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SUMMARY

The actin cytoskeleton maintains the cellular architecture clouds’ were observed in addition to stress fibers. These
and mediates cell movements. To explore actin cytoskeletal ruffle-like structures were found to be involved in the
dynamics, the enhanced green fluorescent protein (EGFP) reorganization of the actin cytoskeleton. In migratory cells,
was fused to human-actin. The fusion protein was EGFP-actin was found in the advancing lamellipodium.
incorporated into actin fibers which became depolymerized Immobile actin spots developed in the lamellipodium and
upon cytochalasin B treatment. This functional EGFP- thin actin fibers formed parallel to the leading edge. Thus
actin construct enabled observation of the actin EGFP-actin expressed in living cells unveiled structures
cytoskeleton in living cells by time lapse fluorescence involved in the dynamics of the actin cytoskeleton.
microscopy. Stable expression of the construct was

obtained in mammalian cell lines of different tissue origins.  Key words: EGFP-actin, Cell migration, Cell adhesion, Actin

In stationary cells, actin rich, ring-like structured ‘actin filament

INTRODUCTION complex dynamics of the actin cytoskeleton which is required
for maintaining cell shape or cellular locomotion are not well
Actin is a highly conserved and abundant cytoskeletal proteinnderstood. Reagents such as cytochalasins or phalloidin have
in eukaryotic cells. It is implicated in a number of cellularbeen widely used to perturb actin dynamics. The former
activities, including reorganization of cell shape and celinhibits actin polymerization by blocking the barbed end of
motility (Stossel, 1993; Small, 1994a,b; Lauffenburger andctin filaments, while the latter binds selectively along the sides
Horwitz, 1996; Mitchison and Cramer, 1996). Many of theseof actin filaments and inhibits their depolymerization (Dancker
processes require the dynamic behavior of the actiet al., 1975; MacLean-Fletcher and Pollard, 1980; Cooper,
cytoskeleton which involves the polymerization and1987; Forscher and Smith, 1988). An alternative method to
depolymerization of actin filaments (Welch et al., 1997)study the dynamics of the actin cytoskeleton in living cells is
Monomeric actin (G-actin) polymerizes in a head to tailto microinject fluorescently labeled actin, anti-actin antibodies
fashion to form helical actin filaments (F-actin) (Wegner, 1976por caged resorufin (CR)-actin (Wang, 1984; Symons and
Pollard and Mooseker, 1981; Holmes et al., 1990). Most cellslitchison, 1991; Theriot and Mitchison, 1991; Cao et al.,
keep a large pool of G-actin to maintain the ability to quickly1993).
reorganize the cytoskeleton when subjected to environmental When transfected into recipient cells, green fluorescent
changes. The G-actin pool and the stability of F-actin iprotein (GFP)-tagged proteins can be visualized in living cells
controlled by a large number of actin binding proteins. Theusing fluorescence microscopy (Gerdes and Kaether, 1996;
amount of G-actin available for polymerization is controlledLudin and Matus, 1998). In yeast cells, an actin-GFP fusion
by proteins selectively binding to monomeric actin (Carlier angbrotein was used to study the movement of cortical actin
Pantaloni, 1994; Sun et al., 1995). Another class of G-actipatches (Doyle and Botstein, 1996). IDictyostelium
binding proteins modulate the rate of assembly andiscoideum GFP-actin fusion proteins were integrated into
disassembly of G-actin into F-actin, hence increasing the ragectin filaments which allowed the observation of microfilament
of actin polymerization and treadmilling significantly (Carlier dynamics duringDictyostelium movement and chemotaxis
et al., 1997; Theriot, 1997). Furthermore, certain actin bindingWestphal et al., 1997). So far studies in mammalian cells were
proteins have actin filament severing activity allowing thehampered due to the lack of corresponding functional GFP-
creation of new nucleation sites for actin polymerizationactin construct.
(Cunningham et al., 1991; Witke et al., 1995). Finally, existing The aim of this investigation was to study cellular processes
F-actin can be bundled by bivalent F-actin binding proteinsvhich lead to actin reorganization in immobile and migrating
leading to the formation of thick actin cables (stress fibersnammalian cells. In order to visualize the actin cytoskeleton
(Matsudaira, 1994). during these complex morphological changes, we constructed
Although many studies of actin behavior in vitro exist, thean EGFP humag-actin fusion protein which was expressed
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in mammalian cells of different tissue origins. Among theThe 1.2 kb humar-actin promoter was amplified with the same
EGFP B-actin transfected cells we focused on Bl16Flreverse primer and the following forward  primer
melanoma. These cells can either assume a very well spreddSAAGATCTGAAGTCGGCAAGGGG). B
stationary morphology similar to fibroblasts, or develop a Subsequently, the EGFP sequence was amplified Wit
lamellipodium and undergo extensive migration similar to fistPelymerase utilizing a forward primer with Hindlll and reverse

