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Studies of the biochemistry of Listeria monocytogenes viru-
lence protein ActA have typically focused on the behavior of
bacteria in complex systems or on the characterization of the
protein after expression and purification. Although prior in vivo
work has proposed that ActA forms dimers on the surface of
L. monocytogenes, dimerization has not been demonstrated in
vitro, and little consideration has been given to the surface envi-
ronment where ActA performs its pivotal role in bacterial actin-
based motility. We have synthesized and characterized an ActA
dimer and provide evidence that the two ActA molecules do not
interact with each other even when tethered together. However,
we also demonstrate that artificial dimers provide superior acti-
vation of actin nucleation by the Arp2/3 complex compared
with monomers and that increased activation of the Arp2/3
complex by dimers may be a general property of Arp2/3 activa-
tors. It appears that the close packing (~19 nm) of ActA mole-
cules on the surface of L. monocytogenes is so dense that the
kinetics of actin nucleation mimic that of synthetic ActA
dimers. We also present observations indicating that ActA is a
natively unfolded protein, largely random coil that is responsi-
ble for many of the unique physical properties of ActA including
its extended structure, aberrant mobility during SDS-PAGE,
and ability to resist irreversible denaturation upon heating.

Listeria monocytogenes is a Gram-positive intracellular bacterial
pathogen that is the causative agent of listeriosis, a potentially fatal
food-borne infection that can result in meningitis or septicemia or
late-term spontaneous abortion in pregnant women. Listeriosis
primarily affects the elderly, the very young, and people who are
immunocompromised, whereas healthy individuals can tolerate
food with relatively high amounts of L. monocytogenes, making
outbreaks involving this bacterium infrequent. L. monocytogenes is
unusual in that it resists heat better than many food-borne bacteria
and continues to multiply at ActAs, so even cooked and refriger-
ated foods pose an infection risk (1).

After ingestion, L. monocytogenes is taken up by the entero-
cytic epithelial cells lining the intestine (2, 3) where it escapes
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from the phagocytic vacuole and undergoes several rounds of
cell division within the host cell cytoplasm. Once in the cyto-
plasm, L. monocytogenes begins expression of a virulence factor,
the surface-associated protein ActA (4). The ActA protein
enables the bacteria to harness the actin-based machinery of
the host cell and generate an actin-rich “comet tail,” allowing
the bacteria to become motile and spread directly from cell to
cell (5), thereby avoiding the host humoral immune system (6).
The most serious sequelae of infection including meningitis
and abortion depend on the ability of the bacterium to use
actin-based motility and direct cell-to-cell spread to cross
intact epithelial barriers (the blood-brain barrier and the pla-
centa, respectively).

ActA was first identified as a gene product necessary for
actin-based motility by mapping of a transposon-induced
mutation that resulted in a mutant strain incapable of direct
cell-to-cell spread (7). Subsequent work demonstrated that
ActA is asymmetrically distributed on the surface of L. mono-
cytogenes (8) and that ActA is sufficient to impart actin-based
motility to nonpathogenic Listeria innocua (9), to Streptococcus
pneumoniae (10), and to latex microspheres when nonspecifi-
cally absorbed to the surface (11). Although other factors are
required for a successful and sustained infection, ActA is the
only bacterial component necessary for actin-based motility.

The biochemical functions of ActA have been systematically
dissected using three kinds of assays; 1) site-directed mutagen-
esis followed by expression of altered proteins in L. monocyto-
genes (12—15) or in eukaryotic cells (16, 17), 2) purification of a
soluble truncated form of ActA followed by in vitro character-
ization of its biochemical properties and ability to interact with
other proteins (18) (19-21), and 3) immobilization of purified
ActA on the surface of polystyrene beads or other small objects
followed by assessment for the ability to recruit large-scale
clouds of actin filaments and comet tails (11, 22—-24). The
N-terminal domain of ActA is sufficient to support actin-based
motility; its critical subdomains bind to and activate the Arp2/3
complex, which catalyzes nucleation of actin filament growth
(19, 21, 25), and also bind monomeric actin (19, 21). The central
domain of ActA includes four proline-rich repeat sequences
that are responsible for binding proteins of the Ena/VASP>
family (13, 20, 26, 27) and regulate the speed and directional
persistence of motile bacteria (14, 28). The C-terminal domain

2 The abbreviations used are: VASP, vasodilator-stimulated phosphoprotein;
GST, glutathione S-transferase; PlI, polyproline Il.
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of native ActA contains a transmembrane anchor and a spacer
long enough to traverse the cell wall, a structure that is on the
order of tens of nanometers in thickness (29 —31). Soluble ActA
has also been reported to bind to phosphoinositides (32, 33),
although it is unclear what the role of such binding might be.

Relatively little is known about the structural characteristics
of ActA in solution or on the surface of L. monocytogenes. Ana-
lytical ultracentrifugation has demonstrated that ActA exists as
a monomer in solution (20, 32) with ambiguous results regard-
ing higher order multimers (32). ActA has been shown to
behave as an anomalously large species by gel filtration, sug-
gesting that it may be an elongated molecule (32, 34). Dimer
formation has been reported for ActA (35) based on its ability to
interact with itself in a yeast two-hybrid assay and on cross-
linking in situ on the bacterial surface to a dimeric form but not
to higher-order multimers. Because ActA is found at a high
density on the bacterial surface (8), it is possible that a weak
tendency to form lateral dimers might affect its biochemical
activities in situ. However, all of the data describing the bio-
chemistry of soluble ActA in vitro to date has utilized mono-
meric protein. To explore possible contributions of ActA
dimerization to its function in actin-based motility, we have
synthesized an ActA dimer and compared its ability to nucleate
actin filament growth with the standard soluble monomeric
protein both in solution and on the surface of latex micro-
spheres. Although we find no evidence for specific protein-pro-
tein interaction between the two tethered ActA moieties, we
nonetheless observe an enhancement of its nucleation function
that is probably due to physical proximity alone. This kind of
local enhancement of actin assembly due to local cooperation
may contribute generally to the spatial regulation of actin net-
work assembly.

