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The actin binding protein ABP-120 has been proposed to cross-link actin filaments in
nascent pseudopods, in a step required for normal pseudopod extension in motile
Dictyostelium amoebae. To test this hypothesis, cell lines that lack ABP-120 were created
independently either by chemical mutagenesis or homologous recombination. Different
phenotypes were reported in these two studies. The chemical mutant shows only a subtle
defect in actin cross-linking, while the homologous recombinant mutants show profound
defects in actin cross-linking, cytoskeletal structure, pseudopod number and size, cell
motility and chemotaxis and, as shown here, phagocytosis. To resolve the controversy as
to what the ABP-120- phenotype is, ABP-120 was re-expressed in an ABP-120- cell line
created by homologous recombination. Two independently "rescued" cell lines that
express wild-type levels of ABP-120 were analyzed. In both rescued cell lines, actin
incorporation into the cytoskeleton, pseudopod formation, cell morphology, instanta-
neous velocity, phagocytosis, and chemotaxis were restored to wild-type levels. There is
no alteration in the expression levels of several related actin binding proteins in either the
original ABP-120- cell line or in the rescued cell lines, leading to the conclusion that
neither the aberrant phenotype observed in ABP-120- cells nor the normal phenotype
reasserted in rescued cells can be attributed to alterations in the levels of other abundant
and related actin binding proteins. Re-expression of ABP-120 in ABP-120- cells reestab-
lishes normal structural and behavioral parameters, demonstrating that the severity and
properties of the structural and behavioral defects of ABP-120- cell lines produced by
homologous recombination are the direct result of the absence of ABP-120.

INTRODUCTION

Pseudopod extension is the basis of cellular locomo-
tion in amoeboid cells and plays a critical role in
chemotaxis (Zigmond, 1977; Condeelis et al., 1993a;
Soll, 1995). Extension of a localized pseudopod is the
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sity.
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first locomotive step when a cell is challenged with a
focal source of a chemoattractant, as seen in Dictyoste-
lium (Gerisch et al., 1975) and leukocytes (Zigmond
and Sullivan, 1979; Stephans and Synderman, 1982).
Several models have been proposed to account for
polarized pseudopod extension, such as the "Tail
Contraction Model" (Mast, 1926), the "Frontal Sliding
Model" (Sheetz et al., 1992), and the "Cortical Expan-
sion Model" (Condeelis et al., 1993b). The "Cortical
Expansion Model" predicts that the cross-linking of
actin filaments, but not myosin-mediated sliding, is
essential for pseudopod formation. The actin binding
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protein in Dictyostelium that is most likely to fulfill this
cross-linking function is ABP-120.
ABP-120 is a dimer consisting of two identical sub-

units each with a molecular weight of 120,000 on
SDS-PAGE (Condeelis et al., 1984), which are packed
in an anti-parallel orientation (Brink et al., 1990). Based
on structural similarities, ABP-120 has been proposed
to be a member of the filamin family of actin binding
proteins, which is composed of ABP, ABP-280, and
nonmuscle filamin (Hartwig and Kwiatkowski, 1991;
Matsudaira, 1991).
Members of this family of actin binding proteins

have been implicated in pseudopod extension. Immu-
nofluorescence analysis demonstrates that both ABP
and ABP-120 are concentrated in the cell cortex, in
lamellipods, and in pseudopods during cell spreading
and locomotion (Stendahl et al., 1980; Condeelis et al.,
1981; Carboni and Condeelis, 1985). In the case of
ABP-120, preferential localization in pseudopods has
been demonstrated after cAMP stimulation (Condeelis
et al., 1988). In addition, ABP-120 becomes incorpo-
rated into the actin cytoskeleton at times after stimu-
lation with cAMP that correlate with cross-linking of
actin into the cytoskeleton and with pseudopod exten-
sion (Hall et al., 1988; Dharmawardhane et al., 1989).
ABP and ABP-120 cross-link actin filaments in vitro to
form a rigid actin gel containing orthogonal networks
similar to those observed in pseudopods in situ (Con-
deelis et al., 1984; Hartwig and Shevlin, 1986;
Wolosewick and Condeelis, 1986; Ogihara et al., 1988).
Both proteins have also been localized to filament
networks found in pseudopods in situ by immuno-
electron microscopy (Hartwig and Shevlin, 1986; Ogi-
hara et al., 1988; Cox et al., 1995).
Pseudopods formed in response to a phagocytic

signal are very similar to the ones produced in re-
sponse to a chemotactic signal. The kinetics of actin
polymerization in macrophages during phagocytosis
(Greenberg et al., 1991) are similar to those observed in
neutrophils during chemotactic stimulation (Howard
and Oresajo, 1985; Harvath, 1990). The morphological
fine structure of pseudopods formed in response to
both phagocytic and chemotactic signals are similar
for both macrophages and Dictyostelium (Reaven and
Axline, 1973; Hartwig and Shevlin, 1986; Fukui et al.,
1989; Cox et al., 1995). It follows from these observa-
tions that pseudopods formed during both types of
processes are likely to be generated by the same mech-
anism involving the same cytoskeletal proteins.
Two groups have independently deleted ABP-120

expression in Dictyostelium amoebae, but have ob-
tained differing results. One group first created an
ABP-120- cell line by chemical mutagenesis and
found a subtle phenotype in actin filament cross-link-
ing (Brink et al., 1990). This same group created a
double mutant by deletion of both ABP-120 and a-ac-
tinin. In the double mutant development was greatly

impaired. When a-actinin was re-expressed in the
double mutant the developmental defect was rescued
(Witke et al., 1992).
The second group created ABP-120- cell lines by

homologous recombination. Deletion of ABP-120 in
two independent strains of Dictyostelium resulted in
profound changes in the biochemical and structural
properties of mutant cells including decreased actin
cross-linking in the cytoskeleton, reduction in the size
and frequency of pseudopods, dramatic alterations in
the organization of filament networks in pseudopods,
reduction in translocation velocity, and a reduction in
chemotactic efficiency when compared with ABP-120+
control cell lines (Cox et al., 1992, 1995). The defect in
pseudopod extension correlated with changes in fila-
ment cross-linking in pseudopods as shown by bio-
chemical and electron microscopic analysis (Cox et al.,
1995).
Restoring the mutant to a wild-type phenotype by

re-expression of the protein results in definitive proof
that a phenotype observed in a mutant cell line is due
specifically to the deleted protein. In this study we
have examined whether the defects in cross-linking,
pseudopod formation, motility, and chemotaxis exhib-
ited by ABP-120- cells are due specifically to the de-
letion of ABP-120 by re-expression of ABP-120 in a
formerly ABP-120- cell line. In addition, we have
studied the relationship between pseudopod exten-
sion and phagocytosis in ABP-120- mutants and res-
cued cell lines to determine whether defects in pseu-
dopod properties in ABP-120- cells directly caused
defects in phagocytosis.

MATERIALS AND METHODS

Transfornation Vectors
Two different vectors were used that contain the PYR5-6 coding
sequence, pUCPYR5-6 containing the entire coding region of the
PYR5-6 gene and g7PYR5A6.2 in which the PvuII/HincII fragment
of the coding region has been removed. Both vectors were generous
gifts from David Knecht, University of Connecticut, Storrs, CT. To
construct the ABP-120 re-expression vector, the entire coding region
of ABP-120 was isolated from a Agtll clone after partial EcoRI
digestion and then subcloned into the EcoRI site of pBluescript II. A
XbaI/HaeIII fragment of the actin 15 promotor from pDNEO II
(Witke et al., 1987) was subcloned into the XbaI/SmaI sites of the
vector 5' to the ABP-120 coding region. A HindIll fragment contain-
ing the actin 8 terminator was placed in the HindIII site 3' to the
ABP-120 stop codon. For integration into the PYR5-6 locus, the
PvuII/HincII fragment of the PYR5-6 coding region was subcloned
into the SacIl site of the vector. The resulting transformation vector
is pABP-12OPYR.

Transformation
Dictyostelium amoebae were transformed by electroporation accord-
ing to the method of Dynes and Firtel (1989) except the curing phase
was omitted. For selection of ura- cells, transformants were selected
in final minimal medium (Franke and Kessin, 1977) that contained
100 ,ug/ml uracil and 100 ,ug/ml 5-fluoro-orotic acid. Ura+ trans-
formants were selected in final minimal medium alone (Kalpaxis et
al., 1990).
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Southern Blots
DNA was prepared using a DNA miniprep procedure (Knecht et al.,
1990). DNA was digested with restriction enzymes as indicated,
electrophoresed on 0.5% Sea-Kem agarose (FMC, Rockland, ME),
and transferred to Hybond-N+ nylon membrane (Amersham Life
Sciences, Arlington Heights, IL). Southern blots were hybridized
with a randomly primed labeled probe of the entire ABP-120 coding
region and developed using the enhanced chemoluminescence pro-
tocol (Amersham Life Sciences).

Growth Conditions
The cells were basically handled according to the method of Hall et
al. (1988). Cells were routinely grown in HL5 medium with or
without the addition of 10 ,ug/ml G418 depending on the drug
resistance of each cell line.

