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Molecular Characterization of Toxoplasma gondii Formin 3, an Actin
Nucleator Dispensable for Tachyzoite Growth and Motility

Wassim Daher,®* Natacha Klages,® Marie-France Carlier,® and Dominique Soldati-Favre®

Department of Microbiology and Molecular Medicine, CMU, University of Geneva, Geneva, Switzerland,” and Dynamique du Cytosquelette, Laboratoire d’Enzymologie et

Biochimie Structurales UPR A 9063, CNRS, Gif sur Yvette, France®

Toxoplasma gondii belongs to the phylum Apicomplexa, a group of obligate intracellular parasites that rely on gliding motility
to enter host cells. Drugs interfering with the actin cytoskeleton block parasite motility, host cell invasion, and egress from in-
fected cells. Myosin A, profilin, formin 1, formin 2, and actin-depolymerizing factor have all been implicated in parasite motility,
yet little is known regarding the importance of actin polymerization and other myosins for the remaining steps of the parasite
Iytic cycle. Here we establish that T. gondii formin 3 (TgFRM3), a newly described formin homology 2 domain (FH2)-containing
protein, binds to Toxoplasma actin and nucleates rabbit actin assembly in vitro. TgFRM3 expressed as a transgene exhibits a
patchy localization at several distinct structures within the parasite. Disruption of the T¢gFRM3 gene by double homologous re-
combination in a ku80-ko strain reveals no vital function for tachyzoite propagation in vitro, which is consistent with its weak
level of expression in this life stage. Conditional stabilization of truncated forms of TgFRM3 suggests that different regions of
the molecule contribute to distinct localizations. Moreover, expression of TSFRM3 lacking the C-terminal domain severely af-
fects parasite growth and replication. This work provides a first insight into how this specialized formin, restricted to the group

of coccidia, completes its actin-nucleating activity.

he phylum Apicomplexa contains important protozoan para-

sites such as Plasmodium, Toxoplasma, Babesia, Eimeria, Neo-
spora, Theileria, and Cryptosporidium spp., that are responsible for
severe diseases in humans and farm animals. As obligate intracel-
lular organisms, these parasites are reliant on active invasion of
host cells to complete their complex life cycle. Their ability to cross
host biological barriers and infect a diversity of tissues requires a
unique mode of locomotion called gliding motility, which is pow-
ered by the parasite actomyosin system (reviewed in references 8
and 42). While the contributions of actin polymerization and the
myosin A motor in motility and invasion are well documented,
mainly in Toxoplasma and Plasmodium, the importance of actin
and the function of other myosins in the biology of these parasites
are still poorly understood.

Toxoplasma gondii tachyzoites replicate by endodyogeny, a
process in which two daughter parasites grow within an intact,
fully polarized mother parasite (44). The internal daughter cells
are delimited by the inner membrane complex and associated sub-
pellicular microtubules. Inheritance of organelles by daughter
cells during parasite cell division happens in a highly synchronized
fashion, starting with the centriole and Golgi apparatus, followed
by the apicoplast, nucleus, and endoplasmic reticulum, and end-
ing with the mitochondrion and de novo synthesis of the mi-
cronemes and rhoptries (32). When the daughter cells are fully
mature, the maternal apical complex is disassembled and the
daughters bud from the mother, adopting her plasma membrane
(24). Drugs interfering with actin polymerization or actin fila-
ment stability primarily affect gliding motility and block host cell
invasion (10, 49). Additionally, the turnover of mother cell organ-
elles during daughter cell budding has also been reported to be
affected upon treatment with a high concentration of actin inhib-
itors, leading to accumulation of organelles in residual bodies
formed at the posterior ends of parasites after division (41).

Apicomplexan actin is one of the most divergent among eu-
karyotes and is regulated by a markedly reduced set of regulatory
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proteins (3, 18). Filaments of parasite actin are notoriously short
and turn over rapidly, thus hampering their visualization in situ
(36, 37, 40, 43). Comparative and phylogenetic analyses of api-
complexan genomes identified over 60 candidate actin-related
proteins (ARPs) and revealed the presence of 10 actin-related pro-
tein groups (18). These proteins share between 17 and 60% amino
acid identity with conventional actins. Seven of these ARPs,
termed actin-like proteins (ALPs), are novel to apicomplexans
(18), and T. gondii ALP1 (TgALP1) was implicated in the forma-
tion of daughter cell membranes during parasite division (17).
Overexpression of TgALPI interrupted the formation of the
daughter cell inner membrane complex (IMC), leading to delayed
intracellular growth (17). Very recently, a new actin-related pro-
tein (ARP4) was assigned as a key nuclear protein involved in
chromosome segregation in T. gondii (45).

Most remarkably, the apicomplexans lack the canonical actin
nucleator Arp2/3 complex and possess instead formins that act as
potent nucleators of actin filaments (3, 18, 34). Formins are large
proteins that are associated as dimers and implicated in many
biological processes, including motility and cytokinesis (16). Typ-
ically, the formin homology 2 domain (FH2) nucleates actin as-
sembly by binding the barbed ends of actin filaments, while the
formin homology 1 domain (FH1) promotes quick assembly from
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the profilin-ATP/actin complex (33). In fission yeast, the cell di-
vision control protein 12 (Cdc12) is a formin that acts by joining
nodes and nucleating actin filaments for the contractile ring for-
mation during daughter cell separation (35).

The T. gondii genome encodes two formins that are well con-
served in the Apicomplexa (4) and were recently shown to play
important and distinct roles during parasite motility and host cell
invasion (7). Additionally, T. gondii possesses a third, divergent,
putative formin (3, 39).