EXPERIMENTAL PROCEDURES

Iodoacetamide Cross-linker Synthesis—2 mmol of bis[2-(3-
aminopropoxy)ethyl] ether in 10 ml of 1 M sodium carbonate
with 5 ml of dioxane was mixed all at once while stirring with
4.4 mmol of iodoacetyl chloride in 5 ml of dioxane. After a 1-h
incubation at room temperature, the mixture was extracted
with methylene chloride. The organic phase was extracted
three times each with cold saturated sodium bicarbonate, sat-
urated sodium chloride brine, and 1 m hydrochloric acid fol-
lowed by drying over anhydrous sodium sulfate. After drying,
the solvent was removed by rotary evaporation, and the result-
ing oil was dissolved in TLC solvent, 92% chloroform, 8% meth-
anol. The cross-linker was further purified by preparative thin
layer chromatography with TLC solvent. The molecular weight
of the N,N'-bis(iodoacetyl)-bis[2-(3-aminopropoxy)ethyl]
ether and its ability to dimerize glutathione were confirmed by
mass spectrometry.

Protein Purifications—All proteins were characterized by
SDS-PAGE (36) and assayed for activity according to estab-
lished protocols. ActA-His, (ActA) and ActA-Cys-Hisg (ActA-
Cys) were purified as described (19, 37) with an additional puri-
fication step of quaternary ion exchange chromatography as in
previous reports (11). Arp2/3 was purified from bovine thymus
according to the method of Higgs et al. (38) followed by affinity
purification with a glutathione S-transferase (GST)-VCA col-
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umn (39). Actin was purified from rabbit skeletal muscle (40).
All proteins were quantitated using their extinction coefficients
(41) with the exception of ActA, which was quantitated by
quantitative amino acid analysis.

The VCA domain of neuronal Wiskott-Aldrich syndrome
protein was purified as a GST fusion (42) expressed in Esche-
richia coli by glutathione-Sepharose chromatography followed
by quaternary anion exchange chromatography essentially
according to published procedures (43). GST-VCA is a dimer
due to the GST domain. To investigate the effects of mono-
meric VCA, we used the Factor Xa cleavage site in the GST-
VCA fusion to generate monomeric VCA. GST-VCA at 263 um
was incubated at 37 °C with Factor Xa at 0.2 um in 10 mm Tris,
pH 8.0, 50 mm sodium chloride, and 0.67 mM calcium chloride.
After 1 h the Factor Xa protease inhibitor 1,5-dansyl-Glu-Gly-
Arg-chloromethyl ketone dihydrochloride was added to 1 um
and incubated for an additional 30 min at 21 °C followed by
the addition of EGTA to 3 mM. The resulting mixture of GST,
VCA, Factor Xa, and inhibitor was used without further purifi-
cation as “monomeric” VCA. A second sample of GST-VCA
was treated identically except the Factor Xa was added after it
had already been inactivated by the inhibitor. This second sam-
ple, identical in composition to the first sample, except uncleaved,
was used as “dimeric” VCA. SDS-PAGE analysis confirmed that
the monomer VCA was separated from the GST and that the
dimer VCA remained fused to GST. Concentration of the VCA
dimer was expressed in terms of the number of VCA units.

The Listeria-specific endolysin HPL511was purified essen-
tially according to published procedures (44) except that with
the addition of cation exchange chromatography in 25 mm
sodium phosphate, pH 7.4, before the metal chelate chroma-
tography. Growing the E. coli expressing HPL511 at 30 °C with
0.5 mm isopropyl 1-thio-B-p-galactopyranoside greatly facili-
tated the production of soluble HPL511.

ActA Dimer Synthesis—The bisiodoacetamide cross-linker,
at 10 mm in DMSO, was added to ActACys in 200 mm sodium
phosphate, pH 7, 0.1 mm Tris(2-carboxyethyl)phosphine at a
1:2 molar ratio while stirring at room temperature for 1 h. Typ-
ical reaction conditions used 100 uM bisiodoacetamide and 200
uM ActACys. Under these reaction conditions the yield of ActA
dimer was around 30%. The reaction was quenched with 1 mm
dithiothreitol, and the monomer was separated from the dimer
by quaternary anion exchange chromatography on a
ResourceQ column (GE Healthcare) using the method for puri-
fication of ActA or by gel filtration with a Superose 6 (GE
Healthcare) column. Concentration of the ActA dimer was
expressed in terms of the number of individual ActA units.

Size Exclusion Chromatography—W e used a Superose 6 col-
umn calibrated with the appropriate standards to determine
the size of ActA and ActA dimer. For native runs the column
was developed with 20 mm sodium phosphate, pH 7.4, and 0.15
M sodium chloride. For denatured runs the column was devel-
oped with 20 mm sodium phosphate, pH 6.5, 6 M guanidine
hydrochloride. For the denatured gel filtration runs the cys-
teines on the protein standards were blocked by reduction with
10 mm dithiothreitol in 8 M urea, 100 mm Tris base, pH 8.0, for
1 hat 21 °C followed by irreversible blocking with the addition
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of 100 mm iodoacetamide at 21 C for 16 h. The standards were
repurified from the reactants by dialysis and gel filtration.

Mass Spectrometry—Matrix-assisted laser desorption/ion-
ization time-of-flight mass spectrometry was performed as
described (45) in a Voyager-Elite Biospectrometry Work
station.

Motility Assays—The methods for L. monocytogenes motility
assays and ActA-coated bead assays have been previously
described (11, 46). For assays with heat-treated ActA, the ActA
was incubated at 90 °C for 10 min before bead coating. For
motility assays with L. monocytogenes, the bacteria were either
used as described (46) or heated to 90 °C for 3 min.

Pyrene Actin Assays—Pyrene actin assays were performed
essentially as described (25). The concentrations of Arp2/3 and
actin were held constant at 20 nm and 2 uMm, respectively. Con-
centrations of VCA and ActA ranged from 0 to 100 nm. The
buffer composition was 50 mm KCI, 1 mm MgCl,, 1 mm EGTA,
10 mm imidazole, pH 7.0, 0.2 mm ATP, 0.5 mm dithiothreitol.