For growth in bacterial suspensions each lawn of Klebsiella aero-
genes (KA), which was grown overnight on a SM agar plate, was
resuspended in 40 ml of 14.8 mM NaH2PO4, 5.2 mM K2HPO4, pH
6.6 (20 mM Na/K/PO4 buffer). This bacterial suspension was ali-
quoted into separate flasks and inoculated with the various Dictyo-
stelium cell lines at an initial density of approximately 1 x 105
cells/ml. This suspension was shaken at 21°C, 175 rpm. Dictyoste-
lium cell growth was monitored over time by counting cells using a
hemocytometer. The clearance of bacteria from the same suspension
was monitored by removing an aliquot of the suspension, pelleting
the Dictyostelium cells by a gentle centrifugation that pellets only the
Dictyostelium cells and not the bacteria (4 min, 185 x g), and mea-
suring the absorbance at OD600 of the bacteria remaining in suspen-
sion. As a control, a bacterial suspension without added Dictyoste-
lium cells was monitored over the same period of time. The density
of this control suspension did not change, indicating that over the
course of the experiment there was no bacterial cell growth or death.
To analyze colony morphology, a toothpick was dipped into a

suspension of cells grown in HL5 and then the tip was touched in
the middle of a pre-grown KA lawn. The plates were incubated at
21°C and the growth of the colony monitored over time. Colony
diameter was measured in two different directions and then aver-
aged. For the clear zone width, two different areas were measured
and then averaged.

Analysis of Phagocytosis
Phagocytosis assays were done according to the method Cohen et al.
(1994) with minor modifications.

Fluorescent Labeling of Bacteria: Bacteria were grown in Luria-
Bertani medium to a density of OD6w = 2. The bacteria were
pelleted and resuspended in 0.1 volume of 50 mM Na2HPO4, pH
9.2, containing 0.1 mg/ml fluorescein isothiocyanate (Sigma, St.
Louis, MO). The mixture was shaken at 150 rpm for 1 h at 30°C and
the bacteria were then washed by repeated centrifugation in Soren-
son's buffer until all unreacted fluorescence was removed. The
bacteria were then resuspended to 2.5 X 1010 in Sorenson's buffer.

Quantitation of Bacterial Uptake: Dictyostelium cells that were grow-
ing exponentially in HL5 were washed once with Sorenson's buffer
and then resuspended to a density of 2 x 106 cells/ml in Sorenson's
buffer containing 5 x 109 bacteria/ml. The cells were shaken at 150
rpm at 21°C. Uptake was stopped at various times by diluting an
aliquot of the cell mixture in 9 volumes of ice cold Sorenson's buffer.
The Dictyostelium cells in the samples were pelleted by centrifuga-
tion at 185 x g for 4 min. The cells were then washed three times
with Sorenson's buffer containing 2 mM EDTA to remove the ma-
jority of uningested bacteria. After the last wash, cells were resus-
pended to an approximate density of 2 x 106 cells/ml in 50 mM
Na2HPO4 buffer, pH 9.2. The cells were counted and then lysed by
the addition of 0.2% Triton X-100. The fluorescence was measured
with a Hitachi F-2000 spectrofluorimeter using excitation and emis-
sion wavelengths of 490 and 520 nm, respectively. To determine the
total number of bacteria ingested, this value was compared with a

standard curve generated by lysing defined numbers of bacteria in
50 mM Na2HPO4 buffer, pH 9.2, containing 1% SDS.

Pinocytosis Assay
The pinocytosis assay was performed basically according to the
method of Cohen et al. (1994). Cells grown in HL5 were harvested,
washed, and resuspended to a final density of 4 x 10' cells/ml in
Sorenson's buffer. Fluorescein isothiocyanate-dextran (2 mg/ml;
Sigma) was added and the cells were incubated at 210C in shaking
suspension for various times. To stop the assay, the cells were
diluted 10-fold in ice-cold Sorenson's buffer. To remove the
uningested dextran, the cells were washed three times with Soren-
son's buffer containing 2 mM EDTA. After the last wash, cells were
resuspended to an approximate density of 2 x 106 cells/ml in 50
mM Na2HPO4 buffer, pH 9.2. The cells were counted and then lysed
by the addition of 0.2% Triton X-100. The fluorescence was mea-
sured with an Hitachi F-2000 spectrofluorimeter as described.

Protein Quantitation
To prepare whole cell lysates, cells were grown to mid-log phase in
HL5 medium and either harvested or starved for 6 h in a solution
containing 14.8 mM NaH2PO4 and 5.2 mM K2PO4, pH 6.6 (20 mM
Na/K/PO4), and then harvested. Harvested cells were washed in 20
mM Na/K/PO4 and then resuspended to a final density of 2 x 106
cells/ml in ice-cold 20 mM Na/K/PO4 containing 2 mM EDTA, 2
mM EGTA, 0.04 ml/ml aprotinin, and 20 ,ug/ml each of chymosta-
tin and leupeptin (Sigma). An equal volume of 2x Laemmli sample
buffer was added, and the samples were vortexed for 10 s and
heated to 1000C for 5 min. Samples were immediately loaded (2.5
,ul/well) and run on either 8% or 10% SDS-PAGE gels. The gels
were subsequently Western blotted or stained with Coomassie bril-
liant blue. The levels of actin, myosin, and ABP-240 were deter-
mined from Coomassie-stained gels. The intensity of the specific
band (actin, 42 kDa; myosin II, 200 kDa; and ABP-240, 240 kDa), as
determined by scanning densitometry (Molecular Dynamics,
Sunnyvale, CA), was divided by the total intensity of the whole cell
lane to obtain the percent total protein.

For Western blots, SDS-PAGE gels were transferred onto 0.2-,um
nitrocellulose filters (Scheicher & Schuell, Keene, NH) by the use of
a semi-dry blotter (Bio-Rad, Richmond, CA) at 20 volts for 1 h. These
conditions insured quantitative transfer of most proteins below 200
kDa. The filters were incubated in either 0.05 ,Lg/ml affinity-puri-
fied polyclonal anti-ABP-120 or 0.1 jig/ml affinity-purified poly-
clonal anti-a-actinin. Both antibodies have been shown to be mono-
specific (Carboni and Condeelis, 1985). The Western blots were
developed using the enhanced chemoluminescence procedure from
Amersham. Exposures chosen for quantitation were in the linear
range. The level of either a-actinin or ABP-120 was determined by
scanning densitometry of two to three different exposures, which
were averaged and then divided by the total intensity of an identical
whole cell lane stained with Coomassie blue to obtain the specific
activity.

Triton-insoluble Cytoskeletons
Triton-insoluble cytoskeletons were prepared according to the
method of Dharmawardhane et al. (1989). The actin content in the
cytoskeletons was quantitated by scanning densitometry of the
42-kDa actin band on Coomassie blue-stained gels. The levels of
ABP-120 in the cytoskeleton were determined by Western blotting
and quantitation by scanning densitometry.

Confocal Microscopy
Immunofluorescence of Starved Cells. Cells were prepared for
fluorescence microscopy according to the method of Cox et al.
(1992). Cells were fixed 40-50 s after stimulation with 1 AM 2' deoxy
cAMP after 6 h of starvation. Cells were stained for the presence of
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ABP-120 using an anti-ABP-120 polyclonal antibody with a fluores-
cein-labeled goat anti-rabbit secondary antibody (Cappel, Organon
Teknika, Durham, NC), and stained for F-actin using rhodamine
phalloidin.
Immunofluorescence of Cells During Phagocytosis. Mid-log phase
cells, grown in HL5, were washed once in 20 mM Na/K/PO4 buffer
and resuspended to a final density of 2 x 106 cells/ml. Aliquots of
100 ,ul of cells were placed on ethanol cleaned glass coverslips and
allowed to adhere for 30 min at 21°C. Rhodamine-labeled 1-,um
latex beads (Fluorospheres, Molecular Probes) were added to the
cells and allowed to settle for 20 min at 4°C. At this temperature the
beads will bind to the cell surface but will not be intemalized
(Cohen et al., 1994). The coverslips were warmed to 210C to start
phagocytosis and then fixed at various times (from 5-30 min). Cells
were stained for the presence of ABP-120 using an anti-ABP-120
polyclonal antibody with a cy5-labeled goat anti-rabbit secondary
antibody (Cappel, Organon Teknika) and stained for F-actin using
fluorescein phalloidin.

Stained slides were examined on a Bio-Rad MRC-600 laser scan-
ning confocal microscope using a Nikon 60x 1.4 numerical aperture
planapochromat objective as described by Cox et al. (1995).

Electron Microscopy
Cells were prepared for electron microscopy according to the
method of Cox et al. (1995) with minor modifications. Cells were
starved for 6 h in 20 mM Na/K/PO4 and then allowed to adhere to
ethanol cleaned, glow discharged polylysine-coated coverslips for 5
min. Cells were permeabilized for 2 min in DICTY PHEM buffer (15
mM piperazine-N,N'-bis(ethansulfonic acid), 6.25 mM N-2-hy-
droxyethylpiperazine-N'-2-ethanesulfonic acid, 10 mM EGTA, 0.5
mM MgCl2, pH 6.9) containing 0.75% Triton X-100, 5 ,uM phallaci-
din, and protease inhibitors directly or after stimulation with 1 jiM
2' deoxy cAMP for 40 s. Cytoskeletons were fixed in DICTY PHEM
buffer containing 2% gluteraldehyde (Polysciences, Warrington, PA)
for 15 min. The coverslips were extensively washed in glass-dis-
tilled water, rapidly frozen, freeze dried, and rotary coated with
platinum without rotation in a Cressington CFE-50 freeze fracture
apparatus (Cressington Scientific Instruments, Watford, UK). For
the determination of pseudopod thickness, the Z-axis height of
filaments in cytoskeletons was determined from paired stereo mi-
crographs as described previously (Hartwig and Shevlin, 1986).

