveolar origin.
After cholesterol depletion caveolin was found on flat stretches

Figure 5
depleted synoviocytes

Immunogold labelling of caveolin in control and cholesterol-

In control cells (A, G, D) caveolin is localized in single flask-shaped caveolae (CA) at the cell
surface (A) and in intracellular vesicle-like and rosette-like structures (C, D), demonstrating
these to be of caveolar origin. No specific labelling of coated vesicles (CV) was observed. In
cholesterol-depleted cells (B), caveolin labelling was confined to flat stretches of plasma
membrane and the underlying cytoplasm. CP, coated pit. Scale bars, 100 nm.

of the cell surface or scattered in the cytoplasm underneath the
plasma membrane (Figure 5B).

By immunogold electron microscopy, aminopeptidase N/
CD13 was found occasionally in caveolae at the cell surface, but
interestingly, the intracellular vesicle-like structures and caveolae
rosettes were much more frequently labelled than the single
caveolae at the cell surface (Figure 6). Thus by quantitative
analysis, the major part (approx. 609%,) of the total cellular
labelling for aminopeptidase N/CD13 was seen in the intra-
cellular vesicle-like caveolae and caveolae rosettes. Since amino-
peptidase N/CDI13 labelling was performed on whole
unpermeabilized cells after paraformaldehyde fixation, these
intracellular structures were freely connected to the cell surface
despite their location deep within the cytoplasm. At the cell
surface, aminopeptidase N/CD13 was most frequently observed
over non-caveolar stretches of flat membrane where it typically
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Figure 6 Immunogold labelling of aminopeptidase N/CD13 in control and

cholesterol-depleted synoviocytes

At the cell surface of control cells, aminopeptidase N/CD13 is found mainly on flat stretches
of membrane (arrow), but also in caveolae (CA; A). However, the labelling is more intense in
intracellular vesicle-like structures (C) and in particular in caveolae rosettes (D). In cholesterol-
depleted cells (B), labelling is observed almost exclusively at the cell surface (arrow). Note that
labelling is absent from coated pits (CP) in (B). Scale bars, 100 nm.

appeared in clusters (Figures 6A and 7), indicating a
microdomain-restricted localization. The size of these flat micro-
domains was 111 +51 nm (mean+S.D.; n = 100).

After cholesterol depletion, the surface labelling for amino-
peptidase N/CD13 was no longer clustered in microdomains but
appeared evenly distributed (Figure 6B). Aminopeptidase N/
CD13 was not seen intracellularly by the pre-embedding immuno-
gold labelling technique, indicating that the intracellular pool of
the peptidase had either been redistributed to the surface or
become inaccessible to the antibody (Figure 6B). When using
post-embedding immunogold labelling, some intracellular amino-
peptidase N/CDI13 could be detected in ultracryosections after
cholesterol depletion, but it was no longer associated with
identifiable membrane structures (results not shown). However,
the fact that the Ala-p-nitroanilide-hydrolysing activity of the
cells was unchanged after cholesterol depletion suggests that this
intracellular labelling only represents a minor part of the total
cellular amount of aminopeptidase N/CD13.

Immunogold double labelling confirmed that aminopeptidase
N/CDI13 largely resides in non-caveolar regions of the cell
surface, whereas the aminopeptidase N/CD13-positive intra-
cellular structures are clearly of caveolar origin (Figure 8).
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Figure 8 Immunogold double labelling of caveolin and aminopeptidase
N/CD13 in control and cholesterol-depleted synoviocytes

At the cell surface of control cells (A), aminopeptidase N/CD13 (13 nm gold particles) is seen
on flat stretches of membrane whereas caveolin (7 nm gold particles) is found in caveolae (CA).
Co-localization is mainly observed in intracellular vesicle-like caveolae (CA; C) and in caveolae
rosettes (CA; D). In cholesterol-depleted synoviocytes (B), aminopeptidase N/CD13 is seen at
the cell surface and caveolin is scattered in the underlying cytoplasm. Scale bars, 100 nm.

Taken together, the ultrastructural and biochemical evidence
shows that aminopeptidase N/CD13 in synoviocytes is clustered
in caveolae/rafts. Interestingly, the cholesterol-dependent
clustering is seen predominantly in deep-lying yet surface-
connected vesicle-like caveolae and caveolae rosettes, and in flat
areas of the plasma membrane. Only to a lesser extent is
aminopeptidase N/CD13 localized in single caveolae at the cell
surface. Figure 9 shows the localization of dipeptidyl peptidase
IV/CD26. Like aminopeptidase N/CDI13, this peptidase was
seen mainly in flat patches at the cell surface and in the
intracellular caveolae rosettes, indicating that both peptidases
reside in these membrane domains.