F-actin Cloud Formation Assays—For observing isolated
beads over time, 1.0 wm carboxylate-modified latex beads
(Polysciences, Warrington, PA) were cleaned by incubating
with mixed bead ion exchange resin (AG501-X8, Bio-Rad) and
then saturated with either ActA monomer or dimer as
described (11). The beads were added to Xenopus egg extract
doped with rhodamine actin as for the motility assays and
immediately mounted onto microscope slides for imaging.

For the large scale time course, 0.7- and 1.0-um carboxylate
modified latex beads (Polysciences) were saturated with either
ActA monomer or dimer as above. The beads bind identical
amounts of either ActA monomer or dimer, 2.1 X 10°
ug/um?, as determined by SDS-PAGE of the protein remaining
in the supernatant. To prevent bias in the imaging or analysis,
ActA monomer and dimer were immobilized separately onto
0.7- and 1.0-um beads and then blindly mixed in all four pair-
wise combinations along with fixed L. monocytogenes as a pos-
itive control. The beads were added to the Xenopus egg extract
motility assay and mounted on microscope slides for imaging.
Phase/fluorescence image pairs were collected over the next 30
min using only the phase image to select beads for imaging. The
imaging field was changed constantly to allow for sampling a
wide area of the slide, and whenever possible, a bead of both
sizes along with a bacterium was included in each image.

For analysis, the intensity data were unblinded and normal-
ized to the values expected for a 1-um bead utilizing data from
the experiments with the same form of ActA on both bead sizes.
The data points were then binned into 30-s bins (average of 8
data points per bin) and plotted as a function of time versus
normalized fluorescence intensity with the S.D. of the binned
intensity values.

Sedimentation Equilibrium Experiments—A Beckman XL-A
analytical ultracentrifuge with a 4-place An-60Ti rotor and 6
sector centerpieces was used for all experiments. Partial specific
volume (v) of ActA was calculated to be v, ., = 0.727, using the
method of Cohn and Edsall (47). Solvent density was calculated
using the equation for water density from the CRC Handbook
of Chemistry and Physics (48) and the buffer density incre-
ments as published (49), such that rhop;ion pugter = 1.004 g/ml.
The values used in calculations were temperature-corrected
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(50) such that at 4°C, v,., = 0.718. Data analysis was only
performed on data from experiments where sedimentation
equilibrium had been reached throughout the cell. All readings
were taken at 20, 30, and 40 h at speeds of 14,000, 12,000, and
9,000 rpm and concentrations of ActA from A,g, = 0.015 to
0.500. The data were analyzed using Beckman XL-A data anal-
ysis software and fitted using the algorithm for ideal fit allowing
molecular weight, C, and base line to float.

Circular Dichroism—Circular dichroism (CD) spectra were
collected on an AVIV model 62DS CD Spectrometer using a
1-mm quartz cell with monomer and dimer ActA below 0.4
mg/ml in CD buffer (1 mm potassium phosphate monobasic, 4
mM potassium phosphate dibasic). Wavelength scans from 190
to 260 nanometers were collected sequentially at 4, 20, 37, 65,
90, 65, 37, 20, and ActAs using a 1-nm bandwidth and 1-nm
step size. For melts at 222 nm, the temperature was increased in
5° steps with a 4.5-min equilibration time between steps. CD
signal was converted to mean residue ellipticity in the usual
manner (51).

ActA Surface Density on Listeria Monocytogenes—The
L. monocytogenes strain Mackaness SLCC 5764 (Mack) exhibits
robust motility in Xenopus egg cytoplasmic extracts (46). Mack
was grown up to an A, of 0.3— 0.5 with shaking at 37 °C in LB
medium and used for quantitation of ActA only after confirm-
ing they were capable of motility in Xenopus extract. ActA was
extracted from the bacteria by boiling them in SDS-PAGE gel
loading buffer. The number of bacteria was determined by col-
ony counts on BHI agar plates. Complete lysis of the bacteria
was accomplished using the Listeria-specific endolysin HPL511
(44).

RESULTS

Characterization of the Soluble ActA Protein and Synthetic
Dimer—Mass spectrometry of purified soluble ActA showed
that it has a molecular mass of 65.2 kDa, close to its expected
molecular mass of 65.5 kDa. We did not detect any species of
higher mass, although it is unlikely we could detect higher order
multimers using mass spectrometry if the protein associations
are weak. Prior work on soluble ActA using analytical ultracen-
trifugation has demonstrated that ActA behaves as a monomer
in solution with conflicting results regarding higher order mul-
timers (20, 32). We conducted analytical ultracentrifugation
experiments on our highly purified ActA preparation using
speeds from 9,000 to 14,000 rpm and determined that ActA
behaves as a monomer in solution with a median reduced
molecular mass of 69.7 kDa (S.D. = 9.8, 37 trials). This molec-
ular weight is in close agreement with the calculated molecular
weight and is significantly less than that expected for a dimer.
At ActA concentrations of greater than 2 mg/ml, the residuals
to ideal fit exhibited a complicated behavior inconsistent with
dimer formation and suggestive of aggregate formation along
with non-ideality. In addition, portions of cells with very high
concentrations of ActA did not reach equilibrium even after
40 h, whereas experiments with lower concentrations reached
equilibrium after less than 20 h.

To examine the effects of possible lateral self-association, we
constructed and purified a synthetic ActA dimer. To form ActA
dimers we chose a strategy that would force the ActA molecules
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FIGURE 1. Homobifunctional cross-linker and dimeric ActA. A, structural
formula for N,N’-bis(iodoacetyl)-bis[2-(3-aminopropoxy)ethyl] ether, a flexi-
ble hydrophilic cysteine-reactive cross-linker. B, purified soluble ActA
migrates with an apparent mobility of 97 kDa, whereas synthetic ActA
dimer migrates with an apparent mobility of 185 kDa by SDS-PAGE. Molec-
ular weight marker positions are indicated to the left of the Coomassie-
stained gel.

into close proximity while allowing them enough degrees of
freedom to self-associate as they might on the surface of
L. monocytogenes. To that end we synthesized a cross-linker
with two sulfhydryl-reactive groups separated by a backbone
that is 2.4-nm long and was chosen to be very soluble and flex-
ible (Fig. 1A). Native ActA contains no cysteines, so we used a
soluble ActA with a single cysteine close to the C-terminal end
of the truncated protein just before the hexahistidine tag (37).
After cross-linking and repurification, we were able to obtain
pure covalently cross-linked ActA dimers (Fig. 1B). Forming a
covalent link between the C-terminal ends of two monomers,
raising the effective local concentration to more than 30 mwm,
should permit intrinsic lateral self-association even with very
low affinity. The site of cross-linking should allow association
between the two monomers in a parallel fashion but might not
permit antiparallel associations. With this optimal cross-link-
ing and high local concentration we would expect to be able to
observe the structural as well as biochemical signatures of self-
association for the parallel dimer.