keratocytes (Wang, 1984: Theriot and Mitchison, 1991 Primer with  BanHI  restriction site: forward  primer

. . TGGAAGCTTCCACCATGGTGAGCAAGGGC) and reverse
Dunlevy and Couchman, 1993; Lee et al., 1993; Small, 1994 rimer (CCGGATCCCTTGTACAGCTCGTCCATGC).  Finally,
Small et al., 1995; Cramer et al., 1997). Therefore a possib,

; . . - man B-actin was amplified withPfu polymerase using primers
bias of EGFPB-actin towards the formation of a particular containing aBanHI and EcoRI site respectively, and cloned into the
actin structure was excluded. EGFP  containing pcDNA3  vector; forward  primer
In stationary spread cells we found EGHRactin (CCGGATCCACTAGTGGCATGGATGATGATATCGC), and
incorporated into stress fibers. In these cells, expandingverse primer (CCGAATTCCTAGAAGCATTTGCGGTGG). The
circular F-actin containing structures were found to befonstructs were subsequently sequenced, in order to verify the
associated with cell shape changes and reorganization of tigegrity of the fusion protein. Final constructs were: (1) pcDNA3

; ; ; ; -with CMV promoter plus EGFP arfactin, (2) pcDNA3 with a long
actin cytoskeleton. Migrating cells showed a prominent actnii/"ersion of theB-actin promoter followed by EGFP afidactin, and

ri(_:h Iamellipqdium, followed by the lamella, a transition Zone(3) pcDNAS3 containing the short version of tBeactin promoter
with low actin content and the cell body with the nucleussj wed by EGFP an@-actin.

These cells did not contain stress fibers but close inspection

revealed that long thin actin fibers existed. The reorientation dkransient and stable protein expression

those were associated with the directional change in migratioplasmids containing the EGFPB-actin fusion construct were
Furthermore, ‘actin spots’ were formed within the transfected with Lipofectamine according to the manufacturer's
lamellipodium of migrating cells and remained immobile withrecommendation (Gibco BRL). Briefly, 18 of plasmid DNA and
respect to the substrate. The data presented here suggest furfhiglrLipofectamine solution was incubated for 15 minutes in 200
roles for different entities in the actin cytoskeleton which mayf OPTIMEM (Gibco BRL) then diluted with 8q@ OPTIMEM. This

be important for the maintenance of cell shape and the onsgtution was added to cells at 30-60% confluence in a 35 mm tissue
of cellﬂlar locomation P culture plate (Falcon, Becton Dickinson, Basel, Switzerland). After

10 hours incubation at 37°C without serum, 2 ml of 10% FCS medium
was added to the cells, and was changed fourteen hours later to the
culture medium described for the corresponding cell lines. Two days

MATERIALS AND METHODS after transfection, expression of the fusion construct was evaluated by
_ _ fluorescence microscopy using a FITC filter set (Carl Zeiss, Jena,
Cell lines, plasmids and reagents Germany). Stable expressing clones were obtained by sorting of