Computer-assisted Behavioral Analyses
General cell motility parameters were analyzed according to meth-
ods previously described (Soll, 1988; Soll et al., 1988; Cox et al., 1992)
with points particularly relevant to this study summarized below.
In brief, cells were grown to mid-log phase in HL5 medium at 220C,
washed free of nutrients, and dispersed on black Whatman No. 29
filters (Maidstone, UK) supported by prefilters and saturated with
buffered salts solution (BSS; Soll, 1987). When cultures reached the
ripple stage (the onset of aggregation), they were collected, washed
free of nutrients, and used in motility analyses. Single cell behavior
was analyzed in a Dvorak-Stotler chamber (Nicholson Precision
Instruments, Gaithersburg, MD) perfused with BSS. Cells were
videorecorded through differential interference contrast optics at
630x magnification and hand digitized into the data file of the DIAS
program (Sylwester et al., 1993; Soll, 1995). The parameters instan-
taneous velocity, directional change, length, area, and roundness
were computed according to formulas previously described (Soll,
1988, 1995; Cox et al., 1992). Positive flow was computed as the
percentage area contained in the expansion zones of difference
pictures, which were generated by overlapping images in frames
separated by 4-s intervals (Soll, 1995).

In the analysis of pseudopod dynamics, a pseudopod was defined
as an initially conical extension from the main cell body, which
achieved a minimum area of 4 jim2. Pseudopod area was measured
from the base of the pseudopod, which was drawn as the continu-

ation of the cell body contour. "Initial pseudopodial area" was
defined as the % of total area that was in the pseudopod upon initial
identification in observations made at 4-s intervals. "Average max-
imum rate of pseudopodial growth" was measured as the maxi-
mum % growth per 4-s interval during pseudopodial expansion.
Comparison of videotaped segments of the digitized cells and dig-
itized images demonstrated that in all cases, extensions analyzed as
pseudopods represented extensions with anterior zones free of par-
ticulate cytoplasm and morphologies conforming to traditional
pseudopods, and staining with fluorescein-phalloidin demonstrated
that such extensions stained differentially for F-actin in their cortex
during the expansion phase (Wessels et al., 1989).
To analyze the behavioral effects of the rapid addition of 1 ,uM

cAMP, the intake port of a Dvorak-Stodler chamber was connected
to a T-valve. BSS was perfused for 5 min, and the valve then
switched to BSS containing 1 ,uM cAMP. Dye analysis demonstrated
that it took roughly 6 s for the cAMP solution to perfuse the
chamber. Cells were continuously videorecorded before and after
the addition of cAMP, and cell images digitized at 4-s intervals.
Analysis of Chemotactic Efficiency in a Spatial Gradient of cAMP.
Cells were dispersed at low density on the bridge of a gradient
chamber consisting of a plexiglass bridge bounded on either side by
parallel troughs (Zigmond, 1977; Varnum-Finney et al., 1987). One
trough contained BSS, and served as a sink, and the other contained
1 ,uM cAMP, and served as a trough. Cells were allowed to accli-
mate for 4 min and then videorecorded for 12 min. The chemotactic
index (C.I.) was computed from the centroid track as net distance
moved toward the source divided by the total distance moved
(McCutcheon, 1946). A C.I. of +1.0 represents a direct course to-
ward the source and a C.I. of -1.0 represents a direct course away.
A C.I. of 0.0 reflects complete randomness. Positive C.I.s between
0.0 and +1.0 reflect increasing levels of chemotactic efficiency (Mc-
Cutchean, 1946).

RESULTS

Re-expression of ABP-120
The original ABP-120- cell lines were created by
homologous recombination using a G418 resistance
cassette for drug selection (Cox et al., 1992). To
re-express ABP-120 in the ABP-120- cell lines, a
different selection procedure had to be employed.
An ABP-120- cell line, AX3-1S-4- (Table 1), was
transformed by electroporation with a linear disrup-
tion fragment of g7PYR5A 6.2, in which a fragment
of the coding region of the PYR5-6 gene has been
deleted. Ura- transformants were selected by their
ability to grow in the presence of 5-fluoro-orotic
acid. The resulting ABP-120- /ura- cell line was
then co-transformed with a vector containing a
functional PYR5-6 gene and an ABP-120 expression
vector. The ABP-120 expression vector contains the
entire coding region of ABP-120, which is flanked 5'
and 3' with an actin 15 promotor and an actin 8
terminator, respectively (Figure 1).
Transformants that were able to grow in the absence

of uracil were then screened for the presence of ABP-
120. In three separate transformations several inde-
pendent ura+ cell lines were isolated that re-expressed
ABP-120 in various amounts. Two cell lines that ex-
pressed ABP-120 in wild-type amounts, one that was
G418 resistant (3P-2), and one that was G418 sensitive
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Table 1. Strains used in this study

Cell
line Phenotype Description
AX3 ABP-120O/ura+/G418s Wild-type strain that was the

parental cell line of the original
ABP-120- and ABP-120+ cell
lines

1S-2 ABP-120+/ura+/G418R ABP-120+ control transformed
cell line (Cox et al., 1992)

1S-4 ABP-120-/ura+/G418R Original ABP-120- cell line
(Cox et al., 1992) that was used
for transformation in this study

3P-2 ABP-120-/+ /ura+/G418R "Rescued" cell line produced
by co-transformation containing
original multi-copy insertion
(see Figure 1B)

5-7 ABP-120-/+/ura+/G418s Rescued cell line produced by
co-transformation with loss of
the original multi-copy insertion

1P-2 ABP-120-/ura+/G418R ABP-120- cell line that has been
through all transformations as
rescued cell lines but without
the ABP-120 reexpression vector

(5-7), were chosen for further phenotype analysis. All
cell lines used in this study are described in Table 1,
while the strategy for their production is shown in
Figure 1B.
Southern blots were performed to analyze the in-

tegration of the ABP-120 expression vector.
Genomic DNA was digested with NdeI and hybrid-
ized with a probe made from the entire ABP-120
coding region. This probe should hybridize to both
the native gene locus and any site into which the

vector has integrated. In wild-type cells, NdeI cuts
once upstream of the gene, once near the 3' end of
the gene, and once after the coding region, giving
rise to two fragments of 2.8 and 4 kb (Figure 2A,
lane 1 and Figure 2B). The original disruption of the
ABP-120 gene locus resulted from a multi-copy in-
sertion of the disruption vector, which can been
seen in Southern blots as the absence of the 2.8-kb
band and the appearance of a high molecular weight
band corresponding to the multi-copy repeat (Fig-
ure 2A, lane 3 and Figure 2B). A control cell line
1P-2, transformed in the same manner as the res-
cued cell lines, but without the ABP-120 expression
vector, was still ABP-120- but could grow in the
absence of uracil (Figure 1B). Southern blot analysis
of this ABP-120- control cell line (1P-2) showed a
pattern identical to the original ABP-120- cell line
(Figure 2A, compare lanes 3 and 4). Southern blot
analysis of the rescued cell line 3P-2 showed a
pattern similar to the original disruptant with the
integration of at least two copies of the ABP-120
expression vector (Figure 2A, lane 5) and analysis of
the rescued cell line 5-7 showed the loss of the
multi-copy insertion (Figure 2A, lane 2). Additional
Southern blots performed on 5-7 confirmed the loss
of the multi-copy insertion consistent with re-ex-
pression of ABP-120 and the loss of G418 resistance
in this cell line. However, the wild-type ABP-120
gene locus was not restored in the case of 5-7
as indicated by the appearance of an additional
EcoRI site in the 5' end of the gene due to the
integration of the re-expression vector (our unpub-
lished results).

BA

S/H7
Xba

Ha/Sm '

Eco RI

AX3
K transformed with p120-N1

1S-2 1S-4
(ABP-1 20 +) (ABP-1 20-)

| transformed with
g7PYR5 A 6.2

1 S-4 / ura-
(ABP-1 20- / ura-)

co-transformed with pABP-120PY control transformation with
and pUCPYR5-6 pUCPYR5-6 alone

3P-2 5-7 1 P-2
(ABP-120 + / ura +) (ABP-1 20- / ura +)

Figure 1. (A) The ABP-120 expression vector used to re-express ABP-120. The actin 15 promotor (cross hatched) was placed 5' to the
ABP-120 coding region, and the actin 8 terminator (boxed) was placed 3' to the ABP-120 stop codon to create the ABP-120 expression cassette.
A fragment of the pyr5-6 coding sequence (gray) was inserted. (B) Strategy for production of ABP-120-+ rescued cell lines.
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Figure 2. Southern blot analysis shows the integration of the ABP-120 expression cassette into the genome of ABP-120- cells. (A) Genomic
DNA was digested with NdeI and probed with the coding region of ABP-120. Lane 1, AX3 (wild type); lane 2, ABP-120-l' (5-7) showing
the loss of the multi-copy disruption; lane 3, parental ABP-120- cell line (1S4-) containing the multi-copy disruption; lane 4, ABP-120-
transformation control (1P-2); and lane 5, ABP-120-' (3P-2) containing the multi-copy insertion and the ABP-120 expression cassette. (B)
Schematic diagram of the native ABP-120 gene locus and the disrupted ABP-120 gene locus in the original ABP-120- cell line.

