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Fig. 4 In vitro translation of NGF RNA. For the longer construc-
tion containing both potential initiator AUGs (at +98 and +296
in the nucleotide sequence of the NGF mRNA), the cDNA was
digested with Smal (+66) and PstI (+1027) and inserted into the
SP65 vector. For the shorter construction containing only the
second potential initiation codon, the cDNA was partially digested
with BstXI (+184), then PstI and inserted into the same vector.
Following linearization with the enzymes designated below, the
two constructions (named LmRNA and SmRNA for the longer
and shorter, respectively) were then used as templates for RNA
synthesis with the SP6 polymerase>®. This RNA was then translated
in vitro by the wheat germ system in the presence of *°S-
methionine®. The protein products were precipitated in 10% tri-
chloracetic acid and subjected to electrophoresis on 12% SDS-
polyacrylamide. The gel was enhanced with I M sodium salicylate
and exposed overnight at —70 °C with an enhancing screen, Lane
1, no RNA; lane 2, LmRNA linearized with HindIII (3’ to the
inserted cDNA); lane 3, SmRNA linearized with HindIII; lane 4,
LmRNA linearized with Ncol (at +616 in the cDNA); lane 5,
SmRNA linearized with Ncol; lane 6, LmnRNA linearized with
Scal (at +810 in the cDNA); lane 7, SmRNA linearized with Scal;
numbers on the right indicate the3 M:s of the protein standards
(x10°).

do not prove alternative use of the two AUGs in vivo, they do
show that the translational apparatus can recognize both AUGs.
An understanding of the biological significance of differential
splicing in the expression of NGF requires further information
about the functions of the various precursor molecules. The
NGF precursor contains several di- and tetrabasic residues that
are potential peptidase cleavage sites (Fig. 3¢). The small NGF
precursor protein derived from the shorter transcript retains
these sites, but the potential NH,-terminal cleavage product
would be truncated. If the full precursor or one of its derived
peptides has biological activity, the two RNA splicing pathways
could result in differing biological effects. It is intriguing that
the two transcripts result in proteins with the hydrophobic
sequence in different positions; in the long precursor, it resides
in the middle of the molecule and might serve as a membrane
anchor (similar to the epidermal growth factor precursor in the
kidney®*); in the short precursor, the hydrophobic region is at
the N-terminus, and may act as a signal peptide to ensure
secretion®®, Differential splicing could therefore affect cellular
localization, as with IgM and yeast invertase’>?’. Although the
short transcript presumably results in a secreted NGF that can
act at a distance, the long transcript might produce a form of
NGF that is membrane-bound and could interact with high
efficiency at a receptor on a contiguous cell; these mechanisms
could provide the basis for direct cell-cell communication.
We thank Dr David Standring for advice on the RNA analysis,
Drs Jang Han and Jeff Edman for help with cDNA synthesis,
Drs James Ou, Michael Walker and Eric Fodor for their thought-
ful discussion, Drs Pablo Garcia and Peter Walter for assistance
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Cell contact- and shape-dependent
regulation of vinculin
synthesis in cultured fibroblasts

Florette Ungar*, Benjamin Geigert & Avri Ben-Ze’ev*

Departments of *Genetics and ¥Chemical Immunology,
Weizmann Institute of Science, Rehovot, Israel 76100

