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The disintegrin-metalloproteinases ADAM10 and ADAM17
mediate the release of several cell signaling molecules and cell
adhesion molecules such as vascular endothelial cadherin or
L-selectin affecting endothelial permeability and leukocyte
transmigration. Dysregulation of ADAM activity may contrib-
ute to the pathogenesis of vascular diseases, but the mechanisms
underlying the control of ADAM functions are still incom-
pletely understood. Atherosclerosis is characterized by lipid
plaque formation and local accumulation of unsaturated free
fatty acids (FFA). Here, we show that unsaturated FFA increase
ADAM-mediated substrate cleavage. We demonstrate that
these alterations are not due to genuine changes in enzyme
activity, but correlate with changes in membrane fluidity as
revealed by measurement of 1,6-diphenyl-1,3,5-hexatriene fluo-
rescence anisotropy and fluorescence recovery after photo-
bleaching analyses. ELISA and immunoblot experiments con-
ducted with granulocytes, endothelial cells, and keratinocytes
revealed rapid increase of ectodomain shedding of ADAM10
and ADAM17 substrates upon membrane fluidization. Large
amounts of unsaturated FFA may be liberated from cholesteryl
esters in LDL that is entrapped in atherosclerotic lesions. Incu-
bation of cells with thus modified LDL resulted in rapid cleavage
of ADAM substrates with corresponding functional conse-
quences on cell proliferation, cell migration, and endothelial
permeability, events of high significance in atherogenesis. We
propose that FFA represent critical regulators of ADAM func-
tion that may assume relevance in many biological settings
through their influence on mobility of enzyme and substrate in
lipid bilayers.

During the past decade, ADAMs® (A Disintegrin And Met-
alloproteinase) have emerged as the major proteinase family
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that mediates ectodomain shedding (1). This process is essen-
tial for normal cellular functions, but may also have undesirable
consequences by promoting diseases such as cancer, arthritis,
and atherosclerosis (2, 3). ADAM10 and ADAM17 are the best
characterized ADAMs. They modulate a multitude of cellular
functions through the release of transmembrane molecules.
Both act as a-secretases and promote the non-amyloidogenic
processing of the amyloid precursor protein (4). Surface expres-
sion of L-selectin (CD62L), which directs leukocyte accumula-
tion, is primarily regulated by ADAM17 (5, 6). ADAMI1O0 is,
among other things, critically involved in the constitutive
and regulated shedding of epithelial (E)-cadherin in primary
keratinocytes (7, 8).

ADAMI0 was recently identified as an important regulator
of endothelial cell functions. ADAM10-mediated cleavage of
vascular endothelial (VE)-cadherin regulates endothelial per-
meability and T cell transmigration (9), important processes
in the context of cardiovascular diseases. The protease is
expressed in human atherosclerotic lesions, associated with
plaque progression and neovascularization (10). It is tempting
to speculate that dysregulation of ADAM10 activity may con-
tribute to defects associated with atherosclerosis or chronic
edema.

Atherosclerosis is characterized by accumulation of low den-
sity lipoprotein (LDL) in the arterial walls and local release of
free fatty acids (FFA) through modification of the lipoprotein.
The question whether such lipid deposits might modulate
ADAM activity has not been addressed. Depletion of mem-
brane cholesterol increases ectodomain shedding of several
ADAMI10 and ADAM17 substrates including amyloid precur-
sor protein (11), L1 (12) and human interleukin-6 receptor (13),
but the depletion of cholesterol does not occur in atheroscle-
rotic lesions.

FFA act both as counterparts and partners of cholesterol in
creating the physical microenvironment of biological mem-
branes. Alteration of function by changes in membrane choles-

hexatriene; E-cadherin, epithelial cadherin; EGFP, enhanced GFP; eLDL,
enzymatically modified LDL; FFA, free fatty acids; FRAP, fluorescence
recovery after photobleaching; HUVEC, human umbilical vein endothelial
cell; MCD, B-methyl cyclodextrin; OA, oleic acid; PA, palmitic acid; PhA,
phenethyl alcohol; PMN, polymorphonuclear neutrophil; pVCC, pro-VCG;
ROI, region of interest; sL-selectin, soluble L-selectin; VCC, Vibrio cholerae
cytolysin; VE-cadherin, vascular endothelial cadherin.
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terol might thus be expected to be partly copied by FFA. Fur-
thermore, due to their amphiphilic nature, FFA would appear
far more likely candidates to modulate membrane properties
than the relatively immobile cholesterol.