Is There Compensation by Other Actin
Binding Proteins?
In the past, when no phenotype was observed when a
protein was deleted, it was postulated that there was
compensation by another protein (Bray and Vasiliev,
1989; Gerisch et al., 1989). In the present study it was
necessary to demonstrate that re-introduction of ABP-
120 expression and the constructs used in the integra-
tion and selection strategy did not affect the levels of
synthesis of other major and/or related actin binding
proteins that might suppress the ABP-120- pheno-
type, as proposed previously for a-actinin (Witke et
al., 1992).

In Table 2 the amounts of several different actin
binding proteins found in vegetative or 6-h starved
cells are shown. The two ABP-120-/'+ cell lines ex-

press wild-type amounts of ABP-120 while both the
original ABP-120- cell line (1S-4) and the ABP-120-
transformed control cell line (1P-2) do not express
detectable amounts of ABP-120. The levels of the re-
lated actin binding proteins ABP-240, or Dictyostelium
filamin, and a-actinin were analyzed, as was myosin II
and actin for all of the cell lines. There was no detect-
able difference in any of the proteins analyzed in any
of the cell lines studied.

Incorporation of Actin into the Cytoskeleton
Incorporation of actin into the cytoskeleton results
from a combination of actin polymerization and fila-
ment cross-linking (Dharmawardhane et al., 1989;
Condeelis et al., 1990). Actin is incorporated into the

Table 2. Expression level of various actin binding proteins

Line ABP-120a a-actinina actina myosina ABP-280a

Vegetative Cells
ABP-120+ (1S-2) 1.36 ± .13 1.22 ± .39 1.04 ± .07 1.28 ± .18 .75 ± .19
ABP-120- (1S-4) 0 1.58 ± .18 1.02 ± .06 1.28 ± .15 .91 ± .13
ABP-120- (1P-2) 0 1.44 ± .27 1.04 ± .13 1.16 ± .14 .97 ± .20
ABP-120-'+ (5-7) .98 ± .11 1.26 ± .31 1.03 ± .08 1.05 ± .10 .77 ± .19
ABP-120-+ (3P-2) 1.54 ± .18 1.67 ± .33 1.04 ± .06 1.43 ± .11 1.10 ± .17

After 6 h of starvation
ABP-120+ (1S-2) .72 ± .07 1.09 ± .19 .82 ± .07 .96 ± .08 1.26 ± .13
ABP-120- (1S-4) 0 1.11 ± .17 .91 ± .09 .97 ± .11 1.03 ± .15
ABP-120- (1P-2) 0 1.01 ± .06 .85 ± .09 .95 ± .09 .86 ± .13
ABP-120-<+ (5-7) .86 ± .12 .96 ± .10 .86 ± .05 .88 ± .09 .90 ± .11
ABP-120-'+ (3P-2) 1.20 ± .41 1.30 ± .54 1.03 ± .08 1.24 ± .10 1.35 ± .13

a Number equals the amount of the indicated protein/amount of total cell protein in mutant divided by the same in wild-type cells.
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cytoskeleton in three peaks following cAMP stimula-
tion, an initial peak at 5-10 s and second and third
poorly resolved peaks between 30 and 60 s. It is during
the second and third peaks of actin incorporation,
which also correlate with pseudopod extension, that
ABP-120 becomes incorporated into the cytoskeleton,
suggesting that ABP-120 plays a role in the cross-
linking of filaments into the cytoskeleton at these
times (Dharmawardhane et al., 1989; Cox et al., 1992).

In the original ABP-120- cell lines it was shown that
there was no alteration in the amount of actin poly-
merized in response to cAMP. However, unlike ABP-
120+ cells, ABP-120- cells do not incorporate actin
into the Triton-insoluble cytoskeleton at 30-50 s (Cox
et al., 1992, 1995), indicating that the ABP-120- cells
are defective not in the ability to polymerize actin but
in the ability to incorporate actin into the cytoskeleton,
consistent with the proposed role of ABP-120 in cross-
linking actin filaments.

If ABP-120 is responsible for the cross-linking of
actin filaments into the Triton-insoluble cytoskeleton,
then re-expression of ABP-120 in an ABP-120- back-
ground should restore the incorporation of actin into
the cytoskeleton between 30 and 60 s. The kinetics of
incorporation of actin into the Triton-insoluble cy-
toskeleton was analyzed in the rescued cell lines and
compared with an ABP-120+ and ABP-120- control
cell line (Figure 3). The ABP-120- control cell line 1P-2
showed a statistically significant reduction in the in-
corporation of F-actin into the cytoskeleton between
30 and 50 s, with a p value of .0.05, similar to that
seen with the original ABP-120- cell line (Cox et al.,
1995). Both rescued cell lines, however, showed nor-
mal incorporation of actin into the Triton-insoluble
cytoskeleton at times when the incorporation of actin
is dramatically reduced in ABP-120- cells. The kinet-
ics of incorporation of actin in ABP-120-/+ cells is
similar to that seen in ABP-120+ cells, with p values of
0.327 and 0.221 for 3P-2 and of 0.706 and 0.515 for 5-7
at 30 and 50 s, respectively. However, in the 5-7 cell
line there appeared to be a slight delay in the appear-
ance of the second peak of actin incorporation (Figure
3). Consistent with the increase of actin incorporation
into the cytoskeleton, both ABP-120 rescued cell lines
showed levels of incorporation of ABP-120 into the
cytoskeleton similar to that of wild-type cells (our
unpublished observations).

Immunofluorescence Analysis
Incorporation of ABP-120 into the cytoskeleton occurs
at the same time as the appearance of cell surface
projections, and ABP-120 has been localized to newly
formed pseudopods after cAMP stimulation (Condee-
lis et al., 1988; Hall et al., 1988). Deletion of ABP-120
results in the reduction of the number of surface pro-
jections produced following stimulation when com-
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Figure 3. Re-expression of ABP-120 in ABP-120- cells restores the
cross-linking of F-actin into the cytoskeleton 30-60 s following
stimulation. Comparison of the kinetics of changes in relative actin
content present in Triton-insoluble cytoskeletons following stimu-
lation. (C) 1S-2 (ABP-120+); (C) 1P-2 (ABP-120-); (V) 3P-2 (ABP-
120-l'); and (A) 5-7 (ABP-120-'+).

pared with ABP-120+ control cells (Cox et al., 1992,
1995). Immunofluorescence microscopy of typical
stimulated ABP-120- cells showed that few surface
projections were produced in response to cAMP (Fig-
ure 4, row 1) at a time when pseudopods were nor-
mally extended (Cox et al., 1995). There was no stain-
ing of ABP-120 in ABP-120- cells (our unpublished
observations), as was seen previously (Cox et al., 1995).
Immunofluorescence microscopy of typical stimulated
rescued cells (Figure 4, rows 2 and 3) showed a greater
number of surface projections compared with the
ABP-120- cells. These surface projections contained
the re-expressed ABP-120 and F-actin and are indis-
tinguishable from wild-type projections (Cox et al.,
1995).

Electron Microscopy
Deletion of ABP-120 not only results in a decrease in
the number of surface projections when compared
with ABP-120+ cells, but the surface projections that
are produced by the ABP-120- cells are smaller in size
(Cox et al., 1992). For the electron microscope analysis,
surface projections in contact with the substratum at
the leading edge of a polarized cell were defined as
pseudopods. When the pseudopods produced by
ABP-120- cells were examined by transmission elec-
tron microscopy, they were found to be composed of
a dense irregular network of actin filaments that is
flatter than the regular filament networks of ABP-120+
cells (Cox et al., 1995). The filament networks in ABP-
120- cells were aggregated into a mat in certain areas.
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The different organization of the actin filaments in
ABP-120- pseudopods was consistent with the col-
lapse of the filament network due to the absence of
ABP-120-mediated cross-linking activity.
To determine whether the re-expression of ABP-120

in ABP-120- cells restores the normal filament net-
work seen in pseudopods of ABP-120+ cells, surface
projections of the rescued cell lines were examined by
transmission electron microscopy. Figure 5 shows a
typical cytoskeleton from an ABP-120- cell (1P-2) and
an ABP-120-/+ cell (3P-2). As was seen previously
(Cox et al., 1995), pseudopods of ABP-120- cells were
flatter in regions in which a majority of the filaments
lie as a dense mat on the ventral surface of the cell
with many foci of aggregated filaments. However,
when cytoskeletons from ABP-120-<+ rescued cells
were analyzed, the pseudopods were found to be
composed of a thicker three-dimensional network of
long straight filaments (Figure 5 and Table 3), similar
in appearance to those of ABP-120+ cells (Cox et al.,
1995). Cytoskeletons of ABP-120-l' cells were differ-
entiated from those of ABP-120- cells based on fila-
ment network morphology and pseudopod thickness,
in a blind study, with an accuracy of greater than 80%.
Therefore, not only do ABP-120-W' cells produce a
larger number of pseudopods than ABP-120- cells, the
pseudopods that they produce are wild-type in size,
thickness, and filament network morphology.

