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Toxoplasma gondii is a protozoan parasite belonging to the
phylum Apicomplexa. Parasites in this phylum utilize a unique
process of motility termed gliding, which is dependent on para-
site actin filaments. Surprisingly, 98% of parasite actin is main-
tained as G-actin, suggesting that filaments are rapidly assem-
bled and turned over. Little is known about the regulated
disassembly of filaments in the Apicomplexa. In higher eu-
karyotes, the related actin depolymerizing factor (ADF) and
cofilin proteins are essential regulators of actin filament turn-
over. ADF is one of the few actin-binding proteins conserved in
apicomplexan parasites. In this study we examined the mech-
anism by which T. gondii ADF (TgADF) regulates actin fila-
ment turnover. Unlike other members of the ADF/cofilin (AC)
family, apicomplexan ADFs lack key F-actin binding sites. Sur-
prisingly, this promotes their enhanced disassembly of actin fil-
aments. Restoration of the C-terminal F-actin binding site to
TgADF stabilized its interaction with filaments but reduced its
net filament disassembly activity. Analysis of severing activity
revealed that TgADF is a weak severing protein, requiringmuch
higher concentrations than typical ACproteins. Investigation of
TgADF interaction with T. gondii actin (TgACT) revealed that
TgADFdisassembled shortTgACToligomers. Kinetic and steady-
state polymerization assays demonstrated that TgADF has strong
monomer-sequesteringactivity, inhibitingTgACTpolymerization
at very low concentrations. Collectively these data indicate that
TgADFpromoted the efficient turnoverof actin filaments viaweak
severing of filaments and strong sequestering of monomers. This
suggests a dual role for TgADF in maintaining high G-actin con-
centrations and effecting rapid filament turnover.

Toxoplasma gondii is an obligate intracellular protozoanpar-
asite that belongs to the phylum Apicomplexa. In addition to
being a significant cause of disease in immunocompromised
individuals (1), T. gondii also provides an excellent model sys-
tem for other members of the phylum (such as the medically
important Plasmodium species), due to the presence of a vari-
ety of experimental tools. Transmission of T. gondii typically
occurs via the ingestion of tissue cysts in undercooked meat or

oocysts that are shed by cats and that can contaminate water
(2). Once inside the host, the parasite utilizes a unique mode of
motility, termed gliding, to move across epithelial barriers and
migrate into deeper tissues (3). Gliding motility is conserved
across the Apicomplexa and is responsible for the parasite’s
invasion of host cells (4). Both gliding and cell invasion depend
on actin filaments within the parasite (5, 6).
In contrast to higher eukaryotic cells where typically 50% of

the actin is filamentous (7), actin in T. gondii is almost exclu-
sively unpolymerized (6, 8, 9). T. gondii has one actin allele
(TgACT)2 that has 83% identity to vertebrate actin and is
expressed throughout the life cycle of the parasite (8). Recent
work has shown that parasite actins are inherently unstable
(9–11), and this is likely due to key substitutions in theirmolec-
ular structure (9). Actin typically undergoes self-polymeriza-
tion above a critical concentration of 0.12�M (12); however, the
critical concentration for TgACT is surprisingly low at only
0.04 �M (9). Despite maintaining high cellular concentrations
of G-actin, filamentous actin is essential for both gliding motil-
ity and host cell invasion byT. gondii (5). Treatment of parasites
with cytochalasin D, renders parasites non-motile and unable
to penetrate host cells, and genetic studies using mutants indi-
cate that the polymerization of parasite filaments is crucial for
both gliding and invasion (5). Additionally, hyperstabilizing
actin filaments by treatment with jasplakinolide (13, 14) is also
toxic to the parasite. Although jasplakinolide-treated parasites
move with 3-fold increased speed (6) (indicating that actin po-
lymerization is rate-limiting for motility), the prevention of fil-
ament turnover results in the inability of parasites to pursue
directional movement and invade host cells (6). Collectively,
these studies indicate that the control of parasite filament turn-
over is critical for productive gliding and invasion.
The unique actin dynamics observed in apicomplexan para-

sites suggests that actin polymerization and turnover are tightly
regulated. However, in contrast to higher eukaryotes, which
have many actin-binding proteins to regulate the microfila-
ment system (15), only a small set of actin-binding proteins are
conserved in the Apicomplexa (16–18). This subset includes
formins, profilin, capping protein, actin depolymerizing factor
(ADF), cyclase-associated protein (CAP), and coronin, which
represent little more than the core set of actin-binding proteins
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high G-actin concentrations in apicomplexan parasites, it is
surprising that no dedicated G-actin sequestering proteins are
present, such as �-thymosin, which is found in higher
eukaryotes (20).
Recentworkhas shed some light onhowactin filamentsmaybe

assembled in apicomplexan parasites. Plasmodium formins have
been shown tonucleateheterologous actinpolymerization in vitro
(21), and Toxoplasma profilin was shown to allow steady-state
barbed-end growth while causing depolymerization at the
pointed end (22). Most recently Plasmodium capping protein
was shown to cap heterologous actin filaments (23). Although
these studies provide insight into the actin polymerization
machinery in apicomplexan parasites, little is known about the
regulated disassembly of parasite actin filaments.
The ADF/cofilin (AC) family of proteins are highly con-

served proteins and are essential for increasing actin filament
turnover in higher eukaryotes (24). ACproteins are found ubiq-
uitously in eukaryotes, often present in multiple isoforms, and
tend to have a conserved structure and function (25). The pre-
dominant mechanism by which they are thought to increase
filament turnover is by severing actin filaments (26). Electron
cryomicroscopy and helical reconstructions of ADF and cofilin,
bound to the side of actin filaments, reveal that they alter the
twist of the filament by 4–5 °C, causing local alterations in
the filament structure that are thought to lead to the frag-
mentation of filaments (27). AC proteins also increase the
rate at which monomers are released from the pointed ends
of filaments (19, 28).
Mutational analysis of yeast cofilin reveals several sites

required for actin binding (29), many of which have also been
confirmed in other AC proteins using mutagenesis (30–32),
cross-linking (33), peptide competition, or synchrotron elec-
tron footprinting (34). The actin binding sites can be classified
into two types: sites required for general actin binding and sites
required exclusively for binding to filaments (29). Highly con-
served residues are found at theN terminus, which includes the
putative phosphorylation site serine 2 or 3 in eukaryotes or
serine 6 in plants (25), in the long �3 helix, and in the turn
connecting strand�6 and�4. These sites cluster together in the
three-dimensional structure (35–37) and constitute a general
actin-binding surface. The F-actin binding sites are less well
defined but include a pair of basic residues at the beginning of
the �5 strand (29, 38), whichmakes up part of the F-loop struc-
ture, and charged residues in theC-terminal�4 helix (29) or the
C-terminal tail (32). The F-actin sites also appear to cluster
together to form a binding surface (35).
Recent work has shown that mutation of the F-actin binding

sites in AC proteins can uncouple their severing and depoly-
merizing activities (32, 38, 39). Point mutation of the critical
basic residue Lys-96 in the F-loop of human cofilin, leads to a
loss of severing activity and increased depolymerization activity
(38). Interestingly, mutation of the homologous residue in
Schizosaccharomyces pombe cofilin (Arg-78) results in a loss of
nucleating activity (26). Similarly, deletion of a charged residue
in the C-tail of the Caenorhabditis elegans AC homologue,
Unc60B, results in a loss of severing activity and increased
depolymerization activity (32, 39). Collectively, these studies
highlight how a reduction in the affinity for the filament can

uncouple the various activities of AC proteins, and identify spe-
cific molecular features that may also influence function in
other AC proteins.
Although severing is the main activity typically associated

