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To study the dynamics of actin cytoskeleton rearrangement in living cells, an eukaryotic
expression vector expressing a â-actin-GFP fusion protein was generated. The
expression construct when transfected into NIH3T3 fibroblast, A2058 human mela-
noma and 293T human embryonic kidney carcinoma cell lines expressed â-actin-
GFP fusion protein, which colocalized with endogenous cellular actin as determined
by histoimmunofluorescence staining. The â-actin-GFP was also observed to be
reorganized in response to treatments with the chemoattractant type IV collagen. Cells
extended pseudopodial protrusions and altered the morphology of their cortical
structure in response to type IV collagen stimulation. More importantly, â-actin-
GFP accumulated in areas undergoing these dynamic cytoskeleton changes, indicating
that â-actin-GFP could participate in actin polymerization. Although ectopic expres-
sion of â-actin-GFP lead to minor side effects on cell proliferation, these studies
suggest that this strategy provides an alternative to the invasive techniques currently
used to study actin dynamics and permits real-time visualization of actin rearrange-
ments in response to environmental cues.

Introduction
In response to environmental cues such as growth

factors, extracellular matrix (ECM) components, and
chemokines, motile cells will undergo dramatic changes
in cell morphology including continuous cycling of protru-
sions, reabsorption of pseudopods, and crawling (1-4).
The ability of cells to detect and respond to chemoattrac-
tant gradients is critical for cell migration during em-
bryogenesis, mobilization of leukocytes to sites of inflam-
mation, and metastasis of tumor cells. Morphological
changes that permit cell motility are dependent on the
dynamic properties of the actin cortical network. In
addition to regulating cell migration, remodeling of actin
filaments can influence cell functions including prolifera-
tion, differentiation, organization of membrane receptors,
and signal transduction (1, 5, 6). Therefore, understand-
ing the organization of the cytoskeleton and, in particu-
lar, the dynamics of actin filaments is critical for eluci-
dating the underlying mechanisms that regulate multiple
cellular functions.

Most studies investigating the dynamics of actin mi-
crofilament networks and their rearrangement during
cell motility have relied on fluorescently tagged actin
monomers. Such experiments require either microinject-
ing prelabeled G-actin into individual cells or visualizing
actin filaments and monomers by histoimmunofluores-
cence on fixed cell populations (1, 7-10). Although these
studies have provided insight into the association of actin
monomers and their polymerization, they are extremely
invasive and introduce potential artifacts, especially if
collecting fluorescence data.

Green fluorescent protein (GFP) has been a useful tool
in marking and labeling cells in vivo and in vitro (11-
17). GFP is relatively innocuous and can be detected in
living cells with little preparation. Furthermore, GFP-
actin fusion proteins have successfully been expressed
in Dictyostelium, yeast, and Drosophila, as well as in a
variety of mammalian cell lines (18-21); however, the
use of such approaches in functional assays involving
mammalian cells has been limited. Previous studies have
used GFP-actin to observe changes in the actin cyto-
skeleton in migrating tumor cells as well as actin
reorganization in a host cell following Listeria monocy-
togenes infection (12, 13). In this study, we have employed
a fusion protein of â-actin with enhanced green fluores-
cent protein for real-time visualization of actin remodel-
ing during chemotaxis and pseudopodial protrusion
assays in mammalian cells. We report the first in vitro
observations of actin dynamics in a viable tumor cell
during an active chemotactic response toward type IV
collagen.

Materials and Methods

â-Actin-GFP Fusion Expression Vector. Human
â-actin cDNA was PCR-amplified using a pair of oligo-
nucleotide primers, 5′-gtcggatccgaagcatttgcggtggacgatgga-
3′ and 5′-ttcgaattcctcaccatggatgatgatatcgccg-3′ (Gibco
BRL, MD) from a â-actin-pUC18 plasmid obtained from
I. M. A. G. E. Consortium. The resulting PCR product
(1126bp) was agarose gel-purified and digested with Eco
RI and Bam HI. The purified fragments were subcloned
in-frame into Eco RI/Bam HI digested pEGFP-N3 ex-
pression vector (Clontech Inc., CA) using T4 ligase. Under
CMV IE promoter, this construct (pâ-actin-GFP) ex-
pressed a full-length â-actin protein that had GFP fused
to the carboxy terminus.
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â-Actin-GFP and pEGFP were introduced into Es-
cherichia coli DH5R by CaCl2 transformation following
standard protocols (22). Transformed cells were selected
for antibiotic resistance by plating on LB agarose plates
(1% bacto-tryptone, 0.5% bacto-yeast extract, 1% NaCl,
1.5% bacto-agar in 1 L of H2O and adjusted to pH 7.0)
containing 50 µg/mL kanamycin sulfate (Eastman Kodak,
NY). Plasmid DNA preparations from individual bacterial
colonies were purified using a Jetstar Plasmid Miniprep
kit (Jetstar GmbH, Germany), and the integrity of the
DNA was confirmed by restriction digest analysis.