Motion Analysis
Normalization of behavior in buffer. We previously
demonstrated that ABP-120- cells translocate in buffer
at a reduced average instantaneous velocity and ex-
hibit an increase in mean directional change (i.e., a
decrease in directionality) (Cox et al., 1992). We, there-
fore, first tested whether cells of the rescued (ABP-
120-/l) strains 3P-2 and 5-7 had the general motility
characteristics of an ABP-120+ control cell line (1S-2).
Both ABP-120-/+ cell lines exhibited average instan-
taneous velocities comparable to that of the control
cell line, while cells of the ABP-120- cell line 1P-2
translocated at a depressed average instantaneous ve-
locity (Table 4A). The return of instantaneous velocity
(a measure based on centroid position) in the ABP-
120-/+ cell lines from the low level of ABP-120- cells

Figure 4 (cont). Immunofluorescence micrographs of typical stim-
ulated ABP-120- cells compared with typical stimulated ABP-
120-+ cells. (Row 1) Pseudo-phase image of 1S-4 cells (ABP-120-)
and corresponding stereo pair of the same cell with F-actin stained
with rhodamine phalloidin. (Row 2) Pseudo-phase of 3P-2 cells
(ABP-120-+) and corresponding stereo pair showing F-actin. (Row
3) Stereo pair of the same cells as in (row 2) stained for the presence
of ABP-120. Cells were prepared and imaged under identical con-
ditions. The cells in row 1 were in the same field of view in the
microscope and have been moved closer together to appear in the
same panel. Bar, 10 ,um.

to that of the ABP-120+ control cell line 1S-2 was
accompanied by an increase in positive flow (the per-
cent of total cell area in expansion zones per 4-s inter-
val) to that of the ABP-120+ control cell line (Table
4A). In addition, both ABP-120-W' cell lines exhibited
a return of directional change, from the high level
exhibited by ABP-120- cells to the low level exhibited
by the ABP-120+ cell line (Table 4A). Resumption of
instantaneous velocity and positive flow to wild-type
levels suggests that the rate of locomotion and, there-
fore, of pseudopod extension has returned to normal
after the re-expression of ABP-120.

In Figure 6, centroid and perimeter tracks are pre-
sented for two representative control ABP-120+ (1S-2)
cells (Figure 6A), two representative ABP-120- (1P-2)
cells (Figure 6B), two representative 3P-2 (ABP-
120-'+) cells (Figure 6C), and two representative 5-7
(ABP-120-'+) cells (Figure 6D), all translocating in
buffer. It is clear that while the 1P-2 tracks are more
compacted due to a decrease in instantaneous velocity
and are usually wider due to greater direction change,
the tracks of the two rescued ABP-120-W+ cell lines
3P-2 and 5-7 are extended and trimmer due to the
increase in instantaneous velocity and decrease in di-
rectional change, respectively. In all respects, the
tracks of cells of both rescued cell lines (Figure 6, C
and D) are indistinguishable from those of the ABP-
120+ control cell line (Figure 6A).
We also demonstrated previously that ABP-120-

cells translocating in buffer were, on average, shorter
and rounder than control ABP-120+ cells (Cox et al.,
1992), even though the average area, and presumably
the volume, of control and mutant cells were similar
(Cox et al., 1992). The rescued cell lines exhibited
length and roundess parameters similar to the ABP-
120+ control cell line (Table 4A). Again, area was
similar between the ABP-120+ cell line, the ABP-120-
cell line 1P-2, and the two rescued cell lines 3P-2 and
5-7 (Table 4A). Together, these results demonstrate
that the rescued cell lines have reestablished both the
original behavioral and morphological phenotype of
wild-type cells translocating in buffer.
We previously demonstrated that ABP-120- cells

translocating in buffer formed fewer pseudopods per
unit time and that the pseudopodial projections of
ABP-120- cells, on average, achieved smaller maxi-
mum areas than control ABP-120+ cells. The fre-
quency and size of pseudopodial projections, identi-
fied and defined according to the rules presented in
MATERIALS AND METHODS, were compared be-
tween control, mutant, and rescued cells (Table 5). The
frequency of pseudopod formation by cells of the
control ABP-120+ cell line and the mutant ABP-120-
cell line were 9.4 ± 3.8 and 4.9 ± 1.6 per 10 min,
respectively. The frequency of pseudopod formation
in the ABP-120 /+ cell lines 3P-2 and 5-7 was not
significantly different from the ABP-120+ cell line, but

Vol. 7, May 1996 811



D. Cox et al.

gt t ; v .at 4 .

r~~~~~~~f

AWS

Figure 5.

Molecular Biology of the Cell812



ABP-120 Motility and Phagocytosis Mutants

significantly different from the ABP-120- cell line (Ta-
ble 5). In addition, the mean maximum rate of pseu-
dopodial growth of the ABP-120+ control cell line and
of the ABP-120-'+ cell lines was not significantly dif-
ferent, but significantly different from the mutant
ABP-120- cell line (Table 5). Therefore, the decrease in
the frequency and maximum rate of pseudopod ex-
pansion by ABP-120- cells was normalized in both
rescued cell lines.
Normalization of behavior after the rapid addition
of cAMP. We previously demonstrated that within
seconds after ABP-120- cells were treated with the
rapid addition of 1 ,uM cAMP, they underwent a
decrease in instantaneous velocity that was modest in
comparison to the decrease displayed by ABP-120+
cells, primarily because the cells were already moving
at a reduced velocity (Cox et al., 1992). More impor-
tantly, ABP-120- cells did not exhibit the cyclic re-
bound in instantaneous velocity correlated with pseu-
dopod extension exhibited by the ABP-120+ control
cells (Cox et al., 1992). We therefore tested whether
ABP-120-/+ cells reacquired the behavioral response
to the rapid addition of 1 AM cAMP exhibited by
ABP-120+ control cells. Cells of the ABP-120+ control
cell line (1S-2), the ABP-120- cell line (1P-2), and the
two ABP-120 /+ cell lines (3P-2 and 5-7) were indi-
vidually inoculated into Dvorak-Stotler chambers and
allowed to adhere to and resume translocation on the
glass wall. Cells were then perfused first with buffer
for 5 min, and then with a solution containing 1 ,uM
cAMP for 10 additional minutes. Figure 7 shows the
average instantaneous velocity of ABP-120+ control
cells, ABP-120- cells, and ABP-120-<' cells (3P-2 and
5-7). The estimated cAMP concentration in the perfu-
sion chamber is diagrammed at the top as a function of
time, and the mean instantaneous velocity is plotted
during the 1.5 min preceding and the 3.5 min follow-
ing addition of cAMP. As previously reported (Cox et
al., 1992), the mean instantaneous velocity of ABP-
120+ cells, which averaged 16 ,um per min before
cAMP addition, decreased to a low value of less than
4 ,um per min within 20 s after cAMP first entered the
chamber. Instantaneous velocity then exhibited a par-
tial, cyclic rebound pattern (Figure 7). The instanta-
neous velocity of ABP-120- cells that averaged 4.3 ,um
per min before addition, decreased to an average
value of 2.3 ,um per min after addition, and showed no

Figure 5 (cont). Comparison of the actin filament organization in
pseudopods from ABP-120- cells and ABP-120- ' cells. (A) Struc-
ture of actin filaments in a representative pseudopod from a stim-
ulated ABP-120- cell (1P-2). Arrows indicate regions of aggregated
filaments. (B) Structure of actin filaments in a representative pseu-
dopod from an ABP-120-l' rescued cell (3P-2). The actin filaments
within this pseudopod have the appearance of those inside projec-
tions from wild-type cells, i.e., filaments are straight and organized
into space-filling orthogonal networks.

Table 3. Cytoskeletal thickness in ABP-120- and ABP-120-l'
pseudopods

ABP120- (IP-2) ABP-120-/+ (3P-2)
Distance from cytoskeletal height cytoskeletal height
cytoskeletal (,um) + SD (,umm) + SD
margin (n= 10) (n= 10)

Edge 0.22 + 0.10 0.41 + 0.28
1 ,Jm 0.31 + 0.12 0.69 + 0.29
2 gm 0.49 + 0.29 1.00 + 0.40

cyclic rebound after addition (Figure 7). Both the res-
cued cell lines 3P-2 and 5-7 underwent a decrease
from an average instantaneous velocity of 16 p.m per
min to less than 4 p.m per min within 20 s after cAMP
first entered the chamber, and then exhibited a pattern
of cyclic rebound. A delay in the rebound response is
seen in the 5-7 cell line when compared with the
ABP-120+ control cell line and the rescued cell line
3P-2. This delay in rebound is consistent with the
delay in the amount of actin incorporation into the
cytoskeleton following cAMP stimulation seen in the
5-7 cell line (Figure 3). Otherwise, both rescued cell
lines reestablished every aspect of the normal re-
sponse to the rapid addition of 1 ,uM cAMP.
Normalization of efficient chemotaxis in a spatial
gradient of cAMP. We previously demonstrated that
ABP-120- cells exhibited a dramatic decrease in the
efficiency of chemotaxis in a spatial gradient of cAMP.
We, therefore, tested whether the ABP-120-<+ cell
lines reacquired the wild-type level of chemotactic
efficiency by comparing motility and morphological
parameters, as well as the chemotactic index, of the
ABP-120+ cell line, the ABP-120- cell line, and the two
ABP-120-<+ cell lines in a spatial gradient of cAMP
generated in a gradient chamber (Zigmond, 1977; Var-
num and Soll, 1984: Varnum-Finney et al., 1987). As
was observed in buffer (Table 4A), ABP-120- cells
exhibited depressed mean instantaneous velocity, de-
pressed mean positive flow, a decrease in length, and
an increase in roundness when compared with ABP-
120+ cells (Table 4B). Interestingly, ABP-120- cells
exhibited approximately the same mean directional
change as wild-type cells in a spatial gradient (Table
4B), which may reflect the inhibition of lateral pseu-
dopod formation observed when cells are placed in a
spatial gradient of cAMP (Varnum-Finney et al., 1987).
More importantly, all of the behavioral and morpho-
logical defects were normalized in the two rescued cell
lines (Table 4B).
To compare the efficiency of chemotaxis, we also

computed the chemotactic index of individual cells
based upon the direction of the source of attractant as
described in MATERIALS AND METHODS. Cells of
the ABP-120+ control cell line exhibited a mean che-
motactic index of +0.39 and cells of the ABP-120- cell
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Table 4A. Motility parameters of ABP-120+ (1-2), ABP-120- (1P-2), and ABP-120+ cell lines (3P-2 and 5-7) translocating in buffer