Therefore, we sought to explore whether FFA would influ-
ence ADAM activity or ADAM-dependent cellular function.
For these analyses, a novel erythrocyte-based model was first
introduced based on the unique property of the bacterial exo-
toxin Vibrio cholerae cytolysin (VCC) to be cleaved by
ADAMI10 that is present on rabbit erythrocytes (14,15). Gener-
ation of mature VCC resulted in hemolysis, which thus pro-
vided a simple and rapid readout. We found that pro-VCC
(pVCC) cleavage was markedly accelerated by application of
unsaturated FFA both in free form and in association with LDL,
as is probably widely present in atherosclerotic lesions. The
effect could be ascribed to increased fluidity of the plasma
membrane but not to changes in bona fide ADAM enzymatic
activity. This regulatory principle was found to be transferable
to nucleated cells, and cleavage of ADAM substrates was fol-
lowed by corresponding functional consequences on cell pro-
liferation, cell migration, and endothelial permeability. Thus,
our work identifies FFA as potentially important control ele-
ments of the interaction of membrane-anchored enzymes and
their substrates that may assume high relevance in many bio-
logical settings.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—VCC and polyclonal rabbit anti-
sera against VCC were produced as described (15). Monoclonal
antibodies against the cytoplasmic domain of E-cadherin were
purchased from BD Bioscience. Monoclonal antibody against
VE-cadherin and peroxidase-conjugated immunglobulins to
mouse or rabbit IgG were obtained from Santa Cruz Biotech-
nology. ADAMI10 was detected using a polyclonal antiserum
from Chemicon. sCD62L was quantified with an ELISA from
Diaclone (Besancon, France). TAPI-0, GM6001, cholesterol,
B-methyl cyclodextrin (MCD), FFA, and phenethyl alcohol
(PhA) were obtained from Sigma. MCD/cholesterol was pre-
pared as described (16). LDL was isolated from human plasma
and modified as described (17). Hydroxamate-based inhibitors
GW280264 ((2R,3S)-3-(formyl-hydroxyamino)-2-(2-methyl-
1-propyl) hexanoic acid [(1S)-5-benzyloxycarbamoylamino-1-
(1,3-thiazol-2-ylcarbamoyl)-1-pentyl] amide) and GI254023
((2R,35)-3-(formyl-hydroxyamino)-2-(3-phenyl-1-propyl) but-
anoic acid [(15)-2,2-dimethyl-1-methylcarbamoyl-1-propyl]
amide) were synthesized as described in United States patents
US 6172064, US 6 191 150, and US 6 329 400. They were kindly
provided by Dr. A. Ludwig, UK Aachen, Germany) and are
described in detail elsewhere (18).

Cell Culture—Human umbilical vein endothelial cells
(HUVECs) were obtained from Provitro and cultured in Endo-
thelial Cell Growth Medium (PromoCell). All experiments
were performed with HUVECs from passages 3—5. HaCaT cells
were provided by Dr. N. E. Fusenig (DKFZ, Heidelberg, Ger-
many) (19). HaCaT and HEK293 cells were grown in DMEM
(PAA, Linz, Austria) supplemented with 10% FCS, 1% Hepes,
and 1% penicillin/streptomycin.
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Hemolysis Experiments—Washed rabbit erythrocytes sus-
pended in PBS (10° cells/ml) were incubated on ice with pyVCC
(4-6 ug/ml final concentration) for 30 min. Cells were washed
three times with ice-cold PBS and resuspended to 5 X 107 cells/
ml, and aliquots received the individual ADAM-modulating
agents at the given final concentrations. The Eppendorf tubes
were transferred to a rotating prewarmed thermostat block,
and 0.2-ml samples were removed at the given times. Hemolysis
was read at 412 nm in the supernatants, and pellets were pro-
cessed to white membranes by repeated washings with ice-cold
5 mM phosphate buffer, pH 8.0, in a cooled Eppendorf centri-
fuge. Total membrane protein was determined using the Brad-
ford assay to guarantee equal loading of the SDS-gels for the
Western blots. Every one of the depicted experiments was
reproduced with no single deviant pattern of results three to
eight times, and each representative example depicts matching
hemolysis curves and Western blots from the same experiment.

Measurements of ADAM Enzymatic Activity—0.1 ml of
washed erythrocyte membranes suspended in 25 mm Tris, 100
mm NaCl, pH 8.0, at 10° cells/ml were incubated with a fluoro-
genic ADAM-peptide substrate Mca-Pro-Leu-Ala-Gln-Ala-
Val-Dpa-Arg-Ser-Ser-Ser-Arg-NH, (10 um final concentra-
tion; R&D Systems) for 20 min at 37 °C. The reaction was
stopped by the addition of 0.6 ml of an aqueous 0.5% SDS solu-
tion, and fluorescence emission spectra were recorded in a
SPEX Fluoromax-3 spectrofluorometer (Jobin Yvon Inc,
Munich, Germany) at 320-nm excitation. Temperature
dependence was assessed by incubating samples at the given
temperatures in thermostat blocks in a cold room (4 -20 °C) or
in the laboratory (26 —50 °C). To assess ADAM activity on neu-
trophil granulocytes, 3 X 10° cells/ml were incubated in Hanks’
buffered salt solution with 10 um substrate for 15 min, 37 °C.
Samples were centrifuged at 3000 rpm for 5 min in a cooled
table top centrifuge, and supernatants were analyzed in the
spectrofluorometer.

Stimulation and Inhibition Experiments—Stock solutions of
fatty acids (70 mm in ethanol) were stored at —20 °C. They were
applied at final concentrations of 70 uM to erythrocytes (up to
60 min) and neutrophil granulocytes (15 min), and 70100 um
to other nucleated cells (30 min). Exposure times were longer
(up to 48 h) in functional experiments (see Fig. 4). These con-
centrations were ascertained to be noncytotoxic in all cases. If
not indicated the broad spectrum metalloprotease inhibitors
GM6001 and TAPI-0 were co-incubated at a concentration of
10 pm.