Cell Transfection. The NIH3T3 cell line was main-
tained in RPMI 1640 supplemented with 10% fetal bovine
serum (FBS; Biofluids Inc., MD). The A2058 human
melanoma and 293T human embryonic kidney carcinoma
cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS (Biofluids
Inc.). The NIH3T3 and A2058 cells were transfected
using Lipofectamine2000 reagent (Gibco BRL, MD). Cells
were cultured to reach 90-95% confluence in six-well
plates containing 25 mm round glass coverslips (pre-
treated with 0.1% gelatin solution overnight). Aliquots
(5 µg) of pâ-actin-GFP or pEGFP DNA and 10 µL of
Lipofectamine2000 reagent solution were added to 250
µL each of Opti-MEM I (Gibco BRL) and were incubated
at room temperature for 5 min. Two solutions were mixed
and incubated for 20 min to allow DNA-liposome com-
plex formation. This transfection solution was added to
the standard culture medium. Cells were cultured in the
transfection mixture for 12 h, at which time the media
was replaced with fresh 10% FBS in DMEM. 293T cells
were plated onto 60 mm tissue culture plates or 25 mm
round glass coverslips at a concentration of 1 × 106 cells/
mL in 35 mm tissue culture plates approximately 12 h
prior to the calcium phosphate transfection. Aliquots (10
µg) of pâ-actin-GFP or pEGFP DNA, 0.12 M CaCl2, and
2× HEPES balanced saline (1.6% NaCl, 0.074% KCl,
0.027% NaHPO4‚2H2O, and 0.2% dextrose plus 1%
HEPES at pH 7.05) were mixed and added to the
standard culture medium. Cells were cultured in the
transfection mixture for 5 h, at which time the media
was replaced with fresh 10% FBS in DMEM. Transfection
efficiency was assessed by GFP expression 18-24 h post-
transfection by fluorescence microscopy or flow cytom-
etry.

Western Blot. Whole-cell extracts were prepared by
resuspending 1 × 107 cells in 200 µL of 2× SDS running
dye (0.2% bromophenol blue, 4% SDS, 100 mM Tris [pH
6.8], 2 mM DTT, 3 ng/mL aproptinin, 2 ng/mL pepstatin
A, 1 ng/mL leupeptin, 0.8 mM PMSF, 1 mM AEBSF, 50
µM bestatin, 15 µM E-64, and 30% glycerol). Aliquots
(20 µL) were loaded onto an 8% SDS-PAGE gel, and the
protein was transferred to 0.2 µm nitrocellulose filter
(Schleicher and Schuell, NH) by electroblotting. The filter
was blocked for 1 h in phosphate buffered saline contain-
ing 0.2% Tween-20 (PBST) with 5% nonfat milk (NFM).
â-Actin was detected by diluting mouse anti-â-actin IgG1
(Sigma Chemical Co., MO) 1:2500 in PBST plus 5% NFM
and incubating overnight at 4 °C. Following incubation
with the primary antibody, the filter was washed with
PBST at 24 °C three times before the secondary antibody
was added (peroxidase-conjugated goat anti-mouse IgG
diluted 1:5000 in PBST with 5% NFM). After 1 h of
incubation, the filter was washed in PBST three times
followed by a single wash in PBS. Proteins were detected
using the enhanced chemiluminescence detection system
(Amersham Lifescience, CA). The filter was subsequently
stripped of antibodies by incubating for 30 min at 70 °C

in 62.5 mM Tris-HCl, 100 mM â-mercaptoethanol, and
2% SDS. Following incubation, the filter was washed
three times in PBST and reprobed using a rabbit anti-
GFP peptide IgG (Clontech, Inc.) diluted 1:100 in PBST
with 5% NFM as described above except that the second-
ary antibody was goat anti-rabbit IgG. The protein
detection protocols used in this case were similar to the
initial â-actin detection.