Mouse melanoma cells (B16F1) were kindly provided by G.EGFP fluorescent cells into 96-well plates using a Fluorescence
Nicholson (Houston, TX, USA). Swiss 3T3 fibroblasts and Chinesé\ctivating Cell Sorter (FACStar; Becton Dickinson, San Jose, CA,
hamster ovary cells (CHO) were from the American Type TissudJSA) and cultured in G418 (1.5 mg/ml; Geneticin, Gibco BRL)
Culture Collection (ATCC). Mouse thymic endothelioma cells supplemented media. Colonies expressing EGFP-actin were expanded
(t.End3) were obtained from Dr Werner Risau (Max Planck Institutefor further analysis.
Bad Nauheim, Germany). B16F1, 3T3 fibroblasts, and t.End cells . o .
were grown in DMEM and CHO cells in F12 medium (Gibco BRL, Fluorescence microscopy of living cells and image
Paisley, Scotland), each supplemented with 10% FCS (PAAnalysis
Laboratories, Linz, Austria), 2 mM glutamine, 100 i.u./ml penicillin Cells transfected with EGFB-actin, were detached from plastic
and 100ug/ml streptomycin (all Gibco BRL). tissue culture plates by EDTA treatment for 5 minutes, washed 2 times
The mammalian expression vector for enhanced green fluorescent Ham’s F12 medium, and plated in presence of Ham's F12
protein (PEGFP-1) and polyclonal anti-EGFP antibodies werecontaining 10% FCS on glass coverslips coated withugéml
obtained from Clontech (Basel, Switzerland) and pcDNA3 expressiofibronectin or laminin. Living cells were observed under an inverted
vector was from Invitrogen (Leek, Netherlands). The hufactin fluorescent microscope (Zeiss-Axiovert 100) equipped with Plan-
promotor was amplified from the @HApr-1-neo plasmid (Ng et al., Neofluarx40, x100 Fluar oil immersion objectives (Zeiss), and an
1989). HumarB-actin cDNA was obtained from Dr Perriard (Ziirich, incubation chamber for constant temperature ancg @@ulation.
Switzerland). A polyclonal anf-actin antibody specifically reacting EGFP fluorescence was visualized using a FITC filter set (450-490,
with the acetylated N terminus Bfactin was kindly provided by Dr FT 510, LP 520). Single or time lapse pictures were acquired with a
Gabbiani (Geneva, Switzerland) (Yao et al., 1995). Human fibronectilamamatsu C4742-95-10 digital CCD camera (Hamamatsu
(FN) was purchased from Collaborative Biomedical Producthotonics, Japan) controlled by the Openlab software (Improvision,
(Bedford, MA, USA), mouse EHS-laminin (LN) was a gift from M. Oxford, UK). For time-lapse recordings, cells expressing EGFP-

Chiquet (Bern, Switzerland). constructs were kept constantly at 37°C and 5%.J0 obtain low
_ _ ) ) background fluorescence from the culture medium, we used Ham’s
Construction of EGFP  B-actin fusion protein F12 medium which has a low concentration of fluorescent media

Humanp-actin promoter, EGFP and hum@ractin sequences were components, such as Phenol Red and riboflavin. Since prolonged
amplified by PCR with primers containing restriction sites for cloningexposure to intense light led to deterioration and bleaching of the

into pcDNA3. The cytomegalovirus (CMV) promoter of pcDNA3 was observed cells, light intensity was controlled using neutral density

excised withBglll and HindIll and replaced by a 3 kb or 1.2 kb filters, and exposure times never exceeded 600 milliseconds per 20
fragment of the huma-actin promoter (Ng et al., 1989) which were second interval during time lapse recording.

amplified usingPfu polymerase (Stratagen, Basel, Switzerland). The . .

amplification of the 3 kb promoter was carried out with the following™luorescence microscopy of fixed cells

primers: forward prime{GGAAGATCTTGGCCAGCTGAATGGAG)  Stable EGFMB-actin transfected cells were cultured on FNugéml)

and reverse primer (CCCAAGCTTGAGCTGCGAGAATAGCCG). coated glass coverslips at 37°C and 5% @0® 12 hours. Cells were
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then fixed with 2% paraformaldehyde for 30 minutes at roonmperiphery or in vesicular structures within the cell (data not
temperature (RT). After rinsing 3 times with PBS cells wereshown). In contrast, cell morphology of COS-7 cells
permeabilized with 0.5% Triton X-100 in PBS for 5 minutes at RT.expressing EGFP3-actin under the long actin promoter
by a 30 minute incubation at RT with 100 nM rhodamine-phalloidinsubSequent studiés

(Fluka, Buchs, Switzerland). After final washing (3 times) with PBS, : P .
ol ver a1 gy e, 00 el 1 P55, |, 15 ECELE S Constet v e et o expreseon
and analyzed using a Zeiss-Axiovert 100 microscope. . ) . .