Recent studies have demonstrated the fundamental role of cell-
substrate contacts and changes in cell shape in the regulation of
cell growth, motility and differentiation’~”, but the molecular basis
for these phenomena is poorly understood. Because of the involve-
ment of cytoskeletal networks in cell morphogenesis and contact
formation, it is of interest that the expression of genes encoding
several cytoskeletal proteins is markedly affected by changes in
cell contacts and configuration®'’. Because most of these
phenomena involve changes in the form, extent or topology of cell
contacts, we sought to determine whether the expression of com-
ponents directly involved in the formation of cell-cell or cell-
substrate contacts is affected by the respective cellular interactions.
A suitable candidate for such analysis is vinculin, a cytoskeletal
protein of relative molecular mass (M,) 130,000 (130K), which is
localized in focal contacts'’™* and intercellular adherens junc-
tions™. The assembly of vinculin into 2 membrane-bound junc-
tional plaque seems to be one of the earliest cellular responses to
contact with exogenous substrates, leading to the subsequent local
assembly of the actin-rich microfilament bundles'*'®. Here we
report on the regulation of vinculin synthesis in response to environ-
mental conditions that affect cell shape and contacts.
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Fig. 1 Vinculin synthesis and cell-contact
formation in 3T3 cells plated at different
densities. a-c¢, Phase-contrast photomicro-
graphs of Swiss 3T3 fibroblasts plated for 2
days at concentrations of 2x 10* (a), 10° (b)
and 5x 10° (c) cells per 35-mm Falcon tissue-
culture dish. a’-¢’, Analysis of proteins from
corresponding samples labelled for 4 h with
100 w.Ci ml™! 3°S-methionine. Extracts were
prepared by scraping cells into a buffer con-
taining 1.0% Triton X-100, 0.6 M KCl, 5 mM
EGTA, 7mM 2-mercaptoethanol, 1mM
phenylmethylisulphony! fluoride and 10 mM
Tris-HC! (pH 7.4) and combining the super-
natant with that obtained after treatment of
the pellet with DNase I and then with 0.6 M
KCl. Equal amounts of TCA-insoluble radio-
activity (5 x 10° c.p.m. per sample) were ana-
lysed by two-dimensional gel electrophoresis
as described previously”. a, Actin; v and
arrowheads point to vinculin. Asterisks mark
proteins whose intensity of labelling did not
change and which served as reference spots.
d, e, Electron micrographs of 3T3 cells plated
at a density of either 2 x 10* cells per dish (d)
or 5x10° cells per dish (e) for 2 days. Cells
were fixed in the dish with 1% glutaraldehyde
in 0.1 M cacodylate buffer pH 7.2, postfixed
in 1% 0OsO,, flat-embedded in Epon and sec-
tioned perpendicular to the plane of the dish.
s, Substrate; arrowheads point to intercellular
adherens-type junctions with submembrane
electron density. f, g, Indirect immuno-
fluoresence staining of sparse (f) and dense
(g) 3T3 cultures with a monoclonal antibody
against chicken gizzard vinculin and rhodami-
nated goat anti-mouse IgG. Arrowheads point
to large vinculin-containing adhesion
plaques; arrows mark thin vinculin-
containing structures corresponding to cell-
cell contacts. Scale bars: a-c, 50 um; d, e,
0.2 um; f, g, 10 pm.

abed abcde

V- ——
SEEES. QE an e Fig. 2 Identification of vinculin in sparse and dense cultures of
‘ 3T3 cells by immunoprecipitation with a monoclonal, vinculin-
specific antibody. 3T3 cultures on 35-mm dishes which had been
S5t seeded with either 5 x 10° cells (a, a’, '), 2.5 x 10° cells (b, b’), 10°
— i - cells (¢, ¢') or 2x10* cells (d, d’) were labelled for 4 h with

g *3S-methionine and lysed in RIPA buffer (10 mM NaH,PO,,

100 mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate,

0.1% SDS, pH 7.0). We took 2x 10° c.p.m. from each culture for

immunoprecipitation with either anti-vinculin antibody (a-d, f),

anti-a-actinin  antibody (a’-d’) or non-immune mouse

immunoglobulin (e’). The immune complexes were precipitated

f by binding to Staphylococcus aureus, according to Kessler*®, a-d,
a’-e’, Analysis on 10% acrylamide gels; f, two-dimensional gel
] analysis of immunoprecipitate from 5 x 10° cells labelled as above.
a, a-Actinin; V, vinculin (all isoforms); a, actin. Relative molecular
mass markers for the gel include (top to bottom) myosin heavy
- chains, phosphorylase b, bovine serum albumin, ovalbumin and

carbonic anhydrase.
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Fig. 3 Vinculin synthesis in sparse - *

and dense 3T3 cultures determined .

by 35S-methionine pulses and by -

pulse-chase experiments. 3T3 cells .

plated at 2 x 10* cells per 35-mm dish .

(a-c) or at 5x10° cells per 35-mm -

dish (d-f) were either labelled for o

45min with 400puCimi™" of *S-

methionine (a, d) or labelled for 45

min as above and then washed exten- a

sively and further incubated in

medium  containing  unlabelled

methionine for 10 h (b, e). Alterna-

tively, cells were continuously label-

led for 11 h with 40 wCi ml™" of *°S- -

methionine (¢, f). Cell extracts con- l

taining 5x10°c.p.m. from each

sample were analysed by two- e

dimensional gel electrophoresis as in bE iy nie

Fig. 1. Arrowheads point to vinculin; -

reference spots were as in Fig. 1; a, .
actin. .