Here, we establish that TgFRM3 acts as an actin nucleator and
is a formin restricted to the group of coccidians. Biochemical stud-
ies demonstrate that the FH2 domain of TgFRM3 binds to Toxo-
plasma actin and can nucleate rabbit actin, processing assembly in
vitro by binding the F-actin barbed ends. Intriguingly, TgFRM3
localizes to large patches predominantly at the apical and poste-
rior ends of the parasite and also appears to associate with the
mitochondrion. Disruption of the TgFRM3 gene does not nega-
tively affect the lytic cycle of tachyzoites. Conditional stabilization
of the FH2 domain alone or of TgFRM3 lacking the C-terminal
part (amino acids 2181 to 2849) severely affects parasite intracel-
lular growth, suggesting that the C-terminal region affects the reg-
ulation of TgFRM3’s activity.

MATERIALS AND METHODS

Parasite culture. T. gondii tachyzoites (RH-hxgprt-ko or RH-ku80-ko)
were grown in human foreskin fibroblasts (HFF). Selection of transgenic
parasites was performed with mycophenolic acid (MPA) and xanthine for
hypoxanthine-xanthine-guanine phosphoribosyltransferase (HXGPRT)
gene selection (11), 1 uM Shld-1 for destabilization domain (DD) fu-
sion stabilization (21), or pyrimethamine for dihydrofolate reductase-
thymidylate synthase (DHFR-TS) gene selection (12).

Toxoplasma and Escherichia coli vectors. The primers used in this
study are listed in Table S1 in the supplemental material. For the 2854-
frm3ko vector, a genomic fragment of 1,497 bp corresponding of the 5’
noncoding sequence of the TgFRM3 gene was amplified by PCR and sub-
cloned into the Kpnl and HindIII sites of 2854. The 3’ noncoding se-
quence of TgFRM3 was amplified from genomic DNA by PCR (1,498 bp)
and cloned into the BamHI and Xbal sites of 2854. The final Tgfrm3-ko
construct was linearized with EcoRV at both the 5" and 3’ flanking se-
quences prior to transfection.

The pTub8DD-mycHisFRM3, pTub8DD-mycHisNtF3 (F3 is
the formin 3 FH2 domain), pTub8DD-mycHisF3Ct, and pTub8DD-
mycHisF3 vectors were obtained by cloning of the different T¢gFRM3
genomic PCR fragments into the Nsil and Pacl sites in the pTub8DD-myc
vector. To generate the pTub8DD-mycHismCherryFRM3 construct, the
mCherry sequence was amplified by PCR and cloned into the unique Nsil
site in the pTub8DD-mycHisFRM3 vector. The TgMPI18 gene, recently
also described as TgISP3 (5), was amplified by PCR from Toxoplasma
genomic DNA and cloned into the YFP/LIC vector (kindly provided by
Vern Carruthers) (5, 25). A portion of the formin 3 FH2 domain was
obtained by cloning the cDNA between the Ncol and EcoRI sites in
pETHTB (kindly provided by Anne Houdusse).

For Tgfrm3-ki, the TgFRM3 genomic sequence was obtained from the
ToxoDB database. Primers were designed to amplify 1,978 bp of the 3" end of
the open reading frame of the gene, which contains a unique Afel restric-
tion site. The PCR fragment was then cloned into pTUB8MycGFPPf
MyoAtailTy-HX (22) between the Kpnl and Nisil sites. For the Tgfrm3-ki/ko
construct, primers were designed to amplify 1,534 bp upstream from the F3
domain that contain a unique Ncol site. The PCR product was then cloned
into pTUB8MycGFPPfMyoAtail Ty-HX as described above.

Generation of transgenic T. gondii. Tgfrm3Ty-ki, Tgfrm3Ty-ki/ko,
and 2854-Tgfrm3ko transfections were performed in the ku80-ko strain
using 20 pg of vector linearized with Afel, Ncol, and EcoRV, respec-
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tively, and subjected to MPA-xanthine selection (14, 25). DD-FRM3-
expressing parasites were obtained in RH-hxgprt-ko and selected
for MPA resistance. DD-myc-His-mCherry-FRM3- and MP18-YFP-
expressing parasites were cotransformed with 50 ug linearized
pTub8DDmycHismCherryFRM3-HX and 100 ug ISP3-YFP-DHEFR.

Protein purification and analysis. His-tagged proteins were purified
on Qiagen Ni-nitrilotriacetic acid (Ni-NTA) Superflow resin (no. 30410)
under native conditions (31). To detect TgFRM23 proteins, parasite lysates
were fractionated on 3 to 8% Tris-acetate precast gels (Invitrogen) using
the manufacturer’s running buffer, and electrophoresis was continued
until the 71-kDa marker reached the bottom of the gel.

Antibodies and immunoprecipitation. Bacterial expression of a 30-
kDa protein corresponding to a portion of the FH2 domain of TgFRM3
(amino acids 1480 to 1735) was used to produce truncated F3 for immu-
nization of rabbits (Eurogentec). Anti-TgGAP45, anti-ACT, anti-myc
(9E10), anti-Ty tag (BB2), and anti-MIC4 antibodies were previously de-
scribed (7, 29, 34). Immunoblots were visualized using a chemilumines-
cent substrate (Amersham, GE Healthcare).