y g P with B16 F1 melanoma cells, mouse 3T3 fibroblasts, Chinese
Western blotting hamster ovary cells (CHO), and thymic endothelial cells (t.End
Western blot analysis was performed after SDS-PAGE (10% gef§). All four cell lines expressed EGHRactin (Fig. 2). This
according to established procedures (Winston and Fuller, 19913uggests that expression and function of this construct is not
EGFPp-actin expressing B16F1 cells (}@vere washed in PBS and cell lineage restricted. After two weeks of G418 selection,
lysed in 0.5% Triton X-100 in PBS containing protease inhibitorsstaple expression was obtained in B16, 3T3, and CHO cells
(inhibitor cocktail - from = Boehringer  Mannheim, Mannheim, demonstrating that cell proliferation was not blocked by EGFP
Germany). The cell lysate was then mixed with an equal volume 6§ ain fusion protein. Expression of EGBRactin was also
2x SDS-PAGE sample buffer and boiled for 5 minutes. Proteing, ;e py western blotting using stable transfected B16 cell

separated by SDS-PAGE were transferred to nitrocellulos ) : . . . .
membranes and non-specific binding sites were blocked with TB es (Fig. 3). Anti-GFP specific antibodies detected a single

containing 1% BSA and 0.1% Tween-20. After incubation withPand with an apparent molecular mass of 70 kDa using cell
primary polyclonal antB-actin or anti-EGFP antibody followed by lysate of EGFRB-actin transfected cells; non-transfected cells
secondary peroxidase-conjugated anti-rabbit antibodies (Sigmayere negative. NormgB-actin appeared at 43 kDa and was
Basel, Switzerland), peroxidase activity was visualized bydetected with a polyclonal monospecific antibody recognizing
chemiluminescence (ECL, Amersham, Buckinghamshire, UK). the acetylated N terminus d-actin (Yao et al.,, 1995).
Apparently the epitopes of this antiserum were lost by
generating the EGFP-actin fusion protein. Both, transfected

RESULTS and non-transfected cells showed the 43 kDa wild-type actin
) o ) band at the same level of expression. Thus coexpression of
Expression of EGFP  B-actin in mammalian cells EGFPp-actin did not influence the expression level of wild-

In order to visualize the actin cytoskeleton in stationary antlype actin. The band detected with the anti-GFP antibody at 70
migrating mammalian cells, the enhanced green fluorescekbDa corresponds to the calculated molecular mass of the EGFP
protein (EGFP) was fused to the amino-terminal end of th@-actin fusion protein (69, 45 kDa).
human B-actin (Fig. 1). EGFP an@-actin sequences were ) _ o ) _
separated by a flexible, hydrophilic 5 amino acid spacer. ThisGFP [B-actin fusion protein integrates into actin
hinge region should reduce steric hindrance by EGFP, in ordéfaments
to allow interaction of actin with actin binding proteins. The fiber-like structures seen in EGBfctin expressing cells
Since overexpression @factin cDNA in mammalian cells were strongly reminiscent of stress fiber bundles in adherent
has been shown to have a severe impact on cell morphologglls. In order to test whether EGBRactin was incorporated
(Mounier et al., 1997) three plasmids encoding E@Ftin  into actin filaments, cells were fixed and then filamentous actin
were constructed with promoters of different strength; th€F-actin) was counter-stained with rhodamine-phalloidin (Rh-
CMV promoter, a long and short version of the hufdaactin ~ Ph). All Rh-Ph labeled fibers were also positive for EGFP
promoter (see Materials and Methods). Transient expression attin, indicating that the fusion protein is incorporated into
EGFPp-actin in COS-7 cells was strong under the control ofactin stress fibers in living cells (Fig. 4A,B). In addition to
the CMV and readily detectable with the long actin promoterstress fibers EGFP-actin was also found in non-filamentous
Expression under the short actin promoter was barely visiblstructures surrounding the nucleus. This staining disappeared
The strong expression of EGHBactin under the CMV after detergent treatment suggesting that it consisted of
promoter affected the cellular morphology of COS-7 cellsmonomeric G-actin (data not shown). Thus E@F&ctin can
Many of these cells were round shaped, unable to spread, ape visualized as monomeric G-actin and as polymerized F-
green fluorescence was observed in clusters along the calitin.