Membrane Fluidity—FErythrocyte membranes (1 ml, 5 X 10®
cells) were incubated for 30 min at 20 °C or at 32°C with
diphenyl hexatriene (DPH, 4 um). Unbound washed mem-
branes were then diluted 1:10 with PBS and transferred to a
thermostated cuvette under continuous stirring. Anisotropy
was measured in a Quantamaster (PTI) fluorometer using
Glan-Thompson polarizers at excitation and emission wave-
lengths of 360 = 4 nm and 430 = 4 nm, respectively, including
a GG390 cutoff filter at the emission site. Steady-state fluores-
cence anisotropy (r) was determined according to r = (I, —
I,.G)/(Iyy + 2 I,4G), where I, and I, are the fluorescence
intensities observed with the excitation polarizer in the vertical
position, and the analyzing emission polarizer in both the ver-
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tical (Iy,) and horizontal (I,,4;) configurations. Factor G cor-
rects for the unequal transmission of differently polarized light.

Fluorescence Recovery after Photobleaching (FRAP) Mea-
surements—FRAP was performed with HEK293 cells express-
ing the EGFP-tagged human oxytocin receptor at the cell
surface. Cells grown on poly-L-lysine-coated coverslips were
transferred into a home-made thermostated chamber system
on the stage of a confocal microscope (Leica TSCSP). The cells
were preincubated for 10 min at 20 °C with the indicated com-
pounds in imaging buffer (10 mm Hepes, pH 7.4, 145 mm NaCl,
4.5 mm KCl, 1.2 mm MgCl,, 1.2 mm CaCl,, 10 mMm glucose).
Imaging was performed at 30 °C usinga 63X, 1.3 NA oilimmer-
sion objective (2 Airy-disk pinhole). A region of interest (ROI)
was defined for scanning where a spot of the plasma membrane
(5 wm) was photobleached using full power of the argon laser
(488 nm). Before and after photobleaching, images were
acquired (scanning interval ~1 s) using low intensity illumina-
tion. Average pixel values of the bleached ROI were back-
ground-subtracted using a cell-free ROI and were analyzed to
calculate the mobile fraction M and the diffusion coefficient
(D). The mobile fraction M was calculated according to the
equation M = ¢ [(F,,.,, — Fo)/(F; — Fy)] where F,,,, is the ROI
fluorescence recovery asymptote, F, is the ROI prebleaching
intensity, F, is the ROI immediate postbleaching fluorescence
intensity, and ¢ is the correction factor for whole cell photo-
bleaching, calculated by the ratio of the whole cell prebleaching
intensity to the whole cell fluorescence-recovery asymptote.
Normalized FRAP curves were fitted with the one-phase expo-
nential equation F = F, (1 — e~ ™). The parameters represent
F, fluorescence; F,,,, the asymptote of the ROI fluorescence
recovery curve; T, rate constant for fluorescence recovery; L,
time. D was determined from the equation D = w?/47, where o
is the actual radius of the bleached ROL

Release of Soluble L-Selectin (sL-Selectin) from Neutrophil
Granulocytes—PMN were isolated from heparinized periph-
eral blood of healthy donors using Polymorphprep™ (Axis-
Shield, Oslo, Norway) according to the manufacturer’s recom-
mendations. Residual erythrocytes were removed using lysis
buffer containing NH,Cl. PMN purity was >90% as determined
by flow cytometric analysis and by counting in a hematocyto-
meter. Stock suspensions of the cells (2030 X 10°/ml) were
kept in PBS on ice and used within 2 h. Experiments were con-
ducted in Hanks’ buffered salt solution using 3 X 10° cells/ml.
Background sCD62L concentrations were subtracted.

Immunoblotting—Erythrocyte membranes were solubilized
in 2% SDS, equal amounts of protein were electrophoresed in
each experiment, and immunoblot analyses of pVCC and VCC
were undertaken as described (15). Immunoblots for the anal-
ysis of VE-cadherin and E-cadherin were performed as
described elsewhere (7, 9). Signals were recorded by a lumines-
cent image analyzer (Fuji image reader LAS1000) and analyzed
with image analyzer software (GEL-PROANALYZER; Media
Cybernetics, Silver Spring, MD).

In Vitro Wound Healing—HaCaT cells were seeded in
12-well plates (Sarstedt) and grown until they reached conflu-
ence (48 h). A cell-free area was introduced by scraping the
monolayer with a pipette tip (10 ul; Sarstedt). To avoid a pro-
liferative effect, cells were treated with 4 mm hydroxyurea
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(Sigma-Aldrich) for 24 h. For stimulation experiments, FCS-
free medium containing TAPI or DMSO was added. After a
30-min preincubation, the cells were treated with enzymati-
cally modified LDL (eLDL) (20 ug/ml) or oleic acid (OA; 20
pg/ml). Cells were photographed before stimulation and 24 h
after stimulation by using an inverted phase-contrast micro-
scope (Zeiss).

Cell Proliferation Assays—HaCaT cells were cultured over-
night in medium containing FCS before starvation for 48 h.
Subsequently, medium containing various agents was added,
and cells were incubated for 24 h. Propidium iodide cell cycle
analysis was performed as previously described (20).