TgFRM3-3Ty was immunoprecipitated using mouse monoclonal
anti-Ty antibodies. To achieve this, 3 X 10° parasites were lysed in buffer
A (10 mM Tris-HCI [pH 8], 150 mM NaCl, 1 mM EDTA, 0.5% SDS, 2%
Triton X-100, 1% sodium deoxycholate). The incubation of parasite ly-
sates for 3 h at 4°C with anti-Ty antibodies was followed by incubation
with protein A beads overnight at 4°C. The beads were then washed 3
times with washing buffer (50 mM Tris-HCI [pH 8.3], 0.5% NP-40, 1 M
NaCl), suspended in protein loading buffer, and analyzed by Western
blotting using anti-Ty antibodies.

Indirectimmunofluorescence assay (IFA) and microscopy. Parasite-
infected HFF cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 15 min, followed by 5 min of neutralization with
0.1 M glycine in PBS. Fixed cells were permeabilized with 0.2% Triton
X-100 in PBS (PBS-TX) for 20 min and then blocked with 2% bovine
serum albumin (BSA) in PBS-TX for 20 min. The cells were then incu-
bated for 1 h with primary antibodies (anti-Myc, anti-Ty [1:1,000], anti-
GAP45 [1:5,000], anti-Hsp70 [1:1,000], anti-MIC4 [1:1,000]), followed
by goat anti-rabbit or goat anti-mouse immunoglobulin G (IgG) con-
jugated to Alexa Fluor 488 or Alexa Fluor 594 (Molecular Probes,
Invitrogen). Finally, glass coverslips were incubated for 10 min with
4',6-diamidino-2-phenylindole (DAPI) in PBS and mounted in Fluo-
romountG (Southern Biotech). Confocal images were collected with a
Leica laser scanning confocal microscope (TCS-NT DM/IRB and SP2)
using a 1003 Plan-Apo objective with a numerical aperture (NA) of
1.4. Single optical sections were recorded with an optimal pinhole of
1.0 (according to the Leica instructions) and 16 times averaging.

Nickel affinity pulldowns. Freshly released parasites (3X 10® para-
sites) were harvested, washed once with buffer G (0.1 mM CaCl,, 5 mM
Tris [pH 7.8], 0.2 mM ATP, and 1 mM dithiothreitol [DTT]), and resus-
pended in the same buffer containing 0.5 mM ATP and protease inhibi-
tors. Successive rounds of freezing and thawing in liquid N, were per-
formed to break the cells. After ultracentrifugation at 30,000 X g, the
supernatant was incubated for 2 h at 4°C with 75 ug of the bait protein
(His-F1 [formin 1 FH2 domain], His-F1-IR/AA [actin binding mutant
formin 1 FH2 domain], or His-F3 [formin 3 FH2 domain]), followed by
incubation with 50 ul of nickel beads (Qiagen) for 1 h at 4°C. The beads
were centrifuged and washed 3 times with buffer G. The binding proteins
were then eluted and subjected to Western blot analysis using the anti-
ACT and His monoclonal antibodies.

Polymerization assays. Actin was purified from rabbit muscle ace-
tone powder and isolated in monomeric form by gel filtration on
Superdex-200 in buffer G. Spontaneous assembly of actin was monitored
using the enhancement of the fluorescence of 5% pyrenyl-labeled actin in
a Safas Xenius spectrofluorimeter. Conditions were as follows: 2.5 uM
MgATP-G-actin, 5 mM Tris Cl (pH 7.8), 0.2 mM ATP, 1 mM DTT, 0.1
mM CaCl,, 0.25 mM EGTA, 1 mM MgCl,, and 0.1 M KCl. Seeded actin
assembly assays were performed similarly using spectrin-actin seeds, 2.5
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FIG 1 Controlled expression and localization of TgFRM3 in tachyzoites. (A) Western blot analysis of HFF cells, parasite lysates (RHAhxgprt, a type I virulent
strain), and parasite lysates expressing the DD-myc-His-mCherry-FRM3 protein (DD-FRM3) in the presence of Shld-1 for 48 h, probed with either anti-myc or
rabbit antiserum specific to TgFRM3. T. gondii actin (TgACT1) served as a loading control. (B) Western blot analysis of parasites grown in presence or absence
of Shld-1 for 48 h, using anti-myc antibodies. (C) Immunofluorescence assays performed on transgenic parasites expressing both DD-myc-His-mCherry-FRM3
and ISP3-YFP. Parasites were grown in the presence of Shld-1 for 24 h before fixation. White, blue, and yellow arrows represent a tubular structure and posterior
and apical end labeling, respectively. Anti-myc antibodies were used to visualize the DD-myc-His-mCherry-FRM3 protein by immunofluorescence. Scale bars
represent 2 um. (D) Immunofluorescence assays performed on transgenic parasites expressing DD-myc-His-mCherry-FRM3, in the presence of Shld-1.
Parasites were grown in the presence of Shld-1 for 24 h before fixation. The endogenous mCherry fluorescence is shown. T. gondii MIC4 was used as a apical
microneme organelle marker. Scale bars represent 2 um.