with AC proteins, they can also interact with actin in other
ways, depending on the isoform, organism, or cell type in which
they are normally expressed (25). For example, S. pombe cofilin
was recently shown to nucleate filaments when present at high
concentrations (26). In direct contrast, the C. elegans isoform
Unc60Awas found to inhibit the steady-state polymerization of
actin (40). Thus AC proteins can influence actin dynamics in a
variety of ways depending on the specific cellular context in
which they function.
ACproteins are conserved in theApicomplexa, inwhich they

are named ADF, and most parasites possess only a single iso-
form, exceptPlasmodium, which has two isoforms. Preliminary
characterization of T. gondii ADF (TgADF) (41) demonstrates
that it binds to G-actin and causes the net disassembly of rabbit
actin filaments in vitro, suggesting that TgADF accelerates fil-
ament turnover (41). However, themechanismbywhich it does
so remains unknown. Interestingly, one of the ADF homo-
logues, PfADF1, from the related apicomplexan parasite, Plas-
modium falciparum, does not interact with F-actin or disas-
semble filaments (42). Instead, PfADF1 slightly enhances
nucleotide exchange on G-actin, in contrast to the typical inhi-
bition of nucleotide exchange caused by AC proteins (43, 44),
suggesting an alternative role for ADF1 in these parasites.More
recently, ADF from the apicomplexan parasite Eimeria tenella
was reported to be transcriptionally up-regulated in the motile
stages of the parasite, but little is known about the biochemical
activity of this protein (45).
To determine how TgADF accelerates actin filament turn-

over we purified recombinant TgADF and examined its inter-
actions with both heterologous actin and T. gondii actin in a
variety of biochemical assays. We determined that the in vitro
properties of TgADF are related to specific features in its
molecular structure and are particularly well suited to control
the unique actin dynamics found in apicomplexan parasites.
Because other apicomplexan ADFs share the same molecular
features, it is likely that the properties observed here are con-
served in the phylum.

EXPERIMENTAL PROCEDURES

Secondary Structure-based Sequence Alignment and Homol-
ogy Modeling of TgADF Structure—Amultiple sequence align-
ment, including TgADF and other AC proteins described
below, was generated using ClustalX (46) with the following
parameters: gap opening � 15.00, gap extension � 0.30, delay
divergent sequence � 25%. The following protein sequences
(with the GenBankTM sequence ID nos.) were retrieved from
NCBI and used in the alignment: AtADF1, Arabidopsis thali-
anaADF1 (AAC72407); AcActophorin, Acanthamoeba castel-
lani actophorin (AAA02909); ScCOF, Saccharomyces cerevi-
siae cofilin (AAA13256); SpCOF, S. pombe cofilin (CAB11258);
CeUnc60A, C. elegans Unc60A (AAL02461); PfADF2, Plasmo-
dium falciparum ADF2 (NP705497); HsADF, Homo sapiens
ADF (AAB28361); PfADF1, P. falciparum ADF1 (NP703379);
and TgADF, T. gondii ADF (AAC47717). The structure of
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TgADF was modeled onto the known crystal structure of A.
castellani actophorin (Protein Data Bank code 1ahq) by sub-
mitting the sequence of TgADF to the Swiss Protein Data Bank.
This structural model was used to subsequently manually
adjust the sequence alignment of TgADF. Other sequences in
the AC alignment were also manually adjusted based on the
secondary structure alignment of Bowman et al. (47).
Proteins—Lyophilizedrabbit skeletalmuscleactinwasobtained

from Cytoskeleton (Denver, CO) and reconstituted according to
manufacturer’s recommendation, whereas recombinantT. gondii
actin was purified as previously described (9). TgADF was
amplified fromRHstrainT. gondii cDNAusing specific primers
(supplemental Table S1), and cloned into the pET16b� vector
(Novagen, Darmstadt, Germany) at the Nde1-BamH1 site,
which resulted in the addition of an N-terminal His10 tag. S.
pombe cofilin (SpCOF) and A. castellani actophorin were
digested from separate plasmids made in the pMW172 back-
ground (48, 49) (kindly provided by Thomas Pollard, Yale Uni-
versity, NewHaven, CT), and cloned into the NdeI-BamHI site
of pET16b�. Proteins were purified using Ni-NTA-agarose
according to themanufacturer’s recommendation (Invitrogen).
All purified proteins were stored in G buffer (5 mM Tris-HCl,
pH 8.0, 0.2 mM CaCl2, 0.2 mM ATP, 0.5 mM dithiothreitol).
Point mutations were introduced into pET16b�/TgADF (sup-
plemental Table S1) using specific primers (supplemental
Table S1) and the QuikChange mutagenesis kit (Stratagene),
and the sequence was verified by DNA sequencing. TgADF
containing the S. pombe cofilin C terminus (ADF-t) was con-
structed using PCR amplificationwith specific primers (supple-
mental Table S1) to add sequence encoding the last seven
amino acids (LEKVTRK) of S. pombe cofilin to TgADF. ADF-t
was cloned into the NdeI-BamHI site of the pET16b� expres-
sion vector, and the protein was expressed and purified as
described above.
Actin Sedimentation Assays—Rabbit actin (10 �M) was poly-

merized by the addition of 1/10th volume of 10� F buffer (500
mM KCl, 20 mM MgCl2, 10 mM ATP) for 30 min before the
addition of AC proteins. Incubation with AC proteins (0–20
�M) was carried out for 1 h at room temperature, and filaments
were separated by ultracentrifugation at 100,000 � g for 1 h
(TL100 rotor, Beckman Optima TL Ultracentrifuge, Beckman
Coulter, Fullerton, CA). Pellet fractions were washed once with
F buffer to remove traces of the soluble fraction. Proteins were
precipitated from the soluble fractions using acetone, and
equivalent amounts of pellet and supernatant fractions were
resolved by 15% SDS-PAGE. Quantitation of protein in the pel-
let and supernatant fractions was done by phosphorimaging
analysis of Sypro-Ruby stained gels using a FLA-5000 phospho-
rimaging device (Fuji FilmMedical Systems, Stamford,CT). For
examining the effect of pH on activity, TgADF and actin were
incubated in 1� F buffer maintained at either pH 8.2 or pH 6.8
(with the addition of 10 mM PIPES). For sedimentation assays
with T. gondii actin, 5 �M actin was polymerized with the addi-
tion of 10� F buffer in the presence or absence of 5 �M phalloi-
din (Molecular Probes, Eugene,OR). Following incubationwith
2-fold molar excess TgADF, samples were centrifuged at either
100,000 � g or 350,000 � g and processed as described above.
Data are presented as the percent actin (of total) that pelleted

after ultracentrifugation at the indicated speed. All average
results are presented as mean � S.E. Unpaired, equal variance,
two-tailed Student’s t tests were used to determine the statisti-
cal significance of differences observed between the indicated
groups.
Direct Observation of Actin Filament Severing—Unlabeled