Endothelial Permeability Assay—Endothelial permeability
was measured as described elsewhere (9). In brief, HUVECs
(3 X 10°) were grown on collagen-coated Transwell filters
(0.4-pum pore size; Costar) until they reached confluence. Cells
were preincubated for 15 min in the presence of metalloprotein-
ase inhibitor GM6001 (10 wmol/liter) or DMSO in RPMI 1640
medium. Afterward, FITC-dextran (M, 40,000; Sigma) at a final
concentration of 1 mg/ml was added to the upper chamber.
After 10 min, 50-ul samples were taken from the lower com-
partment and measured at an excitation wavelength of 485 nm
and an emission wavelength of 530 nm using a fluorescence
plate reader (Lambda Fluoro 320; MW G Biotech).

Statistical Analysis of C-terminal Fragment (CTF) Genera-
tion—All values are expressed as means * S.E. or as otherwise
indicated. The S.E. values indicate the variation between mean
values obtained from at least three independent experiments.
The assumptions for normality (Kolmogorov-Smirnov test)
and equal variance (Levene median test) were verified with the
SigmaStat 3.1 software (Erkrath, SYSSTAT, Germany). Vari-
ance analysis was performed with one-way ANOVA. Pairwise
comparison procedures were performed with the Tukey test. p
values < 0.05 were classified as statistically significant.

RESULTS

ADAMI10-mediated Cleavage of pVCC Leads to Hemolysis
of Rabbit Erythrocytes—To distinguish whether changes in
ADAM activity might be due to enhanced cell surface expres-
sion of the enzymes or to a bona fide increase in enzyme activity
or to accelerated substrate cleavage occurring through biophys-
ical alterations of the membranes, we developed a simple eryth-
rocyte test system. In this model, cleavage of the cell-bound
pVCC and a soluble fluorogenic ADAM substrate were studied
in parallel. The 79-kDa pVCC binds to rabbit erythrocytes and
is cleaved by a cell-associated metalloprotease to yield mature
65-kDa VCC that causes hemolysis (Fig. 14). As previously
reported (15), proteolysis was blocked by the broad spectrum
metalloprotease inhibitor TAPI-0 and was here further found
to be effectively suppressed by GI254023X, a preferential inhib-
itor of ADAM10, and GW280264, an inhibitor of ADAM10 and
ADAMI17 (18) (Fig. 1B).

A novel protocol was established for assessing enzyme activ-
ity using a fluorogenic ADAM peptide substrate. Erythrocyte
membranes were incubated with the peptide, the reaction was
terminated by solubilization of membranes with SDS, and sub-
strate cleavage was assessed by recording emission spectra in a
spectrofluorometer. This assay enabled otherwise undetectable
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FIGURE 1. ADAM10 activity on rabbit erythrocytes. A, pVCC cleavage leads to pore formation and hemolysis. B, hemolysis is inhibited by the broad spectrum
metalloprotease inhibitor TAPI-0, GI254023X (GI, preferential ADAM10 inhibitor), and GW280623X (GW, ADAM10 and ADAM17 inhibitor). C, cellular ADAM
activity can be determined on the erythrocyte surface using a fluorogenic peptide substrate assay. D, all metalloprotease inhibitors decreased ADAM activity.
E, immunological detection of ADAM10 in HaCaT keratinocytes, H4 neuroglioma cells, in rabbit brain homogenisate (rBrain) and rabbit (rak) but not human
erythrocytes (huk) is shown; p, pro-ADAM10; m, mature ADAM10. F, temperature dependence of ADAM10 activity. Erythrocyte membranes were incubated
with fluorogenic ADAM-peptide substrate at the given temperatures, and relative enzyme activity was determined. The temperature dependence of ADAM
activity correlated with processing of membrane-bound pVCC and could be completely inhibited with GI254023X (inset).

ADAM activity to be quantified (Fig. 1C). ADAM activity could
be suppressed by GI254023X and GW280264. TAPI inhibited
the cleavage of pVCC as well as the proteolysis of the fluoro-
genic substrate in a range between 3 and 30 um (here only
shown for 30 um, Fig. 1D).

Human erythrocytes bind but do not efficiently process
pVCC, which suggested that ADAMI10 may be differentially
expressed on red cells of different species. Immunoblot analysis
indeed indicated the presence of ADAM10 on rabbit but not on
human erythrocytes (Fig. 1E).

The hitherto undescribed effect of temperature on ADAM
activity was determined and optimal cleavage of the fluorogenic
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peptide substrate was found to occur at 32°C-38°C (Fig. 1F).
When processing of membrane-bound pVCC was examined at 26,
32, and 38 °C, a satisfactory correlation was noted (Fig. 1F, inset).
Unsaturated Fatty Acids and Cholesterol Depletion Enhance
ADAM-mediated pVCC Cleavage but Not ADAM Activity—
Cholesterol depletion with MCD fluidizes membranes and aug-
ments ectodomain shedding of ADAM substrates from nucle-
ated cells (11-13). Analogously, incubation of pVCC-laden
erythrocytes with MCD was found to accelerate toxin process-
ing and hemolysis (Fig. 2A4). Vice versa, sterol enrichment of
plasma membranes with MCD/cholesterol retarded pvVCC
cleavage and hemolysis (Fig. 2B). Externally applied unsatu-
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FIGURE 2. Unsaturated fatty acids enhance pVCC proteolysis and hemolysis without changing ADAM activity. A and B, cholesterol depletion with 30 mm
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C, 70 um OA accelerated pVCC processing whereas trans-OA (tOA) and PA were without effect. D, neither OA nor PA significantly altered ADAM enzymatic
activity. £ and F, PhA (30 mm) augmented toxin cleavage and hemolysis (E) but not ADAM activity (F).

rated fatty acids spontaneously intercalate into bilayers and
increase membrane fluidity (21). When 70 um OA was intro-
duced to the medium, acceleration of the hemolytic process
ensued (Fig. 2C). In marked contrast, trans-OA was without
effect, a key finding that established the critical role of the fluidiz-
ing cis-double bond in enhancing ADAM function. In accord with
this contention, pVCC cleavage and hemolysis were slightly
retarded upon addition of palmitic acid (PA) to the cells.

