EXPERIMENTAL CELL RESEARCH 239, 235-242 (1998)
ARTICLE NO. EX973915

Differences in Elasticity of Vinculin-Deficient F9 Cells Measured
by Magnetometry and Atomic Force Microscopy

Wolfgang H. Goldmann,** Reinhard Galneder,* Markus Ludwig,t Weiming Xu,
Eileen D. Adamson, Ning Wang,§ and Robert M. Ezzell*

*Surgery Research Unit, Department of Surgery, Massachusetts General Hospital, Harvard Medical School, Charlestown,
Massachusetts 02129; tLehrstuhl fuer Angewandte Physik, Ludwig-Maximilians Universitaet, D-80799 Munich, Germany;
tThe Burnham Institute, La Jolla, California 92037; and §Physiology Program,

Harvard School of Public Health, Boston, Massachusetts 02115

We have investigated a mouse F9 embryonic carci-
noma cell line, in which both vinculin genes were in-
activated by homologous recombination, that exhibits
defective adhesion and spreading [Coll et al. (1995)
Proc. Natl. Acad. Sci. USA 92,9161-9165]. Using a mag-
netometer and RGD-coated magnetic microbeads, we
measured the local effect of loss and replacement of
vinculin on mechanical force transfer across inte-
grins. Vinculin-deficient F9Vin(—/-) cells showed a
21% difference in relative stiffness compared to wild-
type cells. This was restored to near wild-type levels
after transfection and constitutive expression of in-
creasing amounts of vinculin into FOVin(—/-) cells. In
contrast, the transfection of vinculin constructs defi-
cient in amino acids 1-288 (containing the talin- and
a-actinin-binding site) or substituting tyrosine for
phenylalanine (phosphorylation site, amino acid 822)
in FOVin(—/-) cells resulted in partial restoration of
stiffness. Using atomic force microscopy to map the
relative elasticity of entire F9 cells by 128 X 128 (n =
16,384) force scans, we observed a correlation with
magnetometer measurements. These findings suggest
that vinculin may promote cell adhesion and spread-
ing by stabilizing focal adhesions and transferring
mechanical stresses that drive cytoskeletal remodel-
ing, thereby affecting the elastic properties of the cell.
© 1998 Academic Press
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INTRODUCTION

The cytoskeleton consisting of the microfilament, in-
termediate, and microtubule networks plays a variety
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of roles in the cell. It not only provides a scaffolding,
where the individual elements are used as tracks for
vesicular transport, but it also provides temporary
binding sites for various proteins needed in vital biolog-
ical processes and in concert determines the mechani-
cal properties of the cell. The elucidation of the mechan-
ical processes involved has shown that growth and dif-
ferentiation modulate and control morphogenesis and
play an important role in the generation of cell form
[1, 2]. The present understanding is based on the recog-
nition [3—6] that the mechanical integrity of the cy-
toskeleton largely consists of a three-dimensional in-
terconnected protein mesh and that these fibrous units
provide the mechanical links which are crucial for cell
movement, form, and elasticity.

One of the links between the actin cytoskeleton and
the plasma membrane, the focal adhesion plaque, con-
sists of a complex of proteins that assemble at sites of
attachment of the cell to the extracellular matrix [7].
The transmembrane proteins mediating these contacts
are members of the integrin family of extracellular ma-
trix (ECM) receptors. Integrins are heterodimeric com-
plexes in which both chains span the plasma mem-
brane bilayer once, and the cytoplasmic domain is re-
sponsible for linkage of the cytoskeleton. A number of
proteins are found in focal adhesions at the intracellu-
lar face of the plasma membrane, including vinculin,
«-actinin, paxillin, and talin. Which proteins are abso-
lutely required for the formation of focal adhesions is
still under investigation, and the order in which these
proteins bind integrins, actin, or each other is only
partly understood. Changes in cell shape and move-
ment involve the transfer of mechanical forces between
the cytoskeleton and the ECM as well as changes in
(visco)elasticity [6, 8, 9]. The focal adhesion complex is
a critical point for the regulation of actin organization
as well as mechanical signal transfer. To understand
the role of focal adhesion proteins with regards to cell
shape change and elastic properties, it is necessary to
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examine the connection between the plasma membrane
and the cytoskeleton. For this purpose, we have gener-
ated a F9 cell line which is deficient in vinculin using
homologous recombination [10].