To examine the role of specific cell contacts in the regulation
of vinculin expression, we plated primary chicken fibroblasts or
Swiss 3T3 cells at increasing densities on tissue-culture dishes.
At a low plating density, cells were spread out on the substrate,
rarely contacting each other. At higher densities, cell-cell con-
tacts became prominent, the extent of spreading was limited
and most cells assumed an elongated, cylindrical shape (Fig. 1
a-c). To compare the rate of vinculin synthesis by the different
cultures, cells were labelled with **S-methionine, equal tri-
chloroacetic acid (TCA)-precipitable labelled polypeptides were
resolved by two-dimensional gel electrophoresis and the radio-
activity associated with the vinculin spots was measured and
normalized against several standard polypeptides on the same
gels (Fig. 1a’-c¢"). Vinculin labelling was enhanced sevenfold
when cell density was increased (Table 1).

Electron microscope examination of sparse and dense cultures
of 3T3 cells revealed that the ventral membrane of sparse cells
(Fig. 1d) was usually closer to the substrate than that of cells
in dense cultures (Fig. 1e) (mean distance from the substrate =
25 nm, compared with ~60 nm in the latter). In dense cultures,
however, many focal contacts were detected, as well as areas of
tight cell-cell contact (arrowheads in Fig. 1¢). Immunofluores-
cence staining with anti-vinculin antibody revealed that the
protein was associated mainly with large ventral focal contacts
in sparse cultures of 3T3 cells, and in dense monolayer cultures
vinculin staining was observed both in small focal contacts and
in many cell-cell contacts located above the plane of the sub-
strate (Fig. 1g, arrows), in agreement with the electron micro-
scope observations. To substantiate the suggestion that cell
density affects vinculin synthesis, cell extracts of **S-methionine-
labelled cultures at different densities were subjected to two-
dimensional gel analysis or to immunoprecipitation with either
anti-vinculin or anti-a-actinin (used as a control). The results
confirmed that the 130K protein, whose labelling was augmented
by the increase in cell density, was immunochemically (Fig.
2a-d) and biochemically (Fig. 2f) identical to vinculin. In
chicken fibroblasts, which displayed an essentially identical

LETTERSTONATURE =

.
i
)}

- B
of B - - -
A R B s .
- i ‘- 5
. . e

-
- -
‘ i = .
- - - - . 3
. ’ - W P A
" ._ - P
. - ' -

increase in vinculin expression (Table 1), we also examined the
iodinated peptide map of the 130K spot and found it to be
identical to that of purified chicken gizzard vinculin (data not
shown).

To determine whether the changes in incorporation of **S-
methionine into vinculin are caused by altered rates of synthesis
or of turnover, we labelled sparse and dense 3T3 cultures for
various periods of time and also carried out pulse-chase experi-
ments (Fig. 3). Densitometric examination of the vinculin spots
in comparison with control proteins (see Fig. 1) indicated that
the ratio between vinculin labelling in the dense and sparse

Table 1 Relative rates of vinculin synthesis as a function of cell density
and cell spreading

Relative Relative
Plating rate of Poly(HEMA) rate of
density per vinculin concentration  vinculin
Celltype  35mm dish  synthesis (ugml™) synthesis
3T3 2.0x10% 1.0 None 1.0
2.0x10° 3.75 72 0.53
3.0x10° 4.5 96 0.63
5.0x10° 7.0 120 0.28
1,200 0.21
Chicken 2.5%x10* 1.0 ND ND
gizzard 10° 2.7 ND ND
2.5%x10° 53 ND ND
10° 6.8 ND ND

Cells were plated on 35-mm diameter dishes and after 2 days were
labelled with **S-methionine as described in Fig. 1 legend. The intensity
of the vinculin spot on two-dimensional gels was determined by
densitometric scanning and normalized against several reference spots
whose intensity did not change (asterisks, Fig. 1). 3T3 cells were also
seeded on poly(HEMA)-coated plates as outlined in Fig. 4, labelled
with >%S-methionine and analysed on two-dimensional gels. ND, not
done.
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cultures was not significantly affected by the duration of the
labelling period (Fig. 3a, b, d, e) or in pulse-chase experiments
(Fig. 3¢, f). We therefore conclude that the extent of cell-cell
interactions affects the synthesis rather than the turnover of
vinculin.

