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Crystals of calcium-(R,S)-tartrate trihydrate were
sed as adhesion substrates (for A6 epithelial cells),
o study specific stages in cell adhesion. Events such
s surface recognition, cell attachment, spreading,
otility, cell–cell aggregation, and cell penetration

nto the crystal bulk are all shown to depend on the
olecular structure of the various crystal faces.
hese crystals exhibit three chemically equivalent,
et structurally distinct, faces. On the E100F, a lay-
red surface exposing bound water, the cells attach,
re motile, and tend to form multicellular aggre-
ates, but do not spread and do not form focal
ontacts. Following prolonged incubation, single
ells attached to the E100F surface undergo apoptosis,
hile those interacting with other cells are rescued.
acroscopic spiral dislocations emerging on the

100F face of the crystal are highly adhesive for cells.
ells attached to these sites develop long protru-
ions that penetrate into the crystal. The E011F faces
xpose mainly hydroxyls attached to the chiral car-
ons. The cells interact extensively with these faces,
re immobilized, do not spread, do not form focal
ontacts, and subsequently die. The faces belonging
o the E0klF family are characterized by molecular
nd topographical steps. The cells attach to these
aces, spread, and form focal contacts and stress
bers. Thus the molecular character of the crystal
urfaces, including the presence of bound water, the
xposure of determinants that promote rapid sur-
ace recognition, and the effective association with
xtracellular adhesive proteins, affect the patterns
f cell adhesive behavior and fate. r 1999 Academic Press

Key Words: cell adhesion; cell motility; crystalline
ater; crystal surfaces; hydration; stereochemistry.

1 Abbreviations used: CPD, critical point dryer; DAPI, 4,6-
iamidino-2-phenylindole; DMEM, Dulbecco’s minimum essential
edium; ECM, extracellular matrix; EGTA, ethylene glycol-bis(b-

minoethyl ether)N,N,N8,N8-tetraacetic acid; MES, 2-[N-morpho-
ino]ethanesulfonic acid; PBS, phosphate-buffered saline; SEM,
canning electron microscopy; TEM, transmission electron micros-
aopy.
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INTRODUCTION

The adhesion of cells to one another and to the
xtracellular matrix (ECM)1 plays a central and
ssential role in the assembly of multicellular organ-
sms. Such adhesions occur via highly specialized
nd complex cellular structures such as intercellular
unctions (Takeichi, 1995) and cell–ECM adhesions
Geiger et al., 1995; Yamada and Geiger, 1997).
hese multimolecular assemblies consist of specific

ransmembrane ‘‘adhesion receptors,’’ networks of
nchor proteins that link the cytoskeleton to the
nner aspects of the plasma membrane, and cytoskel-
tal elements. In addition to the adhesion molecules,
hysically mediating the contacts between the exter-
al surfaces and the cytoskeleton, these adhesion
ites also contain a wide variety of signaling mol-
cules that are involved in long-range adhesion-
riggered events.

The assembly of cell–substrate adhesions is com-
only viewed as a multistage process, which in-

olves several distinct sequential events, including
urface recognition by the cell, formation of initial
ell–substrate contacts and their development into
ocal contacts, followed by cell spreading on the
ubstrate. The maturation of focal contacts involves
nteractions of integrin receptors with RGD-contain-
ng ECM molecules, their clustering, and the forma-
ion of cytoskeletal interactions. However, on purely
tatistical grounds, it appears unlikely that integrin-
ediated interactions are directly involved in the

nitial stages of surface recognition, as the probabil-
ty of integrin molecules on the surface of a sus-
ended cell to ‘‘hit the target’’ on the ECM is ex-
remely low. These considerations are corroborated
y experimental evidence suggesting that integrin-
ediated contacts are preceded by earlier events

hat support and promote the subsequent assembly
f integrin-mediated focal contacts. The earlier events
onsist of multiple cooperative interactions between
bundant adhesive components on the cell surface

nd on the substrate (Hanein et al., 1995). A good
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26 ZIMMERMAN, ADDADI, AND GEIGER
xample for such interactions is the anchoring of
eukocytes to the vascular wall first via selectins and
hen via integrins (Butcher and Picker 1996; Kan-
as, 1996; Springer, 1994). In other systems, how-
ver, the molecular properties of these early interac-
ions, including the nature of the components on the
ell membrane and on the external surface, are still
oorly defined.
The use of crystals as adhesion substrates (Hanein

t al., 1993b, 1994, 1995, 1996) provided a unique
pportunity to test the specificity of cell substrate
ecognition, define specific phases in the adhesion
rocess, and characterize them at the molecular
evel. The results of the studies performed on calcium-
R,R)-tartrate tetrahydrate and calcium-(S,S)-tar-
rate tetrahydrate crystals highlighted the impor-
ance of the molecular structure of the substrate and
he existence of a highly specific stereoselective
ecognition mechanism. It was also noted that exces-
ive interactions at the early recognition stage may
mmobilize the cells on the surface and prevent them
rom proceeding to integrin-mediated adhesion. Such
n exaggerated attachment was thus not followed by
ell spreading and did not support long-term cell
urvival.
The study of cell behavior upon adhesion to each of

he different faces of calcium-(R,S)-tartrate trihy-
rate crystals, reported here, enabled us to character-
ze the involvement of specific structural parameters
f the substrate in the establishment and develop-
ent of specific forms of adhesion. In particular, the

oles played by substrate-bound water molecules,
urface stereochemistry, and surface topography in
he attachment of the cells were examined. The
esults indicate that cell adhesion is controlled by a
ide range of interactions and is affected by chemi-

al and topographical variations ranging in size from
ngstroms to micrometers.