human B-actin promoter (2856 bp) EGFP human - actin
714 bp 1125 bp lf
ATG
Fig. 1. Scheme of the EGFP-hum@ractin DNA
construct. A 2,856 bp long version of the hurfian
actin promoter was linked to the coding sequence of Linker

enhanced green fluorescent protein (EGFP)
followed by humar-actin. A flexible linker  AAd GGA TCC ACT AGT GGClATG..
encoding five amino acids was introduced between
the EGFP and actin genes. K-6 s T s G-M
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Fig. 2. Expression of EGFB-actin in cell lines
of different tissue origin. The EGHRactin
construct driven by the long actin promoter waj
transfected into adherent cell lines. The EGFP
B-actin expression was observed by
fluorescence microscopy. (A) BL6F1 mouse
melanoma cells; (B) 3T3 mouse fibroblasts;
(C) Chinese hamster ovary (CHO) cells;

(D) thymus derived endothelioma (t-End).
(A-C) Cell lines expressed the fusion protein
stably; (D) transient expression. Bar,|24d.

Polymerization and depolymerization of EGFP  [3- Actin dynamics in stationary cells

actin in living cells B16 cells were stationary when plated on FN coatequgtrl.

Actin depolymerization and polymerization are required forTwelve hours after plating, immobile cells were observed using
cell locomotion and reorganization of the actin cytoskeletorntime lapse fluorescence microscopy. The cells exhibited many
To test whether these processes were altered by the presentess fibers and intense ruffling at the cell edges (Fig. 6A-F).
of the EGFP-tag, EGFPB-actin depolymerization and Furthermore, in the presence of serum, ring-shaped actin
polymerization were recorded by time lapse video fluorescenc#ructures with intense green fluorescence appeared
microscopy. Actin depolymerization was obtained withspontaneously within the cell (arrow in Fig. 6A). As shown in
cytochalasin B which prevents association and dissociation &fig. 6A-D, these ring-like actin structures, which most likely
G-actin at the barbed end of actin filaments, without affectingepresent actin ruffles, expanded concentrically (Ruusala et al.,
the depolymerization at the pointed end of actin filaments. B16998). Because of their appearance we will refer to these
cells were cultured for 24 hours on fibronectin (FN) coatedtructures from now on as ‘actin clouds’. When associated with
glass coverslips to obtain stress fiber containing spread cells.

Cells were then treated with @M cytochalasin B, which

resulted in rapid rupturing of fibers at the cell periphery. A B

Subsequently, the ruptured fibers were shortened b — 1
depolymerization (Fig. 5A-C), and F-actin was lost within 10
minutes of cytochalasin B application.

Further evidence that the EGBRctin fusion protein did not 84— — — EGFP-Actin
disturb actin function was shown by recording the video image 48 —
of spreading cells. As shown in Fig. 5D-F, actin polymerizatior St e| — Actin
readily occurred in spreading B16 cells plated on FN coate 36—
glass coverslips. Growing actin filaments showed intens
fluorescence at the tip and advanced towards the cell borc
(arrow in Fig. 5G), indicating accumulation of G-actin at actin
polymerization sites. Subsequently, these filaments were furthe:
bundled to stress fibers which appeared as thicker fluorescdrig. 3. Western blot of EGFB-actin fusion protein. Whole cell
lines than the de novo formed filaments (data not shownlysates of nontransfected control B16 (n) and E@#etin
Spreading and adhesion occurred within 15 minutes, which fXPressing B16 cells (t) were separated on 10% SDS-PAGE and
the same time scale as for non-transfected B16 cells, indicatigqg‘s;%r;e(?ettgCr;grdoges”i‘rjlgzebr:sénxiﬁnsh (ggpicr)zlaynctlcr):;leimgfr%zs of
that the EGFP-actin fusion protein is a valuable tool to StUd¥O kDa in transfected but not in nontransfected control cells. (B) A

the actin cytoskeleton dynamics in living mammalian cells. qvcional anti-actin antibody recognizing the N terminug-attin