Cell Fixation and Immunofluorescence Staining
Assay. Spreading cells on a glass cover slip were fixed
using 10% formaldehyde in PBS for 30 min and washed
three times in PBS. Fixed cells were treated for 20 min
with 0.3% Triton-X100 to permeabilize the cell mem-
brane, followed by three successive PBS washes. Texas
Red conjugated DNase I and Alexa Fluor 488 or 568
conjugated phalloidin (Molecular Probes Inc., OR) were
added to the fixed and permeabilized cells at concentra-
tions of 0.3 µM and 10 units, respectively, and incubated
for 40 min in order to specifically label the cytoplasmic
actin. The immunofluorescence stained plates were washed
three times in PBS and observed using a fluorescence
microscope at excitation/emission wavelengths of 596/
620, 488/520, and 570/603 (in nanometers), respectively.

Cell Sorting and Microchemotaxis Assay. A Coulter
EPICS 753 (Coulter Co., FL) flow cytometer was used to
quantitate and sort cells that expressed â-actin-GFP
conjugated protein. The transfected cells were detached
when subconfluent by a brief trypsinization and were
resuspended in culture media at a concentration of 1 ×
107 cells/mL. The cell sorting was performed after obtain-
ing the basal green fluorescence distribution at excitation
and emission wavelengths of 488 and 520 nm, respec-
tively. Of those cells exhibiting green fluorescence, only
the brightest ∼73% were sorted and collected. This
sorting threshold translated to approximately 20-40%
of the entire cell population. The cells were maintained
on an ice bath during the procedure.

Chemotaxis assays using a 48-well microchemotaxis
(Boyden) chamber have been described elsewhere (23).
In brief, 10 µm pore size polycarbonate filters (PVP free;
Neuro Probe Inc., MD) were soaked overnight in 0.1%
w/v gelatin solution (Sigma Co.) to enhance cell adhesion
to the substrate. Type IV collagen (CIV; Becton Dickinson
Labware, MD) was dispersed into the media containing
0.1% fraction V bovine serum albumin (BSA; Sigma Co.)
with 0.02 M HEPES in DMEM at a concentration of 100
µg/mL as the chemotactic solution. The pH of the chemo-
tactic solution was adjusted to 7.4 prior to the experi-
ment. The chemotactic solution was placed into the
bottom wells of the 48-well chamber, and the cell suspen-
sion at 1.3 × 106 cells/mL was placed into the top wells,
separated by a filter. The chamber assembly was placed
into a 5% CO2/37 °C environment for 4 h. The number of
migrated cells was determined by staining filters using
the DiffQuik staining kit (Dade International Inc., FL)
and counting cells on the bottom side of the filter under
10× bright field magnification.

Micropipet Assay. The procedure for single micropi-
pet assays was described in detail elsewhere (24, 25). In
brief, the cells were detached when subconfluent and
allowed to regenerate for 1 h in culture medium. The cells
were resuspended in serum-free DMEM containing 0.1%
w/v BSA with 0.02 M HEPES, at 3.5 × 105 cells/mL. The
cells were allowed to regenerate for an additional 1 h
prior to the assay. A glass micropipet with 6.6 ( 0.4 µm
i.d. was back-filled with chemotactic solution containing
100 µg/mL CIV with 0.1% BSA in serum-free DMEM plus
0.02 M HEPES. The loaded micropipet and a cell cham-
ber containing sample A2058 cell suspension was placed
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on the top of an inverted microscope stage. A freely
suspended cell was held at the tip of the micropipet while
applying a gentle aspiration pressure. The cell suspension
and the experiment chamber contained 0.1% BSA in
DMEM with 0.02 M HEPES. Cells were used in passages
14-20 for all experiments.