A central finding surfaced when the influence of fatty acids
on ADAM activity was assessed with the soluble peptide sub-
strate. Strikingly, it was then found that neither OA nor PA
altered ADAM activity to any substantial extent that would
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have explained the large effects on pVCC processing (Fig. 2D).
It followed that the observed alterations in biological func-
tion did not derive from any genuine increase in surface
expression or activity of the enzyme. The simplest alterna-
tive explanation was that enzyme function was governed by
membrane fluidity. PhA spontaneously partitions into mem-
branes and fluidizes lipid bilayers. Indeed, incubation of
pVCC-laden erythrocytes with PhA again resulted in accel-
eration of toxin cleavage and hemolysis (Fig. 2E), but not in
increased ADAM activity (Fig. 2F).

FFA Modulate Membrane Fluidity—Obviously, no biochem-
ical specificity could be assigned to the observed modulation of
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or PhA (40 mm) inimaging buffer. The agents were removed and the photobleaching experiment started. Representative images show bleaching spot (D) (scale
bar, 5 um) and typical recovery curves (E). F, diffusion coefficients (D) were significantly increased in response to the fluidizers OA (>70% of the cells, n>50) and

PhA (>90% of the cells, n>>40) (mean values = S.D. (error bars)). **, significant difference compared with control, t test, p < 0.01.

ADAM function. In contrast, the link to membrane fluidity
became readily apparent through measurements of the rota-
tional diffusion of fatty acyl chains in the membrane interior
using steady-state fluorescence anisotropy with DPH as a
probe. In erythrocyte ghosts, a rapid and striking decrease of
the fluorescence anisotropy was observed in response to OA
(Fig. 3A). In contrast, administration of PA slightly increased
fluorescence anisotropy of DPH. Anisotropy experiments were
also performed at 32 °C (Fig. 3A, open circles), the optimum
temperature of ADAMI0 activity. Compared with the data
obtained at 20 °C (filled circles), the higher temperature led to a
small decrease (approximately 0.01—0.02 unit) of all anisotropy
values but did not change the effects of the different com-
pounds. Trans-OA induced only a very modest decrease of an-
isotropy, markedly less than OA (Fig. 3B).

Membrane fluidization already occurred with OA concen-
trations in the low micromolar range. Importantly, OA caused
its fluidizing effect within a minute or less, which perfectly
matched the fast time scale observed for OA-induced modula-
tion of ADAM function. Application of PhA also led to a strong
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and dose-dependent decrease of DPH anisotropy (Fig. 3C). The
concentrations required to induce membrane fluidization were
roughly 1000-fold higher for PhA compared with OA. Ethanol
at 100 mm induced no change of membrane fluidity. OA and
PhA increased fluidity in membranes of nucleated cells to an
extent similar to that in erythrocyte ghosts (data not shown)
(21, 22).

The influence of the fluidizers OA and PhA on lateral mobil-
ity of a fluorescent transmembrane protein, the EGFP-tagged G
protein-coupled oxytocin receptor expressed in HEK293 cells
(16), was then analyzed using FRAP. Circular spots in the
plasma membrane were selected for photobleaching in cells
exposed to OA, PA, PhA, or ethanol (as control) (Fig. 3D). The
recovery of EGFP fluorescence is displayed in typical FRAP
curves (Fig. 3E), from which the parameters diffusion coeffi-
cient (D) and mobile fraction were derived by fitting the data to
exponential kinetics. Recoveries characteristic of lateral diffu-
sion, with high mobile fractions, were observed. The D values in
controls were comparable with those reported for G protein-
coupled receptors and other transmembrane proteins (23, 24).
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FIGURE 4. Unsaturated fatty acids induce ADAM-dependent substrate
cleavage in nucleated cells. A, neutrophil granulocytes were stimulated
with 100 nm phorbol ester (PMA), or with 70 um OA, PA, palmitoleic acid (PLA),
linoleic acid (LA), a-linolenic acid (ALA), y-linolenic acid (WLA), arachidonic
acid (AA), eicosapentaenoic acid (EPA), or trans-OA (tOA) for 15 min, 37 °C,and
release of soluble CD62L (sCD62L) relative to unstimulated controls was
determined. *, significant increase compared with control (n = 3 = S.D. (error
bars)), p < 0.05, t test. B, PhA (15 mm) induced shedding of CD62L without
altering enzyme activity. C, treatment of HUVECs with 70 um linoleic acid or
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Pretreatment of the cells with OA and PhA led to a >2-fold
increase of the diffusion coefficient, whereas PA and ethanol
had no significant effect on D (Fig. 3F).