and Alexa Fluor 488-labeled rabbit muscle actin (Molecular
Probes) were reconstituted in G buffer, incubated on ice to
depolymerize oligomers, and centrifuged at 100,000 � g to
remove aggregates. Protein concentrations were determined
using the Coomassie Plus (Bradford) protein assay (Pierce).
Unlabeled (1.4 �M) and Alexa Fluor 488-labeled rabbit actin
(0.6 �M) were copolymerized at room temperature for 2 h in
ISAP buffer (50mMKCl, 5mM EGTA, 2mMMgCl2, 1mMATP,
1 mM dithiothreitol, and 20 mM HEPES-KOH, pH 7.2). Flow
chambers were assembled bymounting a 22-mm square cover-
slip (number 1, Corning, Corning, NY) on a 22- � 40-mm cov-
erslip (number 0, Fisher Scientific) with two pieces of double-
sided adhesive tape (Scotch), and solutions were loaded via
capillary action. The following procedure was adapted from a
previous study (50). Chambers were coated with 10 �g/ml
N-ethylmaleimide-inactivated myosin (Cytoskeleton, inacti-
vated as described before (51)), for 5 min, and subsequently
washed with 10 mg/ml bovine serum albumin in high salt Tris-
buffered saline (50mMTris-Cl, pH 7.6, 600mMNaCl), followed
by 10 mg/ml bovine serum albumin in low salt Tris-buffered
saline (50 mM Tris-HCl, pH 7.6, 50 mM NaCl). Polymerized
actin was diluted 10-fold and mixed 1:1 in 2� TIR buffer (100
mMKCl, 0.2 mMMgCl2, 2 mM EGTA, 20mM imidazole, pH 7.0,
100 mM dithiothreitol, 0.4 mM ATP, 30 mM glucose, 2% meth-
ylcellulose, 40 �g/ml catalase, 200 �g/ml glucose oxidase) just
before addition to the flow chamber. The chamber was
mounted on the stage of a 1X-81 inverted microscope (Olym-
pus America, Center Valley, PA), and filaments were allowed to
settle for 5 min before washing twice with 1� TIR buffer.
TgADF and S. pombe cofilin were diluted in 1� TIR buffer to
0.3–1.5 �M and loaded into the chamber. Filaments were
observed by total internal reflection fluorescence (TIRF)
microscopy using a 60� Plan Apo objective (oil, numerical
aperture of 1.4). Images were captured on a C9100–12 charge-
coupled device video camera (Hamamatsu Photonics, Bridge-
water, NJ) operated and collected by Slidebook software (Intel-
ligent Imaging Innovations, Denver, CO). Frames of 100-ms
duration were collected every 5 s, and images were processed
and filament lengthsmeasuredmanually using ImageJ software
(rsb.info.nih.gov/ij/).
Polymerization Kinetics—Actin (5 �M) was preincubated

with 0–10 �M TgADF for 10 min before converting Ca-ATP-
actin to Mg-ATP-actin with the addition of 10� ME (500 �M

MgCl2, 2 mM EGTA) for 5 min. Polymerization was induced
with 10�KMEI (500mMKCl, 10mMMgCl2, 10mMEGTA, 100
mM imidazole HCl, pH 7.0), and light scattering was measured
over time in a PTI Quantmaster spectrofluorometer (Photon
Technology International, Santa Clara, CA). For experiments
with Toxoplasma actin, 5 �M phalloidin was also added at the
time polymerization was induced.
Steady-stateActin Polymerization—Rabbit actin (2.5–15�M)

was polymerized in the presence of 2.5molar excess TgADF for
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15 h at 25 °C. Steady-state levels of polymerization were mea-
sured by light scattering as above. For Toxoplasma actin, poly-
merization was carried out in the presence of equimolar phal-
loidin to actin, and 2.5 molar excess of TgADF. Light scattering
was measured after 9 h at 25 °C.
Nucleotide Exchange—The effect of TgADF on the rate of

nucleotide exchange by monomeric actin was assayed using
rabbit or Toxoplasma actin labeled with 1,N6-ethenoadenosine
5�-triphosphate (�-ATP, Molecular Probes) as described (52).
Briefly, G-actin was treated with 20% volume of a 50% slurry of
Dowex 1X8 Cl (200–400 mesh, Sigma-Aldrich) to remove
excess nucleotide. Actin was subsequently labeled with 200 or
500 �M �-ATP for 1 h at 4 °C. Following labeling, unbound
�-ATP was removed with Dowex treatment, and 20 �M �-ATP
was added back to prevent actin denaturation. To assay for the
effect of TgADF on the rate of nucleotide exchange on Mg-
ATP-G-actin, 1 �M actin was preincubated with 0–20 �M

TgADF for 5 min, and the actin was converted to Mg-ATP-
actin with the addition of 100 �MMgCl2 and 200 �M EGTA for
5 min. Unlabeled ATP (1.25 mM) was then added to displace
�-ATP from actin, and the corresponding loss in fluorescence
was monitored over time using the PTI Quantmaster spec-
trofluorometer (excitation � 360 nm, emission � 410 nm). To
estimate the apparent affinity of TgADF for monomeric
actin, curve-fitting was conducted on the combined data

from three experiments, using values that were consistently
observed in two or more experiments. The data were fit using
nonlinear regression analysis based on first order exponential
decay kinetics using Prism (GraphPad software, San Diego, CA).

RESULTS

Comparison of Apicomplexan ADFs with Other AC Family
Members—To determine the similarity of apicomplexan ADFs
with other ADF/AC family members, a structure-based multi-
ple sequence alignment was generated (Fig. 1A) using the
homology model of the structure of TgADF, based on the
known crystal structure of A. castellani actophorin (Fig. 1B).
The apicomplexan ADF proteins are the smallest in the AC
family, with TgADF encoding a protein of �118 amino acids
that shares �63% homology and 39% identity with actophorin,
and �47% homology and �30% identity with AC isoforms
from the higher eukaryotes depicted in Fig. 1A. The predicted
structure of TgADF maps onto the structure of actophorin
quite well, with the conserved actin binding sites overlapping
between the two structures. However, a few striking differences
were apparent, and these are discussed in light of the biochem-
ical activities described below.
Actin binding sites identified by site-directed mutagenesis

(29) and synchrotron protein footprinting (34) have previ-
ously been mapped on yeast cofilin and are conserved across

FIGURE 1. Comparison of apicomplexan ADFs with representative ADF/Cofilin proteins. A, ClustalX alignment of ADF/Cofilin family members highlighting
key features. Actin binding sites previously identified in S. cerevisiae cofilin by mutagenesis (29) or synchrotron protein footprinting (34) are indicated by asterisk
or circle, respectively. Residues required exclusively for F-actin binding are boxed in black. Serine 3, glycine 66, and C-terminal residues that were mutated or
added back in TgADF to analyze the actin binding sites in Fig. 3, are boxed in purple. Sequences shown are: AtADF1, A. thaliana ADF1; AcActophorin, A. castellani
actophorin; ScCOF, S. cerevisiae cofilin; SpCOF, S. pombe cofilin; CeUnc60A, C. elegans Unc60A; PfADF2, P. falciparum ADF2; HsADF, H. sapiens ADF; PfADF1, P.
falciparum ADF1; and TgADF, T. gondii ADF. B, homology model of T. gondii ADF (TgADF, shown in yellow) based on A. castellani actophorin (Actophorin, Protein
Data Bank entry 1ahq, shown in blue). Arrow points to the short F-loop in TgADF compared with actophorin.
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AC family members (Fig. 1A, denoted by the asterisk or circle,
respectively). These sites are found primarily at theN terminus,
the long �3 helix, and at the C terminus (Fig. 1A). Two regions
are identified as being required for interacting with F-actin
exclusively (Fig. 1A, black boxes). Charged residues at the C
terminus in the �4 helix and/or in the C-tail extension are
thought to pack against the side of the filament and stabilize the
interaction between ADF and the filament. Additionally, the
F-loop, consisting of strands�4 and�5,which typically projects
out of the AC structure (Fig. 1B, arrow), is predicted to interca-
late within the filament (38). These F-actin binding sites cluster
together to form an interface on the opposite side of the mole-
cule from the G-actin binding interface, which is composed of
the �3 helix and the N terminus (35–37).