Characterization of ActA monomer and dimer by size exclu-
sion chromatography provides insights into the structure of
ActA. The expected Stokes radius for a 65-kDa globular protein
is ~3.5 nm. Our size exclusion data shows that monomeric
ActA has a Stokes radius of 8.0 nm (Fig. 2), in agreement with
previously published results (32, 34). A Stokes radius of 8.0 nm
corresponds to a globular protein of 710 kDa. Clearly, mono-
meric ActA is not a conventional compact globular protein.

If ActA could form a dimer, then cross-linking the ActA atits
C terminus would be consistent with its orientation on the sur-
face of L. monocytogenes. Moreover, if being in close proximity
to one another favors the formation of lateral ActA-ActA asso-
ciations, then we would expect the Stokes radius of the dimer to
be comparable with that of the monomer. This would be espe-
cially true if the two molecules are cross-linked at the C termi-
nus and dimerize by associations at the N terminus, as has been
previously proposed (35). However, gel filtration of the ActA
dimer showed that it has a Stokes radius of 12.5 nm (Fig. 2). This
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FIGURE 2. Analysis of ActA monomer and dimer by gel filtration. A, native
monomeric (cross) and dimeric (double cross) ActA are well separated by gel
filtration over a Superose 6 column. The horizontal axis is labeled with the
elution volumes corresponding to their respective peaks. The standards with
their respective Stokes radii are thyroglobulin (8.5 nm), ferritin (6.1 nm), IgG
(5.0 nm), and bovine serum albumin (BSA, triangle, 3.6 nm). B, labels are as in A.
Plot of K, versus the Stokes radius (on a logarithmic axis) for native proteins
shows that the elution volume of native ActA monomer and dimer corre-
spond to Stokes radii of 8.0 and 12.5 nm, respectively. C, labels are as in A. Plot
of K, versus the molecular weight (on a logarithmic axis) for denatured pro-
teins (gray markers). For reference, the K, values of native (black markers)
bovine serum albumin (BSA; triangle) and ActA monomer (cross) are included.
The protein standards, open shapes, fall on a line, as would be expected for
proteins with no secondary structure. Note that Native ActA is only slightly
more compact than what would be expected for a completely unfolded pro-
tein, whereas unfolded ActA is only slightly more extended than expected.

size is consistent with two models; 1) a simple geometrical
model that the dimerized ActA proteins are non-interacting
extended rods that are freely hinged at the base, with an average
angle between them of ~100°, or 2) a model that assumes ActA
is largely a natively unfolded protein as a dimer would be
expected to be about 22 times as large as the monomer or 11.3
nm in radius (52).

Gel filtration under denaturing conditions suggests that
ActA is a natively unfolded protein (random coil). We com-
pared the retention time of monomeric ActA to a set of protein
standards that have been rendered random coil by denaturation
in 6 M guanidine hydrochloride at low pH and covalent alkyla-
tion of the cysteines. Native ActA migrates over gel filtration as
a slightly more compact molecule than the model unfolded pro-
tein standards and, when denatured in guanidine, is only
slightly more extended than the model random coil standards.
In contrast, bovine serum albumin (BSA) shows a significant
size shift on denaturation and fully denatured BSA migrates
with a retention time comparable with native ActA, which is
similar in molecular weight (Fig. 2). It is clear that the ActA
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FIGURE 3. Circular dichroism of monomeric and dimeric ActA. The circular dichroism spectra of ActA mon-
omer and dimer are virtually identical. Wavelength scans were made consecutively at 20, 37,90, 37, and 20 °C.
The scans at the same temperature showed values for mean residue ellipticity (MRE) that were identical to
within the error of the instrument, about 2% between 200 and 230 nm, increasing to 5% at 195 and 238 nm.
Insets, the forward and reverse melts at 222 nm show no hysteresis and demonstrate that ActA undergoes a
reversible transition upon heating with no obvious cooperativity. Error bars are the S.D. taken for each data
point during the measurement. The wavelength scans and temperature melts are evidence that ActA is a

natively unfolded protein.

native structure is mostly random coil. The monomeric ActA
slightly overextended structure in guanidine could be due to the
polyproline rich domains in ActA, which can retain structure
even in guanidine (53).

Coupled to the anomalously large Stokes radius of ActA in
physiological buffers is its low relative SDS-PAGE mobility,
which corresponds to an apparent molecular mass of 97 kDa
compared with its true molecular mass of 65 kDa. This large
discrepancy in relative mobility to actual molecular mass has
been at least partially attributed to a polyproline-rich central
domain which is expected to be resistant to denaturation by
SDS (54). However, ActA continues to migrate with an abnor-
mally high relative mobility even when this polyproline rich
domain is deleted (14). There are numerous reports of natively
unfolded proteins traveling with an abnormally low relative
mobility on SDS-PAGE (55, 56). The mechanisms by which
proteins bind to SDS are only partially understood. In general,
proteins bind to SDS with a fairly constant ratio of 1.4 g of
SDS/g of protein (57). However, this binding is mostly hydro-
phobic in nature (57) and can even result in an increase in sec-
ondary structure especially in amphiphilic regions (54, 58). It
would not be surprising that natively unfolded proteins, being
very extended and hydrophilic, do not form compact helices
with SDS micelles and, therefore, migrate with a low relative
mobility on SDS-PAGE.

