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ABSTRACT We have employed an interferometric technique for the local measurement of bending modulus, membrane
tension, and adhesion energy of motile cells adhering to a substrate. Wild-type and mutant cells of Dictyostelium discoideum
were incubated in a flow chamber. The flow-induced deformation of a cell near its adhesion area was determined by
quantitative reflection interference contrast microscopy (RICM) and analyzed in terms of the elastic boundary conditions:
equilibrium of tensions and bending moments at the contact line. This technique was employed to quantify changes caused
by the lack of talin, a protein that couples the actin network to the plasma membrane, or by the lack of cortexillin | or Il, two
isoforms of the actin-bundling protein cortexillin. Cells lacking either cortexillin | or Il exhibited reduced bending moduli of 95
and 160 kgT, respectively, as compared to 390 kT, obtained for wild-type cells. No significant difference was found for the
adhesion energies of wild-type and cortexillin mutant cells. In cells lacking talin, not only a strongly reduced bending modulus
of 70 kgT, but also a low adhesion energy one-fourth of that in wild-type cells was measured.

INTRODUCTION

For an amoeboid cell, the composite plasma membraneheological study using a torsion pendulum (Eichinger et al.,
comprising the lipid-protein bilayer and the subjacent actin1996).
cortex, controls the shape and motility of a cell as well as its  To quantify the influence of actin-binding proteins on the
ability to adhere to a solid substrate (Sackmann, 1994). Kepending elasticity of the cell cortex and the strength of
parameters are the intrinsic stiffness of the cytoskeleton anddhesion in single cells, we developed an interferometric
its coupling to the lipid-protein bilayer. These parameterstechnique for measuring bending modulus, membrane ten-
reflect the activities of a wide variety of proteins that sion, and adhesion energy. Adhering cells were exposed to
mediate the cross-linkage and bundling of actin filamentsa small hydrodynamic flow. It is impossible to evaluate the
(Sato et al., 1987; Janmey et al., 1990), as well as th@ow-induced deformation of the cell envelope as a whole
binding of these filaments to the protein-lipid bilayer (Hor- because of its very complex and heterogeneous structure.
witz et al., 1986; Isenberg and Goldmann, 1992; Geiger et ocally, however, the shape of the composite cell envelope
al., 1995; Jockusch et al., 1995) is in good approximation determined by two elastic bound-
In previous studies, the effect of cytoskeletal proteins orary conditions: the equilibria of tensions and bending mo-
the motion oictyostelium discoideurcells was addressed ments. We used reflection interference contrast microscopy
(Schindl et al., 1995; Weber et al., 1995). Mutants lacking(RICM) to determine the flow-induced deformation of the
two actin cross-linking proteinsq-actinin and 120-kDa cell contour near the contact area. Analysis of this local
gelation factor, and an actin filament-severing protein, thejeformation in terms of the above boundary conditions
gelsolin homolog severin, did not differ significantly from yields values for the bending modulus and the adhesion
wild-type cells in their motility on albumin-coated glass, a energy, without having to consider global shape changes of
substrate of optimal adhesiveness. However, on freshlyhe cell.
cleaved mica, a Weakly adhesive SUbStrate, the mOUIlty of Viscous shear forces have been Successfu”y used to
the triple mutants was impeded. This behavior could beneasure molecular parameters of cell adhesion, such as the
attributed to a reduced bending elastic modulus of theinetics of formation and breakage of receptor-ligand bonds
composite plasma membrane due to the elimination of actin@EvanS’ 1985; Hammer and Lauffenburger, 1987; Xia et al.,
cross-linking proteins. More recently, an influence of the1993: Xiao and Truskey, 1996) or the density of receptors
same actin cross-linking proteins on the viscoelastic ProptAlon et al., 1995). Flow chambers have been employed for
erties of a pellet oDictyosteliumcells has been shown in a studying detachment (Gallik et al., 1989; Xia et al., 1994),
adhesion (Tissot et al., 1992; Olivier and Truskey, 1993), or
rolling of cells (Zhao et al., 1995) on functionalized sub-
Received for publication 13 May 1997 and in final form 26 Septemberstrates_ In these studies the laminar flow velocity was usu-
i?j?i:éss reprint requests to Dr. Rudolf Simson, Technische Unii'/ersitaa“y hlgh enoth to detach the Cel.ls: Ir? the present. StUdy the
Munchen, Institut fu Biophysik E22, 85748 Garching, Germany. Tel.: shear forces We_re kept small to minimize deformation of the
++49-89-2801-2478; Fax: +49-89-2891-2469; E-mail:rsimson@physik. CE€llS and to avoid their detachment. The exerted shear forces
tu-muenchen.de. altered the cell contour near the adhesion area only slightly.
© 1998 by the Biophysical Society The small changes in this area could be detected with high
0006-3495/98/01/514/09  $2.00 accuracy by using RICM.
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To determine the influence of specific actin-binding pro- Setup
teins on the intrinsic stiffness of cell-cortex and on cortex- ) ) )
The flow chamber consisted of two Plexiglas blocks serving as cover (1)