Micropipet Tethering Assay. Cells were detached
when subconfluent and resuspended in media containing
0.1% w/v BSA and 0.02 M HEPES in DMEM at a
concentration of 3.5 × 105 cell/mL. A 25 mm round glass
coverslip was prepared by soaking overnight in 68 nM
fibronectin (Becton Dickinson Labware) solution in order
to enhance cell adhesion. The glass coverslip was mounted
onto an experiment chamber, and the cell suspension was
introduced into the prepared chamber 20 min prior to
assay and mounted on the stage of an inverted micro-
scope. A glass micropipet with 6.6 ( 0.4 µm i.d. was back-
filled with the chemotactic solution containing 200 µg/
mL CIV in DMEM with 0.1% w/v BSA and 0.02 M
HEPES) and was held by a micromanipulator (Narishige
Inc., Japan) and inserted into the experiment chamber
atop the stage of a microscope. The tip of the glass
micropipet containing CIV was placed approximately 10-
15µm from the periphery of an adhered cell in the field
of view. Fluorescence images under excitation/emission
wavelengths of 488/520 nm were obtained every 15 min
through a 35 mm camera (SC35; Olympus, Japan)
mounted on a side port of the microscope.

Results

Expression of â-Actin-GFP. â-Actin-GFP was ex-
pressed as a fusion protein consisting of full-length
â-actin with EGFP fused to the carboxy terminus. By use
of fluorescence microscopy and flow cytometry, transient
green fluorescence was detected and confirmed in NIH3T3,
A2058, and 293T cells following transfection of â-actin-
GFP expression construct. Approximately 30-50% of the
cells were GFP positive following 18-24 h post-trans-
fection. Fluorescence-activated cell sorting (FACS) was
employed to select a population (30%) which maximally
expressed â-actin-GFP (Figure 1A). The highest inten-
sity of â-actin-GFP fluorescence was observed at ap-
proximately 24 h, and the intensity of â-actin-GFP
fluorescence decayed with time until GFP expression was
almost undetectable at 6 days post-transfection. Fur-
thermore, FACS sorted â-actin-GFP cells failed to reach
confluency, whereas EGFP controls did not exhibit loss
of fluorescence or reduced confluency, possibly reflecting
detrimental affects of overexpressing â-actin-GFP prod-
uct.

Immuoblotting confirmed that â-actin-GFP fusion
protein was being expressed. By use of an anti-â-actin
antibody, 70 and 42 kD proteins were detected. The 70
kD band is consistent with the predicted molecular mass
of â-actin-GFP fusion protein, whereas the 42 kD
represents endogenous cellular â-actin (lane 4; Figure
1B). The total amount of â-actin-GFP fusion protein
expressed was approximately 20% of the endogenous
â-actin, as determined by densitometric measurements
performed on the Western blot. Similar levels of expres-
sion of 42 kD endogenous â-actin were detected in all
transfections indicating that the recombinant â-actin-
GFP protein expression did not influence the expression
of the endogenous â-actin in NIH3T3, A2058, and 293T
cells. Furthermore, the identity of â-actin-GFP was
confirmed using anti-GFP antibody for immunoblotting
(Figure 1C). These observations indicate that although

overexpression of â-actin-GFP may be slightly detri-
mental, it can be expressed transiently in mammalian
cells.

Intracellular Distribution of â-Actin-GFP Over-
laps with Endogenous Actin Distribution. The above
experiments indicate that â-actin-GFP can be expressed
transiently in NIH3T3, A2058, and 293T cell lines;
however, we were interested in determining whether this
fusion protein could be employed for studying intracel-
lular actin cytoskeleton distribution. Adherent cells
growing on glass cover slips were fixed and stained with
monomeric G-actin marker Texas Red conjugated DNase
I to visualize the endogenous distribution of G-actin in
untransfected, EGFP transfected, and â-actin-GFP trans-
fected cells. In untransfected cells, the presence of Texas