Inst. vel.a Pos. flowa Dir. changea Length' Areaa Roundnessa
Cell line N Q(,m/min) (%/4 s) (deg.) (,lm) (qm2) (%)

ABP-120+ (1-2) 13 12.4 ± 3.6 12.0 ± 6.9 25.9 ± 6.9 21.8 ± 3.6 88.3 ± 15.3 39.4 ± 6.9
ABP-120- (P-2) 44 6.0 ± 2.4 8.8 ± 3.0 42.9 ± 14.4 16.2 ± 3.4 85.0 ± 17.3 57.0 ± 10.8
ABP-102-/+ (3P-2) 43 13.7 ± 3.6 12.1 ± 3.9 25.9 ± 6.9 20.1 ± 4.6 88.4 ± 18.6 40.1 ± 10.3
ABP-102-'+ (5-7) 40 11.6 ± 3.2 14.6 ± 4.4 29.9 ± 6.9 19.3 ± 3.0 87.4 ± 18.2 46.0 ± 6.1
p valuesb
1S-2 vs. 1P-2 <0.0001 <0.0005 <0.0001 <0.0005 NS <0.0001
3P-2 vs. 1P-2 <0.0001 <0.0001 <0.0001 <0.0005 NS <0.0001
5-7 vs. 1P-2 <0.0001 <0.0001 <0.0001 <0.0005 NS <0.0001

Table 4B. In a spatial gradient of cAMP

Inst. vel.a Pos. flowa Dir. changea Lengtha Areaa Roundnessa Chemotactic
Cell line N (,um/min) (%/4 s) (deg.) (gm) (JLm2) (%) indexa

ABP-120+ (IS-2) 15 13.5 ± 3.9 9.9 ± 6.9 20.2 ± 14.3 19.6 ± 3.1 79.1 ± 19.0 39.4 ± 6.9 0.39
ABP-120- (1P-2) 25 5.0 ± 2.7 5.4± 2.2 22.1 ± 17.1 14.7 ± 2.1 68.5 ± 13.9 57.0 ± 10.8 0.13
ABP-102-/+ (3P-2) 25 13.1 ± 4.0 10.0 ± 3.9 18.9 ± 10.0 20.5 ± 3.4 78.6 ± 15.4 40.1 ± 10.3 0.38
ABP-102-'+ (5-7) 26 12.9 ± 4.8 9.5 ± 3.1 19.5 ± 11.9 19.4 ± 3.8 76.2 ± 18.3 46.0 ± 6.1 0.42
p valuesb
1S-2 vs. 1P-2 <0.0001 <0.0001 NS <0.0001 NS <0.0001 <0.0001
3P-2 vs. 1P-2 <0.0001 <0.0001 NS <0.05 NS <0.0001 <0.0001
5-7 vs. 1P-2 <0.0001 <0.0001 NS <0.05 NS <0.0001 <0.0001

a Values for instantaneous velocity (Inst. vel.), positive flow (Pos. flow), directional change (Dir. change), length, area, and roundness
represent the means of N cells, each averaged over a period of 3 min or greater. The computations of these parameters are presented in
MATERIALS AND METHODS.

b For all parameters, the p values for 1S-2 vs. 3P-2 and 1S-2 vs. 5-7 were not significant.

line exhibited a mean chemotactic index of +0.13 (Ta-
ble 4B). The two rescued cell lines 3P-2 and 5-7 exhib-
ited mean chemotactic indices of +0.38 and +0.42,
which were statistically indistinguishable from the
control ABP-120+ cell line (Table 4B). These results
demonstrate that both rescued cell lines reacquire the
chemotactic efficiency of the wild-type strain.

Localization of ABP-120 to Phagocytic Cups
ABP-120 has been shown to be important in the for-
mation of pseudopods produced in cells moving ran-
domly in buffer and in response to the chemoattrac-
tant cAMP (Cox et al., 1992). To determine whether
ABP-120 is also involved in the formation of pseudo-
pods produced during phagocytosis, an immunofluo-
rescence analysis of Dictyostelium cells phagocytosing
fluorescently labeled latex beads was performed. In
Figure 8 a typical ABP-120+ cell (1S-2) in the process
of phagocytosing a latex bead is shown. The cell has
produced an actin-filled pseudopod around the bead
and ABP-120 is co-localized with the actin in this
projection. If cells that no longer express ABP-120
(1P-2) are examined in the process of phagocytosis, it
is seen that phagocytic cups that contain F-actin are
not usually produced (Figure 8). However, when

ABP-120 is re-expressed in the ABP-120- cells, normal
phagocytic cups are seen (Figure 8).
This evidence not only shows that ABP-120 is found

in phagocytic cups but also that ABP-120 may be
important in the formation of the phagocytic cups. If
this is true then the deletion of ABP-120 should have
an effect on the ability of the cells to ingest particles.

ABP-120- Cells Show a Reduced Ability to
Phagocytize Particles
The ability of both ABP-120+ and ABP-120- cells to
ingest particles in suspension was analyzed using a
quantitative assay (Vogel et al., 1980; Cohen et al.,
1994), the results of which are shown in Figure 9. The
various cell lines were incubated with fluorescently
labeled bacteria for 30 min and then the number of
bacteria ingested was determined by comparison with
a standard curve of known bacterial concentrations.
ABP-120+ cells (1S-2) ingested 74 ± 7 (± SEM) bacte-
ria after 30 min. This value is similar to previously
reported values for wild-type Dictyostelium cell lines
(Vogel et al., 1980; Cohen et al., 1994). However, ABP-
120- cells (1P-2) ingested only 28 ± 4 (± SEM) bacteria
on average after 30 min. The difference in the number
of bacteria ingested by ABP-120+ and ABP-120- cells
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is statistically significant, with a p value of 0.005 in a
Student's t test. This twofold reduction can be restored
to wild-type levels by the re-expression of ABP-120,
with values of 60 + 13 and 90 ± 8 (± SEM) bacteria
ingested after 30 min and p values of 0.310 and 0.171
for 3P-2 and 5-7, respectively.
Mutant Dictyostelium cell lines have been isolated

that have shown defects in phagocytosis when in sus-
pension but regain the ability to phagocytize particles
while attached to a substrate (Vogel et al., 1980; Cohen
et al., 1994). Therefore, the ability of ABP-120+ and
ABP-120- cells to ingest particles while attached to a
surface was also analyzed. Cells were allowed to at-
tach to a glass coverslip and then fluorescently labeled
latex beads were added at 4°C to allow the beads to
bind but not be internalized. The cells were washed to
remove unbound beads and then warmed to 21°C for
15 min to allow phagocytosis to take place. Phagocy-
tosis was halted by fixation with gluteraldehyde and
the cells were processed for confocal microscopy. By
staining the cells for F-actin, which allows identifica-
tion of the cell cortex, it is possible to use confocal
microscopy to distinguish beads present on the out-
side versus inside of a cell. When 10 ABP-120+ and 10
ABP-120- cells were analyzed in this manner, a simi-
lar twofold reduction in the number of particles in-
gested by ABP-120- cells was seen when compared
with ABP-120+ cells, 0.6 ± 0.2 (+ SEM) beads per
ABP-120- cell compared with 1.2 ± 0.3 (+ SEM) beads
per ABP-120+ cell.
One of the possible explanations for a decrease in

the rate of uptake of particles in phagocytic mutants is
a defect in particle binding. This was seen to be the
case in several previously isolated phagocytosis mu-
tants (Vogel et al., 1980). When 10 ABP-120+ and 10
ABP-120- cells were analyzed by confocal micros-
copy, as described above, the same number of parti-
cles were found bound to the cell surface, 1.6 ± 0.4 (±
SEM) beads per ABP-120- cell compared with 1.5 ±
0.4 (+ SEM) beads per ABP-120+ cell. Therefore, the
decrease in the number of particles ingested by ABP-
120- cells is not due to a defect in the binding of
particles to the surface of the cell.