Circular Dichroism Spectroscopy of ActA Indicates That It Is
Natively Unfolded—CD spectroscopy is used to estimate the
relative amounts of a-helix, B-sheet, and random coil in pro-
teins. We performed our CD analysis by collecting spectra from
190 to 260 nm taken over a range of temperatures. The spec-
trum of soluble monomeric ActA is characterized by a large dip
centered at 200 nm (Fig. 3). Upon heating the ActA monomer,
the CD spectrum shifts by increasing the signal at 200 nm and
decreasing at 222 nm. Unusually, these spectra exhibit abso-
lutely no hysteresis upon cooling, which suggests that heating
ActA does not induce irreversible changes in protein structure.
Moreover, there is also no evidence for a cooperative unfolding
transition on heating.
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ActA. Rather, when taken alone, the
shape of the spectrum obtained is
more indicative of either of two
other types of structure, random
coil and polyproline II (PII) helix. In
addition, the decrease in signal at
222 nm upon heating is further evi-
dence that the spectrum is not dom-
inated by a-helix. The 222-nm CD
signal of an a-helix should increase
(rather than decrease) as the tem-
perature is raised due to unfolding.
This decrease in dichroism at 222
nm as the temperature is increased
is observed with PII type helices (59,
60), and it is obvious that ActA con-
tains regions rich in polyproline so it
is likely for ActA to contain some PII helix. Although PII helices
will not melt out at elevated temperatures, the lack of overall
shape change upon heating is probably due to the fact that ActA
is mostly random coil, and therefore, there is very little ordered
structure to melt out. In addition, the overall shape of the CD
spectrum is virtually identical to the CD spectra previously
reported for two other natively unfolded proteins (55, 56).
Analysis of the amino acid sequence of ActA using PONDR
(Predictor of Natural Disordered Regions; access provided by
Molecular Kinetics (copyright 2004)) predicts ActA to be 74,
100, 89, and 100% disordered using the VLXT (copyright 1999
by the Washington State University Research Foundation (61)),
VSL1 (62), XL1_XT (63), and VL3 (64) algorithms, respectively.
Using these estimates we predict ActA to be >90% random coil.
The remainder is PII helix, and there might be a small amount
of B-sheet, but there is clearly very little or no a-helix.

To see whether forced dimerization could affect the ActA
overall structure, we compared the CD spectra of ActA mono-
mer and synthetic dimer and found no significant difference
(Fig. 3). These results cannot rule out an ActA-ActA interaction
but certainly argue against a strong protein-protein interaction
or one with a large contact area (65, 66). Our results are most
consistent with the hypothesis that ActA is truly a monomeric
protein even when the local concentration is extremely high
(>30 mm) as rendered by forced tethering.

Heat-treated L. monocytogenes and ActA Support Motility—
We were intrigued by the CD observation that indicated ActA
might be heat-stable. We tested this hypothesis by heating
L. monocytogenes to 90 °C for 3 min and then examining their
ability to perform actin-based motility. Heat-treated bacteria
are capable of forming actin-rich clouds and comet tails when
added to Xenopus egg extract (Fig. 4). We also tested the ability
of purified soluble ActA to support motility when immobilized
onto latex beads after heat treatment. Soluble ActA at 1 and 10
mg/ml was heated to 90 °C for 10 min before being immobilized
onto 1-m latex microspheres (11). Visually, the actin tails
formed on the beads with heat-treated ActA were indistin-
guishable from those of unheated ActA (Fig. 4). The analysis of
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90

MRE at 222 nm

11 down

VOLUME 283 +NUMBER 35+AUGUST 29, 2008



heat treated

untreated

Listeria

ActA coated beads

10 pm

FIGURE 4. ActA retains its activity after heat treatment. Motility assays with
fixed L. monocytogenes and beads coated with ActA monomer that was left
untreated or heat-treated showed robust motility and actin comet tail forma-
tion when placed into Xenopus extract doped with rhodamine-actin. The
speeds of heated and unheated samples were comparable.

data gathered blind indicated that the speed of beads with heat-
treated ActA are comparable with those for unheated ActA.

Immobilized ActA Dimers Enhance Actin Nucleation in
Xenopus Egg Extracts—W e wished to examine whether the arti-
ficial dimerization of ActA had any effect on its biochemical
activity. To measure quantitatively the kinetics and extent of
actin network formation by monomeric versus dimeric ActA,
we adapted the standard in vitro motility assay. We saturated
the surface of 0.7 and 1-um latex microspheres separately with
both monomeric and dimeric ActA. The total quantity of
monomeric and dimeric ActA, in micrograms per unit area,
that we were able to immobilize onto the beads were identical.
The beads were blindly mixed in all possible combinations,
placed into the Xenopus egg cytoplasmic extract motility sys-
tem to record the formation of actin clouds around the micro-
spheres, and imaged using fluorescently labeled actin. Phase/
fluorescent image pairs were collected using only the phase
image to locate beads for imaging. We also included fixed Lis-
teria in our bead preparations as internal controls and to assist
in measuring variability. After all the data collection and quan-
titation was complete, the data were unblinded, yielding four
separate sets of data for monomeric as well as dimeric ActA.
We normalized all the data to that from the 1-um spheres by
utilizing the fluorescence ratio from the 1-0.7-um spheres in
the trials where both bead sizes were exclusively monomer or
dimer.

Our results show a subtle yet statistically significant differ-
ence between the monomeric and dimeric forms of immobi-
lized ActA (Fig. 5). The final cloud size around the ActA-coated
beads (as judged by accumulation of rhodamine-actin around
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FIGURE 5. Nucleation of F-actin cloud formation by monomeric and
dimeric ActA. Beads coated with ActA dimer have a shorter lag time for cloud
formation than beads with ActA monomer. A, time course of actin cloud for-
mation around two 1-um latex beads. The bead coated with monomeric ActA
has no detectable fluorescence at 8 min, whereas the bead coated with
dimeric ActA shows detectable accumulation of actin before 3 min. B, time
course with data compiled from 4 assays totaling 580 beads, each observed
for one time point. The curve for ActA monomer has a clear lag phase that is
lacking for the ActA dimer. The lag phase for ActA dimer-coated beads is
either nonexistent or too short to measure with this assay. Fixed L. monocy-
togenes, which were included in the assay but not shown in this figure, had
clouds, tails, or no associated actin at all time points. Error bars are the S.D. of
the points in each 30 s bin with a median number of 8 beads per bin. A.U.,
arbitrary units.