Vinculin is a membrane-associated protein which
binds to several cytoskeletal proteins at distinct bind-
ing sites: at the NH,-terminal end, a talin-binding site
(amino acids 1-258) has been identified [11-13]. A
shorter region within this fragment contains a binding
site for a-actinin (amino acids 1-107) [14, 15], an actin
cross-linking protein that can also bind to integrin di-
rectly [16, 17]. In the COOH-terminal region of vin-
culin, binding sites for paxillin (amino acids 978—1000)
[18, 19], actin (amino acids 884-1012) [20-22], and
acidic phospholipids (amino acids 935-978; amino
acids 1020-1040) [23] have been described. The in-
tervening central sequences in vinculin have unknown
functions but include three repeats and proline-rich
regions (amino acids 837-847; 860—878) [24], one of
which binds to VASP [25, 26]. The molecule is thought
to form a globular head domain and an extended tail
domain that can fold to mask the principal binding
domains [21].

To investigate the mechanical linkage of the focal
adhesion complex with the cytoskeleton, we here used
a magnetic twisting device to apply controlled mechani-
cal stresses directly via integrin cell surface receptors
producing local changes in cell shape. Shear stress
(torque) was applied to membrane-bound ferromag-
netic microbeads (4.5 pm in diameter) that were coated
with ligands for the cell surface receptor. The cellular
deformation that resulted in response to stress applica-
tion was determined by simultaneously quantifying
bead rotation (angular strain) using an in-line magne-
tometer [27].

To examine the elastic properties of these cell lines
we used the atomic force microscope (AFM). This device
has proven to be an effective tool for investigating the
motility of living cells [28—30]. A major advantage of
this noninvasive method is its ability to detect morpho-
logic and dynamic changes in the elastic properties of
the whole cell with a high resolution. The AFM scans
the cell surface using a sharp tip at the end of a cantile-
ver. At low scanning forces (force mapping mode) the
cell’'s topography is determined, and higher forces allow
for measurements of the local elasticity. The AFM has
been used to examine the surface morphology and me-
chanical properties of MDCK cell monolayers [31] and
human platelets [32, 33].

The goal of this work is to determine the (visco)elas-
tic properties of vinculin in cells. Magnetometry experi-
ments will measure local changes in cell stiffness by
examining a specific receptor—ligand interaction (i.e.,
of RGD-coated magnetic beads binding to integrins),
while atomic force microscopy will be used to obtain
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FIG. 1. Typical response of cultured FOVin(—/—) cells obtained
using magnetic twisting cytometry. In the absence of the applied
twisting field (top trace, squares) the magnetic signal (a.u., arbitrary
units) exhibits only a small decrease in signal, which is probably due
to thermal motion and membrane movement. However, in a constant
twisting field (bottom trace, diamonds) at 30 G, which was applied
in the vertical direction for 60 s (A), the magnetic signal of the beads
decreased almost instantaneously. By subtracting the relaxation sig-
nal from the control [48], the remanent field signal almost reached
a plateau after 60 s. This signal is then used to calculate the apparent
stiffness. After the twisting field is turned off (B), the remanent field
quickly increases returning toward the value at t = 0. This indicates
that marked elastic energy is stored in the cell, allowing it to recover
almost to the original energy level. The difference in signal in (top)
and (bottom) after 120 s (incomplete recovery) is probably due to the
“impure elastic material” and exhibits some permanent deformation.
The inset gives a schematic view of the principle of the magnetic
twisting device. Note: the orientation of the beads is indicated by
the arrows.

information on the role of vinculin in the elasticity of
the entire cell. For this purpose we used F9 cells defi-
cient in vinculin, F9Vin(—/-). Stable transfectants of
these cells with a plasmid that expresses full-length
vinculin, or vinculin with an NH,-terminal deletion,
or mutant vinculin were also compared for changes in
stiffness and elasticity. Studying vinculin in F9 cells
will provide a unique opportunity to define the physical
properties.