MATERIALS AND METHODS

Crystallization. Optimal conditions for crystallization of cal-
ium-(R,S)-tartrate trihydrate were determined, ensuring that
he crystals were well formed, homogeneous, and reproducible
ith respect to morphology and size. A solution of 10 ml of 72 mM
eso-tartaric acid, pH 8.0 (adjusted with 0.4 M NaOH) (Sigma
hemical Co., St. Louis, MO), was mixed with 10 ml of 72 mM
aCl2 · 2H2O (Merck-Schuchardt, Darmstadt, Germany) and
rought to a final volume of 40 ml. All solutions were slightly
reheated and kept warm until poured. The solution was divided
nto 35-mm tissue culture dishes (Falcon, Becton Dickinson
abware, Plymouth, UK) either containing or not containing glass
overslips (Smethwick, Warley, England), at room temperature.
ypically, crystals of 100–200 µm in length form within 1 day and
emain attached to the dish or glass surface. The morphology of
ypical crystals was determined by x-ray diffraction on a CAD-4
iffractometer (Enraf-Nonius, Philips, Eindhoven, Holland) and
ith a scanning electron microscope (Jeol, JSM-6400, Jeol Ltd.,

okyo, Japan). c
Cell culture. A6 cells (Xenopus laevis, epithelial kidney cells,
TCC CCL 102) were cultured at 27°C in Dulbecco’s minimum
ssential medium (DMEM, Biological Services, the Weizmann
nstitute) supplemented with 10% fetal calf serum (Biolab Lab.
td., Jerusalem, Israel), in a humidified atmosphere of 5% CO2 in
ir.
Crystals that were previously grown on either glass slides or

issue culture dishes were sterilized under UV light for 2 h and A6
ells were seeded. To avoid crystal dissolution during incubation
ith the cells and later treatments, all media, fixation, antibodies,
nd washing solutions were saturated with calcium-(R,S)-
artrate trihydrate crystals. The saturation procedure consisted of
vernight incubation of excess crystals with the relevant solution
nd filtering it before use. Cells to be seeded on the crystals were
uspended with trypsin versene, centrifuged, resuspended in the
aturated medium, and seeded on the crystals. Crystal-attached
ells were monitored by optical microscopy and serial photographs
ere taken at different time points.
Scanning electron microscopy (SEM). Crystal–cell samples on

lass slides were fixed with 2% glutaraldehyde in 0.1 M cacodylate
uffer containing 5 mM CaCl2, pH 7.2, for 30 min. The glass slides
ere rinsed three times, for 5 min each, with 0.1 M cacodylate
uffer and postfixed for 1 h with 1% osmium tetraoxide in 0.1 M
acodylate buffer. The slides were rinsed, dehydrated with etha-
ol, and critical point dried with CO2 (Pelco CPD2, Ted Pella, Inc.,
edding, CA). The glass slides were placed on carbon-coated stubs

Spi Supplies, West Chester, PA), using silver paste, and sputter
oated with gold for 6 min at 8 mA followed by 6 min at 10 mA
S150 Edwards, Sussex, UK). The specimens were examined with
he scanning electron microscope operated at 20 kV.

Transmission electron microscopy (TEM). Crystal–cell samples
n tissue culture dishes were fixed for 1 h with 2% glutaraldehyde
nd 1% paraformaldehyde (Spi Supplies) in 0.1 M cacodylate
uffer, 5 mM CaCl2, pH 7.2. The specimens were rinsed four times,
mbedded in a thin layer (,1 mm) of 1.6% agar and 1% gelatin,
nd fixed as above for 4 h. After additional rinsing the cells were
ostfixed with 1% osmium tetraoxide, 0.5% potassium ferrocya-
ide, and 0.5% potassium dichromate in 0.1 M cacodylate buffer,
H 7.2, followed by four washings with water. The crystals were
hen dissolved with 0.2 M EGTA, pH 7.2, overnight. The cells were
tained en bloc with 2% aqueous uranyl acetate (1 h) followed by
thanol dehydration. The specimens were embedded in t-Epon
12 (Tuosimis, MD). Sections of 500–700 Å were cut using a
iamond knife (Diatome, Biel, Switzerland) and placed on copper
rids. The sections were stained with uranyl acetate and lead
itrate and examined in Philips EM410 TEM at an accelerating
oltage of 80 kV.
Fluorescence microscopy. Cells seeded on glass coverslips that

ad attached crystals were rinsed once with MES buffer, pH 6.0,
ermeabilized by incubation with 0.5% Triton X-100 (in the MES
uffer) for 2 min, and fixed for 25 min with 3% paraformaldehyde
n phosphate-buffered saline (PBS). After several washings with
BS, cells were incubated for 45 min at room temperature with
he primary antibody, rinsed three times with PBS, and incubated
ith the secondary antibody for 45 min. After being rinsed with
BS, specimens were mounted in elvanol (Mowiol 48-8, Heochst,
rankfurt, Germany). Antibodies used included monoclonal anti-
uman vinculin (hVin, Sigma), anti-Pan-cadherin (CH19, Sigma),
nti-paxillin (Transduction Laboratories, Lexington, KY). Second-
ry antibodies were Cy3-labeled goat anti-mouse IgG (Jackson
mmunoResearch Labs, Inc., West Grove, PA).