b”ayer coupllng, we compared mutant cells deficient Inand base plate (ll) and of a glass coverslip (FigA)L The coverslip

cortexillin 1, cortexillin II, or talin with wild-type cells.  forming the bottom wall of the flow channel was fastened between the base
Cortexillins 1 and Il contain the conserved actin-binding and the cover plate. A rectangular cut across the cover plate served as the
sites characteristic of the-actinin/spectrin superfamily of actual flow channel. The chamber was sealed with silicon grease and
F-actin cross—linking proteins (Faix et al., 1996). The Cor_mounted on the stage of an inverted microscope. To allow a laminar flow

texillins are distinquished from other members of this Su_to become established in the flow chamber, the channel ldrk to be
9 greater thaghR, (Van Kooten et al., 1992). HerR, = pQ/(b + h)n is the

perfamily by forming parallel dimers through the interaction geynolds numbe andb are the channel height and width, respectively;
of a long coiled-coil domain in the C-terminal halves of the Q is the flow rate in mi/sp andn denote the density and viscosity of the
subunits. Elimination of either isoform causes slight defi-fluid; andgis a numeric factor of-1.8 (Bowen, 1985). A self-built syringe
ciencies in cytokinesis, resumng in an increased proportiorﬁ’“mp (Fig. 1B) was used.for controlling flow rat® and the resulting shear
of multinucleated cells. The isoforms cooperate in enabling>” = 679/ bi¥, ranging from 4 to 12 dyne/cfn .

.. . . . For RICM we used an Axiomat inverted microscope (Zeiss,
the cells to divide and in Stab||IZ|ng the cell shape. Elimi- Oberkochen, Germany) with a Zeiss Antiflex-Neofluar@3.25 oil im-
nation of both cortexillins results in giant, extremely flat mersion objective, supplemented by nonstandard optical devices for addi-
multinucleated cells (Faix et al., 1996). The focal adhesiortional magnification. For illumination, the 546.1-nm line of a high-pressure
protein talin of vertebrate cells binds gintegrin (Horwitz mercury arc lamp (HBO100/W2, Osram) was filtered out with a band-pass

. . . il i i i i 0, 0,
et al., 1986) and nucleates actin polymerization at lipig'te" (ine width 5 nm, peak transmission 85%) and reflected by a 50%
mirror into the objective. The interference images of adhering cells were

membranes (Kaufmann et al., 1992), thereby playing a ke}ﬂrojected onto a CCD camera (HR-480; Aqua-TV, Kempten, Germany)
role in coupling the actin cortex to the membrane (Isenberging recorded with a 1/4-inch S-VHS video recorder (AG7350; Panasonic).
and Goldmann, 1992; Jockusch et al., 1995; Geiger et alRecorded sequences were digitized with a Macintosh Quadra 950 (Apple
1995). Dictyosteliumcells contain a full-length talin ho- Computer) equipped with Pixel Tools imaging boards (Perceptics, Knox-
molog of 269 kDa. Elimination of this protein by targeted viIIe', TN) and |mage VDM softwgre (Perceptics). A customized version of