At this juncture, the results indicated that simple alterations
in the physical properties of lipid bilayers might influence
ADAM function due to the dependence of molecular mobility
on membrane fluidity. Through their capacity to rapidly inter-
calate into cell membranes, FFA represented prime candidates
to assume this regulatory function in biological settings. Exper-
iments with nucleated cells were conducted to test this
hypothesis.

Unsaturated Fatty Acids Induce ADAM-dependent Substrate
Cleavage—Neutrophil granulocytes were stimulated with
phorbol ester (phorbol 12-myristate 13-acetate) or incubated
with 70 um PA or a series of unsaturated fatty acids shown in
Fig. 4A for 10 min, and the release of the preferential ADAM17
substrate L-selectin (6, 25) was quantified in the supernatants.
All cis-unsaturated fatty acids induced rapid release of sL-se-
lectin to a similar extent as phorbol 12-myristate 13-acetate.
Again, and in marked contrast, trans-OA was without effect.
The increased release of sL-selectin could be inhibited with
GW280623X but not with GI254023X, indicating that
ADAM17 is the major protease involved in this cleavage (data
not shown). Nevertheless, other proteases such as ADAMS8
have been described to release L-selectin (26). Thus, we cannot
exclude that these proteases are also activated through mem-
brane fluidization and contribute to the observed effects.

Because FFA trigger diverse cell signaling pathways, such
downstream effects on ADAM expression or enzyme activity
could not definitively be excluded. However, OA treatment did
not increase cell surface expression of ADAMs. Moreover, a
battery of cell signaling inhibitors including ERK inhibitor,
JNKS3 inhibitor, PKC inhibitor, NADPH oxidase inhibitor, Ca*>"
chelator, and inhibitor of phosphoinositide 3-kinases did not
reduce the OA-induced release of sL-selectin (data not shown).

Moreover, PhA similarly provoked rapid, maximal shedding
of L-selectin without alterations of enzyme activity (Fig. 4B).
Thus, membrane fluidity also appeared to be the decisive factor
underlying rapid modulation of ADAM function in nucleated
cells.

Even more important, treatment of HUVECs with unsatu-
rated FFA such as linoleic acid or OA also increased VE-cad-
herin proteolysis in contrast to trans-OA as shown by immu-
noblot analysis (Fig. 4C, left) and densitometric quantification
of three independent experiments (Fig. 4C, right).

To test the generality of our findings, processing of E-cad-
herin as additional preferential ADAMI0 substrate (7) was
investigated in a human keratinocyte cell line. Indeed, compa-
rable results were obtained when HaCaT cells were stimulated

OA significantly (*) augmented generation of VE-cadherin CTF products com-
pared with the vehicle control. Compared with DMSO (D) treated cells, TAPI
(T) significantly (*) abolished the stimulation effect. Right panel shows quan-
tification of three independent experiments (n = 3 = S.E,; p < 0.05). D, lino-
lenic acid (70 um) significantly increased ADAM-dependent shedding of
E-cadherin (n = 3 = S.E,; ¥, p < 0.05). E, PhA (30 mwm) accelerated E-cadherin
CTF1 and CTF2 generation significantly. This effect was abrogated in the pres-
ence of TAPI (T) F, TAPI significantly inhibits PhA-induced VE-cadherin prote-
olysis in HUVECs (n = 3 = S.E,; ¥, O, p < 0.05).
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with linoleic acid and PA, respectively (Fig. 4D). In accordance
with the previous data, PhA accelerated the cleavage of E-cad-
herin and VE-cadherin (Fig. 4, E and F). E-cadherin is a sub-
strate for sequential proteolysis (7). After metalloprotease-me-
diated cleavage the remaining fragment is immediately
processed through intramembranous cleavage by y-secretase
leading to the formation of a second CTF (CTF2). In HaCaTs,
induction of PhA-induced ADAM-mediated cleavage was
accompanied by increased vy-secretase processing of the
remaining membrane stubs and increased CTF2 generation
(Fig. 4E).

Enzymatically Modified LDL Induces ADAM-mediated
Shedding—LDL entrapped in the arterial intima has to undergo
biochemical alterations to become atherogenic. eLDL consti-
tutes the major fraction of lipid extracted from early human
atherosclerotic lesions (27-29). eLDL of defined composition
with the same properties as lesional LDL can readily be pro-
duced (17, 28), and it was of interest to examine the bioavail-
ability of FFA contained therein and to determine whether the
modified lipoprotein might thus be able to drive ADAM-de-
pendent events relevant to the pathogenesis of atherosclerosis.
Incubation of pVCC-laden erythrocytes with 20 pg/ml eLDL
markedly accelerated ADAM-dependent toxin processing and
hemolysis (Fig. 54). In neutrophil granulocytes, eLDL provoked
rapid shedding of L-selectin to the same extent as OA (Fig. 5B).