the beads) was the same for monomeric and dimeric ActA,
indicating that both forms of ActA were capable of catalyzing
the assembly of equivalent filamentous actin networks. The
only measurable difference between the monomeric and
dimeric ActA was the actin cloud formation lag time. Mono-
meric ActA takes about twice as long as dimeric ActA to reach
the plateau. The curve describing the accumulation of F-actin
with monomeric ActA has a clear lag phase that persists until
200s, whereas for dimeric ActA we see no visible lag phase. The
lag phase for ActA dimer is either not measurable due to exper-
imental limitations or does not exist. L. monocytogenes
included in these assays had actin cloud intensities covering the
entire fluorescence intensity range or well formed actin comet
tails with no measurable time delay for formation of these
structures. Thus, the kinetics of actin cloud assembly for bac-
teria more closely resembled the dimer-coated beads, with well
formed actin clouds as early as 200 s, than the monomer-coated
beads. However, individual-to-individual variability was much
greater for bacteria than beads and for this reason the popula-
tion numbers cannot be compared.

Soluble ActA Dimers Enhance Arp2/3-mediated Actin Nucle-
ation Activity—In principle, the kinetic difference we observed
for actin cloud accumulation by beads coated with ActA dimers
versus monomers could be due to 1) an intrinsic difference in
biochemical activity of the monomeric versus dimeric proteins
at the level of activation of the Arp2/3 complex, 2) an intrinsic
difference in their interaction with proteins other than Arp2/3,
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FIGURE 6. Activation of Arp2/3 complex by monomeric and dimeric activators. Pyrene-actin assays were
used to monitor the rate of F-actin polymerization with 2 um actin and 20 nm Arp2/3 complex. Monomeric ActA
and VCA are less efficient at catalyzing filament formation than their respective dimeric forms. The right-most
graph in both rows displays the slope of the linear phase of the two left graphs with respect to activator
concentration. Dimeric ActA and VCA activate the Arp2/3 complex by 2.5- and 20-fold over their respective

monomeric forms.

for example VASP (which is a native tetramer (67)), 3) a direct
or indirect difference in their ability to recruit actin bundling or
cross-linking proteins present in the complex Xenopus egg
cytoplasmic extract, or 4) a surface-dependent effect such as a
difference in their ability to capture or maintain growing actin
filaments during cloud accumulation on the bead surface. To
resolve this issue we examined the intrinsic ability of the ActA
monomer and synthetic dimer to activate Arp2/3 actin nucle-
ation activity in an in vitro assay containing only purified ActA,
Arp2/3, and pyrene-labeled actin (25). We monitored actin fil-
ament assembly upon activation of the Arp2/3 complex by
observing the increase in pyrene fluorescence signal. At equiv-
alent concentrations of total ActA units, synthetic ActA dimer
is ~2.5-fold more potent in stimulating Arp2/3 nucleation than
is ActA monomer (Fig. 6). Thus, simple physical proximity of
two ActA molecules is sufficient to enhance their biochemical
activity, and this effect alone can explain the more rapid kinet-
ics of actin cloud accumulation for beads coated with ActA
dimer. In addition, these experiments allow us to conclude that
the increased activation of the ActA dimer need not be due to
other cellular factors present in the Xenopus egg extract cloud
formation assays nor due to being on a surface. Rather, in these
experiments it is reasonable to conclude that the physical prox-
imity alone is responsible for the increased Arp2/3 activation
activity of the ActA dimer compared with monomer.

If cooperation between two ActA molecules is due only to
physical proximity, then a similar effect should be seen for any
dimeric actin nucleation-promoting factor. When the VCA
domain is isolated from the remainder of neuronal Wiskott-Al-
drich syndrome protein, it will constitutively activate Arp2/3 com-
plex (22, 39,43). We made VCA fused to GST separated by a factor
Xa protease site. Because GST is a parallel homodimer, this con-
struct allowed us to explore the Arp2/3 complex activation of
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dimeric as well as monomeric VCA.
Dimeric GST-VCA enhances Arp2/3
nucleation activity more than 20-fold
compared with monomeric VCA
8 (Fig. 6). Clearly, using dimeric VCA or
® ActA leads to increased activation of
m% the Arp2/3 complex when compared
™ monomer  with the monomer forms of either
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activator. This is in agreement with
the enhancement of Arp2/3 nucle-
ation seen by dimeric GST-WA (68)
where the increase in activity over the
monomeric form was reported to be
almost 100-fold.

ActA Molecules Are Closely Packed
on the Surface of L. monocytogenes—
To better understand whether this
proximity effect might influence the
kinetics of actin assembly during
bacterial infection, we sought to
measure the density of ActA mole-
cules on the surface of L. monocyto-
genes. Because ActA expression lev-
els can vary depending on growth
conditions, we performed all quan-
titation experiments with a single bacterial culture that we con-
firmed as having robust actin-based motility in the in vitro
assay. Because previous studies have reported that ActA is
dense enough on the surface of L. monocytogenes to be chemi-
cally cross-linked as dimers but not to higher order multimers
(35), we repeated the chemical cross-linking experiments to
establish the lower limit for the ActA spacing we should expect
to see using other types of analysis. We used the non-reducible
amine-reactive cross-linker formaldehyde to probe ActA spac-
ing on the surface of the Mackaness strain of L. monocytogenes.
After cross-linking, ActA was extracted with SDS gel loading
buffer and analyzed by Western blot using a polyclonal anti-
body against full-length ActA. We detected the native ActA
monomer, which travels with a relative mobility of ~97 kDa as
well as larger bands indicative of higher order multimers (Fig.
7). The ~220-kDa band corresponds to where we would expect
a dimer, and the unmistakable presence of even larger bands
indicates that we generated a complex of more than two ActA
molecules. Large amounts of cross-linker lead to a reduction in
the quantity of multimers presumably due to saturation of all
reactive amines or the formation of large aggregates which fail
to enter the gel and migrate by SDS-PAGE. As with the previ-
ously published experiments, it is obvious that the total amount
of cross-linked ActA represents only a fraction of the total, i.e.
most protein remained monomeric under all conditions. Given
that it is hard to predict how an unfolded protein will behave
during cross-linking, we can only make an imperfect prediction
about protein density using these data. A crude calculation
assuming three rigid spheres in a square box four times the
Stokes radius would imply 3 ActA molecules within 1024 nm?
or 0.29 ActA molecules per 100 nm?,