Apicomplexan ADFs have conserved most of the G-actin
binding sites (Fig. 1A). However, the sites required exclusively
for binding to F-actin are notably absent (Fig. 1A, black boxes).
This is true across the apicomplexan ADFs, with the exception
of PfADF2 (Fig. 1A and data not shown). Apicomplexan ADFs
possess a truncated C terminus, which may not fold into the
terminal �4 helix, and they lack the C-terminal charged resi-
dues predicted as necessary for F-actin interactions (Fig. 1B).
The conserved basic F-loop residue (Arg-78 in S. pombe cofilin,
Gly-66 in TgADF) shown to be critical for F-actin binding in
human and yeast cofilin (29, 38), is also absent in apicomplexan
ADFs (Fig. 1A, black boxes). The F-loop in TgADF and other
apicomplexan ADFs (45), is itself much shorter compared with
other AC proteins due to shorter �4 and �5 strands and a
smaller transition between them, and therefore does not pro-
ject out of the structure (Fig. 1B, arrow), and presumably would
not interact with the filament. These striking differences in the
predicted actin binding sites are likely to have important con-
sequences for the activity and function of apicomplexan ADF
proteins.
Characterization of T. gondii ADF Activity—To characterize

the activity of TgADF, recombinant protein was expressed and
purified in Escherichia coli and tested for its ability to disassem-
ble actin filaments using a sedimentation assay (Fig. 2A).
Because TgADF lacks many key residues required for F-actin
binding, the activity of the wild-type protein was first estab-
lished. The effect of TgADF on rabbit actin filaments was ana-
lyzed by quantifying the proportion of F-actin sedimenting at
100,000 � g after the addition of F buffer and 1-h incubation
with different concentrations of protein. TgADF caused the net
disassembly of rabbit actin filaments in a dose-dependentman-
ner, resulting in almost complete disassembly of filaments
when present at 2:1 molar excess (Fig. 2A). Interestingly, very
little TgADF (�8%), co-sedimented with actin filaments at any
dose, and this proportion did not increase when higher concen-
trations of TgADF were used. This is in contrast to what is
typically seen with AC proteins such as plant ADF and human
cofilin (19, 38). These data indicated that the disassembly of
filaments does not require the stable association of AC proteins
with F-actin.
Most AC proteins show pH-dependent activity, binding to

filaments at neutral pH, and causing the net disassembly of
filaments under slightly alkaline conditions (52–54). pH regu-
lation has been posited as a mechanism to regulate the activity

of AC proteins in vivo (55). Because our polymerization buffer
is buffered at the pH permissive for activity, we tested the effect
of lower pH on TgADF activity and co-sedimentation with
actin filaments. TgADF was equally active at both pH 6.8 and
pH 8.2 (Fig. 2, B andC). Althoughmore TgADF co-sedimented
with filaments at pH 6.8 (�20% comparedwith�8% at pH 8.2),
this did not affect its filament disassembly activity, perhaps
because the fraction co-sedimenting with filaments was still
relatively low compared with what has been observed with

FIGURE 2. Characterization of T. gondii ADF activity. A, dose-dependent
disassembly of rabbit actin filaments by TgADF. A representative Sypro-Ruby-
stained gel showing the effect of increasing concentrations of TgADF on the
amount of F-actin pelletting at 100,000 � g. Quantitation of the proportion of
actin and TgADF in the pellet and supernatant fractions is given below. Rabbit
actin (10 �M) was polymerized into filaments by the addition of F buffer,
before incubation with TgADF (0 –20 �M). Samples were centrifuged
(100,000 � g) to sediment actin filaments, and the pellet (p) and supernatant
(s) fractions were analyzed by SDS-PAGE. Bands were quantified by phosphor-
imaging analysis of Sypro-Ruby-stained gels. B, effect of pH on the disassem-
bly of filaments by TgADF. Quantitation of the proportion of actin in the pellet
fraction after interaction with TgADF at pH 6.8 or 8.2 is shown. Rabbit actin
was polymerized under normal conditions (pH 8) and interacted with TgADF
at either pH 6.8 or 8.2 (n � 3 experiments, mean � S.E.). C, effect of pH on
TgADF co-sedimentation with actin filaments. Quantitation of the proportion
of TgADF in the pellet fraction after interaction with rabbit actin at pH 6.8 or
8.2 is shown (n � 3 experiments, mean � S.E.).
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other AC proteins. Additionally, even though the absolute
amount of TgADF co-sedimenting with filaments increased as
more protein was added to the reaction, the proportion of
TgADF that co-sedimented remained approximately the same
or decreased, and this was true at both pHs, suggesting that
filament binding was not saturated. Thus, despite lacking
some conserved actin binding sites, TgADF was active and
able to cause extensive net disassembly of actin filaments,
while not stably associating with filaments. Activity was pH-
independent suggesting that TgADF does not require pH
activation.
Comparison of TgADF Activity with Other ADF/Cofilin Pro-

teins, and Mutational Analysis of Actin Binding Sites—Al-
though TgADF demonstrated potent net filament disassembly
activity, wewanted to directly compare its activity to commonly
studied AC proteins. S. pombe cofilin and A. castellani acto-
phorin were chosen as representative proteins to provide a
spectrum of activity. S. pombe cofilin efficiently disassembles
actin filaments by severing, whereas the severing activity of
actophorin is relatively weak (12). Both AC proteins were
expressed and purified in the same way as TgADF and tested in
parallel actin co-sedimentation assays (Fig. 3A). All three AC
proteins showed negligible sedimentation (1–5% of the total
protein) in the absence of actin (data not shown).As seen above,
TgADF caused the efficient net disassembly of rabbit actin fil-
aments, with very little protein co-sedimenting with filaments
(Fig. 3A). In contrast, both S. pombe cofilin and actophorin
showed very modest net filament disassembly, with S. pombe
cofilin showing slightly better activity. A maximal effect of 20%
less F-actin was observed with 2-fold molar excess S. pombe
cofilin, compared with 65% less F-actin with 2-fold excess
TgADF (Fig. 3A). Interestingly,�45% of both actophorin and S.
pombe cofilin co-sedimented with actin filaments (data not
shown).
To determine whether differences in TgADF activity could

be attributed to the lack of F-actin binding sites in TgADF,
mutation analysis was used to determine the relative impor-
tance of previously defined F-actin binding sites (Fig. 3, B and
C). Earlier work by Pope et al., (38) demonstrated thatmutating
the first (Arg-96 in S. pombe cofilin) of the two basic residues in
the F-loop region that are critical for F-actin binding, results in
human cofilin losing its ability to bind F-actin, and instead
causes it to effect the extensive depolymerization of filaments,
similar to what was seen with TgADF (Fig. 3A). To determine if
the lack of a basic residue at this site might play a role in the
differential activity of TgADF compared with S. pombe cofilin
and actophorin, the corresponding point mutations weremade
in TgADF (G66R and G66K). Conversion to a basic residue at
this site had little effect on TgADF co-sedimentation or disas-
sembly of actin filaments (Fig. 3B), indicating that this site alone
is not sufficient to confer F-actin binding to TgADF.
A second site for F-actin binding is located at the C terminus

of AC proteins, which is truncated in apicomplexan ADFs (29).
To determine if a more stable interaction between TgADF and
F-actin could be reconstituted, the last seven residues of S.
pombe cofilin were added on to TgADF to generate TgADF-t,
and the activity of this protein was assessed in the actin sedi-
mentation assay (Fig. 3B). Addition of the cofilin tail residues to