MATERIALS AND METHODS

Cell lines. Full-length mouse vinculin cDNA was made by poly-
merase chain reaction (PCR), and F9Vin(—/—) cells—also called
y229—were transfected with the cDNA by the Ca?"—phosphate pre-
cipitation method. Using vector g-actin promoter/CMV enhancer
(CXNZ2 vector, [34]) driving the mouse vinculin cDNA, different levels
of vinculin expression were achieved: R16 = 21% and R3 = 83%. We
also constructed this vector in versions that express (i) vinculin mi-
nus the talin- and «-actinin-binding site (amino acids 289-1066),
called Tal8; and (ii) the full-length version of mouse vinculin with a
mutation that converts a known phosphorylation site (amino acids
822, tyrosine) into phenylalanine, called M4. The level of vinculin
expressed by these clones was determined quantitatively by immu-
noblotting and Western blotting.

Cell culture. The wild-type, FOVin(—/—), and all transfected cells
and cell constructs were maintained on 0.1% gelatin-coated charged
plastic culture dishes in high-glucose (4.5 g/L) Dulbecco’s modified
Eagle’s medium supplemented with 10% calf serum, 20 mM Hepes,
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2 mM L-glutamine, and 100 U/ml penicillin—streptomycin (P/S).
Chemicals were supplied by Sigma (St. Louis, MO); petri dishes were
provided by CorningGlass Works (Corning, NY) and trypsin and P/
S were supplied by Gibco (Gaitherburg, MD).

Magnetometry. This device has previously been described [27].
In brief, F9 cells were plated (15 x 10* cells per well) on 2 ug/ml
poly-p-lysine-coated plastic wells (96 Removawells, Immunolon, IL)
and cultured for 12 h before addition of 4.5-um spherical ferromag-
netic beads that were precoated with a synthetic RGD-containing
peptide (Peptide 2000, Telios Pharmaceuticals, La Jolla, CA), which
is a specific ligand for integrin receptors. After 10 min, unbound
beads were washed away with 1% BSA, and the wells were then
placed into the magnetic twisting device and maintained at 37°C. To
completely magnetize the ferromagnetic beads, a brief (10 us) but
strong (1000 G) homogeneous magnetic pulse was applied. After 20
s a magnetic twisting field was applied in the vertical direction for
1 min, the beads were twisted, and the direction was measured by
a torque (Fig. 1, inset) [35]. An in-line magnetometer was used to
detect the magnitude of the bead magnetic vector. The twisting field
was then turned off for 1 min, and the extent of recovery of the bead
magnetic signal was measured (Figs. 1A and 1B). The stiffness was
determined according to a method described in [35].

Atomic force microscopy. The atomic force microscope is a home-
built instrument (Fig. 2). In brief, this instrument is combined with
an epi-light microscope that allows the exact positioning of the canti-
lever tip. The deflection of the cantilever is measured by a position-
sensitive two-segment photo diode, and the extent to which the ap-
plied force indents the cells depends on their elastic properties. The
Hertz model was used to describe the elastic response of F9 cell lines
indented by the AFM cantilever which predicts a relation between
indentation and loading force [33]. The image area was determined
by 128 x 128 (n = 16,384) pixels. At each pixel point, the deflection
signal of the cantilever was analyzed for the topography and elastic-
ity of the cell. The variation in 0—255 “elastic” scales and the color
images were generated by transferring the data into pseudo-colors,
where blue corresponds to hard and red to soft. Three dimensional

Two-
segment
photodiode

Sample
Cantilever and tip

X-y-z-piezo tube

FIG. 2. Schematic diagram of an atomic force microscope con-
sisting of a laser diode, lens, cantilever and tip, two-segment photo
diode, x-y-z-piezo tube, and sample.
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FIG. 3. The stiffness, shown as a percentage, determined by mag-
netometry for M4 [phosphorylation site, amino acid 822 (tyrosine)
substituted with phenylalanine], Tal8 [transfected FOVin(—/—) cell
with the vinculin construct, missing amino acids 1-288], vinculin-
deficient F9Vin(—/-) cells, R16 and R3, expressing 21 and 83% vin-
culin, as well as wild-type cells is set relative to vinculin-deficient
F9 Vin(—/-), called y229 cells. An average of n = 25 separate mea-
surements per cell line were carried out, showing a standard devia-
tion of SD < 3%. Vinculin expression was measured by immunoblot-
ting relative to F9 wild-type cells. The location of vinculin in cells was
observed by confocal microscopy, and the adhesion was measured by
cell attachment to fibronectin (5 pg/ml) in 96-well plates as described
previously [10].

profiles were generated by using a customized processing software
“Image 1.41b20 (non FFT)” and Adobe Photoshop 3.0.