Figure 1. Ectopic expression of â-actin-GFP. (A) Histogram
representing flow cytometry profiles of A2058 melanoma cells
transfected with â-actin-GFP. Approximately 30% of the cells
were positive for GFP. (B) Western blot for â-actin using whole-
cell extracts from A2058 cells (lane 2), pEGFP transfected cells
(lane 3), â-actin-GFP transfected cells (lane 4). Lane 1 repre-
sents MW standards. (C) Western blot of the above cell extracts
for GFP.
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Red conjugated DNase I fluorescence was observed to be
localized to cytoplasm, excluded from nucleus and con-
centrated at the perinuclear region as well as the cortical
cell protrusions of A2058 cells. The A2058 cells trans-
fected with pEGFP displayed a highly uniform green
fluorescence throughout the cell cytosol including the
nucleus (Figure 2A, B). More importantly, the nonspecific
GFP distribution seemed to be discordant with mono-
meric G-actin as determined by DNase I staining. The
â-actin-GFP fluorescence significantly overlapped the
DNase I staining (Figure 2C, D). â-Actin-GFP was
distributed similar to DNase I staining and was observed
in the cytosol and concentrated in protrusions and the
cortical region of cells while the nucleus remained
unstained. This nonrandom fluorescent staining suggests
that â-actin-GFP is participating in higher order actin
cytoskeletal structures.

Furthermore, â-actin-GFP was shown to colocalize
with stress fibers. 3T3 cells transfected with EGFP or
â-actin-GFP were pretreated for 30 min in 15 µM
lysophosphatidic acid (LPA) to promote stress fiber
formation. LPA has been shown to be a potent activator
of small GTPase p21rho, an activator of stress fiber
formation in vitro (26-36). By use of Alexa Fluor 568
conjugated phalloidin, fixed NIH3T3 cells were stained,
showing intracellular distribution of F-actin in the form
of stress fibers. â-Actin-GFP transfected cells (Figure
3A) had green fluorescent stress fibers that closely
matched phalloidin stained fibers in LPA-treated controls
(Figure 3B). Negative controls included EGFP transfec-
tants which expressed GFP throughout the cytosol and
nucleus despite the induction of stress fiber formation
(Figure 3C). Taken together, these experiments demon-
strate that the distribution of â-actin-GFP can be found
within the cell as monomeric G- or polymerized F-actin
and can be used as an accurate indication of intracellular
actin structure.

Redistribution of â-Actin-GFP During Cell Mi-
gration and Pseudopodial Protrusion. Chemotaxis
requires reorganization of the cytoskeleton including
â-actin polymers (1-3, 5, 6). To determine if the â-actin-
GFP fusion protein could be used for studying actin
reorganization during chemotaxis, we used the melanoma
cell line A2058. A2058 cells have been shown to respond
to CIV as a chemotactic solution (37, 38), and we used
this chemoattractant and a Boyden chamber to determine
the motility of A2058 cells that were overexpressing
â-actin-GFP. Nontransfected control cells migrated 3475
( 690 cells per well (3.17 mm2), whereas â-actin-GFP
transfectants migrated 3001 ( 573 cells per well (Figure
4). These results indicate that the chemotactic properties
of A2058-â-actin-GFP and nontransfected controls are
comparable and that the former cells can be used as a
model system for cell motility assays.

The ability of â-actin-GFP to be incorporated into
higher order actin networks was further investigated by
using a previously described assay for monitoring
pseudopodia formation in response to a chemoattractant
(24, 25). This assay uses a glass micropipet for local
delivery of CIV to a target cell. Responsive cells extend
pseudopodia into the micropipet which harbors a high
concentration of CIV. Figure 5 shows that CIV effectively
stimulates A2058 and A2058-â-actin-GFP cells in a
similar fashion. Pseudopodial protrusion began within
the first 15 min of cell-to-pipet focal contact and ir-
regularly extended into the micropipet for the duration
of the assay (Figure 5A-D). The time course of pseudopo-
dial formation, the pseudopodial length, and structure
did not appear to be compromised and were similar to
previous results (24). EGFP transfected cells exhibited
uniformly green fluorescence within the cell body and in
the protruding pseudopod (Figure 5M-P). This diffuse
GFP distribution hindered observations of higher order
intracellular structures. In contrast to the EGFP, â-ac-
tin-GFP fluorescence was shown to be distributed non-
uniformly within the pseudopods and in the cell body
(Figure 5E-H). To visualize the distribution of actin in
a suspended viable cell, sequential images were taken
at 15 min intervals. Initially, a diffuse â-actin-GFP
fluorescence was observed when the cell was held at the
tip of the micropipet. When a protrusion was initiated
by chemoattractant, an increase in â-actin-GFP was
qualitatively observed in the extended process and the
entire thin cortical regions adjacent to the cell surface.
With time, the fluorescence became more distinct in these