UM pyrenyl-labeled G-actin, and various amounts of F3. The amount of ~RESULTS

spectrin-actin seeds was large enough (0.11 nM) to provide more barbed  Eormin 3 is restricted to the coccidians. A bioinformatics search
ends than nucleation by F3 in the range of F3 concentrations investigated  f the T gondii genome revealed the existence of a third gene
(0 to 9 nM). The initial rate of growth measured without seeds in parallel coding for an FH2 domain-containing protein (3, 39). TgFRM3
control samples was subtracted from the initial rate measured with both has a predicted molecular mass of 299 kDa (see I’Ji S1A in the
F3 and seeds. The dependence of the corrected rate AV on F3 concentra- su lfmental material). Atypically, the FH2 domair;g'is located in
tion expressed the saturation of barbed ends by F3, as described by the thgls)econ d half of the p'rote)ilrpi seql)llétnce between amino acids res

equation (AV, — AV)/(AV, — AV,) = [F3]/([F3] + K), where [F3]is |
the concentration of F3, K. is the equilibrium dissociation constant for idues 1480 and 2181 and shows weak homology to the FH2 do-

binding of F3 to barbed ends, and AV, and AV, represent the corrected mains of TgFRM1 gnd TgFRM2 (see Fig. S1A and SIB in the
rates in the absence and presence of a saturating concentration of F3. supplemental material). A survey of EuPathDB revealed tha.t a

Dilution-induced depolymerization assays were performed by dilut- ~ gene related to T¢gFRM3 can be found only in the close relative
ing 40-fold a solution of 2.5 uM F-actin (50% pyrenyl labeled) in poly-  Neospora caninum and in Eimeria tenella, for which only a partial
merization buffer containing the desired concentrations of formins. The  sequence is currently available (see Fig. S1C in the supplemental
initial rate of fluorescence decrease was measured. The decrease in rate  material). A canonical FH1 domain is not recognizable, although
expressed the binding of F3 to barbed ends. Data were analyzed as de-  TgFRM3 possesses short stretches of proline residues upstream of
scribed above to derive the equilibrium dissociation constant for binding  jtg FH2 domain, which could serve to recruit and bind to profilin
of F3 to ADP-bound depolymerizing barbed ends. ) . (see Fig. S1A in the supplemental material). As for the other api-

Plaque assay. Monolayers of HFF on circular coverslips were in- complexan formins, TgFRM3 lacks the diaphanous autoregula-
fected with parasites in presence or absence of 1 uM Shld-1 for 7 days. tory domain (DAD) and diaphanous inhibitory domain (DID)
Fixation, staining, and visualization were performed as previously de- (2?; and no other obvious dO&ains canbe idenfi)ified (see Fig, SIA
scribed (34). ’ ’

(34) in the supplemental material).

Intracellular growth. Parasites were treated for 48 h with or without 1 . o . . ..
M Shld-1, collected promptly after egress, and inoculated onto new HFF Specific antibodies to TgFRM3 were obtained by immunizing

monolayers. Twenty-four hours later, the culture was fixed with paraform- rabbits with a recombinant portion of the FH2 domain purified
aldehyde (PFA) and stained with anti-TgGAP45. The numbers of para- from E. coli. This reagent failed to detect endogenous TgFRM3 in
sites per vacuole were counted for more than 100 vacuoles for each con-  the tachyzoite stage despite the presence of mRNA coding for the
dition. TgFRM3 gene (Fig. 1A; see Fig. S2 in the supplemental material).
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FIG 2 The recombinant TgFRM3 FH2 domain (F3) binds to TSACT1 and polymerizes rabbit actin. (A) Separation of the His-tagged F3 domain expressed in E.
coli (BL21) and purified on a nickel column. The F3 protein was loaded on an 8% SDS-polyacrylamide gel, followed by Coomassie blue staining. Asterisks indicate
bacterial histidine-rich proteins or chaperone binding to nickel beads, which are eluted with the F3 domain under native conditions. (B) Nickel affinity pulldown
assay, measuring the abilities of the TgFRM1 FH2 domain (F1), the F1 actin binding domain mutant (F1-IR/AA), and the F3 domain fused to His to bind to
TgACT1. The amounts of TSACT1 and FH2 domains were determined by Western blot analysis using antiactin and anti-His antibodies. The asterisk represents
F3 domain degradation. (C) F3 nucleates actin assembly in vitro. Spontaneous actin assembly was recorded in the presence of F3 at the indicated concentrations.
(D) F3 inhibits barbed-end growth of actin filaments. The initial rate of barbed end growth was measured at different concentrations of F3 in the presence (blue
curves) and in the absence (red curves) of 0.11 nM spectrin-actin (SP) seeds. The normalized difference between the rates measured with and without seeds is
plotted versus the concentration of F3 (inset). The calculated curve fits the data with an affinity of 0.55 nM ™" for binding of F3 to barbed ends, leading to 85% =+
5% inhibition of barbed-end growth. (E) F3 caps barbed ends and inhibits barbed-end depolymerization with high affinity. The rate of dilution-induced
depolymerization was about 90% inhibited by F3 binding to the barbed ends, with an affinity of 10 nM ™"

In contrast, the same antibodies detected the fusion DD-myc-His-
mCherry-FRM3, stably expressed at the predicted size of ca. 340
kDa, in transgenic parasites cultivated for 48 h in the presence of
Shld-1. Antiactin antibodies were used to detect TgACT1 as load-
ing control (Fig. 1A). Intriguingly, attempts to constitutively ex-
press the cDNA of TgFRM3 under the control of the tubulin pro-
moter failed, whereas conditional expression as a fusion with the
destabilization domain (DD) allowed expression of DD-myc-His-
mCherry-FRM3 and hence circumvented the deleterious effect
likely caused by the overexpression of this formin. The DD-
TgFRM3 fusion led to tight control of expression at the protein
level in the presence of Shld-1 (Fig. 1B), as previously reported for
other proteins (21).