RESULTS

Magnetometry. Prior to measurements using the
different F9 cell lines, we calibrated the magnetic
twisting device to enable us to calculate the apparent
stiffness (Fig. 1 and inset). Here, the RGB-coated mag-
netic beads attached to integrins of wild-type F9 cells
are briefly magnetized in the horizontal direction be-
fore a magnetic field in the vertical direction for 60
s is applied. The extent of the bead rotation is then
determined by quantifying the change in remanent
field (=difference in signal amplitudes).

Figure 3 shows the relative stiffness of vinculin-defi-
cient FOVin(—/-) cells, called 229, to y229 expressing
mutant vinculin Y822F, (M4); v229 expressing vinculin
with deleted sequences 1-288 (Tal8); and full-length
vinculin rescued clones (R3 and R16), and wild-type F9
cells. It depicts the changes in relative stiffness which
differ by 21% for wild-type and vinculin-deficient F9
Vin(—/-) cells. Transfecting F9 Vin(—/-) cells with
full-length cDNA, in which a tyrosine phosphorylation
site of vinculin is substituted by one amino acid (M4),
shows a notable effect in relative stiffness. However,
when F9 Vin(—/-) cells expressed a truncated vinculin,
which is deficient in the talin- and «-actinin-binding
site (clone Tal 8), the relative stiffness increased only
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by 5% compared to vinculin-deficient F9 Vin(—/—-) cells.
F9 Vin(—/-) cells expressing 21% (R16) and 83% (R3)
of vinculin compared to wild-type cells indicate a clear
trend that with rising vinculin concentration the rela-
tive stiffness increases. At 83% vinculin expression, the
relative stiffness reached almost wild-type levels.

Atomic force microscopy. Prior to examination, the
F9 cell lines are cultured for 8 h on 2 pg/ml poly-p-
lysine coated 35 X 15 mm NUNC dishes and placed
on a (x-y-z-piezo) stage during atomic force microscopy
(Fig. 2). In a typical experiment, the light emitted from
the laser is focused on the cantilever tip as it raster-
scans across the cell, and a position-sensitive photodi-
ode measures the deflection of the cantilever. The ex-
tent to which the applied force indents the cell surface
depends on the elastic properties, and a motif of the
cell is created which is made up of 128 X 128 data
points. These points are then translated into 256 scales
to produce a topographic image and to quantify the
elasticity of the cell.

Figure 4 represents the three-dimensional profiles in
pseudo-colors which were generated by 16,384 force
scans. As indicated by the color scale (on right), the wild-
type cell (Fig. 4A) is less deformed by the cantilever (and
thus harder) in comparison to the FOVin(—/-) cell (Fig.
4B). The total area of the FOVin(—/-) cell shows less than
80% of the wild-type level and much reduced lamellipodia
and with numerous filopodia which were also observed
by light microscopy [10, 36]. In Fig. 4C, the R16 cell
indicates a shift to “harder” distribution which almost
reaches the wild-type level in R3 cells (Fig. 4D). The M4
cell (Fig. 4E) shows a moderate increase in elasticity with
lamellipodia as well as filopodia distributions similar to
those of the wild-type cell. Figure 4F shows the Tal8
cell line, which is deficient in amino acids 1-288 (NH,-
terminal region) and which only partially restores the
elasticity of the cell. (Note: the elastic distribution is cal-
culated from 256 original elastic scales, where 0 is defined
as soft and 255 as hard for all cell lines and a total of
16,384 pixels per image).