TgADF had a partial effect on activity, resulting in a 2-fold
increase in the amount of TgADF-t co-sedimenting with F-ac-
tin (data not shown), and decreased disassembly of F-actin (Fig.
3B). Addition of the F-loop mutations, G66K or G66R, to
TgADF-t, did not however have any additional effect on the

FIGURE 3. Comparison of TgADF activity with other ADF/Cofilin proteins,
and mutational analysis of actin binding sites. A, comparison of TgADF
activity with ADF/Cofilin proteins S. pombe cofilin and A. castellani actophorin.
Quantitation of the proportion of actin sedimenting at 100,000 � g after
polymerization by the addition of F buffer and incubation with TgADF,
S. pombe cofilin (SpCofilin) or A. castellani actophorin (Actophorin). Experi-
ments were done as described in Fig. 2. (n � 3 experiments, mean � S.E.).
B, effect of putative F-actin binding sites on TgADF activity. The filament
disassembly activity of TgADF expressing the conserved basic F-loop res-
idue (G66K or G66R) or the C-terminal residues of S. pombe cofilin (ADF-t)
was compared with wild-type (WT) TgADF. The graph shows the relative
proportion of actin sedimenting at 100,000 � g (n � 3 experiments,
mean � S.E.; *, p � 0.005 Student’s t test, ADF-t versus WT). C, activity of
TgADF serine 3 mutants. Actin filament disassembly activity of TgADF with
mutations at the serine 3 residue to cysteine (S3C), alanine (S3A), or glutamic
acid (S3E), were compared with WT TgADF (WT). The graph shows the relative
proportion of actin sedimenting at 100,000 � g (n � 3 experiments, mean �
S.E.; *, p � 0.001 Student’s t test, S3E versus WT; **, p � 0.05 Student’s t test,
S3A versus S3E).
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activity or co-sedimentation of the TgADF-t protein with fila-
ments (data not shown). These data indicate that addition of
charged residues to the C terminus of TgADF was able to par-
tially restore binding to F-actin, and this resulted in decreased
net filament turnover.
The N terminus of AC proteins is highly conserved and has

previously been identified by mutagenesis in yeast cofilin to be
an important site for binding to both F- and G-actin (29). In
particular the serine 3 residue is an important contact site for
interactions with actin, and the activity of some AC proteins is
negatively regulated by phosphorylation at this site (56, 57).
Although apicomplexan ADFs lack key F-actin binding sites,
the N terminus is very highly conserved with the AC family. To
test if this site is important for TgADF activity, pointmutations
were made at the serine 3 residue. The S3Emutation was made
to mimic potential phosphorylation at this site and has been
shown to inhibit actin binding for other AC proteins (56, 57),
whereas the S3A mutation was made as a control to show that
any loss of activity was due to the introduction of negative
charge at this site. These proteins were then compared using
the actin sedimentation assay (Fig. 3C). Although the S3E
mutation resulted in a complete loss of activity, as has previ-
ously been seen with the analogous point mutations in human
cofilin (38), chick ADF (56), and plant ADF (58, 59), the S3A
mutation also resulted in a significant loss of TgADF activity,
rendering it only 25% as active as the wild-type protein (Fig.
3C). This is in contrast to plant ADF (58) and actophorin (60)
where the analogous mutants demonstrate identical or 75%
activity compared with the respective wild-type proteins, indi-
cating that TgADFwas particularly sensitive tomutation at this

site (Fig. 3C). Because the amino
acid cysteine more closely mimics
serine (both small, polar amino
acids), serine 3 was mutated to cys-
teine. This mutant showed wild-
type activity (Fig. 3C) suggesting
that the polar nature of this residue
was particularly important for actin
interactions. Thus, despite differ-
ences in the strength of its interac-
tionwith F-actin, TgADF appears to
still share the same general actin
binding sites, and these are critical
for its activity.
Severing Activity of TgADF—S.

pombe cofilin is reported to have
extremely efficient severing activity
(26). To examine the severing activ-
ity of TgADF, TIRFmicroscopy was
used to directly observe filament
severing. Rabbit muscle actin was
co-polymerized with Alexa Fluor
488-labeled actin, and filaments
were tethered to glass flow cham-
bers with N-ethylmaleimide-inacti-
vated myosin. TgADF or S. pombe
cofilin were flowed into the cham-
ber at time zero, and time-lapse

TIRFmicroscopywas used to capture severing of filaments over
time (Fig. 4).
At a concentration of 0.3 �M, S. pombe cofilin caused the

rapid disassembly of actin filaments within the first 3 min (Fig.
4A, SpCOF, top). After 6 min there was little further change,
with severed fragments drifting out of view, occasionally leav-
ing behind longer stable fragments that remained attached to
the surface of the chamber (Fig. 4A, SpCOF, top). In contrast,
very little activity was observed with 0.3 �M TgADF (Fig. 4A,
middle), except for the occasional breakage of longer filaments
after 9 min. To determine if TgADF had any severing capacity,
activity was examined at 5-fold higher concentrations of
TgADF. At 1.5 �M TgADF (Fig. 4A, bottom), severing was
clearly visible after 6 min, indicating that TgADF can sever fil-
aments when present at higher concentrations.
To quantitate the relative rate of filament disassembly for

both TgADF and SpCOF under these conditions, the average
length of the longest class of filaments was calculated over time
(Fig. 4B). TgADF at a concentration of 1.5 �M was found to
disassemble actin filaments at a rate approximately half that of
0.3 �M S. pombe cofilin (initial rates of �1.1 � 0.442 �m/min
compared with 2.0 � 0.404 �m/min, respectively). To directly
visualize severing activity, single filaments in the presence of 1.5
�M TgADF were tracked over time (Fig. 4C). Severing activity
was visualized as a break in the filament and the subsequent
fragmentation into more pieces (Fig. 4C).
Interaction of TgADF with T. gondii Actin Filaments during

Sedimentation—Studying the interaction of TgADFwith a het-
erologous protein such as rabbit actin is useful to provide a
frame of reference for identifying the salient properties of

FIGURE 4. Severing activity of TgADF as observed by TIRF microscopy. A, severing of actin filaments by
TgADF and S. pombe cofilin. Fluorescence time-lapse micrographs of actin filaments were taken over a period
of 0 –12 min after the addition of 0.3 �M S. pombe cofilin (SpCOF, top), 0.3 �M TgADF (middle), or 1.5 �M TgADF
(bottom) at time zero. Rabbit actin co-polymerized with Alexa Fluor 488-labeled actin was tethered to flow
chambers with N-ethylmaleimide-treated myosin. Time-lapse TIRF microscopy was used to visualize filament
severing by TgADF and S. pombe cofilin over time. Scale bar, 10 �m. B, quantitation of the rate of filament
disassembly by TgADF and S. pombe cofilin. The average length (mean � S.E.) of the 15 longest filaments in the
field of view was calculated at the indicated time points after TgADF or SpCOF addition and plotted for each
condition (n � 3 experiments). C, detailed montage of actin filaments being severed by 1.5 �M TgADF over
time. Scale bar, 10 �m.
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TgADF in comparison to other AC family members. However,
to determine the biologically relevant functions of TgADF it
was important to examine its interaction with its homologous
actin substrate. T. gondii expresses one actin allele, TgACT1,
which shares 83% identity with rabbit actin (8). Actin sedimen-
tation assays were used to investigate how TgADF interacts
with TgACT filaments.
As previously reported, T. gondii actin is inherently unsta-

ble, and, unlike higher eukaryotic actins, the addition of F
buffer does not induce formation of long stable filaments
that sediment at 100,000 � g (Fig. 5A) (9). However, stable
TgACT filaments can be rescued when TgACT is polymerized
in the presence of equimolar phalloidin (Fig. 5A).3 Small actin
oligomers that formed in F buffer were also sedimented by cen-
trifugation at 350,000 � g, as described previously for Toxo-
plasma and Plasmodium actins (9, 11). The interaction
between TgADF and TgACT filaments was examined under
these three conditions.
In the absence of phalloidin, only 20–30% of the TgACT in F

buffer sedimented at 100,000 � g, and TgADF had little effect
on this behavior (Fig. 5B). In the presence of equimolar phalloi-
din in F buffer, there was a 50% increase in the amount of
TgACT sedimenting at 100,000 � g, and a 2-fold molar excess
of TgADF had only amodest effect on this population (Fig. 5B).