To visualize nuclei, after fixation was completed as described
bove, cells were labeled with DNA-specific dye (DAPI, 4,6-
iamidino-2-phenylindole; Sigma) for 40 min, washed several
imes, and embedded in elvanol. The cells were examined using
ither a Zeiss Axiophot fluorescence microscope (Zeiss, Oberko-

hen, Germany) equipped with the proper filters or a laser
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27CELL ADHESION TO CRYSTAL SURFACES
canning confocal microscope (MRC-1024, Bio-Rad, Hertford-
hire, UK).
Inhibition of adhesion with synthetic RGD peptides. To test

he specificity of cell binding to the crystal, the plating medium
as mixed with 50 µg/ml synthetic peptide with the sequence
ly-Arg-Gly-Asp-Ser (RGD peptide) or a control peptide Gly-Arg-
ly-Glu-Ser (RGE). Both peptides were synthesized by the pep-

ide synthesis unit of the Weizmann Institute and purified by
igh-pressure liquid chromatography. The adhesion assay was
erformed for 1 h.

RESULTS

alcium meso-Tartrate Trihydrate Crystals

Calcium-(R,S)-tartrate (or calcium meso-tartrate)
rystallizes as a trihydrate of known structure
DeVries and Kroon, 1984) (monoclinic P2 1/c
21/c,a 5 8.921 Å, b 5 10.300 Å, c 5 9.881 Å,
5 91.78°, z 5 4).
The determination of the crystal morphology, in-

luding the exact indices of the faces, was first
erformed by x-ray diffraction. Once the basic plate
orphology is identified, the angles between each

air of lateral faces, measured by observation under
he scanning electron microscope in the appropriate
rientations, are sufficient to define the particular
orphology of each given crystal.
Under the established growing conditions, the

rystals form as irregular platelets (Fig. 1) delimited
y prominent plate faces 510062 and side faces 50116.
ften, faces from the 50kl6 family were developed
ith different indices.
The presence of emerging spiral dislocations is

rominent on the 51006 plate faces (Fig. 1). Complex
ulticrystalline ensembles originate from these im-

erfections during crystal growth, forming steps
hat expose different crystal planes.

On the 51006 faces (Fig. 2a), the water molecules
blue) form bilayers parallel to the 51006 planes.
arallel to the water bilayer are rows of carboxylate
roups (red) of tartrate molecules related by transla-
ion and rows of calcium ions (green). The 51006 faces
ay thus expose to the environment either a water

ayer or a carboxylate/calcium layer. However, in
queous solution, the water molecules are in excess
f at least four orders of magnitude over calcium and
artrate, and thus the face is presumably dominated
y water. The macroscopic topography of the face
excluding the imperfection sites) is relatively smooth.

On the 50116 faces (Fig. 2b), the bound water
olecules are organized in parallel rows, separated

y rows of hydroxyl groups of the tartrate molecules

2 Note: Crystal faces are described by a set of indices (hkl) that
nequivocally define the orientation of the face relative to the
rystallographic axes a, b, c of the structure. The notation 5hkl6
e.g., 51006 and 50116 indicates the set of symmetry related faces of
ndentical structure. 50kl6 represents a set of faces, with h 5 0.
about 18 Å apart) (red and white). One oxygen atom
f one carboxylate group emerges oblique to the
urface while the second carboxylate group is almost
arallel to it. The overall character of the face is
ominated by hydroxyl groups. The face is smooth at
he molecular level as well as topographically.

The 50kl6 faces develop as a set of combinations of
aces with different indices. The number and indices
f these faces vary among crystals and even within
he same crystal. The structure of these faces can
ary between different indices. Figure 2c shows the
tructure of the 50236 faces as a representative of the
0kl6 family. The structure, on these particular faces,
s similar to that of the 50116 faces yet with larger
aps between the repetitions of the functional groups.
he undulation due to the repetition of molecular
teps is a dominant characteristic of these faces,
hile the distance between the steps varies with the

ndex of the face. The surface of these faces is also
opographically rough, suggesting that the exposed
0kl6 faces are an average of combined face directions.
he face can thus appear on the average curved, due

o a progressive change in the slope at the molecular
evel (increasing the h and k indices).

At first approximation, crystals expose to the
nvironment characteristic faces whose structures
orrespond to that of the bulk, terminated along
lanes corresponding to the crystallographic direc-
ions defined by the crystal morphology. It is impor-
ant to realize, however, especially in relation to the
ough 50kl6 faces, that the macroscopic direction of a
ace does not always reveal the microscopic rough-

FIG. 1. Scanning electron micrograph of a calcium-(R,S)-
artrate trihydrate crystal. The different faces are marked as
ollows: §, (100); s (011), D, (0kl); D, dislocation on the (100) face.
ess at the nanometer level. There is furthermore a
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FIG. 2. Packing arrangement of calcium-(R,S)-tartrate trihyd
pheres. Water molecules: blue dashed spheres. Tartrate molecula
n hydroxyl groups: white. The representations are almost edge-
efined by white landmarks, represents the plane indicated. (a) (1
rate crystals on the various developed faces. Calcium ions: green dashed
r backbone: yellow. Oxygen atoms: red. Hydrogens connected to oxygens
on views of the structures. The interface at the top of each structure,
00); (b) (011); and (c) (023) faces. The (023) face is representative of the
0kl6 family of faces. The directions of the a, b, and c crystallographic axes are indicated.
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29CELL ADHESION TO CRYSTAL SURFACES
onstant dynamic activity of molecules exchanging
t the lattice sites on the crystal surfaces, although
he structure is preserved.

ell Adhesion to the Crystals: Kinetic Features

Cultured epithelial A6 cells were seeded and incu-
ated in complete medium at 27°C on calcium meso-
artrate crystals.