In an attempt to detect expression of endogenous TgFRM3, a
parasite line was generated in which a triple Ty-1 tag was inserted
at the carboxy terminus of TgFRM3 by recombination at the en-
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dogenouslocus in a ku80-ko background strain (see Fig. S3A in the
supplemental material). The ku80-ko recipient strain facilitates
the recovery of homologous recombination events (14, 25). Re-
verse transcription-PCR (RT-PCR) analysis of the transgenic par-
asites and sequencing of the product confirmed an in-frame inte-
gration of the 3 Ty tags; however, no signal was obtained either by
IFA or by Western blotting, in agreement with the absence of
detection in tachyzoites with specific antibodies (see Fig. S3B in
the supplemental material and data not shown). Despite a very
low expression level, we were able to detect TgFRM3-3Ty by
Western blotting after concentration by immunoprecipitation
from a large number of parasites (3 X 10%) using anti-Ty antibod-
ies (see Fig. S3C in the supplemental material).

In order to gather some indirect information regarding the
localization of TgFRM3, IFAs were performed on transgenic par-
asites expressing DD-myc-His-mCherry-FRM3 following treat-
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FIG 3 Truncation of TgFRM3 by a knock-in strategy. (A) Insertion of three Ty epitope tags upstream from the FH2 domain of TgFRM3 by single homologous
recombination (knock-in). The schematic representation shows the T¢FRM3 locus, the gene-targeting construct for gene disruption by single homologous
recombination, and the locus resulting from integration of the knock-in construct. The HXGPRT resistance cassette is in blue, the TgFRM3 gene in green, the
genomic region coding for TgFRM3 C terminus is in hatched green, the FH2 domain in violet, and the 3 Ty tags in red. The primers used for PCR analysis are
indicated. (B) PCR analysis performed on pool-HXGPRT *, showing that single homologous recombination occurred. Genomic DNA from ku80-ko parasites
was used as negative control. (C) Immunofluorescence assays performed on transgenic parasites using the monoclonal anti-Ty antibodies. GAP45 was used as a
peripheral marker. Scale bars represent 2 um. (D) Western blot analysis performed on transgenic or ku80-ko parasite lysates probed with anti-Ty antibodies. A

doublet at around 170 kDa was detected, corresponding to the truncated NtFRM3Ty.

ment with Shld-1. DD-myc-His-mCherry-FRM3 was observed at
the apical and posterior ends of parasites as well as along a tubular
structure reminiscent of the mitochondrion (Fig. 1C, yellow, blue,
and white arrows, respectively). No specific association was ob-
served with the inner membrane complex (IMC) of nascent
daughter cells (Fig. 1C, pink and yellow arrows), which was de-
tected as a YFP signal fused to ISP3 (IMC subcompartment pro-
tein 3) (5). The large dots formed by DD-myc-His-mCherry-
FRM3 were found to cluster at the apical rather than posterior
pole of the parasites based on costaining with the apical mi-
croneme protein MIC4 (Fig. 1D).

F3 binds to TACT1 and acts as nucleator of skeletal muscle
actin in vitro. The FH2 domains of formins usually carry the
actin-nucleating activity, although they lack the regulatory do-
mains. To demonstrate that the FH2 domain of TgFRM3 (F3) can
nucleate actin filaments, its boundaries first had to be delineated
using a comparative alignment with the FH2 domains of Toxo-
plasma formin 1 and formin 2 (see Fig. S1B in the supplemental
material). Recombinant F3 was produced and purified from E.
coli, and two bands were visualized by SDS-PAGE after His col-
umn purification from bacterial extracts (Fig. 2A, arrows). An
Ni-NTA-Sepharose bead pulldown assay demonstrated that both
F1 (forminl FH2 domain), used as positive control, and F3 bind
to TgACT1 when incubated with parasite lysates (Fig. 2B, upper
panel). In contrast, binding to actin was completely abolished
when the recombinant actin binding mutant protein F1-IR/AA
was used (7) (Fig. 2B, upper panel). As a control, all recombinant
FH2 proteins were shown to bind quantitatively to the nickel col-
umn (Fig. 2B, lower panel).

To determine if F3 is capable of nucleating actin assembly in
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vitro, the recombinant protein was examined in a pyrenyl-actin
fluorescence assay (Fig. 2C). From the fluorescence intensity data,
F3 was three times less efficient in nucleating actin assembly than
F1 but was more efficient than F2 (formin 2 FH2 domain) (Fig.
2C). However, the pyrenyl-actin fluorescence spontaneous as-
sembly assay does not discriminate effects on elongation and nu-
cleation of F-actin, and hence it does not provide direct informa-
tion on the number of nucleated filaments or on the respective
rates of growth at barbed and pointed ends in the presence of F3.
We verified that the observed polymerization occurs in large part
at barbed ends by measuring that it was 60% inhibited by a satu-
rating amount (100 nM) of cytochalasin D (CD), a drug that
blocks barbed-end growth specifically. However, CD routinely in-
hibits filament growth by 90% when the two ends are free. The fact
that CD inhibition was limited to 60% hinted that barbed-end
growth of filaments nucleated by F3 is slowed approximately 10-
fold by F3 binding to barbed ends. This point was further ad-
dressed by quantitative analysis of the effect of F3 on barbed-end
growth initiated by spectrin-actin seeds, using a large enough
quantity of seeds to compete with the nuclei formed by F3. In this
assay, F3 inhibited barbed-end growth up to about 80% at extra-
polated saturation and at an affinity of 0.55 nM ™" (Fig. 2D). This
result further confirms the qualitative evidence derived from the
CD data. Furthermore, in dilution-induced depolymerization of
filaments, F3 behaved as a strong barbed-end capper that blocked
depolymerization, with an affinity of 10 nM ™" (Fig. 2E). In sum-
mary, F3 behaves very similarly to F1, which was also shown to
block depolymerization of ADP-bound barbed ends. Moreover,
the general properties of F3 are similar to those of Cdcl2 and
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DAAM formins, which likewise greatly slow barbed-end growth
and depolymerization (2, 26).