More accurate measurements of ActA protein-protein spac-
ing can be achieved by quantitating the amount of ActA per
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FIGURE 7. Cross-linking of ActA on the bacterial surface. When L. monocy-
togenes is incubated with increasing amounts of formaldehyde, ActA forms
higher order aggregates. ActA dimers begin to appear at 0.075% formalde-
hyde, and trimers are the predominant species at 0.5%. The cross-linked mul-
timers clearly represent a minor percentage of the ActA in the samples.

bacterium and then using the distribution data to determine the
protein-protein spacing on the surface of L. monocytogenes.
This is particularly relevant because ActA is not uniformly dis-
tributed on the bacterial surface but is instead concentrated at
the old pole (8, 69). We used colony counts to determine that
our bacterial culture had 1.11 X 10° cells/ml. To achieve quan-
titative removal of ActA from the surface of L. monocytogenes,
we compared the amount of ActA that was extracted with SDS
alone to the amount extracted after digestion of the cell wall
with the Listeria-specific endolysin Hpl511 (44) followed by
extraction with SDS. Removing the bacterial cell wall with
Hpl511 did not change the quantity of ActA we were able to
extract. Using quantitative Western analysis we determined
that the amount of ActA in 1 ml of bacterial culture was 0.69
pg. This yields 5800 as the average number of ActA molecules
on the surface of a single bacterium.

To determine the spatial distribution of these 5800 ActA
molecules, we analyzed more than 350 L. monocytogenes cells
labeled with an antibody against ActA to correlate fluorescence
intensity with ActA surface density and cell shape (Fig. 8). The
bacteria were fixed and labeled for ActA using standard immu-
nofluorescence techniques. Phase/fluorescence image pairs
were collected at random using only the phase image to locate
bacteria that were not obviously in the process of completing
cell division. Our fluorescence intensity profiles using indirect
immunofluorescence on fixed cells matched those previously
published on live cells using a red fluorescent protein-tagged
ActA (70). By taking the average net fluorescence intensity per
bacterium and setting this value equal to the average number of
ActA molecules per bacterium, we were able to convert fluo-
rescence intensity units into molecules of ActA per unit area
(these bacteria averaged 2.2 um long by 0.8 um wide). The
number of ActA molecules per 100 nm? ranges from 0 to 0.27
(essentially 0—0.3). The maximum value is close to the estimate
from the cross-linking data, 0.29 molecules/100 nm>.

AUGUST 29, 2008 +VOLUME 283 +NUMBER 35

ActA Is Natively Unfolded

- B - K

ActA per 100 nm2

A.U.

Phase

Distance, pm

FIGURE 8. ActA density on L. monocytogenes. 355 L. monocytogenes were
used to determine the surface density of ActA. Representative images of
three bacteria showing immunofluorescently labeled ActA and the corre-
sponding phase image are shown directly above their respective line scans.
Line scans measure pixel intensities through the long axis of the bacteria. The
upper line scans (black) are calibrated in ActA molecules per 100 nm? using
the fluorescence image data. The lower line scans (gray), obtained from the
phase image, were used for distance/size calibrations. ActA densities over the
entire data set range from 0 to 0.3 ActA molecules per 100 nm2. A.U., arbitrary
units.

Further analysis of the fluorescence distribution data indi-
cates that 20% of the ActA on the surface of Listeria is above the
density of 0.09 molecules per 100 nm?, the minimum density
for cross-linking two molecules assuming a zero-length cross-
linker and a Stokes radius of 8 nm. The maximum packing
density of 0.3 ActA molecules per 100 nm? (equal to hexagonal
packing with 11.4-nm sides) is not unreasonable considering
that ActA has a diameter of 16 nm, and its cofactor, Arp2/3
complex, is on the order of 10 nm in size. Thus, the spacing of
ActA on the surface of L. monocytogenes is almost dense
enough in areas to “saturate” a two-dimensional array of ActA
along with its cofactors, enabling the proximity-based cooper-
ation that we have measured for the isolated protein (Fig. 9).

DISCUSSION

In this investigation we have confirmed previous work indi-
cating that ActA is a monomeric protein and extended our
knowledge of the state of ActA on the surface of L. monocyto-
genes. We have also elucidated aspects of the structure of ActA
heretofore undescribed and present a model of surface-bound
ActA that is consistent with all previously published results and
the constraints imposed by its binding partners in the forma-
tion of filamentous actin.

Soluble ActA Is a Natively Unfolded Monomeric Protein—All
of the available data are most consistent with the hypothesis
that the soluble form of ActA is a purely monomeric protein.
Our analytical ultracentrifugation data and that from others
(20) arrive at the same conclusion, that ActA exists as a mono-
mer in solution, at least at concentrations below 30 um. Above
this concentration the behavior of ActA becomes non-ideal. An
earlier publication reporting higher order aggregates of ActA
using analytical ultracentrifugation (32) may have suffered
from non-ideality at the high concentrations used. Our data
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FIGURE 9. Comparison of the physical sizes of the molecules for actin-
based motility initiation. To scale (=5%) schematic of some of the mole-
cules involved in ActA-activated actin-based motility. A, top view of a field of
ActA molecules as it might appear on the surface of L. monocytogenes at their
closest packing density of 0.27 ActA molecules per 100 nm? or 1 ActA mole-
cule per 370 nm?. Note that the actual packing may not be hexagonal, but the
density will be equivalent. B, components of the ActA-mediated actin-based
motility machine at the same scale as in A. The Arp2/3 complex and the pro-
filactin complex images are based on the published structures (74, 75), and
the F-actin image is based on a theoretical model (76). Visualizations were
made with QuteMol (77). The entire structure for VASP has not been pub-
lished, so monomeric VASP is represented as a sphere based on a published
Stokes radius of 4.5 nm (67). Note that the in vitro biochemistry of ActA utilizes
a minimum of 1 VASP tetramer, up to 4 profilactin complexes per VASP tet-
ramer, one Arp2/3 complex, an elongating actin filament, and many other
actin-associated cofactors. The surface environment is very crowded indeed.
Scale bar in 1-nm increments for first 10 nm.