However, when TgACT was polymerized by the addition of F
buffer and centrifuged at 350,000 � g to pellet small oligomers,
70–80% of the total actin was pelleted (Fig. 5A). A 2-foldmolar
excess of TgADF was able to disassemble 50% of the actin that
pelleted under these conditions (Fig. 5B). Interestingly, TgADF
did not co-sediment with TgACT under any of the conditions
tested indicating that it did not stably associate with TgACT
filaments or oligomers (Fig. 5A). This is in contrast to S. pombe
cofilin, which co-sedimented with TgACT at 350,000 � g (data
not shown). These data indicate that TgADF can efficiently
disassemble small TgACT oligomers.
Effects of TgADF on Actin Polymerization Kinetics—The data

thus far suggested that TgADF had a weak affinity for actin
filaments, yet it could disassemble small oligomers of TgACT1
and rabbit actin filaments. To investigate the effect of TgADF
on actin polymerization, light scattering was used. Actin was
incubated with TgADF for 5 min before polymerization was
induced with the addition of KMEI buffer. The increase in light
scattering was measured over time (Fig. 6A). At � 1:1 molar
ratio TgADF:rabbit actin, there was an increase in the initial
rate of polymerization with TgADF (Fig. 6A). This could be due
toweak severing of filaments, whichwould generatemore seeds3 K. M. Skillman and L. D. Sibley, unpublished data.

FIGURE 5. Interaction of TgADF with T. gondii actin filaments during sed-
imentation. A, effect of TgADF on the sedimentation activity of T. gondii actin
filaments polymerized by the addition of F buffer. A representative Sypro-
Ruby-stained SDS-PAGE gel shows the proportion of T. gondii actin sediment-
ing at 100,000 � g or 350,000 � g in the absence and presence of phalloidin
or TgADF. Quantitation of the actin bands is indicated in the table below. p �
pellet, s � supernatant. B, quantitation of the percentage of actin in the pellet
fraction under the conditions in (A) based on three independent experiments,
mean � S.E.; *, p � 0.005 Student’s t test, TgACT alone versus TgACT plus
TgADF.

FIGURE 6. Effects of TgADF on actin polymerization kinetics. A, effect of
TgADF on rabbit actin polymerization. Polymerization of rabbit actin (RbACT,
5 �M) was measured by light scattering in the presence of 0 –10 �M TgADF.
Rabbit actin was incubated with TgADF for 10 min prior to initiation of poly-
merization with the addition of 1/10th the volume of 10� KMEI. A represent-
ative experiment is shown (n � 3). B, effect of TgADF on T. gondii actin
polymerization. Polymerization of T. gondii actin (TgACT, 5 �M) in the pres-
ence of 0 –5 �M TgADF was measured over time by light scattering. Exper-
iments were done as in A, with 5 �M phalloidin added at the time of
polymerization, to stabilize T. gondii actin filaments. A representative
experiment is shown (n � 2).
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for elongation. Alternatively, transient binding of TgADF to
filaments could cause an increase in light scattering. However,
when present in 2-fold molar excess, TgADF inhibited the
nucleation and polymerization of rabbit actin filaments, sug-
gesting that TgADF was sequestering actin monomers. When
TgACT was used as the substrate and polymerization induced
by the addition of KMEI buffer and equimolar phalloidin,
TgADF inhibited polymerization at all doses, even when ex-
tremely low TgADF concentrations were used (Fig. 6B). The
more potent effect of TgADF on TgACT polymerization com-
pared with rabbit actin could be due to higher affinity interac-
tions between TgADF and TgACT, or because TgACT poly-
merization was slower and more sensitive to inhibition. These
data demonstrated that TgADF strongly inhibited TgACT po-
lymerization even at low doses, and this occurred much more
efficiently than with rabbit actin.
To test whether TgADF was able to sequester G-actin, the

effect of TgADF on steady-state actin polymerization was
examined (Fig. 7). Rabbit actin was polymerized in the presence
of 2.5molar excess TgADF or S. pombe cofilin, and steady-state
polymerization was measured by light scattering (Fig. 7A).
TgADF inhibited the steady-state polymerization of at least 15
�M rabbit actin. In contrast, S. pombe cofilin caused an increase

in light scattering at actin concentrations of 10 �M and above.
This increased light scattering could be due to enhanced poly-
merization in the presence of S. pombe cofilin, which has been
shown to nucleate filaments when present at 2-fold molar
excess (26), and/or from S. pombe cofilin binding to filaments
and leading to increased mass. When the effect of TgADF on
steady-state TgACT polymerization was examined (Fig. 7B),
TgADF reduced the extent of steady-state polymerization at all
actin concentrations tested. This clearly indicates that TgADF
inhibits actin polymerization by sequestering actin monomers.
Effects of TgADF on Nucleotide Exchange of G-actin—To

demonstrate a direct interaction between TgADF and G-actin,
we measured the effect of TgADF on the exchange of nucleo-
tide bound to actin monomers (Fig. 8). AC proteins typically
bind to G-actin and inhibit the exchange of actin bound nucle-
otides (26, 40, 43, 52, 53), with the exception of Plasmodium
ADF1 and Tetrahymena ADF73p, which were recently shown
to stimulate nucleotide exchange (42, 61). Monomeric actin
was labeled with the ATP analogue �-ATP, which fluoresces
when bound to actin, and the rate of nucleotide exchange was
measured as a decrease in fluorescence when the actin-bound
�-ATP was displaced with unlabeled ATP. In the absence of
TgADF, the nucleotide exchange rate of TgACT was �2- to
3-fold faster than RbACT (Fig. 8, A and B). However, in the
presence of TgADF, nucleotide exchangewas inhibited on both
RbACT and TgACT monomers in a dose-dependent manner
(Fig. 8, A and B). Interestingly, at low ratios (�1:1) of TgADF
andTgACT, an�2-fold increase in the initial rate of nucleotide
exchange was often observed (Fig. 8B, green curve (0.25 �M

TgADF) compared with dark blue curve (0 �M)), suggesting
that, at very low concentrations, TgADF may stimulate nucle-
otide exchange. Using the dose-dependent inhibition of nucle-
otide exchange in the presence of TgADF, we estimated the
apparent affinity of TgADF for TgACT and RbACTmonomers
to be �0.81 and 0.64 �M, respectively. These data demonstrate
a direct interaction of moderate affinity between TgADF and
ATP-actin monomers, providing additional support for the
sequestering activity of TgADF.