These results show that the EGE-Rctin fusion protein has getected a single band with an apparent molecular mass of 43 kDa in
no severe impact upon function of the actin cytoskeleton witBoth transfected and nontransfected cells. The 70 kDa [B&En
respect to actin-polymerization, depolymerization, and celvas not detectable with this antibody, since the N terminfsagtin
adhesion. was modified by the fusion to EGFP.
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Fig. 4.Overlapping staining of EGFP
[B-actin organized in stress fibers with
rhodamine-phalloidin. EGFp-actin
expressing B16 cells were allowed to
spread on culture dishes for 14 hours.
(A) The image of living cells was taken
by fluorescence microscopy. (B) The
cells were then fixed, lysed and stained

; Rhodamine- . | with rhodamine-phalloidin. Note the
= i - identical pattern of F-actin in the two
EGFP'I'J actin Phalloidin images. Bar, 1Qm.

the cell periphery these expanding actin clouds lead to the locdiese clouds were always associated with the lower side of the
protrusion of the plasma membrane with subsequent formatiaells (data not shown), in contrast to dorsal ruffles observed in
of new stress fibers. The actin in clouds is in its polymerizeMDCK cells (Dowrick et al., 1993).

form as phalloidin binds to these structures (Fig. 6G). The S

clouds were stained with the aptiactin antibody which Actin dynamics in migrating cells

exclusively recognizes endogenditactin and can not bind to Next we studied actin dynamics in migrating EGBRctin

the EGFRB-actin (Fig. 6H, compare with Fig. 3). This assuredexpressing B16 cells by time lapse microscopy. These cells
that the clouds were not an artifact of the EGERBctin  moved with a velocity of 3 to im/minute on laminin (LN)
expression in B16 cells. Artifacts due to EGIBractin  coated at 5pg/ml. Cells migrated by forming a large
expression can be excluded by visualization of clouds blamellipodium and retracting the rear part of the cell (Fig. 7).
phalloidin in nontransfected B16 cells (Fig. 61). InterestinglyThe lamellipodium was formed by an EGBRctin containing

Fig. 5.EGFPB-actin does not interfere
with depolymerization and polymerization
of F-actin. (A-C) Spreaded, EGHPactin
expressing B16 cells on FN were treated
with 2 uM cytochalasin B at time point 0’
(A), the depolymerizing actin stress fibers
were then observed for 10 minutes (A-C).
Note that 2 minutes after cytochalasin B
treatment large zones were already free of
stress fibers (arrowhead in B);
depolymerization was complete after 10
minutes (C). (D-F) The formation of the
actin filament network was observed in
spreading B16 cells on FN. Already within
10 minutes the cell was well spread (D).
Filaments were formed by 12 minutes (E),
reaching a complete level at 14 minutes
(F). High magnification of growing actin
filaments in a different spreading cell on
FN (arrow in G). Bars, 2Qm.
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Fig. 6. Reorganization of the
actin cytoskeleton in stationary
cells. B16 cells were allowed to
adhere for 24 hours on glass
coverslips coated with gg/ml of
FN. (A-F) Actin stress fibers are
clearly visible. (A-E) A series of
images with 3 minutes intervals
showed the appearance and
disappearance of ‘actin clouds’
(arrow in A). (F) The same cell
developed new ‘actin clouds’ at a
different location by 200 minutes.
(G) RH-phallodin staining of an
‘actin cloud’ in EGFRB-actin
transfected B16 cells.

(H) Visualization of an ‘actin
cloud’ in an EGFMB-actin
transfected B16 cell with an anti- &
B-actin specific antibody. Note
that this antibody recognizes onl
endogenoug-actin (Fig. 3). '
(I) RH-phalloidin staining of an
‘actin cloud’ in nontransfected
B16 cells. Bar, 2Qum.

rim with a constant diameter of 4¢Bn. The lamellipodium Fig. 7 and 9. The leading edge started to split into two parts
contained a ribbed pattern of intense fluorescent actin bundl@§er six minutes of observation. Both fronts then migrated in
(Figs 7, 8). These bundles remained associated with tiféfferent directions until the smaller edge collapsed and was
protruding leading edge of the migrating cell and their lengttietracted towards the main part of the cell body. After 27
was constant while approaching a given reference poiffinutes of observation the remaining leading edge divided
(arrowhead in Fig. 8A-C’). Similar to the lamellipodium, the again into two fronts and the cell movement proceeded as
EGFP B-actin fluorescent intensity in these bundles waglescribed before. During this change of direction the actin
maximal at the cell margin and declined towards the interiofibers were reorganized parallel to the leading edge. Fig. 9
of the cell (Fig. 8). In the moving lamellipodium, distinct Shows a schematic outline of the actin fibers; the direction of
fluorescent spots of actin were observed, which at first glandge migrating cell is indicated by arrows.
seemed to migrate against the motion of the advancing cell.
Closer inspection, however, proved that they were immobile in
respect to the substrate (compare circles in Fig. 8A-C’)DISCUSSION
suggesting that they could represent anchoring points of the
cell. EGFP B-actin integrates into actin filaments