The adhesion of the cells to the three face types,
1006, 50116, and 50kl6, and their fate are distinctly
ifferent. They will thus be described separately for
ach face. Figure 3 shows an overview of A6 cells on
ll the face types 6 h after plating. Cells associated
ith the 51006 and 50116 faces are mostly spherical
hile cells on the 50kl6 faces are well spread. The

rystals were grown directly attached to glass cover
lips, such that cells attached and spread on the
lass substrate provide a convenient control.
To determine the kinetics of cell adhesion to the

arious faces of calcium-(R,S)-tartrate trihydrate
rystals and to the culture dish, the number of cells
ttached to the different surfaces at different time
oints after plating was counted on SEM specimens
Fig. 4). The attachment of the cells to the 50116 faces
s relatively rapid and massive (,80 cells/mm2 at 5

in, ,300 cells/mm2 at 15 min, and ,1200 cells/
m2 following 1 and 6 h of incubation). Close exami-

ation of the 50116 faces by scanning electron micros-
opy following short (5–15 min) incubation with cells
evealed numerous cell remnants on the crystal
urface (Fig. 5c), suggesting that the cells interact
ven more intensively at short time intervals with
he 50116 surface, yet most of these interactions are
ransient and do not develop into stable adhesions.
he cells thus tend to detach, leaving distinctive

FIG. 3. Scanning electron micrograph of A6 cells plated on
alcium-(R,S)-tartrate trihydrate crystals after 3 h of incubation.
he top right crystal lies with its 51006 faces parallel to the glass
hile the top right and bottom crystals have their 51006 faces
erpendicular to the glass. The faces of the left bottom crystal are
arked as in Fig. 1. The cells around the crystals are spread on
ohe glass coverslip.
emnants with a diameter matching the size of a
ingle attached cell. After 1 h the process becomes
ess dynamic, and the cells remain attached to the
rystal surface. The initial attachment of A6 cells to
he 50kl6 faces is slower (,750 cells/mm2 at 1 h of
ncubation) and the numbers increase with time
ntil confluence is reached (,1600 cells/mm2). Cell
ttachment to the 51006 faces was detected within
everal minutes after plating. The number of at-
ached cells was, however, low, around 45 cells/mm2

t 5–15 min of incubation, and slowly increased to
round 400 cells/mm2 after 1 h of incubation and to
00 cells/mm2 after 24 h of incubation. On the tissue
ulture dish the number of cells initially attached
as around 45 cells/mm2 at 5 min of incubation and

inearly increased with time to over 4000 cells/mm2

t 24 h of incubation.

ell Interactions with the 50116 Faces

Scanning electron microscopy indicates that the
dherent cells on the 50116 faces are initially spheri-
al (Fig. 5a), attached through a foot-like structure,
nd even after longer incubation (3 h), the cells do
ot spread (Fig. 5b). Examination of the interface
etween the cell and the crystal by transmission
lectron microscopy shows areas with tight adhe-
ions to the surface flanked by areas in which a wide
ap between the membrane and the crystal was
oted (Fig. 5d).
Immunofluorescence labeling (Fig. 6) of the cells

FIG. 4. Number of cells attached to the various faces of
alcium-(R,S)-tartrate trihydrate crystals, after different incuba-
ion times. 51006 faces (§); 50116 faces (r); 50kl6 faces (D); tissue
ulture dish (L). The error bars indicate the standard deviation of
ach data point.
n the 50116 faces after 24 h of incubation using
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30 ZIMMERMAN, ADDADI, AND GEIGER
nti-vinculin and anti-paxillin antibodies gave no
vidence for focal contact formation (Fig. 6, (011)), in
ontrast to cells growing on the culture dish or the
lass coverslips (Fig. 6, dish). Observations were
ade with a laser confocal microscope, to allow

isualization of the interface between cell and crys-
al.

Staining with DAPI indicated that individual cells
ttached to the 50116 faces at 24 h after plating
howed, in most cases, fragmented nuclei typical of
poptotic cells (Fig. 7, (011)).

ell Interaction with the 50kl6 faces

In contrast to the cells on the 50116 and 51006 faces,

FIG. 5. Scanning (a,b,c) and transmission (d) electron micr
rihydrate crystals for various incubation periods: (a) 30 min; (b) 3
nterrupted by a stretch of an (0kl) face in the middle (where the
overslip. (c) Cell remnants on a (011) crystal face after a 15-min in
ote that the angles between the crystal faces in this section do no
ue to the direction of sectioning, which is not necessarily perpend
he cells attached to the 50kl6 faces spread rapidly
nd within 1–3 h cover most of the crystal surface.
his spreading was considerably faster than that
bserved on the glass coverslips (Fig. 3) or even the
issue culture dish. The overall morphology of the
pread cells observed by SEM (Fig. 8a) and TEM
Fig. 8b) is flat; they display an apical-basolateral
olarity when reaching confluence and are usually
ligned along the long axis of the face. These cells
nteract with one another through well-developed
unctions (Fig. 8b). Transmission electron micros-
opy indicated that the interaction with the 50kl6
aces was mediated by specific regions along the
entral cell surface, presumably corresponding to
ocal contacts (Fig. 8b).

s of A6 cells plated on the 50116 faces of calcium-(R,S)-tartrate
(011) crystal face appears at the left and right sides of the picture,
re spread). The cells in the background are attached to the glass
on. (d) Cell attached to the (011) face, following a 24-h incubation.
spond to the dihedral angles between the 51006 and the 50116 faces
to the crystal plate.
ograph
h. The
cells a
cubati
t corre
Addition of 50 µg/ml of a synthetic RGD peptide,
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31CELL ADHESION TO CRYSTAL SURFACES
n inhibitor of integrin-mediated interactions of
ells with adhesive proteins such as fibronectin and
itronectin, completely inhibited cell adhesion to the