Figure 5 shows the relative elasticity of the vari-
ous cell lines in comparison to vinculin-deficient F9
Vin(—/-) cells. Here, a similar trend is observed for the
elastic behavior of a whole cell compared to local cell
stiffness measured by magnetometry insofar as the re-
duction of vinculin in the cell and the expression of
vinculin fragments have an influence on cell stiffness/
elasticity. Most noticeable, however, is that the muta-
tion of a single tyrosine residue or the absence of the
talin- and «-actinin-binding sites on vinculin markedly
affects the relative elasticity and the relative stiffness
(Fig. 3) and shows the importance of these functional
domains of vinculin to the cell characteristics. These
findings support the assumption made by Ezzell et al.
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[37] that vinculin has an influence on the elastic behav-
ior of F9 cells.

DISCUSSION

The importance of vinculin in the focal adhesion com-
plex and in specialized cell types has previously been
described for different cells. Rodriguez Fernandez et al.
[38] reduced vinculin expression in mouse 3T3 cells,
and the transfected cells exhibited a round phenotype
with fewer vinculin-positive focal contacts and dis-
played increased motility. Varnum-Finney and Rei-
chardt [39] showed that vinculin-deficient PC12 cells
produce unstable filopodia and lamellipodia and have
a reduced rate of neurite outgrowth. A similar situation
is observed also in FOVin(—/-) cells. Here, the loss of
vinculin resulted in rounded morphology, decreased ad-
hesion, and increased motility [10]. All these studies
suggested that vinculin is probably critical for normal
cell attachment and spreading and that other mecha-
nisms in the formation of focal adhesion plagues may
also exist. Possible candidates are talin and «-actinin,
which bind to actin, vinculin, and each other [40].

In this work we have examined the influence of dif-
ferent vinculin expression and vinculin constructs on
the mechanical properties of F9 cells measuring local
stiffness and the elasticity of entire cells. The data from
the magnetometer and atomic force microscope analy-
ses agree generally insofar as the lack of vinculin in
FoVin(—/-) cells reflects changes in phenotype (Fig. 4)
which correlate with a decrease in cell stiffness/elastic-
ity. A more specific explanation of the influence of vin-
culin on the elastic properties can be made by observa-
tions of the rescue cells (R3 and R16). Here, with de-
creasing vinculin concentration the relative stiffness/
elasticity decreases to almost the FOVin(—/-) level
(Figs. 3 and 5). It is likely that larger amounts of vin-
culin within the cell lead to more stable molecular
structures of the focal adhesion complex, which then
result in better cell spreading. We have observed that
the full reconstitution of wild-type properties (i.e.,
spreading, locomotion, adhesion) is affected by the ex-
pression of whole intact vinculin. Interestingly, normal
adhesion was restored by as little as 9% of typical vin-
culin levels and was no different from that in cells that
expressed 83% levels (Fig. 3 and Ref. [41]).

The observations of Volberg et al. [36] indicate that
the vinculin-negative F9 cells compensate for this lack
by up-regulating the levels of «-actinin, talin, and
paxillin in the focal adhesion complexes (FACs) by 30%.
We believe that this increase in FACs affects some of
the characteristics of the rescued cells. For example,
when vinculin expression is restored with the full-
length molecule, the number and size of the FACs are
noticeably greater than those of wild-type cells, sug-
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FIG. 4. Results from atomic force microscopy of wild-type F9 (A), FOVin(—/-), also called y229 (B), vinculin-transfected cells, R16 (C),
vinculin-transfected cells, R3 (D), M4 (E), and Tal8 (F). The three-dimensional profiles were generated by 128 X 128 (=16,384) force scans
of the cantilever. As indicated by the pseudo-color scale (right), the wild-type cell (A) is less deformed by the cantilever (and thus harder)
in comparison to the F9Vin(—/-) cell (B). (C and D) Transfection with intact vinculin expressing 21 and 83% vinculin restored the spatial
elasticity, whereas tyrosine substituted with phenylalanine (amino acid 822, phosphorylation site) and transfection with missing amino
acids 1-288 (Tal8) only partially restore the elasticity of the cell (E and F, respectively).