TgFRM3 is dispensable for survival of Toxoplasma gondii
tachyzoites. The presence of TgFRM3 at the apical and posterior
ends of the parasite suggests a possible role during endodyogeny
and/or organelle inheritance (41). To determine the importance
of this weakly expressed protein in the lytic cycle of tachyzoites, we
generated a vector that would disrupt the gene by integrating
within the open reading frame, upstream from the FH2 domain
(Fig. 3A). Homologous recombination in the ku80-ko strain was
achieved, as demonstrated by genomic PCR analysis on the iso-
lated frm3-ki/ko clone (Fig. 3B). IFA and Western blot analysis
confirmed the disruption of the T¢gFRM3 gene and additionally
revealed that alow level of the truncated protein with the expected
size was detectable using monoclonal anti-Ty antibodies (Fig. 3C
and D). The fact that the truncated form of TgFRM3 is detectable
suggests that the carboxy-terminal region confers a much lower
level of expression to the full protein. We then checked by semi-
quantitative PCR the impact of TgFRM3 3’ untranslated region
(UTR) exchange on its level of expression at the transcriptional
level. We observed no obvious changes in the level of expression of
TgFRM3 mRNAs when the SAGI 3" UTR was used (see Fig. S2 in
the supplemental material). Interestingly, a dot-like staining pat-
tern detected at the apical pole of the parasites was consistent with
one of the localizations observed when full-length FRM3 fused to
DD-myc-His-mCherry was stabilized in the presence of Shld-1
(Fig. 1Cand Fig. 3C). These results provide evidence that T¢gFRM3
is not vital for survival of tachyzoites. Dispensability was defini-
tively confirmed by complete deletion of the gene (Fig. 4A).
Genomic PCR analysis confirmed the replacement of the open
reading frame of TgFRM3 with the HXGPRT resistance cassette in
frm3-ko parasites but not in the parental ku80-ko cells (Fig. 4A, B,
and C). RT-PCR confirmed that the T¢gFRM3 transcript was ab-
sent in the frm3-ko strain but that the T¢gFRM2 mRNAs level was
unchanged (Fig. 4D).

The phenotypic consequence of TgFRM3 disruption was first
examined by plaque assay, which consists of scoring the size of
plaques of lysis formed in a monolayer of HFF that recapitulates
multiple lytic cycles over 7 days. The frm3-ko parasites formed
normal lysis plaques compared with the ku80-ko parental strain
(Fig. 4E). Further analysis confirmed that the absence of TgFRM3
did not affect parasite growth and replication (Fig. 4F).

Stabilization of truncated forms of FRM3 severely affects
parasite growth and replication. To gain insight into the regula-
tion and localization of TgFRM3, truncated forms of TgFRM3
were fused to DD-myc and stably expressed in parasites (Fig. 5A).
The three deletions made corresponded to Nt-F3 (lacking amino
acids 2181 to 2849), F3-Ct (lacking amino acids 1 to 1480), or F3
(FH2 domain only). Upon treatment with Shld-1, DDmycFRM3,
DDmycNtF3, DDmycF3Ct, and DDmycF3 were expressed and
migrated at their expected molecular masses by Western blot anal-
ysis (Fig. 5B upper panel). TSACT1 protein was used as a loading
control (Fig. 5B, lower panel). In the absence of Shld-1, the prod-
ucts of these transgenes were not detectable (data not shown).
DDmycFRM3 exhibited the same localizations to multiple struc-
tures, including possibly the mitochondrion (red arrow), as ob-
served with DD-myc-His-mCherry-FRM3 (Fig. 1C and 5C).
When the C-terminal region was deleted, the truncated protein
appeared to be targeted mainly to the apical part, of the parasites
(Fig. 5D, yellow arrows). The same apical localization was ob-
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FIG 4 Generation of a TgFRM3 knockout. (A) Schematic representation of
the strategy used to replace the TgFRM3 open reading frame with the
HXGPRT resistance cassette. The knockout plasmid for T¢gFRM3 contains
1,497 bp of the 5’ untranslated region (UTR) of TgFRM3 (dark gray), the
HXGPRT gene (light gray), and 1,498 bp of the 3" untranslated region (UTR)
of TgFRM3 (dark gray). Black arrows represent the primers used for PCR
analysis, and the lengths of the PCR products generated are indicated. (B and
C) PCR analysis performed on the frm3-ko strain, showing that double homol-
ogous recombination occurred. Genomic DNA from ku80-ko parasites was
used as a control. (D) Endogenous-locus PCR analysis of ku80-ko and frm3-ko
parasites, which shows that TgFRM3 open reading frame mRNA was undetect-
able in frm3-ko parasites. The TgFRM2 FH2 domain (F2) served as a loading
control. (E) Plaque assay performed on an HFF monolayer infected with
ku80-ko or frm3-ko parasites. After 7 days, the HFF were stained with Giemsa
stain. The scale bar represents 1 mm. (F) Intracellular growth of ku80-ko and
frm3-ko strains cultivated in parallel for 48 h. Freshly released parasites from
both strains invade new HFF cells. Numbers of parasites per vacuole were
counted at 24 h after inoculation. The percentage of vacuoles containing a
given number of parasites is represented on the y axis. Values are means *+
standard deviations (SD) for three independent experiments.

served when the N-terminal part was expressed without the FH2
domain and in the knock-in experiment described in Fig. 3C. In
contrast, the DDmycF3Ct was sorted primarily to the posterior
ends of the parasites (Fig. 5E, blue arrows). Expression of
DDmycF3 alone was unambiguously targeted to the mitochon-
drion based on colocalization with HSP70 protein (Fig. 5F).
Taken together, these results reveal that the three major parts of
TgFRM3 possess information for localization and that some of the
determinants dominate over the others in the context of the full
protein.