To determine whether the rate of vinculin synthesis is affected
by changing the extent of cell-substrate contact, we plated
equal numbers of 3T3 cells on substrates of decreasing degrees
of adhesiveness, using dishes coated with different concentra-
tions of poly(2-hydroxyethyl methacrylate) (poly(HEMA,; Fig.
4a-d; also refs 2, 3). Two days after plating, cell shape varied
from well-spread on thin poly(HEMA) films (Fig. 4a) to
spherical on dense poly(HEMA) films (Fig. 4d). The level of
vinculin synthesis per constant amount of total >’S-labelled
protein was approximately fivefold lower in spherical, non-
adherent cells (Fig. 4d’) than in flat monolayer cells (Fig. 4a’),
with intermediate values in cells showing intermediate degrees
of spreading (Fig. 4b’, ¢’; Table 1). Control experiments similar
to those of Fig. 3 verified that vinculin synthesis rather than its
turnover, was affected, suggesting that vinculin synthesis corre-
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Fig. 4 Analysis of cell morphology and vin-
culin synthesis in 3T3 cells plated on sub-
strates of varying adhesiveness. a-d, Phase-
contrast photomicrographs of 3T3 cells grown
on poly(HEMA) (Hydron Laboratories, New
Brunswick) coated plastic plates prepared
essentially as described elsewhere®>. Plastic
tissue-culture plates (5cm diameter) were
treated with 2.5 ml of either ethanol (a) or
poly(HEMA)-ethanolic solutions of the
following concentrations: 96 ugml™' (b);
120 wgml™' (c); or 1,200 ug mi~! (d). The
plates were dried at 37 °C for 2 days. Cells at
a density of 10° per plate were seeded on the
treated substrates and incubated for 2 days,
then labelled as described for Fig. 1. a'-d’,
Two-dimensional gel electrophoresis of the
35S.methionine-labelled proteins from the
respective samples, containing equal amounts
of TCA-insoluble radioactivity. Cell labelling
and cell extracts were prepared as described
in Fig. 1. Arrowheads point to vinculin; a,
actin; reference proteins, whose intensity of
labelling did not change, are as in Fig. 1.

lates with the degree of cell spreading induced by alterations
of substrate adhesiveness.

The experiments described here indicate that cells express
vinculin in relation to its pattern of organization in the cell
and/or to the mode of cell contacts formed. The organization
of vinculin is altered in dense cultures, and the protein is
extensively associated with areas of cell-cell contact of the
adherens type. Thus, vinculin synthesis, like that of several other
cytoskeletal proteins (vimentin, actin, tubulin and
cytokeratin®'!), is sensitive to the degree of cell-cell and/or
cell-substrate contact (see refs 6, 17 for reviews). We suggest
that, as well as its unique regulation by intercellular contacts,
vinculin has, in common with the cytoskeletal proteins men-
tioned above, a feedback control mechanism for its synthesis,
which can be regulated by alterations in the adhesive properties
of the substrate. The level of vinculin expression cannot simply
be correlated with cellular properties such as the rate of cell
growth. Vinculin synthesis was lowest in sparse cell cultures,
which exhibit maximal rates of cell proliferation, whereas the
synthesis was maximally stimulated in the almost arrested dense
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cultures (Figs 1-3). On the other hand, vinculin synthesis was
found to be lowest in the spherical non-proliferating cells in
experiments where the substrate was altered (Fig. 4)"%%1%1%,
The association of vinculin with areas of cell-substrate contact
and its rapid reorganization on addition of purified growth
factors to cells arrested in the G, phase of the cell cycle®,
suggests that the protein is involved in the transmission of
contact-dependent, growth-related signals from the exterior.
Transformation of cells by Rous sarcoma virus and other
oncogenic viruses induces marked alterations in vinculin and
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actin organization, concomitant with overall changes in cell
shape and adhesiveness®*~>*, phenomena also observed on addi-
tion of tumour promoters to cells**. These observations highlight
the role of cell contacts in the regulation of cell growth and
suggest that proteins such as vinculin, which are involved in the
construction of these cellular structures, participate in this regu-
lation.
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Stable transformation of maize after
gene transfer by electroporation

Michael E. Fromm, Loverine P. Taylor
& Virginia Walbot

Department of Biological Sciences, Stanford University, Stanford,
California 94305-2493, USA