. . . . the image analysis software National Institutes of Health-Image (W. Ras-
gene dI_S.rUptlon results In_reduced SUDStrat? adhesion and l!)gnd, National Institutes of Health, Bethesda, MD) was used to analyze the
a conditional phagocytosis defect, depending on the adhgsterference images.
siveness of the particle to be taken up (Niéwer et al.,
1997).

Compared to wild-type cells, the cells of all three mutants
exhibited markedly reduced bending moduli. This reduction
was more pronounced for talin and cortexillin I mutants
than for the cortexillin 1l mutant. The adhesion energy of flow channel
cells lacking talin was reduced to one-fourth, whereas it was N
barely impaired in cells deficient in one of the bundling F
proteins. These results underline an important role of talin in
lipid bilayer-cytoskeleton coupling, and indicate a strong
influence of this coupling on cell-to-substrate adhesion.

objective

syringe pump

MATERIALS AND METHODS

Culture and preparation of cells

Mutant and wild-type AX2 cells oDictyostelium discoideurwere culti-
vated on SM agar plates, usiidebsiella aerogenesas a bacterial food
source (Sussmann, 1966). Three different mutants obtained by gene di
ruption were examined in this study. Mutant HG1666 failed to produce
talin (Niewthner et al., 1997). The two other mutants were defective in theconsisting of two Plexiglas blocks connected with screws, one block

producpon of either cortexﬂhp | or cortexillin 1l (Faix et al., 1996). serving as a cover plate (1), the other as a base plate (Il). A glass coverslip
Immediately before the exp.erlmeht, cells were taken from the edge of ?orming the bottom wall of the flow channel was held in the recess of the
colony and washed three times in cold 17 mM K-Na phosphate buffelyase plate. The rectangular flow channel had been cut into the cover plate.
(Soerensen), pH 6.0, to remove the bacteria. The washed cells were diluteghe flow channel was 5.9 cm long, 5 mm wide, and 50@ high. The

to a density of~10” mlI™*, injected into the assembled flow chamber, and champer was sealed with silicon grease. Different flow directions are
allowed to attach to the substratum. For all experiments we used a bovingdicated by the arrows. The encircled area at the edge of a cell adhering
serum albumin (3 mg/ml BSA; Sigma)-coated glass coverslip(&4 X to the coverslip denotes the region of interest, which is observed by RICM.
0.17 mm) as a substratum, which formed the bottom wall of the flow (B) A home-made syringe pump, consisting of a stepping motor driving
channel. Cells were used for no moreritah after injection into the flow  two glass syringes, was used for controlling the rate and direction of flow
chamber. in the channel.

I%IGURE 1 Parallel-plate chamber for the measurement of flow-induced
deformation of adhering cellsA] Cross section of the flow chamber,
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Reconstruction of the cell contour near the ognized by changing the illumination numerical aperture (INA) (Ver-
contact zone with RICM and digital schueren, 1985; Schindl et al., 1995). To reduce the noise introduced by

rapidly moving cell organelles, we usually averaged images over two to
five frames. The cell contour was always reconstructed around the edge of

We examined the cell contour of adhering cells in terms of the spatigg the adhesion area, where the distance of the cell wall from the substrate
between cell membrane and substratum, in the proximity of their contactiSes continuously with increasing distance from thf‘ contactliféig. 2). .
zone, using RICM. The principle of image formation (Gingell and Todd, As has been pointed out in the framework of the “finite-aperture theory
1979; Gingell et al., 1982; Riéer and Sackmann, 1992; “Kuer and (R&dler and Sackmann, 1993; Gingell and Todd, 1979) or the “nonlocal

theory” (Kthner and Sackmann, 1996), the nonzero aperture angle of
illumination is important for measurement of the absolute height of an

image processing

Sackmann, 1996) is illustrated in FigA2 Briefly, light reflected from the
substratum|¢) interferes with light reflected from the ventral cell surface