Stabilization of DDmycNtF3 and DDmycF3 in the presence of
Shld-1 severely impaired parasite survival as shown by plaque as-
say (Fig. 6A). Quantification of the number of parasites per vacu-
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FIG 5 Conditional expression and localization of deletion mutants of TgFRM3 in parasites. (A) Green represents the DD-myc (the destabilization domain and
the myc tag), light gray the N-terminal part of TgFRM3 (amino acids 1 to 1479), black the FH2 domain (amino acids 1480 to 2180), and dark gray the C-terminal
part of TgFRM3 (amino acids 2181 to 2849). (B) Western blot analysis of parasite lysates expressing the DDmycFRM3 protein, DDmycNtF3, DDmycF3Ct, or
DDmycF3 in the presence of Shld-1 for 48 h, probed with anti-myc antibodies. T. gondii actin (TgACT1) served as a loading control. (C, D, E, and F)
Immunofluorescence assays performed on transgenic parasites expressing DDmycFRM3, DDmycNtFRM3, DDmycF3Ct, or DDmycF3 using monoclonal
anti-myc antibodies. Parasites were grown in the presence of Shld-1 for 24 h prior to fixation. Red, blue, and yellow arrows represent tubular structure and
posterior and apical end labeling, respectively. TgGAP45 and putative TgHSP70 were used as pellicle and mitochondrion markers, respectively. Scale bars

represent 2 wm.

ole at 24 h postinvasion revealed that these two mutants are con-
siderably impaired in intracellular growth and replication (Fig.
6B). In contrast, expression of DDmycFRM3 and DDmycF3Ct
showed no significant defect compared to the parental RH strain
by either plaque assay or intracellular replication assay, indicating
that their overexpression was not detrimental to parasite growth
(Fig. 6A and B).

DISCUSSION

The elaborate cytoskeleton of apicomplexan parasites provides
the framework for organellar partitioning, maintenance of para-
site shape, and anchoring of the motor to support motility. The
dynamics of actin filaments have been associated primarily with
parasite motility and invasion. A role for actin in other steps of the
parasite lytic cycle can be envisioned, however, based on the exis-
tence of a fairly large repertoire of 11 divergent myosin motors
encompassing 5 distinct classes (13). Previous work assessed the
role of actin in Toxoplasma division using drugs interfering with
F-actin assembly and disassembly (41). As monitored by electron
microscopy, CD treatment did not prevent parasite replication
but resulted in large residual bodies containing various organelles,
suggesting a role of actin in organelle turnover and/or positioning
(41).

In T. gondii, actin polymerization and depolymerization are
governed by a rather limited set of regulatory proteins, including
profilin (34), two formins (4, 7), and an actin-depolymerizing
factor (28). Here, the characterization of a new FH2 domain-
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containing protein (TgFRM3) establishes the existence of a third
active formin in T. gondii. TgFRM3 produced in E. coli functions
as a nucleator on rabbit actin assembly in spontaneous actin poly-
merization assays. Interestingly, the His-F3 recombinant protein
exhibited a strong barbed-end nucleator activity in filament
barbed-end growth assays using spectrin-actin seeds. That result
suggests that the region of TgFRM3 retained in F3 possesses pro-
cessing activity that is in agreement with the postulated confor-
mational change of the FH2-barbed-end complex. This confor-
mational change allows processive elongation of actin filaments.
In Saccharomyces pombe, barbed-end elongation with G-actin is
inhibited ~90% by Cdcl2p-FH2. However, elongation with
profilin-actin is not inhibited by Cdc12-FH2 if the FH1 domain is
present. Even more surprisingly, profilin counteracts inhibition of
barbed-end depolymerization by Cdc12p-FH2 (26). The TgFRM3
FH2 domain is very divergent from the classical FH2 domains
described in the literature. For example, it lacks the conserved W
residue found at the beginning of canonical FH2 domains and
does not possess the R or K residue known to bind to actin sub-
units during processive assembly at the barbed ends. Despite the
absence of such key residues, TgFRM3 is capable of binding to
TgACT1 in vitro and hence qualifies as a formin.

None of the apicomplexan formins characterized to date ap-
pear to carry a canonical FH1 domain. The three T. gondii formins
harbor regions rich in very short stretches of proline residues di-
rectly upstream of the FH2 domain; however, their potential to act
as binding sites for profilin is uncertain (7).
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FIG 6 Phenotypic analysis of parasites expressing DDmycFRM3, DDmycNtF3,
DDmycF3Ct, or DDmycF3. (A) Plaque assays were performed on the RH parental
line and on parasites expressing DDmycFRM3, DDmycNtF3, DDmycF3Ct, or
DDmycF3. HFF monolayers were infected with parasites in the presence or
absence of Shld-1, fixed after 7 days, and stained with Giemsa stain. The scale
bar represents 1 mm. (B) Intracellular growth/replication assay of the parasite
strains cited above. Parasites were grown in the presence or absence of Shld-1
for 72 h. The percentage of vacuoles containing various numbers of parasites is
represented on the y axis. Values are means = SD for three independent
experiments.