ABP-120- Cells Exhibit Growth Defects in
Bacterial Suspensions
When Dictyostelium cells are grown in the presence of
bacteria alone, survival is dependent on the ability of
cells to perform phagocytosis. A decrease in the ability

Figure 6. Centroid and cell perimeter plots of two representative
cells of the control ABP-120+ cell line 1S-2 (A), the mutant ABP-120-
cell line 1P-2 (B), the rescued ABP-120-/+ cell line 3P-2 (C), and the
rescued ABP-120-<' cell line 5-7 (D). For the centroid and perim-
eter tracks in panels A, C, and D, the time interval was 8 s. For the
centroid and perimeter tracks in panel B, the interval was 12 and

A

K~~~~~~~~~
B

D

(Figure 6 cont.) 8 s, respectively. The arrows represent direction of
translocation. The scale bar, in panel D, represents 10 ,Lm.
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Table 5. Dynamics of pseudopod extension of control ABP-120+ (1S-2), ABP-120- (1S-4), and rescued ABP-120' ± (3P-2 and 5-7) cells
translocating in buffer

Average
Average number Average initial maximum rate

Number of of pseudopods pseudopodial of pseudopodial
Cell line N pseudopods per 10 mina area (%)' growth (%/4 s)'

ABP-120+ (1S-2) 11 84 9.4 + 3.8 8.9 + 4.1 19.5 + 8.1
ABP-120- (IP-2) 20 98 4.9 ± 1.6 4.9 + 4.0 7.4 + 3.0
ABP-102-/+ (3P-2) 20 193 9.7 + 3.3 11.1 ± 5.2 18.9 + 9.1
ABP-102-/+ (5-7) 20 156 7.8 + 2.9 9.7 + 3.5 15.6 ± 6.9
p-valueb
1S-2 vs. 1P-2 <0.0001 <0.0001 <0.0001
3P-2 vs. 1P-2 <0.0001 <0.0001 <0.0001
5-7 vs. 1P-2 <0.0001 <0.0001 <0.0001

a The definition of pseudopods and the measured parameters are provided in MATERIALS AND METHODS.
b The p values between 1S-2 vs. 3P-2 and IS-2 vs. 5-7 for all parameters were not significant.

of a cell to uptake particles should have an effect on
the ability of a cell to grow in the presence of bacteria
alone as a food source. To test this possibility, ABP-
120+ and ABP-120- cells were inoculated into bacte-
rial suspensions and growth was monitored over time.
The results of a typical experiment are shown in Fig-
ure 9. The ABP-120+ cell line (1S-2) grew rapidly after
an initial lag of 10 to 20 h, reaching a maximum
density of 1.7 x 107 cells/ml after 30 h of incubation
(Figure 9A). When the rate of bacterial clearance from
the same suspension was monitored, it was observed
that bacteria were removed from the culture when
Dicyostelium multiplication became logarythmic (Fig-
ure 9B). The doubling time of ABP-120+ cells in bac-
terial suspension, during log-phase growth, is approx-
imately 3 h.

1-1

_/

.-I

0 M cAMP

When two different ABP-120- cell lines (1S-4 and
1P-4) were analyzed, they both showed a decreased
rate of growth in bacterial suspension and they both
peaked at far lower cell densities than ABP-120+ cells
(Figure 9A). The rate of bacterial clearance in ABP-
120- cultures was also reduced when compared with
ABP-120+ cultures (Figure 9B). The average doubling
time of both ABP-120- cell lines was greater than 6 h
during log phase and final cell density after 30 h was
2.5 x 106 cells/ml compared with 1.7 x 107 cells/ml
for ABP-120+ cells, almost a 10-fold reduction. Re-
expression of ABP-120 normalized growth in bacterial
suspension (Figure 9A). These results demonstrate
that deletion of ABP-120 leads to cells that phagocy-
tose bacteria at greatly reduced rates.

1 o- 6 M cAMP

Time (sec)

Figure 7. Instantaneous velocity before and after
the rapid addition of 1 ,uM cAMP to cells of ABP-
120+ (AX3.1S.2), ABP-120- (P-2), ABP-120-'+
(3P-2), and the ABP-120-<+ (5-7). In each case,
data points used to generate the plots represent the
average of five independently analyzed cells. At
the top of the graph, the estimated concentration of
cAMP in the chamber is diagrammed. Two vertical
lines indicate the time at which cAMP first entered
the chamber and the time the concentration
reached 1 ,M, respectively.
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Figure 8. Immunofluorescence
micrographs of cells engulfing la-
tex beads, showing co-localization
of F-actin and ABP-120 in phago-
cytic cups in ABP-120+ cells (col-
umn 1) as compared with ABP-
120- cells (column 2). Two
different ABP-120-' rescued cell
lines are shown in columns 3 and 4
(3P-2 and 5-7, respectively). Each
image represents a single optical
section. A pseudophase image is
shown for each cell (row 1). Im-
ages of the same cells shown in
row 1 are shown in row 2 stained
for the presence of F-actin with flu-
orescein phalloidin, in row 3
stainedforthepresenceoftherhoda-
mine bead, and in row 4 stained
for the presence of ABP-120. There
is no staining for ABP-120 in the
ABP-120- cell, as shown previ-
ously (Cox et al., 1992). (Row 5) A
merged image of the actin and
bead channel. Arrows indicate
phagocytic cups. Scale bar, 10 ,um.
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Figure 9. ABP-120- cells are defective in phz
growth on bacteria in suspension. (A) The numb4
cells in a bacterial suspension was measured ove
same experiment the rate of bacterial clearance
was monitored by the decrease in density (OD 6C
120+), (0) 1S-4 (ABP-120-), (E) 1P-2 (ABP-120-
120-O+), and (A) 5-7 (ABP-120-O+).

Dictyostelium cells can obtain susten;
phagocytosis or pinocytosis. All of the
in this study were derived from an AX3
that is axenic and can grow in liquid
process of pinocytosis. To determine if
affected by the deletion of ABP-120, Al

and ABP-120- cell lines (1P-2 and 1S-4) were grown in
liquid culture. ABP-120- cells grew with the same
kinetics as ABP-120+ cells, with a doubling time in
liquid medium of approximately 10 h during log
phase. Also, when ABP-120+ and ABP-120- cells were
allowed to pinocytose fluorescently labeled dextran
there was no difference in the relative amount of dex-
tran uptake between the two cell lines (our unpub-
lished observations).

It was concluded that the defect in phagocytosis of
ABP-120- cells had an effect on the ability of cells to
grow when bacteria were provided as the sole source
of nutrition, presumably by pseudopod-mediated
phagocytosis, but there was no effect on the ability of
mutant cells to grow in liquid medium by pinocytosis.

::o | ABP-120 Cells Show Altered Colony Morphology
When Grown on Bacterial Lawns

30 40 When a single Dictyostelium cell is placed on a lawn of

bacteria, it ingests the bacteria by phagocytosis, mul-
tiplies, and eventually gives rise to a visible colony
that appears as a small clearing in the bacterial lawn.
As amoebae deplete the bacteria in the expanding
colony, they begin to starve; starvation, in turn, ini-
tiates the developmental program. As development

a. proceeds, individual cells stream into mounds that
o eventually differentiate into fruiting bodies. The pres-

ence of these various developmental stages within the
colony imparts a characteristic morphology to it. That
is, the different stages of development within the col-
ony roughly form concentric rings. The outer edge of
the colony containing feeding amoebae is followed
centripetally by a zone of starving pre-aggregative
cells, a zone of aggregating cells, a zone of intermedi-
ate morphologies, and fruiting bodies at the core,
where the colony originated from a single cell (Soll,
1987). In some colonies, sectors with slightly altered
morphology appear due to switching (Kraft, et al.,
1988).

30 40 We examined colony growth of both ABP-120+ and
ABP-120- cell lines on bacterial lawns (Figure 10),
monitoring both the rate of expansion over time as
well as the width of the clear zone (Figure 11). Colo-

lgocytosis of and nies of ABP-120+ cells (1S-2) expanded at a steady rateer of Dictyostelium
jr time. (B) For the until the bacterial lawn was consumed. Distinct zones
of the suspension could be seen, with a clear zone at the edge of the
0). (@) 1S-2 (ABP- colony and the various stages of development culmi-
), (V) 3P-2 (ABP- nating in fruiting bodies in the center of the colony.