(1), giving rise to the following intensity distribution of the image: object ak_)ove the substratum. In the present work only the shape of the_cgll
contour is relevant; the absolute height, however, is not. In this case it is
IX)=1,+1,+2 I 1l Fle, h(X)] ) sufficiently apcurate to assume a zero aperture angle for calguh{ﬁhg&_s_
shown by Kinner et al. (Kinner and Sackmann, 1996). In this simplified
-coq2kh(x) * (1 — G(a)) + &) approach, an inverse cosine transformation of the observed intensity dis-

tribution yields the cell contoun(x):
Both F andG are functions of the angle of the illumination aperture, and
k = 27m/A denotes the wave vector of the illuminating light in the buffer.
Assuming that the refractive index of the cell membrane is higher than the
index of the surrounding buffer, light reflected on the buffer-cell interface
experiences a phase jump &f= m. Therefore, the contact area of an
adhering cell appears_Qark in RICM. Aro_und the adhesion area, interferElaSﬁC model of the cell contour near the substrate
ence produces a specific fringe pattern (Fi@®)2hat depends on the shape
of the cell contouth(x). In contrast to the behavior of droplets of partially wetting liquids on solids,

Light reflected from cell organelles in close proximity to the substratum the adhesion of soft and closed shells is not only determined by the

can strongly perturb the interference pattern. These disturbances are regdhesion energyV and the surface tensiop but also by the elasticity of
the shell. For fluid lipid vesicles only bending elasticity is important, and
a rigorous theory relating the shape of the adhering vesicle to the mem-
A brane tension, the osmotic pressure, and the adhesion energy is available
membrane nz (Seifert and Lipowsky, 1990). In this case, bending modulus, adhesion
energy, and membrane tension can, in principle, be measured by analyzing
the three-dimensional shape of the vesicle.

The situation is much more complex for cells, because the cortical shell
-------- of a cell is not isotropic and the membrane exhibits bending elasticity as
h(x) well as shear elasticity. The effect of the latter on the cell shape can be
P neglected if the adhesion is weak and does not result in area changes of the

X shell. Recent studies of vesicle adhesion showed that the shape of adhering
soft shells near the substrate is determined by the following two boundary
conditions: first, the balance of tensions that can be expressed in terms of

h(x) = 4Lwn arccosl(x) — 1, — I,) (2)

buffer nq

Young'’s law,
|
2 W = y(1 — cosd,) (3a)
B interference fringe pattern where 9, is the contact angle angl is the surface tension; second, the
flf | equilibrium of bending moments relating the local radius of curvature
contact line L Il' R:1 = 9%h(x)/ox® at the contact line to the bending moduldsand the
\ adhesion energyV, according to

1
W= kIR (3b)

Unfortunately, a direct measurementRf is difficult and does not yield
reliable results (Raler et al., 1995). Following Bruinsma (1995), the
difficulty can be overcome by calculating the approximate contour by
minimizing the total free energ)G, of the shell in the rim region around

the contact lind.. In the absence of strong pinning centers, the contact line
FIGURE 2 Principle of reflection interference contrast microscopy. ( does not exhibit sharp edges. In this case the above boundary conditions
RICM images are formed by interference of light reflected from the surfacemust be fulfilled locally, and the free energyG of the contour per unit

of the glass substratunh,} with light reflected from the cell surface,].  length is