gesting that vinculin binds to the “extra” talin, a-ac-
tinin, and paxillin in the FACs. This may explain why
9% of normal levels of vinculin restored adhesion to
wild-type levels (Fig. 3 and Ref. [41]). Introduction of
NH,-truncated vinculin to the vinculin null cells (Tal8)
did not rescue the stiffness, elasticity, or adhesion to
fibronectin. Confocal microscopy showed that the trun-
cated vinculin in these cells was not in the FACs and

that the cells remained rounded and unspread. The
difference in cell stiffness and elasticity observed for
Tal8 (Figs. 3 and 5) may be attributed to the measuring
techniques, as magnetometry detects more local
changes of the cell and atomic force microscopy detects
more global changes of the cell. From this, we can con-
clude that the talin- and «a-actinin binding sites are
important for all the properties of vinculin. These find-
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FIG. 5. Relative changes in elasticity (%) of vinculin-substituted
M4, vinculin-construct Tal8, vinculin-transfected R16 and R3, and
wild-type F9 cells to vinculin-deficient FOVin(—/-), also called 229,
cells measured by the atomic force microscope. Number of analyzed
cells, n = 5; standard deviation, SD < 3%. The relative elastic
changes (in %) of the entire cells are consistent with relative changes
in local cell stiffness (Fig. 3).

ings also imply that the binding of vinculin to talin and
a-actinin is a necessary connection in stabilizing the
FAC.

The M4 cells expressed a mutant vinculin, in which
the phosphorylation site (Tyr 822) was changed to Phe.
Compared to y229, the vinculin null cell from which
they were derived, there was a moderate improvement
in relative stiffness/elasticity. In this case, the vinculin
was located in the FAC (data not shown), but it was
inactive in restoring adhesion and locomotion to nor-
mal F9 wild-type levels. On the contrary, these re-
mained unchanged from the properties of FOVin(—/-)
cells. It is possible therefore, that the location of vin-
culin (even mutant vinculin) in FACs has a positive
effect on cell stiffness and elasticity. Only the results
of clone R16 argue against this and suggest that this
cell line may have other defects that we have not yet
detected.

We recently compared the protein content and the
focal adhesion proteins, i.e., talin, a-actinin, paxillin,
and actin, in another mutant F9 cell line (5.51) that
lacks vinculin with wild-type cells and two different
vinculin-transfected clones [42, 43]. Interestingly, the
5.51 cells that lacked vinculin retained the ability to
form filopodia and contained normal levels of total poly-
merized and cross-linked actin, yet they could not form
lamellipodia, assemble stress fibers, or efficiently
spread when plated on the extracellular matrix. Fur-
thermore, when vinculin was replaced by transfection,
the stress fiber formation and cell spreading were re-
stored to near wild-type levels. A similar trend was
observed when measuring the physical properties of
these cell lines. The stiffness and elasticity in 5.51 cells
decreased by =50% and ~20%, respectively, and re-
turned to near wild-type levels in vinculin-transfected
5.51 cells ([37, 44] and data not shown). These findings
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are in general agreement with observations made in
this study, although the change in stiffness was less
pronounced in FOVin(—/-) cells.

Previously, Wang et al. [35, 45] have shown that cell
adhesion molecules can mediate force transfer across
the cell surface and to the cytoskeleton. In addition,
these authors have been able to demonstrate that me-
chanical coupling between integrin and the cytoskele-
ton is observed in many cell types and that the stiffen-
ing response is accompanied by coordinated changes in
cytoskeleton mechanics. Other laboratories have also
confirmed that focal adhesion proteins physically cou-
ple to the cytoskeleton [46] and that they transfer cy-
toskeletal tension to the extracellular matrix [47]. All
in all, these results and data from experiments in this
study may support the hypothesis that the (visco)elas-
tic properties of the cell correlate with recruitment of
focal adhesion proteins and, thus, physical linkage of
integrins to the actin cytoskeleton.

We thank Dr. Manfred Radmacher for helpful comments and Ju-
dith Feldmann for proof-reading the manuscript. This work was sup-
ported by the American Cancer Society, NASA NAG5-4839, NIH HL-
33009, Deutsche Forschungsgemeinschaft Go 598/3-1, and NATO
(CRG 970205). Excerpts of this work were presented at the annual
ASCB Meeting (1996) in San Francisco as a poster and published in
abstract form in Mol. Biol. Cell (1996) 7S, 385a.
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