0kl6 faces (data not shown).
Immunofluorescence staining confirmed that cells

pread on the 50kl6 faces form extensive vinculin-rich
ocal contacts (Fig. 6, (0kl)). The structural organiza-
ion and size of these focal contacts was by and large
imilar to that of focal contacts formed by cells
rowing on glass coverslips (Fig. 6, (0kl), dish).
DAPI staining showed that the nuclei of cells

ttached to the 50kl6 faces was flat and apparently
ntact (Fig. 7, (0kl)).

ell Interactions with the 51006 Faces

A6 cells attach to the 51006 faces (the large plate
aces) of calcium-(R,S)-tartrate crystals, yet they
emain mostly spherical even following long (24 h)
ncubation (Fig. 9b). Occasionally spread cells were
bserved on the {100} faces (Fig. 3), yet they were

FIG. 6. Confocal immunofluorescence microscopy of A6 cells p
fter a 24-h incubation and immunolabeling with an antibody a
iewed at the focal plane of the (100) face. The insert shows the sa
ight) An aggregate of cells viewed at the focal plane of the (100)
igher focal plane. (0kl) (Left and right) Spread cell viewed obliqu
ypical focal contacts. (011) A single cell attached to a (011) face vi
eld viewed at a higher focal plane. (Dish) A well-spread cell attach
sually associated with macroscopic steps on the a
rystal surface, locally exposing different crystal
lanes.
Continuous light microscopic monitoring of cells

ttached to the 51006 faces using time-lapse cinema-
ography (Fig. 9a) showed that the cells associated
ith the crystal surface are highly motile. Following
long incubation time, cells undergo progressive

lustering and at 24 h nearly 80% of the cells form
ulticellular aggregates (Fig. 9a, 24). These aggre-

ates, typically composed of three to eight cells (Fig.
c), are attached to the surface through one or two
ells and retain motile activity. Transmission elec-
ron microscopy showed that the cells in these
ggregates are tightly associated with one another,
hile the attachment to the crystal surface is limited
nd apparently discontinuous (Fig. 9d).
Immunofluorescence staining for vinculin or paxil-

in indicated that A6 cells do not form focal contacts
ith the 51006 faces, irrespective of whether the cells
re single (Fig. 6, (100) left) or in multicellular

n the different faces of calcium-(R,S)-tartrate trihydrate crystals
vinculin to visualize focal contacts. (100) (Top left) A single cell
l at a higher focal plane away from the crystal surface. (100) (Top
The insert shows the same aggregate, containing four cells, at a
e observation plane, on one of the 50kl6 faces. The asterisks mark
t the focal plane of the crystal face. (Inset) The same microscopic

the glass coverslip, showing typical focal contacts.
lated o
gainst
me cel
face.
e to th
ewed a
ggregates (Fig. 6, (100) right). Similarly, staining
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32 ZIMMERMAN, ADDADI, AND GEIGER
ith rhodamine-labeled phalloidin showed no evi-
ence of actin bundle organization in the cells at-
ached to these faces.

ffect of Surface Topography on Cell Interactions
with the Crystal Surface

Crystal imperfections (spiral dislocations) on the
1006 faces of the calcium-(R,S)-tartrate trihydrate
rystals are highly favorable sites for stable attach-
ent of individual or aggregated A6 cells (Fig. 10a).
canning electron microscopy shows that following
elatively long incubation (24 h), cells have a ten-
ency to reach imperfections on the crystal surface

FIG. 7. Fluorescence micrographs of DAPI-stained cells 24 h
fter plating on the different faces of calcium-(R,S)-tartrate
rihydrate crystals. (Top) Bright-field (left) and DAPI (right)
mage of a crystal with cells attached to the (100) face. Note one
ingle cell with a fragmented nucleus and a multicellular aggre-
ate with intact nuclei. (0kl) Cells attached and spread on 50kl6
aces, observed face-on (left) and edge-on (right). The nuclei are
ntact. (011) Two nuclei of two single cells attached to a crystal.
he cell attached exclusively to the (011) face is seen edge-on and

ts nucleus appears fragmented. (Dish) Intact nuclei of well-
pread cells on the glass coverslip. Scale bar 5 10 µm.
nd adhere to them. Transmission electron micros- c
opy of ultrathin sections, cut roughly perpendicular
o the 51006 plane (Fig. 10b), indicated that cell
xtensions often penetrate through the imperfec-
ions down to at least 7–8 µm into the crystal. This
as also confirmed by confocal microscopy using

ells stained for vinculin. The original growing dislo-
ations are generally not larger than a few crystal
nits (nanometers to tens of nanometers), yet in the
resence of the penetrating cells they expand to the
icrometer range. The width of these dislocations

nd their depth under the 51006 faces strongly sug-
est that the cells are actively involved in expanding
he imperfections. Typically, the penetration of the
ells into these structures was mediated by thin
rocesses that were tightly attached to the lateral
alls of the grooves. These membrane protrusions
ither reached the bottom of the groove (Fig. 10d) or
ere shorter, with extracellular material filling the
ap between the tip and the crystal walls (Fig. 10c).
he crystal surfaces exposed inside the imperfec-

ions are often rough and extended at variable
ngles, such that it is impossible to define their
ndices with certainty.

poptotic Fate of Cells Attached to the 51006 Faces

DAPI staining of the cells remaining on the 51006
aces following 24 h of incubation indicated that
bout 80% of the nuclei of single cells are undergoing
rogressive fragmentation, typical of apoptotic cells
Fig. 7, (100), cell on the right). Cells in the multicel-
ular aggregates on the 51006 faces, on the other hand,
ere apparently protected from this apoptotic fate,
nd even after longer periods, over 80% of their
uclei were apparently normal (Fig. 7, (100), cells on
he left). These observations suggest that cell–cell
dhesion can rescue cells attached to the 51006 faces
rom apoptosis by providing specific survival signals.