eLDL-induced Shedding Is Not Cell Type-dependent—The
results obtained before were transferable to all other cells ana-
lyzed in this study, and functional consequences (7-9) followed
in the wake of enhanced ADAM-dependent processing. The
shedding of E-cadherin has been shown to modulate B-catenin
subcellular localization and downstream signaling leading to
effects on cell migration and proliferation (7). Indeed, incuba-
tion of HaCaT keratinocytes with eLDL resulted in increased
E-cadherin proteolysis (Fig. 64), and this was followed by stim-
ulation of cell proliferation (Fig. 6B), as determined by pro-
pidium iodide cell cycle analysis (Fig. 6B; S + G,/M (%): control
22.7 + 5.8, EGF46.3 £ 7.4;0A 434 * 3.3; OA + TAPI23.3 = 3.6;
eLDL 50 = 4.9) and by enhanced epithelial cell migration as evi-
denced by in vitro wound healing assays (Fig. 6, C and D). Single
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FFA like OA also stimulated keratinocyte migration, but the effect
was less drastic than eLDL stimulation (Fig. 6, C and D).

eLDL Enhances ADAMI10-mediated VE-cadherin Release—
VE-cadherin represents the major adhesion molecule of endo-
thelial adherence junctions. It plays an essential role in control-
ling endothelial permeability, vascular integrity, and leukocyte
transmigration in health and disease. To determine whether
eLDL would also activate ADAM-mediated VE-cadherin shed-
ding, endothelial cells were treated with eLDL for 30 or 60 min.
Indeed, exposure of these cells to eLDL augmented proteolysis
of VE-cadherin, and this could be completely blocked by broad
spectrum metalloprotease inhibitor GM6001 (Fig. 7A) but also
by the ADAMI10 inhibitor GI254023X (Fig. 7B), indicating that
ADAMIO0 is responsible for this process. As predictable from a
previous study (9), acceleration of VE-cadherin cleavage corre-
lated functionally with an increased endothelial permeability
for macromolecules (Fig. 7C).

DISCUSSION

Atherosclerosis is a complex process, closely associated with
dysregulated lipid metabolism and endothelial cell dysfunction.
ADAM10 and ADAM17 contribute to the regulation of endo-
thelial cell homeostasis through proteolysis of several sub-
strates such as VE-cadherin, CX3CL1, or JAM-A. Increased
ADAM-mediated proteolysis is assumed to correlate with
decreased vascular integrity and increased production of cyto-
kines and chemokines and with increased transmigration of
leukocytes. Thus, understanding the regulation of ADAM
activity is of central interest.

ADAM-mediated shedding occurs constitutively and after
activation with a broad variety of stimuli. The shedding process
can be regulated at different levels including transcriptional
control, posttranslational modifications, enzyme stability, and
cellular localization (30, 31). Stimulation of ADAM-mediated
shedding occurs very quickly. The accessibility of the catalytic
site plays an important role for ADAM17 activity (32).

Due to the complexity and interdependence of biological
networks in nucleated cells, precise definition of regulatory
mechanisms is often more difficult than possible. Cholesterol
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depletion induces ADAM-dependent ectodomain shedding
(11-13), probably due to changes in membrane fluidity or to
sterol-dependent allocation of ADAMs to specific membrane
microdomains. The latter is difficult to prove and must be rec-
onciled with the findings indicating that ADAMI0 is mostly
excluded from, whereas ADAM17 appears sequestered in lipid
rafts (33). Whether and how changes in membrane organiza-
tion or fluidity might be responsible for the regulation of
ADAM functions remains a matter of debate. In this study, we
offer a more general model of membrane-enzyme regulation
proposing that cleavage of membrane-anchored substrates by
their respective cellular enzymes can be directly and simply
influenced by changing the physical membrane properties.
The establishment of the erythrocyte model, which allowed
the activity of the enzyme and cleavage of a membrane-bound
substrate to be differentially assessed, was of key importance for
these analyses. ADAMI10 has recently been identified by mass
spectrometry on rabbit erythrocyte membranes (14), and the
erythrocyte model is singularly attractive for obvious reasons.

JULY 29,2011 +VOLUME 286+NUMBER 30

First, ADAM activation downstream of classical signaling path-
ways can be excluded. Second, enzyme activity is strictly immo-
bilized to the cell surface. Third, activity is independent of cell
viability and can be assessed in membranes of lysed cells.
Fourth, the fluorometric method for assessing enzyme activity
introduced herein is far more sensitive than conventional
assays for ADAM activity, and the use of pVCC as the sensor for
cleavage of a membrane bound substrate is unsurpassed with
regard to simplicity, sensitivity, and reproducibility. Striking
findings surfaced. Unsaturated FFA dramatically accelerated
cleavage of pVCC by ADAMI10. Remarkably, this occurred in
the absence of a bona fide increase in enzymatic activity. Mea-
surement of DPH fluorescence anisotropy and FRAP analyses
bore out the anticipation that FFA-dependent increase in
bilayer fluidity accelerated lateral membrane movement and
was responsible for the observed effects. This contention was
corroborated by many findings. Acceleration of pVCC cleavage
was nonspecifically invoked by all unsaturated fatty acids tested
as well as by the membrane fluidizer PhA. A decisive finding
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was that trans-OA, which lacked membrane-fluidizing proper-
ties, was without effect. Further, as predictable by the model,
decreasing membrane fluidity decelerated pVCC cleavage. This
was demonstrated through application of PA and by cholesterol
enrichment of membranes. Finally, and in perfect accord with
the earlier findings in nucleated cells, cholesterol depletion
with accompanying increase in fluidity of the erythrocyte mem-
brane markedly accelerated pVCC cleavage by ADAMI10.