The maximum distancé(x) between substratum and cell surface still -

leading to visible interference fringes decreases with increasing angfle K Gzh(X) k/oh\2 0

illumination. For the setup used, this maximum distance wasum. (B) = {2( 92 ) + 2((%() }dX - W(X)dX (4)
The schematic RICM image of an adhering cell reveals that the adhesion e

area of a cell appears dark, because of a phase jump of light reflected atthe =~ ) ) ) .
buffer-cell interface. The contact lirle circumscribes the adhesion area, Minimizing AG yields a fourth-order differential equation,
where the cell forms close contact with the substratum. Outside of this area, PN a*n
the increasing distance between cell and substratum gives rise to a series of

interference fringes. Yo Ko™ 0 (5)
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The characteristic length scale= V'«/y embedded in this differential shear stresses were large enough to measurably alter the
equation separates regions of the cell contour dominated by lateral tensiqgontact angle and contact curvature of the cell.

from regions near the contact line that are dominated by the bending - : .
modulus (Fig. 3). The above description of the cell contour does not apply The relatlonshlp between shear flow and the resultlng

to regions of the cell where the membrane curvature within the plane of tnshape of adhering cells is very complicated and has only
substratum becomes large compared to the curvature perpendicular to tiien solved numerically for a few spherically symmetrical
substratum (or ). In particular, this is the case in close proximity to cell geometries (Goldmann et al., 1967; Olivier and Trus-
strong pinning centers, where sharp edges at the contact line would bpgey, 1993). For the analysis of nonsymmetrical cells, as
associated with an infinitely small bending energy. Therefore, measureg, o mined in the present work, we concentrated on the effect
ments were not performed in the vicinity of pinning centers. .

A solution h(x) of Eg. 5 can be obtained by considering the following of shear forces at the boundary region between cell surface
boundary conditionsh(x) = O within the contact area arfix) = 9xfor ~ and substrate, adopting the following approximation. Be-
x large and positive (Fig. 3), wher&, denotes the macroscopic contact cause of the bending stiffness of the composite membrane,

angle (Bruinsma, 1996): the shear force acting on the dorsal cell surface changes the
X — A) + 9 x=0 tension at the contact line (Bruinsma, 1995). According to a
h(x) = {OC ¢ X< 0 (6)  theorem of shell elasticity (Landau and Lifschitz, 1989), the

resultant of the load above the surface must be compensated
The contact anglé), can be directly measured by a least-squares fit to theby @ shift in the tension of the shell at the surface in the
tension-dominated linear part of the reconstructed cell contour (Fig. 3). Thelirection of the load. Therefore, the tension increasespy
?;Stanc‘? b(‘;t‘?_’ee” tt;‘e Cg”tact ”r_‘et_a'?d thiwt‘frsﬁftﬁﬂ of thet””tel"_"r fitwitht the edge of the cell facing the flow and decreases at the
T rageCPPOSIE Side b the same amount (Fg. 4. We used laser
at the edge of the adhesion area, as in the example in Riy. 5 scanning microscopy to determine the average height of

wild-type cells. To facilitate comparison of wild-type and

mutant cells, we evaluated only cells that had approximately
RESULTS the same size (controlled by bright-field microscopy) and
exhibited adhesion areas of comparable size (controlled by
RICM), so that the height of all cells could be considered to
As outlined in Materials and Methods, analysis of the conhe in the same range of5 um. This height was small
tact contour yields only two parametessand§, whereas  compared to the typical dimension of a cells contact area of
we have three unknown parameteys«, andW). To obtain  —15 ;m, or the height of the flow channel of 500m.
absolute values of bending stiffnegsand membrane ten- Considering this flat cross section of the cells along the
siony, we studied the effects of small shear forces on thejjrection of flow, the load on the cell can be approximated
contour and the length scale using wild-type and mutant py ¢ whereo is the applied shear stress angldenotes

cells of Dictyostelium discoideuniThe shear stresses ap- the width of the contact area parallel to the direction of flow.
plied ranged from 4 to 12 dyne/é&mThey were small

enough to prevent strong deformation or detachment of the

Effect of small shear forces on the cell contour

cells, as checked by phase-contrast microscopy. Yet these A: no flow
™ cell B
y | |
bending | tension / i
dominated | dominated / Lo
| Y |
| B: shear stress ¢ shear velocity
I /
contactline | /', V-89 el Vet+d0
contact / \ ] ]
curvature Rc'/ |/ B / L \
—_— v Iy Y- Ay 0 Y+ Ay