Figure 2. â-Actin-GFP colocalizes with A2058 cellular G-actin.
(A) pEGFP transfected cells expressing GFP. (B) Monomeric
actin in pEGFP transfected cells as determined by staining with
Texas Red conjugated DNase I. (C) â-Actin-GFP transfected
cells expressing fusion protein. (D) Monomeric actin distribution
in â-actin-GFP cells as detected by DNase I staining. Images
are at 40× magnification and are representative of eight
experiments.

Figure 3. â-Actin-GFP colocalizes with NIH3T3 cellular
F-actin. (A) â-Actin-GFP transfected cells expressing fusion
protein. (B) Polymerized F-actin in cells as determined by
staining with Alexa Fluor 568 conjugated phalloidin. (C) pEGFP
transfected cells expressing GFP. Images A and C are at 100×
magnification, and image B is at 150× magnification. All images
are representative of eight experiments.
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cells; this was consistent with the continuous recruitment
of â-actin-GFP to the pseudopodia. Relative distribution
of the green fluorescence continually changed over the
time course of an experiment. We were able to monitor
changes in actin organization for approximately 1 h
before the signal was substantially diminished by photo-
bleaching from repeated UV exposure. For comparison,
we fixed cells at various times following CIV treatment
and stained them with fluorescent phalloidin. The pat-
tern of phalloidin staining was very similar to what was
observed with â-actin-GFP, both within the pseudopodia
and in the cell body (Figure 5I-L). These data support
the conclusion that â-actin-GFP exhibit a qualitative
reorganization that reflects F-actin remodeling induced
by chemotaxis in a viable cell.

Actin Dynamics Observed in Micropipet Tether-
ing Assay. The above experiments permit the real-time
examination of actin dynamics during pseudopodial
protrusion and chemotaxis. Similar reorganization of the
actin network would be expected in cells crawling toward
a chemoattractant, and it may be possible to visualize
these events with â-actin-GFP. Cells were placed in a
chemoattractant gradient, and the ability of cells to crawl
was monitored. Furthermore, images obtained sequen-
tially allowed an observation of the real-time cell crawling
response following the direction of chemoattractant
concentration gradient. Representative images were ac-
quired every 15 min, beginning with the initial placement
of the micropipet as the starting point of an assay (Figure
6). We first attempted to observe those cells expressing
EGFP crawling toward the source of CIV chemoattrac-
tant. EGFP transfected cells exhibited green fluorescence
uniformly throughout the cell cytoplasm (Figure 6A-E).
In these cells, both the leading edge protrusions and the
cell cytosol contained evenly distributed green fluores-
cence, indicating that EGFP cellular localization cannot
be used as an indicator of cytoskeleton reorganization.
In contrast to EGFP transfected cells, â-actin-GFP had
a distinct pattern of intracellular staining during the
assay (Figure 6F-J). Small protrusions and projections
with relatively high intensities of green fluorescence were
observed along the periphery of the cell at the beginning
of an experiment. During the course of the assay, the

polarized cell was shown to extend protrusions containing
high intensities of green fluorescence in the direction of
the micropipet tip. The lagging end did not increase green
fluorescence intensity during the assay, whereas the
extending pseudopodial projections were brightly fluo-
rescent at the focal tip, indicating a high concentration
of â-actin-GFP. These data indicate that a distinct cell
polarity was induced by CIV stimulation and suggest that
â-actin-GFP can be used to examine real-time changes
in the cytoskeleton in a viable cell system.