DISCUSSION

During the past several years, a series of studies
nvolving cell adhesion to crystal surfaces was car-
ied out, in an attempt to systematically define the
tructural and chemical characteristics of substrates
hat influence cell behavior at the different stages of
dhesion (Hanein et al., 1993b, 1994, 1995, 1996).
tudies on cell adhesion to crystals of calcium-(R,R)-
artrate and calcium-(S,S)-tartrate showed that cells
re sensitive, in their initial attachment, to the
omposition of the substrate, its structural organiza-
ion, and even the stereochemistry of the molecular
oieties comprising its surface. In order to study the

ature and effect of this high level of recognition by
ne-tuning of the cell–substrate interactions, cal-
ium-(R,S)-tartrate was selected for the present
tudy. This is the minimal possible molecular modifi-

ation relative to the two previously studied isomers,



i
p
m
t
t
s
t
o

a
c
f
s
t
s
c
c
c
a
t
s
t
i
t
i
t
t

(
c
a
e
5
u
f

b
m
t
c
t
1
w
w
o

s
w
t
d
o
w
f
a
t
t
w
l
t

m
s
m
p
a
a
t
i
b
o

c

33CELL ADHESION TO CRYSTAL SURFACES
n that it leaves the chemical formula of the com-
ound untouched. The stereochemistry of the whole
olecule is, however, not related by symmetry to the

wo mentioned above. The structure of the crystal is
hus bound to be different, and indeed it is. The
tudy of this crystal consequently allowed new fac-
ors that have important effects on the development
f cell adhesion to be discovered and studied.
The new observations relate especially to the

dhesive behavior on the large plate faces 51006 of the
rystal and may be accounted for in light of two main
actors: the presence of water molecules bound to the
ubstrate surface and the topographical aspects of
he same surfaces. It was observed that, whereas
urface-bound water is, in itself, not compatible with
ell spreading and long-term survival, it does allow
ell attachment and motility. Cell–cell contacts that
ompensate for the lack of matrix attachment and
llow cell survival consequently develop. In addition,
opographical irregularities, originating from these
urfaces, which are accompanied by drastic struc-
ural differences, promote cell adhesion and spread-
ng and stimulate penetration of cell processes into
he crystal bulk. We will offer an explanation for the
nterplay between attachment, spreading, aggrega-
ion and penetration, based on the molecular struc-
ure of the various surfaces.

A6 cells attach to the 51006 faces of the calcium-
R,S)-tartrate trihydrate crystals via a foot-like pro-
ess without forming focal contacts and actin bundles
nd without undergoing spreading. Time-lapse cin-
matography indicated that cells attached to the

1006 faces are highly motile and have a tendency to
ndergo clustering. The molecular structure of these

FIG. 8. Scanning (a) and transmission (b) electron micrograph
rystals, 3 (a) and 24 h (b) after plating.
aces is such that they are covered, at any given time, t
y a continuous layer of water molecules. These
olecules differ from regular hydration water in

hat they are bound to the surface at crystallographi-
ally defined positions and with an energy higher
han the average hydration energy/molecule (Vogler,
998). Although they may be rapidly exchanging
ith bulk water, the overwhelming concentration of
ater in aqueous solutions will always favor full
ccupancy of the surface sites.
It is thus clear that a cell, when approaching the

urface, is confronted with a layer of structured
ater. The approaching cell has then, at least in

heory, a number of options: (1) The cell might not
istinguish between the structured water molecules
n the crystal surface and bulk water and therefore
ill not attach. (2) The cell may distinguish and

avor the structured water on the crystal surface and
ttach to it. (3) The cell may be able to directly sense
he groups underlying the water layer and attach to
hem. (4) The cell may loosely bind to the structured
ater layer and ‘‘hang on’’ there long enough to

ocally remove water molecules and directly adhere
o the underlying layer.

The different cellular and molecular orders of
agnitude should be pinpointed here in the dimen-

ions of size, time, and energy, relative to the attach-
ent process. The single molecular moieties that

articipate in one binding event are on the order of
ngstroms in size; the tips of the cellular protrusion
re on the order of fractions of micrometers. The
ime-scale of the formation of one single chemical
nteraction, such as the exchange of hydrogen bonds
etween water molecules, is on the order of picosec-
nds. Cell filopodia establish and retract their con-

cells spread on the 50kl6 faces of calcium-(R,S)-tartrate trihydrate
s of A6
acts with the matrix within seconds. It is thus
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34 ZIMMERMAN, ADDADI, AND GEIGER
easonable to assume that each protrusion will
stablish a number of chemical interactions,
cting cooperatively in the initial attachment
o the surface (Sackmann, 1996). The cellular
rotrusion may, in turn, extend and flatten, increas-
ng the number of interactions. In addition, long-
ange cooperativity due to the extension of adhe-
ion to new membrane protrusions may also contrib-
te to the strength of attachment of the cells to the
urface.
We know that the number of cells initially at-

ached per unit area of the plate faces is the lowest
elative to the other two face types and the cul-

FIG. 9. (a) Time-lapse microscopic tracing of A6 cells on (100) f
6, and 24 h after plating. Bar, 100 µm. Note the progressive cell a
f cells on the 51006 faces 6 (b) and 24 h (c) after plating. (d) Transm