Cholesterol depletion of synoviocytes reduces their ability to
stimulate lymphocytic expression of aminopeptidase N/CD13

To study the possible significance of the observed caveolae/raft
localization of the ectopeptidases in synoviocytes, we next
examined the effect of methyl-f#-cyclodextrin on a cellular func-
tion where aminopeptidase N/CD13 has previously been impli-
cated, namely the ability to rapidly induce the ectopeptidase on
CD13-negative lymphocytes in co-culture with synoviocytes [9].

Figure 7 Microdomain clustering of aminopeptidase N/CD13 at the synoviocyte cell surface

Immunogold labelling at the cell surface is seen mainly in clusters of several particles on flat stretches of membrane. Note the lack of labelling of the coated pit (CP). Scale bar, 100 nm.

© 2001 Biochemical Society
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Figure 9 Immunogold localization of dipeptidyl peptidase IV/CD26 in
synoviocytes

Immunogold labelling of dipeptidyl peptidase 1V/CD26. Labelling is seen in clusters on flat
patches of the cell surface and in intracellular rosettes of caveolae (CA). Scale bar, 100 nm.

In such co-cultures, tonsillar T-cells adhered in a comparable
manner to native, fixed and methyl-g-cyclodextrin-treated syno-
viocytes after just 20 min of co-culture (results not shown).
Mitogens could augment the adhesion of tonsillar T-cells and
also enhanced the lymphocytic expression of aminopeptidase
N/CD13, as described previously [9]. Table 1 shows the time

course of lymphocytic CD13 expression after cell-cell contact of
tonsillar T-cells on paraformaldehyde-fixed synoviocytes. As
shown in Table 1, pretreatment of synoviocytes with methyl-4-
cyclodextrin for 2 h greatly diminished their ability to induce an
early CD13 expression on tonsillar T-lymphocytes. Similar results
were obtained with HUT 78 T-cells (Table 2) and with Jurkat T-
cells (results not shown).

DISCUSSION

Previous studies from several laboratories have implicated amino-
peptidase N/CD13 in various types of inflammatory processes
involving the interaction between synoviocytes, monocytes and
lymphocytic cells [26]. To gain more insight into this, we studied
in closer detail the subcellular distribution of this membrane
protein in synoviocytes. We observed that aminopeptidase N/
CD13 predominantly resides in the low-temperature detergent-
insoluble membrane fraction, a hallmark of glycolipid and
cholesterol-rich membrane microdomains commonly referred to
as lipid rafts. Neprilysin/CDI10 and dipeptidyl peptidase 1V/
CD26, two other membrane peptidases, were also found in lipid
rafts, albeit to a lesser extent. We have previously reported
aminopeptidase N/CD13 to be a raft component in monocytes
[27], and aminopeptidase N/CDI13 and dipeptidyl peptidase
IV/CD26 to be raft constituents of the brush border membrane
of intestinal enterocytes [28]. However, in other tissues such as
kidney [29] and brain [14], aminopeptidase N/CD13 is fully
detergent-soluble, indicating that raft association may rely on
cell-type-specific factors, for instance the lipid composition of
the cell membrane.

In synoviocytes the presence in the biochemically defined lipid
raft fraction at least partially correlated with an ultrastructural
presence in caveolae, a subcellular localization not previously
reported for a transmembrane ectopeptidase. Surprisingly, the
highest density of aminopeptidase N/CD13 labelling was found

Table 1

Synoviocytes were fixed with paraformaldehyde (—) and additionally treated with 2% methyl--cyclodextrin (+) and washed thoroughly. Tonsillar T-cells adhered to synoviocytes in the absence
(—) or presence (+) of the T-cell-specific mitogen concanavalin A for varying periods of time. At the end of the adhesion period lymphocytes were harvested and stained for aminopeptidase
N/CD13 expression and for CD3 using directly labelled antibodies. Lymphocyte CD13 expression is given as the percentage of CD3-positive cells.