DISCUSSION

To determine the mechanism by which TgADF accelerates
actin filament turnover, we analyzed its biochemical interac-
tions with both mammalian and T. gondii actin in vitro.
Although severing is typically the main mechanism by which
AC proteins are thought to effect filament turnover (62),
TgADF was a comparatively weak severing protein. We found
that the absence of key F-actin binding sites in TgADF was
associated with high net filament disassembly activity. We
demonstrate that the primary mechanism for the efficient net
disassembly of actin filaments by TgADF is due to the strong
sequestering of actin monomers. These properties identify an
ADF that is adapted to function in a primarily G-actin-rich
environment, where filaments are rare and rapidly assemble
and turn over for very specific biological processes.
Two sites have previously been identified in AC proteins as

critical for F-actin interactions: charged residues at the C ter-
minus of the protein (29, 39), and two basic residues in the
F-loop (29, 38) that extends out of the crystal structure of AC

FIGURE 7. Effect of TgADF on steady-state actin polymerization. A, effect
of TgADF on the steady-state polymerization of rabbit actin as measured by
light scattering. Varying concentrations of rabbit actin (RbACT, 2–15 �M) were
polymerized in KMEI buffer, in the presence of 2.5 molar excess TgADF or S.
pombe cofilin (SpCOF) at 25 °C until steady state was achieved. The data rep-
resents the average (mean � S.E.) of three independent experiments. B, effect
of TgADF on T. gondii actin steady-state polymerization as measured by light
scattering. Varying concentrations of T. gondii actin (TgACT, 2–15 �M) were
polymerized in KMEI buffer, in the presence of equimolar phalloidin and 2.5
molar excess TgADF at 25 °C until steady state was achieved. The data repre-
sent the average (mean � S.E.) of three independent experiments.
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proteins. Most apicomplexan ADFs, excluding Plasmodium
PfADF2, are deficient at both sites. Apicomplexan ADFs are
truncated at the C terminus and therefore lack the C-terminal
�4 helix and the C-tail extension. The first of the two basic
residues in the F-loop is alsomissing in all apicomplexanADFs.
In addition to this, the apicomplexan ADFs that have been
examined by homology modeling (present study and Ref. 45)

appear to contain a very short F-loop, which likely does not
promote tight binding to the filament. Consistent with the lack
of key F-actin binding sites in its molecular structure, TgADF
displayed limited co-sedimentation with actin filaments, indi-
cating the absence of stable interactions with filaments. This
property is unusual for proteins in the AC family (19, 28, 38).
However, the lack of a stabilizing interaction with F-actin was
associated with a greater effect on the net disassembly of actin
filaments. Addition of the C-terminal F-actin binding site from
S. pombe cofilin to TgADF stabilized the interaction of TgADF
with F-actin, but concomitantly decreased the net filament
disassembly activity, indicating that the two properties are
inversely related. Restoration of the conserved basic F-loop res-
idue to TgADF had no effect on its activity. However, this is
likely due to the F-loop being considerably shorter in TgADF,
such that it may not facilitate contact with the filament even
when these positive charges are restored. Such high net fila-
ment disassembly activity has only been previously observed
with a very small subset of AC proteins (Unc60A (40), human
ADF (52), chick ADF (53), and echinoderm depactin (63)). This
activity is typically pH-dependent, with human and chick ADF
binding to the filaments between pH 6.8–7.1, and causing net
disassembly above pH7.5 (52, 53) (pHdependence has not been
examined for depactin). In contrast, TgADF displayed potent
activity at both the permissive and non-permissive pH, suggest-
ing that wild type TgADF did not have the features to strongly
interact with actin filaments.
S. pombe cofilin and actophorin are two well characterized

members of the AC family, and group into the cofilin-like class
of AC proteins as described by Chen et al. (64). Both proteins
co-sedimented with actin filaments and showed only modest
net filament disassembly, even at the pHpermissive for activity.
AC proteins that can bind better to F-actin may be more effec-
tive at filament severing, and there is some data to support this
model (39). When the severing activity of TgADF was com-
pared with S. pombe cofilin, TgADF was found to be a compar-
atively weak severing protein, with 5-fold higher concentra-
tions of TgADF yielding a filament disassembly rate that was
still 2-fold less than S. pombe cofilin. Our data suggest that
TgADF requiresmuch higher concentrations to sever filaments
than is typical for AC proteins (26). The severing activity of
TgADF was similar to the reported activity of the worm AC
homologue Unc60A, which also requires concentrations as
high as 2 �M to detect severing (40). The requirement for com-
paratively high concentrations of TgADF to detect severing,
and the absence of stable association with actin filaments, sug-
gested that TgADF had a low affinity for actin filaments and
that severing alone could not be the primary mechanism by
which TgADF caused the efficient net disassembly of actin
filaments.
The activities of most other apicomplexan actin-binding

proteins have been suggested based solely on their interactions
with heterologous actin proteins (21–23). Because key differ-
ences exist between the molecular structure of apicomplexan
actins compared with conventional eukaryotic actins (9), we
wanted to confirm that TgADF interactions relevant to the api-
complexan actin system were being captured. Using recombi-
nant TgACT we found that TgADF efficiently disassembled

FIGURE 8. Effect of TgADF on nucleotide exchange of G-actin. A, effect of
TgADF on the nucleotide exchange rate of monomeric rabbit actin (RbACT).
The nucleotide exchange rate of �-ATP-labeled Mg-actin monomers (1 �M), in
the presence of varying concentrations of TgADF (0 –20 �M), was monitored
by measuring the loss in fluorescence over time (emission � 410 nm), upon
the addition of 1.25 mM unlabeled ATP at time � 0. A representative experi-
ment is shown (n � 3). The concentrations of TgADF used, given in order of
appearance, were 0, 0.1, 0.25, 1, 2, 0.5, 10, and 20 �M (represented by a shaded
triangle to the right of the graph). AU � arbitrary units. B, effect of TgADF on
the nucleotide exchange rate of T. gondii actin (TgACT) monomers. The rate of
nucleotide exchange on TgACT monomers was measured in the presence of
varying concentrations of TgADF (0 –20 �M). Experiments were done as in A. A
representative experiment is shown (n � 3). The concentrations of TgADF
used, given in order of appearance, were 0.25, 0, 0.5, 1, 2, 10, and 20 �M

(represented by a shaded triangle to the right of the graph). C, plot of the
observed rate constants for nucleotide exchange on TgACT and RbACT
monomers in the presence of varying concentrations of TgADF. Rate con-
stants were derived from the initial reaction rates calculated from curves sim-
ilar to those shown in A and B and plotted against TgADF concentration. The
data were fit using first-order exponential decay kinetics and represent the
averages of two (RbACT), or three (TgACT), independent experiments
(mean � S.E.).
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short TgACT oligomers that sedimented at 350,000 � g. Inter-
estingly, TgADF failed to co-sediment with TgACT at either
100,000 � g or 350,000 � g, indicating that the failure to co-
sediment with rabbit actin filaments was not due to potential
structural differences between the heterologous and homol-
ogous substrates, but rather that TgADF does not interact
strongly with F-actin. The disassembly of short TgACT
oligomers was a specific activity of TgADF, because S. pombe
cofilin did not cause the disassembly of these oligomers, and
instead co-sedimented, and increased the proportion of
TgACT that sedimented at 350,000 � g (data not shown). The
limited interaction of TgADF with actin filaments and oli-
gomers, while causing their efficient disassembly, suggested
that TgADF had a weak affinity for polymerized actin, but a
strong affinity for actin monomers.
To directly ascertain the result of TgADF interactions