Classical models were selected to provide proof of principle
in nucleated cells, whereby FFA were offered in free form or in
lipoprotein-bound state and at concentrations that conformed
to physiological situations. Thus, plasma levels of nonesterified
fatty acids are generally low but can become considerably ele-
vated to reach millimolar concentrations, for example in
patients with insulin-resistant diabetes mellitus (34) and sepsis
(35). Preferential accumulation of unsaturated FFA must occur
locally in atherosclerotic lesions due to enzymatic cleavage of
cholesteryl esters in LDL (27, 28). eLDL contains ~3 wmol of
FFA/mg cholesterol, of which ~75% are unsaturated (36).
Accordingly, 40— 80 uM unsaturated FFA correspond to eLDL
concentrations of 20-40 ug/ml cholesterol, as used in this
study.

Local accumulation of FFA might affect endothelial cell func-
tion but also the recruitment of leukocytes. ADAMI10 and
ADAM17 have been implicated in the release of several cell
adhesion molecules that mediate the interaction of leukocytes
with the endothelial cell wall such as L-selectin, CX3CL1, or
CXCL16. Moreover, they are critically involved in the regula-
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tion of interendothelial cell adhesion through proteolysis of
adhesion molecules such as VE-cadherin or JAM-A. To analyze
the effect of FFA on nucleated cells we chose two models: the
ADAM17-dependent shedding of L-selectin in PMN and the
ADAMI10-dependent release of soluble VE-cadherin on
HUVECs. To verify the generality of the activation mecha-
nisms, we additionally investigated the ADAM10-mediated
cleavage of E-cadherin in keratinocytes. Uniform results con-
cordant with the proposed regulatory principle were obtained
in all cases. In PMN, membrane fluidizers promoted rapid
shedding of L-selectin. Again, trans-OA was without effect. A
battery of signaling inhibitors did not suppress the effect, which
was shown to occur in the absence of any increase in cell surface
expression of the enzyme. Analogous findings with regard to
cleavage of E- and VE-cadherin were made in keratinocytes and
endothelial cells. All substrates analyzed in this study are pref-
erential substrates for ADAM10 or ADAM17, and our pharma-
cological approaches indeed suggest that these are the major
enzymes responsible for the observed effects. However, most
transmembrane proteins can be cleaved by several proteases,
and we cannot rule out that additionally other proteases might
contribute to the increased proteolysis after membrane
fluidization.

Very satisfactorily, downstream events that have been linked
to cadherin cleavage also followed. The proliferation assays
unveiled the mitogenic properties of unsaturated FFA in eLDL,
and this raises the possibility that eLDL may be at least partially
responsible for local cell proliferation in atherosclerotic lesions.
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cholesterylesterase. FFA increase membrane fluidity of surrounding cells and augment ADAM10-dependent VE-cadherin proteolysis thus contributing to
increased endothelial permeability. Because ADAM:s also regulate the transmigration of leukocytes through the endothelium, protease activation may favor
theinvasion of these cells. Moreover, it is likely that local accumulation of FFA also activates ADAM-dependent proteolytic events on invading monocytes, such
as release of TNF-a and triggers proliferation of surrounding smooth muscle cells (SMC), thus additionally contributing to the pathologic process of

atherosclerosis.

Single fatty acids also stimulated cell migration, but they could
not reach the drastic eLDL effect, probably a combination of
several FFA would have been more effective. Cleavage of VE-
cadherin led to enhanced endothelial permeability, and this
finding may be linked to the events of early atherogenesis
including the insudation of plasma components and the immi-
gration of white blood cells to areas of LDL accumulation
(Fig. 8).

Implications of the present work for other important dis-
eases are self-evident. For example, cell membrane fluidity
appears to be diminished in Alzheimer disease. Higher mem-
brane fluidity favors the nonamyloidogenic a-secretase cleav-
age of amyloid precursor protein, whereas lower membrane
fluidity is associated with preferential (3-secretase cleavage,
leading to an increase in toxic A fragments. In addition, oligo-
meric AB can disturb the structure and function of cell mem-
branes and decrease membrane fluidity (37, 38). Polyunsatu-
rated fatty acids are emerging as potential agents for prevention
of cognitive decline and treatment of Alzheimer disease (39).
Preclinical studies suggest that docosahexaenoic acid main-
tains membrane fluidity and improves synaptic functions. Epi-
demiological studies support the association between omega-3
polyunsaturated fatty acid consumption and a lower prevalence
of dementia, and it has been suggested that low levels of unsat-
urated lipids in the brain contribute to Alzheimer disease risk
(40). It is tempting to speculate that our present findings have a
direct bearing on all these observations.

The present study uncovers a novel principle of enzyme reg-
ulation and indicates that membrane fluidity is fundamentally
important for the function of ADAMs. It identifies FFA as reg-
ulators thereof and indicates that such processes could bear
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high relevance. Future studies will soon disclose whether extra-
cellular and intracellular FFA and other modifiers of membrane
fluidity control other enzyme-substrate and also perhaps recep-
tor-ligand interactions in cell membranes.
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Note Added in Proof—Yang et al. (41) have recently reported that
treatment of human neuroblastoma cells with secretory phospho-
lipase A2 type III enhances a-secretase-dependent amyloid precur-
sor protein processing through alterations of membrane fluidity.
Their proposal that this is due to release of FA from membrane
phospholipids accords with the conclusions reached in the present
study.
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