1006 face 24 h after plating.
ure dish. The percentage of encounters evolv- o
ng into binding to this crystal face is thus the
owest. This suggests that an abundance of bulk
ater reduces the probability of effective inter-
ction with surface-bound water and/or that the
inding energy developed in the encounter is not
lways sufficient to hold the cell attached to the
urface.
It is still not clear whether the short- and long-

erm (minutes–hours) association with the surface
ccurs via direct binding to surface water molecules
r involves active removal of water molecules to
llow cell interaction with the underlying layer. The
bserved behavior is, however, consistent with previ-

a calcium-(R,S)-tartrate trihydrate crystal photographed at 5, 13,
tion (marked with an arrow). (b,c) Scanning electron micrographs
electron micrograph of a multicellular aggregate of A6 cells on the
aces of
ggrega
ission
us data, showing direct binding (not mediated
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35CELL ADHESION TO CRYSTAL SURFACES
hrough exogenous proteins) of cells to surfaces that
re decorated with water and hydroxyl groups simi-
ar in their binding affinity to water molecules.

The lack of cell spreading on the 51006 faces is
onsistent with the finding that matrix proteins
such as fibronectin) do not adsorb on this surface.
he inability of water-bound surfaces to adsorb
roteins has been previously reported by Hanein et
l. (1993a), who compared fibronectin adsorption to
series of crystal surfaces with increasing amounts

f surface-bound water. It was shown that the extent
f adsorption was inversely proportional to the ex-
ent of coverage of the surface by bound water,
eaching levels below detection on surfaces that are
ompletely covered by water molecules. The most
robable explanation of this effect is based on the
elatively high energy required to remove the water
f hydration of both protein and crystal surface,

FIG. 10. (a) Scanning electron micrograph of A6 cells attache
b–d) Transmission electron micrographs of cell extensions penetr
efore the protein can adsorb. e
The fact that cells can bind to the same surfaces
here proteins cannot adsorb indicates a different
inding mechanism. This may be attributed to the
igher cooperativity of cellular interactions, relative
o a protein, due to the large difference in dimen-
ions. Alternatively, it may be due to the specific
ature of the binding groups on the cell surface,
ifferent from those on proteins. To further develop
ocal contacts and spread on the surface, the cells
eed to bind to substrate-attached matrix proteins,

eading to integrin-mediated adhesion. In the ab-
ence of protein binding to the surface, integrin-
ediated adhesion cannot occur. The cell may, how-

ver, remain motile. The cells attached to the 51006
aces are bound through an extended network of
ydrogen bonds to rapidly exchanging molecules.
he locomotion in this case involves establishment of
ew bonds while retracting others, in a highly coop-

piral dislocation emerging from the 51006 face, 24 h after plating.
side crystal dislocations, 24 h after plating.
d to a s
rative process. The removal of a number of hydro-
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36 ZIMMERMAN, ADDADI, AND GEIGER
en bonds while forming an equal number of other,
erfectly equivalent, bonds is not expected to cost in
erms of energy. In this context, it is worth noting
hat many highly motile cells (i.e., neutrophils) do
ot form extensive adhesions and that large focal
ontacts are more characteristic of stationary cells.
The long-term behavior of A6 cells on the 51006

aces provided some additional insight into the in-
olvement of cell–matrix and cell–cell adhesion in
he prevention of apoptosis. Single A6 cells attached
o the 51006 faces for extended periods (.24 h) cannot
urvive and apparently undergo apoptosis. This is
onsistent with the current view that integrin-
ediated interactions trigger signaling events in

pithelial cells that are essential for cell survival
Hanein et al., 1996; Frisch and Francis, 1994;
risch and Ruoslahti, 1997; Aoshiba et al., 1997;
ermiston and Gordon, 1995; Kataoka et al., 1993;
indhout et al., 1993; Peluso, 1997; Peluso et al.,
996; Raff, 1992). However, it is shown here that
ell–cell interactions can substitute for cell–matrix
dhesions in preventing apoptosis. Such interactions
an take place on the 51006 faces since the attached
ells on these faces remain highly motile and tend to
orm surface-attached multicellular aggregates. As
hown here, over 80% of the cells are viable, suggest-
ng that intercellular interactions can generate ‘‘sur-
ival signals’’ and rescue the cells.
In contrast to the behavior on the 51006 faces, cell

nteractions with the smooth lateral 50116 faces of the
rystals are relatively rapid, as deduced from the
umerous traces of detached cells found on these
aces following only a few minutes of incubation. It is
onceivable that while the initial interactions of the
ells with the 50116 faces are rather rapid, they are
ot sufficiently robust and stable to retain the cells
ttached. It is only after at least 5–15 min of
ncubation that multiple local interactions are
ormed, tethering the cells to the crystal surface.
espite this delay between formation of initial con-

acts and establishment of stable adhesions, the
verall rate of cell attachment to the 50116 crystal
aces is still higher than the rate of attachment to the
ther faces of the crystal or even to the tissue culture
ish. The attached cells are, however, not motile, do
ot spread, do not form focal contacts and stress
bers, and do not survive following prolonged incuba-
ion, despite the presence of fibronectin on the
urface. This behavior is reminiscent of that ob-
erved on the hydroxylated surfaces of calcium-(R,R)-
artrate tetrahydrate crystals. It was attributed to
he high density of binding groups on this crystal
urface, leading to what appears to be a cell ‘‘paraly-
is.’’ Interestingly, the structure of the relevant faces
f calcium-(R,R)-tartrate is remarkably similar to

hat of the 50116 faces of calcium-(R,S)-tartrate. Both s
rystal faces expose rows of hydroxyl groups interca-
ated by rows of water molecules. The third isomer,
S,S6, which is the mirror image of 5R,R6 in its

olecular, crystalline, and surface structure, how-
ver, did not bind cells to its hydroxylated faces. This
ndicates that the chemical nature of the exposed
roups per se is not sufficient to account for the
ttachment behavior and that recognition of the
aces by the cells is stereoselective.