I I
0 A X FIGURE 4 Deformation of a cell in response to she&).A schematic
cross section of an undisturbed adhering cell exhibiting the contact angle
FIGURE 3 Theoretical height profile of adhering soft shells near the ¥, with the substratum. If the cell is exposed to a laminar shear fBw (
contact area. The predicted height profilg) perpendicular to the contact the contact angle is measurably increased on the edge of the cell facing the
line is governed by two boundary conditions, the balance of tensions anflow and is decreased on the opposite side. This change in contact angles
the equilibrium of bending moments. The characteristic lengteparates  is accompanied by a shift in membrane tensjodue to the shear stress
two regimes. For distances < A the cell contour is dominated by the exerted on the cell. For flat cells the shear str@sesults in an increase in
bending energy and is therefore curved. kor A the contour is dominated  the lateral tension at the edge facing the flow by approximatelys ol /2
by the lateral tension of the composite membrane, and approaches and a decrease at the opposite side by the same amount. Note that for the
straight line. Extrapolation of this line to the substratum defines hathd weak deformations used in this study, the diameter of the adhesioh area
the contact anglé).. does not significantly change because of the flow.
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Therefore, the flow-induced increase in tensidf at the  could be clearly established. The bending modwusas

edge of the cell facing the flow is given by strongly reduced for cells deficient in cortexillin I, and even
more for talin-deficient cells. Removal of cortexillin 1l
Ay~ 1 ol @) produced a smaller but still obvious reduction«of
2°7° A remarkable difference between cortexillin | and I

. : . mutants on one side and the talin mutant on the other was
Note that this equation only holds for small deformations, bserved in their lateral membrane tensiopsand their
where the bending modulus of the shell remains unaffected, j,,oqion energied/. In talin-deficient cellsW andy were
The shear-induced c;ha.mge in .tensimf .Wi" therefore markedly reduced, similar to the bendi,ng energy In
change the characteristic lengttin a predictable way. By oot only a slight reduction iV andy was observed for
measuringh in the absenw = \kly) andinthe cells lacking cortexillin 1. No reduction in these two param-
presence of floWd = \k/(y + Ay)), we have two equa-  gters could be observed for cells deficient in cortexillin II.
tions, from which both membrane tensigand the bending  tapje 1 summarizes the results obtained for wild-type and

modulusk can be obtained. The adhesion enevdgan be oy iant cells lacking cortexillin 1, cortexillin 1, or talin.
derived from Young's law (Eq. 3a) by measuring the con-

tact angle in the stress-free state.

The height profile of an undisturbed cell was recon-DISCUSSION
structed from RICM images along a section perpendicula
to the contact lineL. The characteristic length and the
contact angled. were obtained from a least-squares fit to
the linear portion of the profile. Subsequently, the sameTo assess the influence of actin-binding proteins on the
measurement was repeated along the same section shoréjastic properties of motile cells, we developed an interfero-
after a shear force was applied (Fig. 5). Note that themetric technique to evaluate small local deformations of
length-scaler decreases under the influence of flow, asadhering cells that are caused by hydrodynamic shear
predicted. Cell contours were always reconstructed at thérces. These deformations of the cell contour close to the
side of the cell facing the direction of flow. To avoid substratum can be analyzed in terms of two simple bound-
artifacts due to changes in the fringe pattern caused bygry conditions, the balance of tensions and the equilibrium
active cell movement, the time interval between measureef bending moments, without having to consider the com-
ments of the two compared contours was alway®5 s.  plex shape of the cell as a whole. By applying this technique
Furthermore, we chose only cells that exhibited a straighto wild-type and mutant cells dbictyostelium discoideum,
edge approximately perpendicular to the direction of flow,a marked dependence of the bending modwusnd the
which did not change considerably during this short timeadhesion energW on both the rigidity of the cytoskeleton
interval. Measurements were not performed in the vicinityand its coupling to the lipid-protein bilayer was observed.
of pinning centers, where additional strong lateral tension®ur results, quantifying changes in the physical properties
mask the effect of the applied flow. Finally, the cell density of cells that are caused by the absence of certain cytoskel-
in the flow channel (1®ml~") was sufficiently small to etal proteins, can be interpreted in the framework of the
prevent neighboring cells from affecting the laminar flow minimum elastic energy concept (Seifert and Lipowsky,
profile in the vicinity of an examined cell. 1990; Schindl et al., 1995; Bruinsma, 1995).