Within the cell body, EGFB-actin was organized in fibers Expression of- and y-actin isoforms was shown to have
perpendicular to the direction of cell migration, parallel to thedifferent impact on myoblasts morphology. Beta isoform
leading edge (Fig. 9A). Similar to the fluorescent actin spotgansfectants displayed well defined filamentous organization,
most fibers were static. In all observed migrating cells the&vhereas gamma isoforms showed a more diffuse organization
nucleus moved over this network in direction of migrationof actin cables (Schevzov et al., 1992). This result prompted
(data not shown). All migrating cells changed the direction ofis to choose the3-actin isoform for fusion to EGFP.
locomotion during the time of observation. This occurred in &ransfection experiments with the EGBHctin fusion protein
very characteristic way and is exemplified on the cell shown innder the strong CMV promoter showed accumulation of green
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fluorescent proteins at the cell periphery and morphologicahe appropriate promoter is crucial for successful use of the
changes of transfected COS-7 cells. These changes could B&FP-tagge-actin.
due to a cytotoxic effect of overexpressed EGFP alone, but this o o )
is unlikely since transfection of EGFP under the CMVPolymerization and depolymerization of actin
promoter had no effect on the cell shape of COS cells (data nidgments
shown). Counter-staining of actin filaments with Rh-Ph in cells
Morphological changes may be affected by altering thexpressing EGFB-actin showed the successful incorporation
proportion of actin isoforms. Recent work has shown thatf the fluorescent fusion protein into actin filaments. The time
overexpression of B-actin influences the function of course of changes observed in cytochalasin treated cells was
cardiomyocytes (von Arx et al., 1995). Cellular malfunctionssimilar to that in control cells, indicating that actin
could also result from steric hindrance due to the linkage gfolymerization and the binding of capping proteins to actin is
the 26 kDa EGFP to the 43 kDa actin, as shown by in vitr@ot disturbed by the fusion of EGFP to actin.
experiments withDictyosteliumGFP-actin (Westphal et al.,  The mechanism of cytochalasin B is not yet entirely clear.
1997). It was found that GFP-actin was fully functional in inBesides the fact that this drug inhibits polymerization by
vitro motility experiments when the fusion protein did notbinding to the barbed end, in vitro studies have shown that it
exceed 30% of native actin. In order to be within these limitsevers F-actin (Hartwig and Stossel, 1979; Theodoropoulos et
the control of the transcription rate was achieved by the longl., 1994). Fragmentation of large actin stress fibers in living
form of theB-actin promoter. By testing the different constructscells within seconds after addition of cytochalasin B was
in mammalian cells, a correlation between increased changesleed observed in the experimental setup used. After the
in cell morphology and increased expression levels of EGFBevering of actin filaments depolymerization of the fragments
[B-actin fusion protein was observed. Therefore the selection ébllowed, and within ten minutes most F-actin was

Fig. 7.EGFPB-actin in a migrating cell.
EGFP-actin transfected B16 cells were
allowed to adhere for 12 hours to glass
coverslips coated with g/ml of LN.

The illustrated images correspond to
three minute time intervals of a
migrating cell. The composite at the
lower right represents an overlay of
images taken during the 30 minute
period of migration. Bar, 2Qm.
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00”

Fig. 8.Immobile actin spots in a
migrating B16F1 cell. Cells were plated .
on LN as described in Fig. 7. Fluoresce A
B-actin was observed at high
magnification in a migrating cell.