The graminaceous monocots, including the economically important
cereals, seem to be refractory to infection by Agrobacterium
tumefaciens', a natural gene transfer system that has been success-
fully exploited for transferring foreign genes into higher plants*,
Therefore, direct transfer techniques that are potentially appli-
cable to all plant species have been developed using a few dicot™®
and monocot® ' species as model systems. One of these techniques,
electroporation, uses electrical pulses of high field strength to
permeabilize cell membranes'’ reversibly so as to facilitate the
transfer of DNA into cells®>'>'>, Electroporation-mediated gene
transfer has resulted in stably transformed animal cells’*"* and
transient gene expression in monocot and dicot plant cells®, Here
we report that electroporation-mediated DNA transfer of a
chimaeric gene encoding neomycin phosphotransferase results in
stably transformed maize cells that are resistant to kanamycin.

The neomycin phosphotransferase II (npt-II) gene from the
transposon Tn5 (ref. 14) is a useful dominant marker in both
animal'® and plant®*®"’ cells when expressed using the appropri-
ate eukaryotic regulatory signals. Expression of the npt-II cod-
ing region confers resistance to the antibiotics kanamycin and
G418, to which plant cells are normally sensitive®'®!". We
demonstrated previously that the cauliflower mosaic virus
(CaMV) 35S promoter (nucleotides 7,017-7,437, see ref. 18 for
nucleotide numbers) and the nopaline synthase 3’ region'® were
sufficient 5’ and 3’ regulatory signals to express the chloram-
phenicol acetyltransferase coding region in maize protoplasts®.
Accordingly, the CaMV 35S promoter, the npt-II coding region
and the nopaline synthase 3’ region were used to construct
pCaMVNEO (Fig. 1) to serve as a selectable marker in maize.
pCaMVNEO expresses detectable npt-II enzyme activity 20 h
after electroporation-mediated transfer into maize protoplasts
(data not shown), demonstrating that it can be expressed in
maize cells and therefore should confer resistance to kanamycin
in transformed cells.

CaMV 358 promoter

Amp'

npt=11
1.0kb

PUCPIANT
27kb

nos Poly (A}
0.25kb

pBR322
0.029 kb

Fig. 1 Diagram of pCaMVNEO. The size in kilobase pairs is
shown next to each DNA fragment composing pCaMVNEOQ, with
the source of each fragment represented by a different background:
stippled, caulifiower mosaic virus 35S promoter; hatched, neomy-
cin phosphotransferase II; cross-hatched, nopaline synthase (nos)
polyadenylation region; black, pBR322; white, pUCPiAN7. Rel-
evant restriction sites are also indicated: B, BamHI; Bg, BgllI; E,
EcoRI; H, HindIIl; X, Xbal.

Methods. pUCPiAN7 contains the polylinker of PiAN7 (Biolabs)
inserted into PUC8?'. A 777-base pair (bp) Hincll fragment
(nucleotides 7,017-7,794, see ref. 18 for nucleotide numbers) from
CaMV strain 1841 (ref. 32) containing the CaMV 35S promoter
was inserted into the Hincll site of pUC8. A 430-bp fragment
(nucleotides 7,017-7,437) was excised with EcoRI and Hphl, then
inserted into EcoRI, Hincll cleaved pUCS. This 430-bp CaMV
35S promoter fragment was then excised as a BamHI-PstI frag-
ment and inserted into pUCPiAN7, which had been double
digested with BglII and PstI to yield pCaMV. The 250-bp Sau3A
fragment spanning the polyadenylation region of the nos gene®
was sequentially inserted into the BglII site of pUCPiAN7, then
into pBR322 as a HindIII- BamHI fragment, followed by insertion
into pCaMV as an EcoRI-BamHI fragment. This yields the plas-
mid pCaMVNOS that contains a unique BamHI site between the
CaMV 35S promoter and the nos polyadenylation region. A 1.0-kb
BamH]1 fragment of the npt-IT gene spanning nucleotides 1,540-
2,518'* was inserted into the BamHI site of pPCaMVNOS to yield
pCaMVNEO. The nucleotide position corresponding to the 5’ end
of the CaMV 35S RNA' (nucleotide 7,435) is located 17 bp
upstream of the BamHI site at the 5’ end of the npt-II gene

fragment shown.
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