Discussion
In this study, â-actin-GFP was demonstrated to be an

efficient and effective tool for monitoring the dynamic
actin distribution within a viable cell. The observed
distribution of â-actin-GFP fluorescence was consistent
with those seen using fixed-cell immunofluorescence
staining methods (7-10, 39-42), indicating that â-actin-
GFP was incorporated into the cytoskeleton immediately
after its expression. Although other studies in Dictyo-
stelium, yeast, and some mammalian cells (12, 18, 20)
have suggested that Dictyostelium actin-15 conjugated
GFP was capable of copolymerizing with the endogenous
cellular actin, we utilized human â-actin cDNA to elimi-
nate any possibility of cross-species affects. Previously,
Choidas et al. used Dictyostelium-actin-GFP to charac-
terize actin organization in several cell types including
rat bladder cells induced to undergo transformation (12).
Furthermore, Robbins et al. utilized GFP conjugated
human â-actin to examine the formation of membrane
protrusions following L. monocytogenes infection of MDCK
cells (13). While these previous studies demonstrated the
utility of GFP conjugated actin in more traditional cell
motility assay systems, we have extended the application
of â-actin-GFP with our in vitro micropipet pseudopodial
protrusion and tumor cell migration assay systems. Using
â-actin-GFP in these systems, we measured and docu-
mented biophysical and kinetic parameters including rate
and frequency of pseudopodial protrusion and chemot-
actic cell migration to specific chemoattractant (2, 24, 25,
38).

We have shown by immunostaining that â-actin-GFP
fluorescence significantly overlapped with the endog-
enous G- and F-actin distributions. Furthermore, â-ac-
tin-GFP transfectants exhibited normal pseudopodial
protrusions during a micropipet assay, and cell tethering
experiments revealed a distinct recruitment of â-actin-
GFP to the leading edge of protrusions during chemo-
taxis. These results indicated that â-actin-GFP pre-
served the basic function of actin, with minimal side
effects.

Since actin rearrangement and contraction of the cell
cortex are believed to be involved in the extension of
pseudopodial protrusions (5, 43, 44), the current study
indicates that the â-actin-GFP does not significantly
interfere with normal cellular actin reorganization in
response to a chemotactic signal. However, the â-actin-
GFP transfected cells exhibited reduced growth, suggest-
ing that GFP conjugated actin reduced cytokinesis in
culture. Although there are reports of stable cell lines
that overexpress actin-GFP in the literature (12-14),
others have observed similar detrimental affects follow-
ing ectopic actin-GFP expression (19, 45). Aizawa et al.
have suggested a reduction in the rate and efficiency of
polymerization of actin-GFP as a possible cause for this
phenotype in Dictyostelium (19). Magdolen et al. have
observed that ectopic actin expression in yeast was lethal,
whereas sequestration of actin monomers by an overpro-
duction of profilin suppressed this phenotype (45). The

Figure 4. Motility of â-actin-GFP overexpressing cells. Cell
motility of untransfected control and â-actin-GFP transfected
cells in response to 100 µg/mL CIV was assayed in chemotaxis
wells as described in Materials and Methods. The results
represent six independent experiments of 36 chemotaxis wells,
shown with (SD. Untransfected control cells migrated 3475 (
690 while â-actin-GFP transfectants migrated 3001 ( 573 per
well (3.17 mm2) at p < 0.001 (Student t-test, assuming unequal
variance). Background baseline motility (9% ( 1% of control)
was subtracted from the presented results.
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apparent cytotoxicity of â-actin-GFP that we observed
is limited to long-term cultures. We saw little differences
in the chemotactic properties of â-actin-GFP expressing
cells and controls, suggesting that for motility and
metastasis assays, the time frame is too short to nega-
tively impact our results. More importantly, our observa-
tions indicate that â-actin-GFP is a useful reagent for
studying cytoskeleton changes during chemotaxis.

We have previously established an in vitro system to
study pseudopod formation wherein suspended tumor
cells are stimulated to form pseudopods into drawn glass
pipets containing CIV (24, 25). Using â-actin-GFP
transformed cells, we were able to follow the dynamic
distribution and polarization of the actin network in a
whole cell as well as within the focal pseudopodial and
lamellipodial formations. Although the relationship be-
tween CIV-induced signal transduction and cortical actin
reorganization is presently unclear, there are data indi-
cating that some chemoattractants induce cell polariza-
tion via focal accumulation of F-actin (36). It is also likely
that cell adhesion and the extent of chemotactic receptor
engagement may affect whole-cell polarization and actin
rearrangement in highly motile tumor cells (46-52).
Since local actin polymerization is an initial cellular event
leading to cell polarization and protrusion of pseudopods,
filopods, and lamellipods (5, 44), we have successfully
used â-actin-GFP to observe the dynamic real-time
recruitment of actin within the tips of these extending
cellular processes.