The evidence collected on the three isomers, consid-
red together, strengthens the hypotheses advanced
reviously and leads to a number of tentative conclu-
ions: (i) Cell attachment is induced by the groups
xposed at the surface, no matter what is immedi-
tely underlying it. Thus different faces may have
ifferent attachment behavior, even though they are
omposed of the same molecules. (ii) Surfaces expos-
ng hydroxylated carbons are particularly inducive
o attachment as already observed on different artifi-
ial substrates (Curtis et al., 1986). Thus the (R,R)
nd (R,S) isomers behave analogously, even though
he structure is not the same. (iii) Cell attachment
ccurs through cooperative interactions of many
roups whose individual binding is stereospecific.
hus, the cells attach to the hydroxylated 50116 faces
f both the (R,R) and the (R,S) isomers, but not to
he same faces of the (S,S) isomer. The attachment
n the 5R,S6 isomer appears to differ from that on the

R,R6 quantitatively, rather than qualitatively. It is
empting to suggest that the intensity of the binding
s regulated by the density of the groups of the
orrect stereochemistry, R. This ‘‘dilution’’ of binding
roups might explain why the attachment is less
assive on the (R,S) crystal. It appears, however,

hat on both (R,R) and (R,S) crystal faces the density
f the binding groups is still high enough to prevent
nteraction via specific ECM receptors, which is a
rerequisite for focal contact formation and cell
urvival.
It is appropriate to note here that while apoptosis

f cells on both the 50116 faces and the 51006 faces
ppears to be related to failure to interact with the
CM, the mechanism underlying this failure is
istinctly different on the two faces. On the 51006
ater-bound faces, matrix proteins do not easily
dsorb and thus are not available to the cells. In
ontrast, on the 50116 faces, matrix proteins do adsorb
ut the cells form initial firm binding that appar-
ntly prevents them from interacting with the ma-
rix proteins.

Cell spreading and focal contact formation occur
nly on the faces of the 50kl6 family. At the submi-
rometer level, these faces are rough. At the molecu-
ar level, they display a broad range of surface
rganizations. They are composed of segments of

table crystallographic faces whose combination re-
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37CELL ADHESION TO CRYSTAL SURFACES
ults in a given average index 50kl6, with each
egment, and thus each crystallographic motif, re-
eating in an ordered sequence. On these faces,
roteins, including fibronectin, do adsorb. Proteins
re known to adsorb preferentially at crystal imper-
ections and on surfaces decorated by molecular
teps or kinks, namely rough surfaces. This is due
oth to their large surface area and to incomplete
ormation of crystal layers. Here a wide variety of
unctional groups, which would be buried in a com-
lete layer, are left exposed and free to interact with
oreign adsorbates.

Concomitant to protein adsorption, the cells spread,
atten extensively on the 50kl6 faces, and within less
han a day completely cover the surface. They form
inculin-rich focal contacts and assemble stress fi-
ers. There is ample evidence that the formation of
hese structures depends on RGD-mediated interac-
ions with the appropriate integrins on the cell
urface and on cell contractility (Bershadsky et al.,
996; Chrzanowska-Wodnicka and Burridge, 1996).
ollowing spreading on the 50kl6 surface, the cells
emain vital even after prolonged incubation in
ulture and show no tendency to undergo apoptosis.
Apparently, combinations of the chemical nature

nd topography of the 50kl6 faces provide the essen-
ial conditions for focal contact, stress fiber forma-
ion, and survival. We cannot define at this stage
hether this cell behavior is linked to protein adsorp-

ion or directly to the molecular structure of the
urface and/or its macroscopic topography. Within
he latter parameters, it is also unclear whether the
ixed character of the surface itself or the contribu-

ion of each of the structural motifs separately (as in
‘‘mosaic’’ structure) is promoting the adhesion and

preading of the cells.
Whichever the explanation for the cell behavior on

he 50kl6 faces is, it is consistent with the cell
ehavior on the macroscopic imperfections that
merge from the large plate face of the crystal. Here,
ells extend long protrusions deep into the crystal,
long surfaces that are of the 50kl6 type. Active
preading of these extensions into these sites is
pparently sufficient to induce cell survival, al-
hough the overall morphology of the cell body, which
s mostly confronting the plate face, remains spheri-
al. This indicates that the cell, while minimizing its
ontact area with the 51006 surface, maximizes its
ontact area (even only by a protrusion) with other,
ore congenial surfaces and survives. The penetra-

ion is active and the cells appear to expand the
riginal size of existing cracks and push their way
eep into the crystal. It is yet to be determined
hether the cell itself applies the force to widen the

rack or rather induces local dissolution of the

rystal.
Crystals have been used here as adhesive surface
odels for the characterization of specific molecular

vents involved in various stages of the adhesion
rocess. We note, however, that they are also in-
olved in contacts with cells in a number of physiologi-
al and pathological conditions. For example, the
one-resorbing activity of osteoclasts appears to be
riggered by the presence of apatite crystals in bone
Chambers, 1988). Macrophages and endothelial cells
ctively interact with cholesterol crystals in athero-
clerotic plaques (Guyton, 1994) and adhesion of
alcium oxalate and other crystals to the epithelial
ayer lining the kidney is associated with kidney
tone formation. In the latter system, preference for
dhesion of the crystals to cell monolayers through
ne crystal face was observed (Lieske et al., 1996).
he determination of the importance of structural
arameters of solid substrates in cell adhesion may
hus have direct relevance to biological situations.
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