with actin monomers, we monitored its effect on actin poly-
merization. Low concentrations of TgADF efficiently inhib-
ited the polymerization of TgACT, with an almost complete
inhibition of polymerization in the presence of equimolar
TgADF.Aqualitatively similar result was seenwith rabbit actin,
although excess TgADF was required to observe this effect.
This inhibition of polymerization is in contrast to most AC
proteins, which typically cause increased polymerization or
overshoot kinetics with increasing amounts of protein (19, 65).
However, an inhibitory effect on actin polymerization has pre-
viously been observed with the C. elegans AC homologue
Unc60A (65), embryonic chicken skeletalmuscle ADF (66), and
echinoderm depactin (63). Similar to the effect of TgADF on
TgACT polymerization, Unc60A and embryonic chick ADF
inhibit actin polymerization at substoichiometric concentra-
tions in a dose-dependent manner (40, 66). Additionally, when
present at a 1:1 or 2:1 molar ratio with actin, Unc60A strongly
inhibits actin nucleation, similar to what is seen with TgADF
(40). In contrast, echinoderm depactin causes an initial overshoot
in actin polymerization before inhibiting overall polymerization
levels, and this overshoot is possibly due to severing activity, mak-
ingmore free ends available for polymerization (63).
Because the delay in the nucleation phase of polymerization

was suggestive of monomer sequestration, steady-state poly-
merization assays were done in the presence of TgADF to fur-
ther investigate this. The steady-state polymerization of up to
15�Mactin (for bothT. gondii and rabbit actin) was inhibited in
the presence of TgADF. This assay conclusively demonstrated
that TgADF primarily interacts with actin by sequestering actin
monomers. This fairly unusual finding of strong sequestering
activity by an AC protein has previously only been directly
shown for Unc60A (40), which also inhibits the steady-state
polymerization of 15 �M actin, and for the embryonic chicken
skeletal muscle ADF (66), which inhibits the steady-state poly-
merization of actin at substoichiometric concentrations (as
determined by reduced viscosity measurements, and higher
G-actin concentrations).
To demonstrate a direct interaction between TgADF and

monomeric actin, we examined the effect of TgADF on the rate
of nucleotide exchange by G-actin. AC proteins typically bind
to and inhibit nucleotide exchange by G-actin (43, 52, 53), and
TgADF was found to similarly inhibit nucleotide exchange by

both TgACT and rabbit actin in a dose-dependent manner.
Based on this, the apparent affinity of TgADF for Mg-ATP-G-
actin was calculated to be 0.81 and 0.64 �M for TgACT and
rabbit actin, respectively. Although most AC proteins bind to
ADP-G-actin with affinities of 0.5–1 �M, there is a 10- to
20-fold decrease in the affinity for Mg-ATP-G-actin (64). In
contrast, the higher affinity of TgADF forMg-ATP-G-actin is a
property shared with the othermonomer sequestering AC pro-
teins. For example, Unc60A and chick ADF have affinities for
Mg-ATP-G-actin of �1.6 �M and 1 �M, respectively (40, 64).
The higher affinity of these AC proteins is consistent with the
observed sequestering ofMg-ATP-G-actin, which is thought to
be the predominant form of G-actin in vivo (64).
Although strong depolymerizing activity was the basis for

howmany ADF proteins were originally identified (63, 67–69),
the mechanism for how depolymerization was occurring was
not defined. Although there is no obvious signature in the
amino acid sequence that distinguishes the AC proteins with
strong monomer sequestering activity as being more similar,
structural features that suggest the lack of, or perturbation to
F-actin binding sites may be a unifying property. This is
observedwithTgADF,which lacks knownF-actin binding sites,
andUnc60A, inwhich the surface-exposed insertion of charged
residues (65)maydisrupt filament interactions.Another shared
feature of this sub-type of AC isoforms, is their expression in
G-actin rich environments (63, 66, 67). In the case of embryonic
chicken skeletal muscle ADF, its expression has been shown to
correlate with theG-actin content in the cell (66). In embryonic
cells, a large proportion of the actin is present as G-actin (70).
ADF is abundantly expressed in these cells, and both inhibits
actin polymerization and depolymerizes F-actin (66). As the
skeletal muscle develops, the proportion of F-actin in the cell
increases and the amount of actin turnover decreases (66). This
change in the actin milieu also corresponds to a drop in ADF
expression (66), suggesting that the ADF isoform is expressed
when rapid changes in the actin cytoskeleton are required.
InT. gondii, 98%of the actin is unpolymerized (6, 8, 9), yet the

parasite depends on filamentous actin to achieve rapid rates of
motility with speeds of �1–10 �m/s (71) and to productively
invade host cells. This scenario is similar to the actin dynamics
in the embryonic skeletal muscle described above, in that most
of the actin is in the G-form, and filaments must be rapidly
assembled and disassembled. We predict that TgADF plays a
key role in regulating this dynamic actin equilibrium in
the parasite, through its interactionwithbothF- andG- actin.The
moderate affinity of TgADF for TgACT monomers, and the
presence of equimolar concentrations of TgADF andTgACT in
the parasite (�8–10 �M, data not shown), suggest that TgADF
will have an important role in sequestering actin monomers in
the parasite. Additionally, profilin and CAP, the other highly
conserved G-actin-binding proteins found in apicomplexan
parasites (16, 17), may play important roles in maintaining
the parasite actin monomer pool. TgProfilin has previously
been shown to be essential for gliding motility and to interact
with actin from parasite lysate (22), but the affinity of this inter-
action is not known. Although it has weak sequestering activity
with heterologous actin, the biochemical interaction between
TgProfilin and TgACT has not yet been examined (22). Simi-
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larly, little is known about the biochemical activities of TgCAP.
Further studieswill be necessary to assess the relative roles of all
three proteins in buffering the substantial G-actin pool in the
parasite.
Parasite actin must be rapidly turned over to generate pro-

ductive gliding motility, because jasplakinolide-treated par-
asites with hyperstabilized filaments are unable to undergo
directional movement (6). TgADF is an excellent candidate
for controlling filament turnover based on its ability to sever
actin filaments and promote their net disassembly. The rela-
tively weak severing activity of TgADF may provide a mecha-
nism to regulate this activity, so that TgADF only functions as a
severing protein when present at high local concentrations in
the parasite. Alternatively, a lower level of activity may be suf-
ficient to efficiently sever less stable TgACT filaments. This
situation shares parallels with the worm system, where two
ADF isoforms (Unc60A andUnc60B) are expressed in different
tissues. The Unc60A isoform shows similar properties to
TgADF, with strong sequestering activity and weak severing
activity (40). Unc60A is expressed in early embryos and is
required for embryonic cytokinesis, an environment where
actin is likely to be undergoing rapid turnover (72). Ono et al.
(73) recently demonstrated that a knockdown of Unc60A is
unable to be functionally complemented by Unc60B, the differ-
entially spliced variant of Unc60A, which has strong severing
activity. However, Unc60B mutants that have weak severing
activity are able to rescue Unc60A knockdown cells, suggesting
that the property of weak severing is functionally important in
cells expressing Unc60A (73). This suggests that weak severing
activity is likely to be an important property when filaments are
transient and are being turned over rapidly, because strong sev-
ering activitymay prevent transient filaments from being stable
long enough to carry out their function. We predict that weak
severing will also be an important property ofT. gondiiADF for
controlling actin turnover during gliding motility.
Recent work has demonstrated the essential nature of var-

ious actin-binding proteins in apicomplexan parasites (22,
23, 42), and the importance of careful regulation of the actin
machinery for productive gliding motility, a process essen-
tial for host cell invasion and successful completion of the
parasite life-cycle. In this study, we found that TgADF is potent
at sequestering actinmonomers in vitro and has weak filament-
severing activity. The ability to both maintain high concentra-
tions of G-actin and to regulate the turnover of actin filaments,
positions ADF to play a critical role in regulating the unique
actin dynamics found in apicomplexan parasites. In addition
to this, our work points to an underappreciated role for ADF
proteins as monomer-sequestering proteins in G-actin-rich
environments.
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