VASP

from gel filtration is perfectly consistent with our analytical
ultracentrifugation data. Monomeric ActA migrates as a mole-
cule with a Stokes radius of 8.0 nm with no trace of dimer,
whereas a synthetic dimer migrates as a molecule with a Stokes
radius of 12.5 nm. Our circular dichroism experiments, where
we compare monomeric to dimeric ActA, give us additional
evidence that ActA does not self-associate in a way that affects
its structure even when forced into a dimer. Thus, we conclude
that ActA is natively a monomer and exhibits no tendency to
interact with itself even when two molecules are tethered
together.

The data from gel filtration and CD are unambiguous in
identifying ActA as a natively unfolded (largely random coil)
protein. The Stokes radius of native ActA, 8 nm, is very close to
what we would expect for a random coil of 65 kDa, and when
two monomers are linked at their C terminus the size increase
can be explained as a corresponding increase in the size of a
random coil. Monitoring CD during temperature melts of ActA
indicate that there is very little structure which can be melted
out. Furthermore, the presence of PII helix can be inferred from
the sequence data alone, and the shifts seen with elevated tem-
perature would be consistent with ActA containing some PII
helix. The shape of the CD spectra and behavior during thermal
melting argue against ActA containing any a-helix. Moreover,
the CD spectrum of ActA closely resembles that of other
natively unfolded proteins (55, 56). Its behavior on SDS-PAGE
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is also consistent with being a hydrophilic unfolded protein.
Additionally, for in vitro motility assays with ActA, it is neces-
sary to use carboxylate-modified latex as ActA fails to bind to
hydrophobic latex.

It is interesting to note that one recent publication detailing
the binding of phosphoinositides to ActA presents CD spectra
before and after the addition of phosphoinositides (32) that are
identical to the spectra of ActA at 25 and 90 °C, respectively.
This study reported a decrease in dichroism at 222 nm that was
attributed to an increase in the a-helix content, but our data
indicate that such a change may not be indicative of an increase
in a-helix. In any case, if it does represent an increase in a-hel-
ical content, there is no reason to expect it to be a specific effect
since even SDS micelles can increase the helix content of pro-
teins (58, 71), and no biological or biochemical role for phos-
phoinositide binding to ActA has been demonstrated.

Forced Dimerization Enhances the Activity of Arp2/3-activat-
ing Proteins Simply by Proximity Effects—Our results demon-
strate that one method of increasing the activity of ActA and
other Arp2/3 activators as well is to synthetically dimerize the
molecules. The net effect of dimerization of ActA is a mild
increase in the activation of the Arp2/3 complex. By compari-
son, the increase in activation by dimeric VCA is 20-fold higher
than the monomeric form. The substantial difference between
the dimeric ActA and dimeric VCA is not surprising given that
VCA has a significant amount of secondary structure (72).
Although neither of these proteins present any evidence of
being dimeric in vivo, one can explain the increase in the activ-
ity of Arp2/3 complex by at least two non-exclusive mecha-
nisms. Having a dimer provides multiple binding sites which
may increase the avidity of the interaction between Arp2/3
complex and its activator. Another possible explanation is that
two nearby activated Arp2/3 complexes can cooperate with
F-actin assembly because the second Arp2/3 complex may bind
to the side of the first nucleated filament (73). It seems reason-
able to speculate that the differences between the activities of
the VCA dimer and ActA dimer might in part be due to the
relatively few degrees of freedom of flexibility and parallel ori-
entation of the VCA-GST dimer in relation to the flexible linker
and wall-spanning region present in the ActA dimers. Although
these subtleties are interesting from a biochemical standpoint,
they are probably not relevant to L. monocytogenes motility
where the asymmetric distribution of ActA on the surface is
sufficient to ensure the polar formation of actin-rich comet tails
and, thus, a successful infection cycle.

In addition it should be noted that our studies explore the
parallel dimer and not an antiparallel dimer. Formally, it would
be possible for ActA to dimerize in an antiparallel fashion. This
would, presumably, be initiated by the N terminus (35). If ActA
were to form an antiparallel homodimer via the N terminus
alone then the ActA molecules would exist as hoops on the
surface of L. monocytogenes. Given that ActA is natively disor-
dered, our cysteine dimer could in fact still form such
homodimers. One observable consequence of such N-terminal
antiparallel dimerization between two disordered proteins con-
nected at the C terminus is that it would be expected to signif-
icantly affect the Stokes radius. With our synthetic ActA dimers
this is clearly not the case. Antiparallel dimerization along the
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entire length of the ActA would not be possible with our syn-
thetic dimer, but such dimerization would also imply a strong
association which is clearly not the case as demonstrated by size
exclusion chromatography and analytical ultracentrifugation.
Although such dimerization remains a theoretical possibility, it
is very unlikely.

We present the first work that quantitates the distribution of
ActA on the surface of L. monocytogenes in terms of actual spac-
ing of the molecules on the surface. This study and prior studies
(35) used cross-linking experiments to establish the minimum
density of ActA on the bacterial cell surface. Because the flexi-
bility of the ActA on the surface of L. monocytogenes is
unknown, the packing density that we established by cross-
linking is only the lower limit of what the closest packing may
be. The highest density of ActA estimated by both cross-linking
and calibrated immunofluorescence was determined to be 0.3
molecules per 100 nm?, equal to the spacing of the ActA mole-
cule in a hexagonal array with 11.4-nm sides. Given the size of
ActA and its binding partners, this is probably the tightest spac-
ing possible (Fig. 9). The crystal structure of the Arp2/3 com-
plex (74) suggests that there would need to be a space of about
10 nm around the ActA molecule for the Arp2/3 complex to
easily bind. Additional factors needed for actin filament forma-
tion, VASP tetramers and profilactin, would need space to bind
to ActA in addition to that occupied by the Arp2/3 complex.
Indeed, if there were any more ActA molecules on the surface of
the “tail end” of L. monocytogenes, there would be no room for
cofactors. Any model of ActA-activated actin-based motility
must take this crowded and restrictive environment on the sur-
face of L. monocytogenes into account.
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