We were able to observe significant changes in the
actin structure within the cortical cytoskeleton during
chemotaxis. Changes in F-actin organization, or more
precisely, the cross-linking of actin filaments by actin-
binding proteins occupying a region adjacent to the cell
surface have been proposed to provide the structural
integrity to the pseudopods (1, 5, 6, 44). Changes ob-
served in the A2058 cell cortex in response to a gradient
of CIV from a micropipet not only involved local regions,
but most of the cortical structure within the cell as
revealed by our â-actin-GFP protein and phalloidin
fluorescence stain. During the early stages, the shape of
the suspended A2058 cell remained spherical and a thin
cortical submembranous layer was observed along the
entire cell surface. However, at approximately 30 min
post-CIV exposure, an accumulation of â-actin-GFP was
observed within the protruding pseudopodia as well as
near the membrane at the opposite side of the protrusion.
This was followed by a gradual contraction of the cell
body which in turn lead to a further advancement of the
pseudopodia into the lumen of the glass pipet. The
contractile force of this region of the cortex may have
generated an internal pressure difference between the
cell body and the stimulated region, thereby creating a
mass flux into extending pseudopods, further reinforcing
the cell polarity.

We have shown that recombinant â-actin-GFP trans-
formed cells can be used efficiently and effectively to
monitor the real-time dynamics of actin cytoskeleton

Figure 5. â-Actin-GFP localizes to protruding pseudopods in response to chemoattractants. Panels show representative images of
a suspended A2058 melanoma cell protruding pseudopods in response to 100 µg/mL type IV collagen stimulation within the glass
micropipet. Panels (A)-(D) show bright field images at 100× magnification. Panels (E)-(H) show the â-actin-GFP distribution in
the same cell. Panels (I)-(L) show the F-actin distribution in representative cells using Alexa Fluor 488 conjugated phalloidin.
Panels (M)-(P) show the GFP distribution in a pEGFP transfected cell. Images were acquired every 15 min from the initial cell to
pipet contact. Various arrows indicate locations of similarity between â-actin-GFP transfectants and phalloidin stained cells. Results
are representative of 8-10 independent experiments.
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rearrangements in response to extracellular chemotactic
stimuli in vitro. By transfecting a â-actin-GFP expres-
sion construct into cells, we were able to avoid potential
side effects that are usually associated with more inva-
sive methods such as microinjection and cell fixation.

Furthermore, we used this fusion protein to examine the
mechanism of cellular signaling and pseudopodial exten-
sion during CIV chemotaxis. These studies demonstrate
that â-actin-GFP is an effective tool for visualizing actin
rearrangements in a viable cell system.

Figure 6. â-Actin-GFP localizes to the leading edge in response to chemoattractant. Representative images of an adhered A2058
melanoma cell tethered-chemotaxis toward a glass micropipet containing 200 µg/mL type IV collagen are shown. The tip of the
micropipet is shown with a white arrow. In panels (A)-(E), EGFP transfected cell response is shown, whereas panels (F)-(J) show
â-actin-GFP transfected cell. All images are at 40× magnification.
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Conclusion
An expression vector encoding a fusion protein consist-

ing of Aequorea victoria green fluorescent protein (GFP)
and human â-actin was transfected into NIH3T3 fibro-
blast, A2058 human melanoma, and 293T human em-
bryonic kidney carcinoma cell lines. The expressed
â-actin-GFP fusion protein colocalized with endogenous
cellular actin as determined by histoimmunofluorescence
staining. By use of this â-actin-GFP, dynamics of cyto-
skeletal actin were observed in real-time during an active
cell chemotaxis toward extracellular matrix protein type
IV collagen as the chemoattractant. Cellular pseudopo-
dial protrusions and cortical structures of collagen stimu-
lated cells exhibited distinct and continually changing
recruitment patterns of â-actin-GFP during chemotaxis.
We report the first in vitro observations of actin dynamics
in a viable cell during an active chemotactic response
toward type IV collagen. The novel application of â-actin-
GFP to cell motility studies enabled noninvasive means
of characterizing the intracellular cytoskeleton dynamics.
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