(A-C) Images taken at intervals of 20
seconds. (A-C’) Image colors were
inverted in order to obtain better visibilit
of EGFPpB-actin structures. Migration is
illustrated by a static arrowhead given ag
reference point. Immobile actin spots arg

marked by circles at identical r ot ‘
coordinates. Bar, 10m. - ™

depolymerized. In general, peripheral stress fibers in stationadeveloped close to the edge of the cell a local lamellipodium
cells depolymerized more rapidly than stress fibers in thevas formed. The structure of this lamellipodium resembles the
center of the cell. This indicates that the turnover of actitamellipodium found in migrating cells. Therefore the
filaments is more rapid at the periphery of the cell andjeneration of ‘actin clouds’ may be a ubiquitous mechanism
demonstrates that two mechanisms are involved in the decagsential for the building of lamellipodia by the actin
of F-actin by cytochalasin B; severing and depolymerization.cytoskeleton (Ruusala et al., 1998). In stationary and migrating
) ) cells the outer semicircle of the actin cloud forms an organized
Dynamics of actin clouds lamellipodium, whereas the inner semicircle persists as a
Observed stationary cells displayed actin stress fibers amtiffuse actin rich area. While the leading edge in a migrating
showed prominent ruffling of the plasma membrane. Theseell is constitutive, the actin cloud in a stationary cell is a
cells spontaneously formed ‘actin clouds’, actin rich ring-liketemporary structure which is replaced by polymerizing fibers.
structures most likely represent actin ruffles (Boschek et alA further function of actin clouds may be the reorientation of
1981; Mellstrom et al., 1988; Dowrick et al., 1993; Ruusala estress fibers within the stationary cell. This function may be
al., 1998). The clouds emerged irrespective of the cell regigprevalent in ‘actin clouds’ appearing in the center of the cell,
and their ring-shaped extension coincided with locabway from the plasma membrane, possibly allowing the cell to
protrusions of the cell membrane. When the actin rich ringqdapt to changes of the extracellular microenvironment.

Fig. 9.Behavior of the actin
cytoskeleton in cells changing the
direction of migration. (A-C) Color
inverted illustration of the migrating cell
shown in Fig. 7 at time point 6’, 12,
and 24, respectively. (A-C’) The actin
filaments (black lines), the
lamellipodium (black) and the nucleus
(gray) are outlined in the drawings
derived from image overlays with
A,B,C, respectively. The direction of
migration is indicated by arrows. Bar,
20 um.
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Actin cytoskeleton remodeling in migrating cells B1 integrin, and several other molecules which are normally
Migrating B16 cells showed an actin rich, arc-shapedound to be in focal adhesion contacts (Lee and Jacobson,

lamellipodium containing microspikes, which was followed by1997). We are currently investigating whether the actin rich
the lamella, a zone low of actin content, and the cell bod§pots correspond to nascent focal adhesion sites.
containing the nucleus. The direction of cell migration was In summary, the EGFB-actin fusion protein proved to be
imposed by the progression of the lamellipodium. a valuable tool to study the dynamic changes of the different
Studies with fish keratocytes proposed two hypothesis foromponents of the actin cytoskeleton. Since the actin
the advancement of the lamellipodium. In the nucleatiorgytoskeleton is involved in a vast number of cellular functions,
release model, short actin filaments are created at the cell frdhe EGFPB-actin fusion protein will help to provide further
and then subsequently released into the cell body (Theriot affgights into actin function in living cells.
Mitchison, 1991, 1992). A particular orientation of actin o o o
filaments is not required in this model. In the treadmilling_ We are grateful to Dr Gabbiani for his gifts of antibodies, Dr
model, actin filaments are oriented with their barbed end erriard for c_DNA of huma@-actin, M. Zonta for technical sup_port,
towards the cell margin; polymerization is expected to occur at €. Rumbeli for photography, D. Wohlwend for FACS operation and

S . Ntah for secretarial assistance. We thank Dr C. Chaponnier and C.
the front of the cell edge and depolymerization towards the reWong for critical reading of the manuscript. This work has been

of the lamellipodium (Wang, 1985; Small, 1994b). StudieSypported by the ‘Schweizerische Krebsliga’ grant No. KFS 412-1-
with fixed cells demonstrated that the highest density of actifgg7 and grants from the Swiss National Science Foundation 31-
filaments in the lamellipodium is at the cell edge and that thg9241-96 and 31-052727.97.
barbed ends of these filaments point towards the cell margin,
thus forming an actin density gradient within the
lamellipodium (Small et al., 1995; Cramer et al., 1997,REFERENCES
Svitkina et al.,, 1997). In the present study, actin rich
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