Time course of aminopeptidase N/CD13 expression on tonsillar lymphocytes following adhesion to fibroblast-like synoviocytes

Lymphocyte CD13 expression (% of CD3-positive cells)

Incubation time (h) ... 2 24 48

Methyl-S-cyclodextrin ... — + — + _ +

Concanavalin A ... — + — + - + — + — + — +

CD13 expression 132+3.0 37.0+140 42+24 120+85 202+54 434+9.0 88457 126455 240435 762+16.0 80+40 265+13.4

Table 2 Time course of aminopeptidase N/CD13 expression on HUT 78 T-cells following adhesion to fibroblast-like synoviocytes

Synoviocytes were treated as described in Table 1. At the end of the adhesion period lymphocytes were harvested and stained for aminopeptidase N/CD13 expression (given as mean fluorescence
intensity).

Aminopeptidase N/CD13 expression (mean fluorescence intensity)

Incubation time (h) ... 1 2 24 48

Methyl--cyclodextrin ... — + — + _ + _ +

CD13 expression n 19 118 52 367 128 394 362

© 2001 Biochemical Society
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in deeper-lying rather than surface-localized caveolae; in fact,
well over half the total amount of aminopeptidase N/CD13 was
present in these structures. At the cell surface, the peptidases
were typically clustered on flat stretches of the plasma membrane
ranging in size from about 60 to 160 nm, indicating that lipid
rafts are able to form non-caveolar microdomains of this size.
The question concerning the size of lipid rafts in vivo has been
debated over the past few years since too small a size for
accomodation of a minimum number of proteins would argue
against rafts playing a functional role as lateral sorting platforms
[30,31]. By fluorescence resonance energy transfer (FRET) and
chemical cross-linking studies of glycosylphosphatidylinositol-
linked proteins, raft microdomains were reported to be 70 nm or
less [32], and to harbour about 15 protein molecules per raft [33].
Rafts of a comparable size (radius 26 nm) were observed recently
by a novel microscopic technique, based on viscous drag measure-
ments of glycosylphosphatidylinositol-linked proteins [34], but
other investigators have failed to observe stable rafts by the
FRET technique [35-37]. In the present paper stable rafts could
be directly visualized at the surface of fixed cells by immunogold
electron microscopy of a transmembrane raft protein. The range
in their calculated size implies that lipid rafts may be dynamic
structures capable of becoming large enough to accomodate the
complex trafficking and signalling functions ascribed to them
[12,15,38].

The overall steady-state distribution between flat lipid raft
microdomains at the cell surface and intracellular caveolae most
probably reflects dynamic bidirectional trafficking between the
surface and interior of the cell, enabling the synoviocyte to
regulate its surface expression of peptidases together with other
caveolae-associated proteins. Being surface connected, however,
the large number of intracellular caveolae may well be functional
rather than merely a passive reservoir. In endothelial cells, a
vesiculo-vacuolar organelle morphologically related to the
caveolae rosettes has been proposed to provide a transcellular
pathway for macromolecules [39]. A possible function of
peptidases in intracellular synoviocyte caveolae could be to
process hormonal signals, for instance during cell-cell contact.
Here, a function of the caveolae rosettes could be to provide an
optimal, ‘unstirred’ environment with a high surface/volume
ratio. Interestingly, in a recent study caveolin was shown to
relocalize to areas of cell-cell contact when fibroblasts become
confluent, and caveolae to become grouped together in patches
containing 10-100 densely packed units [40], and a similar
enrichment in areas of cell—cell contact has also been described
for aminopeptidase N/CD13 in cultured melanoma cells [41].
Many of the known physiological substrates of aminopeptidase
N/CDI13 act via G-protein-coupled receptors known to be
caveolae-associated in other cell types [15], and here amino-
peptidase N/CD13 might act as a negative regulator by cleavage
of substrate peptides. However, a more direct role in signal
transduction with membrane peptidases acting as ligands is also
conceivable, as suggested by reports that cross-linking of amino-
peptidase N/CD13 in monocytes increases intracellular free
calcium and results in activation of mitogen-activated protein
kinases [42]. Likewise, dipeptidyl peptidase IV/CD26 has been
shown to be directly involved in early phosphorylation events
not only in T-cells [43], but also in non-haematopoetic cells, such
as hepatocarcinoma [44]. Neprilysin/CD10 was recently reported
to be raft-associated in pre-B cells [45], and proteins associated
with it, such as the 56 kDa Lyn, a Src-related kinase, become
tyrosine phosphorylated in vitro when co-immunoprecipitated
with the peptidase [45,46].

In summary, we propose caveolae/rafts to be peptidase-rich
‘hot spots’ in fibroblast-like synoviocytes, likely to be of im-

© 2001 Biochemical Society

portance in cell—cell interactions. Future work will have to
elucidate further the functioning and dynamics of these mem-
brane microdomains.
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