The length scale in our experiments ofL um is too
large for seeing small-scale heterogeneities in the actin

iEIastic properties deduced from local
measurements of adhering cells

Influence of three actin-binding proteins on cortex. However, there may be more global differences in
memb.rane tension, bending modulus, and the membrane properties, for instance, between the leading
adhesion energy and trailing edges of the cell. To make measurements be-

Values for the contact angle and the characteristic length tween different strains comparable, we have therefore al-
A of wild-type and mutant cells were determined and usedvays performed measurements on the side of the cell.

for the calculation of membrane tensignbending stiffness

k, and adhesion enerd¥. To facilitate a comparison of the
results, only cells with approximately equal volume and
height were evaluated.

In the absence of an external force, wild-type and mutanfhe bending modulusc was significantly decreased in
cells exhibited almost identical contact angles -e22°.  mutant cells deficient in talin or either isoform of cortexil-
Remarkable differences were observed, however, in thén, as compared to wild-type cells (Table 1, Fig. 6). The
presence of flow. In Fig. 6 histograms of the bendingreduction was most pronounced for cells lacking talin,
moduli, adhesion energies, and lateral tensions are showmhere we determined a value efcomparable to that of a
for all types of cells examined. As typical for measurementgphosopholipid vesicle containing50% cholesterol (Sack-
on single living cells, the distributions were broad. Never-mann, 1995). This finding underlines the important role of
theless, the differences between wild-type and mutant cell&lin, a protein implicated in coupling of the cytoskeleton to

Effect of cytoskeletal proteins on the
bending modulus
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FIGURE 5 RICM images, fringe patterns, and con-
tact angles in the absence and presence of shear. To
exemplify the experimental data, typical RICM images
are shown of a wild-typeDictyostelium discoideum
cell adhering to albumin-coated glass in the absence
(A) or the presenceB| of a laminar flow. Darker and
brighter patches visible within the adhesion area are
caused by intracellular compartments such as vacuoles
and mitochondria. The time interval between two im- 160

ages is<0.5 s. InC the intensity distributions along %

the line froma to b are shown, as marked & (— —-) o 140
andB (—). From this distribution the cell contouris =
reconstructed as described in Materials and Methods. % 120
The sharp increase in intensity of the RICM images at

the edge of the adhesion area defines the location of 100

the contact line. As seen iD, the profile in the

presence of flow (——) exhibits a smaller value of

(674 nm) than the profile in the absence of flow (- ——, 80
A = 900 nm), in agreement with the theory.

500

height [nm]

0.0 0.5 1.0 1.5 2.0 2.5um
distance [um]

the lipid-protein bilayer in vertebrate cells (for reviews seeicantly stronger for cells lacking cortexillin | than for cells
Geiger et al., 1995; Jockusch et al., 1995). lacking cortexillin 1. Cells of the double mutant lacking
Cortexillin is known to bundle actin filaments and to both cortexillins | and 1l were extremely flat and, because of
connect these bundles into meshworks (Faix et al., 1996 dramatic impairment of cell division, very large. These
The elimination of cortexillin | by gene disruption resulted cells proved to be inappropriate for the measurements per-
in a stronger impairment of cell division than the elimina- formed in the present study.
tion of cortexillin 1l (Faix et al., 1996). In agreement with ~ Our results can be related to data obtained in cell popu-
these findings, the reduction of bending moduli was signif-lations by the use of a torsional rheometer. Measurements
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lateral tension