When colonies of ABP-120- cells (1S-4) were com-
pared under the same conditions, and after the same

ance either by period of time (4 and 7 days) as colonies of ABP-120+
cell lines used cells, it could be seen that the ABP-120- colonies were
parental strain smaller in size and the clear zone was proportionately
culture by the reduced (Figure 11). However, ABP-120- cells still
pinocytosis is underwent normal development, which culminated in
BP-120+ (1S-2) the formation of fruiting bodies in the colony center
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(Figure 10). The difference in colony morphology be-
tween ABP-120+ and ABP-120- cells was seen
whether the colonies originated from single spores,
single vegetative cells from HL5, or drops of vegeta-
tive cells from HL5 (our unpublished observations).
Re-expression of ABP-120 in ABP-120- cells, using

an actin 15 promoter instead of the wild-type pro-
moter, increased the rate of colony expansion and
clear zone width when compared with colonies of

100
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Figure 10. ABP-120- cells show an altered colony morphology
when grown on bacterial lawns. Column 1, colonies after 4 days of
growth; and column 2, after 7 days growth on KA lawns. (row 1) 1S-2
(ABP-120+), (row 2) 1S-4 (ABP-120-), (row 3) 3P-2 (ABP-120-+), and
(row 4) 5-7 (ABP-120-O'). All photographs are at the same magni-
fication. The clear zone, or the zone in which the cells are active in
phagocytosis, is indicated by the arrows. The colony in the upper
left panel is approximately 1 cm in diameter.
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Figure 11. ABP-120- cells show a reduction in (A) the rate of
colony growth and (B) clear zone width when grown on bacterial
lawns. (0) 1S-2+ (ABP-120+), (0) 1S-4- (ABP-120-), (V) 3P-2 (ABP-
120-'), and (A) 5-7 (ABP-120-O+). n = 4.
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ABP-120- cells (Figures 10 and 11). However, neither
of these defects was completely normalized in the
rescued cells. This reduction compared with wild-type
cells can be correlated to the amount of ABP-120 ex-
pressed in the rescued cell lines. In wild-type cells, in
which ABP-120 is under the control of its own promo-
tor, ABP-120 expression in cells grown on bacterial
lawns is twice that of cells grown in either HL5 or
bacterial suspension. The rescued cell lines did not
show a similar increase in ABP-120 expression level
when grown on a bacterial lawn and the level of
ABP-120 expression correlated with the clear zone
width. For example, colonies of rescued ABP-120-l'
cells (3P-2) had smaller clear zones and the level of
ABP-120 expression was reduced to 50.5% ± 16.3 (+
SD, n = 2) that of HL5 grown cells. This lower level of
expression in vegetative cells grown on bacterial
lawns has been seen previously when the actin 15
promoter is used (Cohen et al., 1986) and is similar to
that seen with the actin 6 promoter, which also shows
reduced expression when cells are grown on KA
lawns (Knecht and Loomis, 1987). This point is con-
firmed by the ability of both ABP-120-l' cell lines
(5-7 and 3P-2) to grow at wild-type rates in bacterial
suspension, conditions under which wild-type levels
of ABP-120 are expressed from the actin 15 promoter.

DISCUSSION

We originally generated ABP-120- mutants by homol-
ogous integration, and demonstrated that two inde-
pendent ABP-120- cell lines exhibited very discrete
defects in pseudopod extension (Cox et al., 1992) and
cytoskeletal structure (Cox et al., 1995). However,
Brink et al. (1990) used chemical mutagenesis to gen-
erate a cell line that did not express ABP-120, and
found little difference in the behavior of their mutant
and wild-type cell lines. Therefore, we were faced
with apparently contradictory observations, and fun-
damentally opposing conclusions. Because Brink et al.
(1990) found no obvious phenotype in their chemically
generated ABP-120- cells, it could be argued that
there is functional redundancy between highly similar
actin binding proteins, and when one is missing, it
does not really matter because another protein re-
places it (Witke et al., 1992). This conclusion is difficult
to accept from an evolutionary point of view, because
if a molecule is not necessary, there would be no
evolutionary pressure for maintaining it in a func-
tional state. That is, every actin binding protein may
play a discrete role in some aspect of actin-associated
function. Therefore, it seems more likely that the ab-
sence of an observed phenotype in ABP-120- cells
arising from chemical mutagenesis is either the result
of compensating parallel mutations, or the result of
the methods used to analyze the behavioral pheno-
type (Condeelis et al., 1993a; Soll, 1995). Chemical

mutagenesis is prone to multiple mutations, and par-
allel mutations causing functional suppression of the
consequences of a single gene mutation are not with-
out precedent. In addition, we are becoming increas-
ingly aware of just how complicated the process of
pseudopod extension really is (Condeelis, 1993b; Wes-
sels et al., 1996; Soll, 1995), and how actin binding
proteins play roles in the fine tuning of the process
(Soll, 1995). It has also become increasingly clear that
without high resolution methods for viewing the be-
havior of living cells and quantitating such basic pro-
cesses as pseudopod extension (Condeelis, 1993a;
Sheldon and Knecht, 1995; Soll, 1995), many of the
aberrant aspects of mutant behavior can be missed.
The genesis of ABP-120- cell lines by targeted gene

disruption reduces the risk of parallel mutations be-
cause one can assess the accuracy of integration by
Southern analysis. The ABP-120- cell lines initially
generated by targeted integration proved to contain
inserts only at the ABP-120 gene locus, and two inde-
pendent disruptants exhibited similar aberrant behav-
ioral phenotypes. In addition, the ABP-120- dis-
ruptants were subjected to a far more intense
computer-assisted analysis of behavior, to a more in-
tense biochemical analysis, and to an ultrastructural
analysis of the cytoskeleton (Cox et al., 1992, 1995).
To demonstrate beyond a doubt that the aberrant

phenotypes of ABP-120- cells, including the collapse
of the actin filament network, the aberrant changes in
F-actin incorporation into the cytoskeleton after cAMP
stimulation, the aberrant extension of pseudopodia,
and the depression in chemotactic index, are indeed
specifically due to the disruption of the ABP-120 gene
locus in ABP-120- cells, we have rescued an ABP-120-
cell line by reintroducing ABP-120 expression. Differ-
ent integration events in two rescued cell lines were
verified by Southern analysis, and as demonstrated
here, resulted in a return to normalcy of every mea-
sured biochemical, ultrastructural, and behavioral de-
fect of ABP-120- cells in both cell lines. The possibility
that either the original ABP-120- or the rescued ABP-
120-1+ phenotypes were due to decreased or in-
creased expression of actin, myosin, a-actinin, or ABP-
240 was ruled out, and the constancy of these
cytoskeletal components in mutant and rescued cells
suggests that fluctuations in other cytoskeletal ele-
ments are also unlikely.
The ABP-120- phenotype was indeed specific to the

disrupted ABP-120- locus and in no way reflected
either a general phenotype common to mutants of
actin binding proteins or an artifact of computer-asso-
ciated methods of analysis. This is best demonstrated
by comparing the behavioral phenotype of ABP-120-
cells with that of a number of disruptants of actin
binding proteins analyzed by computer-assisted two-
dimensional motion analysis systems (Soll, 1995). For
instance, while ABP-120- cells form pseudopods at
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one-third the frequency of wild-type cells and ABP-
120- pseudopods grow to one-third the size of wild-
type cells, myoA- cells form pseudopods at two times
the frequency of wild-type cells and myoA- pseudo-
pods grow to areas the same size as wild-type cells
(Titus et al., 1993; Wessels et al., 1996). In fact, when
compared with myo II- cells (Wessels et al., 1989),
myoA- cells (Titus et al., 1993; Wessels et al., 1996),
myoB- cells (Wessels et al., 1991), and ponticulin-
minus cells (Shutt et al., 1995), ABP-120- cells are the
only ones that form pseudopods at a frequency lower
than that of wild-type cells. These results indicate that
myosin I is involved in the suppression rather than the
formation of pseudopods and that cross-linking of
filaments by ABP-120, not sliding of filaments by my-
osins, is essential for normal pseudopod extension as
predicted by the Cortical Expansion Model (Condee-
lis, 1993b). We, therefore, conclude that the defects
originally demonstrated for the ABP-120- cells pro-
duced by homologous recombination were the direct
result of ABP-120 deletion.

The Function of ABP-120 in Phagocytosis
In addition, the consequences of deletion of ABP-120
on the formation of pseudopods produced during
phagocytosis have been characterized. ABP-120 is lo-
calized to phagocytic cups in Dictyostelium. Deletion of
ABP-120 results in a 50% reduction in the ability of the
cells to phagocytose both latex beads and bacteria, and
this correlates with the incapacity of ABP-120- cells to
form normal phagocytic cups. Therefore, our results
indicate that efficient phagocytosis requires normal
pseudopod extension, a process that in turn requires
ABP-120 (Cox et al., 1992, 1995).
The decreased ability of ABP-120- cells to perform

phagocytosis affects the ability of cells to grow in
bacterial suspension and on bacterial lawns. Even
though ABP-120- cells can grow to a limited extent by
phagocytosis, growth is not as efficient as ABP-120+
cells and hence ABP-120- cells would be at a marked
disadvantage when placed in competition with wild-
type cells in an environment where bacteria are the
main food source.
Furthermore, our results indicate, as expected, that

the morphology of Dictyostelium colonies on bacterial
lawns is dependent on the ability of cells to phagocy-
tose bacteria. Colonies of ABP-120- cells show clear
defects in the rate of colony expansion and clear zone
width. The defects seen in the colony morphology of
ABP-120- cells can be specifically attributed to the
lack of ABP-120 as shown by the rescue of the colony
morphology defect upon re-expression of ABP-120 in
ABP-120- cells. The increase in the rate of colony
expansion and clear zone width correlates with the
level of ABP-120 expression.

However, there is no difference in the ability of the
cells to undergo morphogenesis, a process that is in-
dependent of the rate of phagocytosis. Therefore, use
of developmental competence as a criterion for the
importance of a particular protein when assessing the
phenotype of a mutant can be misleading. Mutant
cells should be analyzed at all stages of the life cycle
for phenotypic differences. Lack of such analysis may
be a contributing factor to the conclusion that deletion
of various actin binding proteins results in no pheno-
type.

Finally, we conclude that the severity and properties
of a phenotype in null cells is directly related to the
properties of the deleted protein in vitro. In addition,
there is no evidence for networking or compensation
in the ABP-120 mutants reported here. These results
indicate that the aggregate properties of the cytoskel-
eton are due to the sum of the activities of the indi-
vidual structural proteins.
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