Triple epitope tagging at the C terminus of endogenous
TgFRM3 revealed that the product of the gene is weakly expressed
and not readily detectable by IFA in tachyzoites. Nevertheless
TgFRM3 cDNA could be amplified in this stage, and additional
epigenomic evidence indicated that the TgFRM3 gene is indeed
transcribed (15). Moreover, the presence of specific peptides by
mass spectrometry (12 peptides according to Einstein et al. [6] and
11 phosphopeptides according to Treeck and Sanders [47]) (http:
/Itoxodb.org/toxo/) indicates that the protein is produced in
tachyzoites, and TgFRM3-3Ty was successfully immunoprecipi-
tated with monoclonal mouse anti-Ty antibodies (6, 47). To gain
information about its localization, TgFRM3 was expressed in a
conditional fashion to eliminate the deleterious effect of overex-
pression. Unlike TgFRM1 and TgFRM2, which are confined to the
pellicle of the parasite (7), TgFRM3 is distributed around the mi-
tochondrion, at the posterior end, and in patches at the apical pole
of the parasite. Expression of subdomains of TgFRM3 recapitu-
lates these three localizations, with F3 associated with the mito-
chondrion, NtF3 with apical patches, and F3Ct mainly at the pos-
terior pole. Given the way the data are generated, information
about localization needs to be considered with some level of cau-
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tion, as truncated proteins expressed via an exogenous promoter
may not recapitulate the localization of the full-length, endoge-
nous protein. However, the knock-in experiment with insertion of
a tag after the N-terminal region confirmed the apical staining
observed with the NtF3 transgene and proved that TgFRM3 is
produced at a detectable level in tachyzoites. Assignment of the
distinct localizations to different domains of the protein suggests
the existence of several interacting partners that might selectively
guide the formin to its sites of action. A connection between
formins and mitochondria has previously been established, with
the diaphanous formin mDial affecting the distribution of mito-
chondria through the regulation of F-actin concentration (30).

Intriguingly, during early endodyogeny, TgFRM3 was found
predominantly at the posterior ends of the mother cells. It is well
established that the basal complex is assembled at the beginning of
daughter parasite assembly and is involved in the initiation of the
parasite cortical cytoskeleton. T. gondii MORN1, Centrin2, and
DLC1 have been described to be located at the extreme basal end
of the parasite (19, 24). Disruption of TgMORNT1 altered the
structure of the parasite posterior end and affected cytokinesis and
apicoplast segregation (20, 27). However, the absence of TgFRM3
at the basal ends of daughter cells distinguishes it from having a
MORNI1-related role in parasite division. TgFRM3 is conserved
and present exclusively in coccidian parasites. This finding is rel-
evant considering the fact that three class XIV myosins (TgMyoD,
TgMyoB/C, and TgMyoG) are also restricted to coccidians (13).
The alternatively spliced MyoB/C was also reported to locate to
the posterior polar ring, and overexpression of the tail caused a
substantial replication defect with a severe loss of pellicle integrity
(9). Given their partial colocalization, it is possible that TgFRM3
contributes to actin polymerization at the posterior ring and
hence assists MyoC function.

The presence of TgFRM3 at discrete sites within the parasite
suggests a role in actin assembly at those locations in coccidian
parasites. However, the generation of a frm3-ko strain showed no
significant impact on parasite growth and survival, suggesting a
more prominent role at another life stage of the parasite. Deletion
of the T¢gFRM3 gene was performed in the virulent strain RH, and
when assessed in mice, the frm3-ko strain showed no difference in
virulence from the ku80-ko parental cell line (data not shown).

As an alternative approach to learn more about the possible
mode of regulation of TgFRM3, truncated forms of the formin 3
protein were conditionally expressed in parasites and shown to
exhibit differential phenotypes. Deletion of the carboxy-terminal
region in both NtF3 and F3 led to a dramatic alteration of parasite
growth and replication. In contrast, stabilization of full-length or
N-terminal deletion F3Ct caused no defect. These results strongly
point toward an important regulatory function of the C-terminal
region of the protein even if it does not possess the typical modular
domain architectures recently described for formin families (38).
Despite the absence of recognizable domains, there is an apparent
mechanistic similarity with the autoregulatory domain (DAD),
which is also positioned at the C terminus of Dial and interacts
with the N-terminal FH3 domain and hence leads to autoinhibi-
tion of the formin. As for TgFRM3, the truncation of the DAD in
Dial produces a constitutively active formin variant, which exhib-
its a strong phenotype of actin cytoskeleton reorganization (1).
C-terminal phosphorylation of two formins (FHOD1 and Bnilp)
by two different kinases (ROCK and Prklp, respectively) was re-
ported to disrupt the autoinhibitory interaction between DAD
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and DID domains, rendering these formins active (46, 48). Inter-
estingly, publicly available phosphoproteomic data have revealed
the presence of several phosphorylated residues in the N-terminal
region upstream of the FH2 of TgFRM1 and TgFRM3 (http:
/Itoxodb.org/toxo/) (47). TgFRM2 and to a less extent TgFRM3
also appear to be phosphorylated in the C-terminal region. These
findings suggest a possible role of phosphorylation in the control
of the apicomplexan formins, as described for mammalian or
yeast formins (46, 48). Further investigations of these technically
challenging large proteins would be needed to assess the biological
significance of this posttranslational modification. The conditional
stabilization of truncated forms of FRM3 revealed here that NtF3 and
F3 cause considerable defects in parasite growth and replication with-
out an apparent impact on organelle biogenesis. The presence of the
C-terminal domain prevented such a deleterious effect, stressing its
importance in controlling TgFRM3 activity.

Given that the presence of FRM3 is restricted to the coccidians,
we cannot exclude that this formin performs a more prominent
function in other stages of the parasite. We also cannot exclude a
functional redundancy with TgFRM1 or TgFRM2.
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