bending modulus

adhesion energy

5

Wild-type
FIGURE 6 Histograms of mem- AX2
brane bending moduli, lateral ten-
sions, and adhesion energies deter-
mined for wild-type and mutant cells
of Dictyostelium discoideunin each
histogram, they axis denotes the
number of cells. The mutants com-
pared with wild-type AX2 were defi-
cient in cortexillin Il, cortexillin I, or
talin. Medians of the distributions are
denoted by a vertical line. Numbers
of cells analyzed were 19 (AX2), 11
(cortexillin 11-null), 14 (cortexillin I-
null), or 9 (talin-null). The distribu-
tions of membrane tensions and ad-
hesion energies obtained for
cortexillin | mutants differ signifi-
cantly from the results for AX2 cells.
The Mann-Whitney U-test revealed a
probability of p < 0.01 that these
distributions would be identical.
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showed a markedly decreased shear modulirs mutants  the rigidity of the actin cortex is determined by a large
that lack the two F-actin cross-linking proteimsactinin - number of actin-binding proteins mediating cross-linkage
and 120-kDa gelation factor (Eichinger et al., 1996). Forand bundling of actin filaments (Sato et al., 1987; Janmey et
isotropic systems, the shear moduluscan be expressed al., 1990).
in terms of the Young's moduluk by u = E/(2 + o), Lateral tension and bending energy of the cell envelope
which in turn is related to the bending modulusby  haye, in fact, a strong bearing on the adhesion of a cell. As
k = EN’/12(1 - 0”) (Landau and Lifschitz, 1989). Hete  nown from erythrocyte studies (Zilker et al., 1992), cell
is the thickness of the cell cortex ands the Poisson ratio, mempranes exhibit thermally induced undulations, leading
which is ~0.5. Although this relationship betweenandk ¢, repyisive forces. These undulation forces, as discussed by
holds only approxmat.ely for Ce"S_’ a reduction fnalso  ggifert ang Lipowsky (1990), have been shown experimen-
suggests a decrease in the bending modulus the cell tally to substantially reduce the van der Waals attraction and
cortex. thus the adhesion energy ‘{@er et al., 1995). Reduction of
lateral tensiornry or bending modulusc of the composite

Lowered adhesion energy in cells lacking
cytoskeletal proteins

Key parameters for the bending modulus and the later
tension of the composite membrane are both the intrinsi
rigidity of the actin cortex and its coupling to the lipid-
protein bilayer. As known from a variety of studies in vitro,

membrane increases the undulations and therefore leads to a
smaller adhesion energy. Becausand y are significantly

a§maller for the lipid-protein bilayer alone, as compared to
éhe composite cell membrane, disruption of the bilayer-

cortex coupling can be expected to result in a pronounced
reduction of the adhesion energy.

TABLE 1 Comparison of effective contact angle, membrane bending modulus, membrane tension, and cell adhesion energy on
albumin-covered glass for cells of the wild type (AX2) and the mutants indicated

AX2 (19) Talin-null (9) Cortexillin I-null (14) Cortexillin II-null (11)
Contact angle* (°) 21.5-1.8 21.8+ 1.9 22.3+=1.8 20.5+ 2.2
Bending modulusksT) 391+ 156 71+ 21 94+ 18 159+ 51
Membrane tensionuN/m) 3.1+14 0.8+ 0.3 2.2+ 0.8 3.5+ 18
Adhesion energy (10° J/nP) 22.0+12.2 5.9+ 2.4 15.2+ 4.7 21.2+ 10.0

*The effective contact angle was measured at zero shear stress. Means are shown with their standard deviations. The numbers in parentheses denote
number of cells examined for each wild-type or mutant strain.
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