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Role of Toxoplasma gondii

Myosin A in Powering Parasite

Gliding and Host Cell Invasion
Markus Meissner,1 Dirk Schlüter,2 Dominique Soldati1*

Obligate intracellular apicomplexan parasites rely on gliding motion powered
by their actomyosin system to disperse throughout tissues and to penetrate
host cells. Toxoplasma gondiimyosin A has been implicated in this process, but
direct proof has been lacking. We designed a genetic screen to generate a
tetracycline-inducible transactivator system in T. gondii. The MyoA gene was
disrupted in the presence of a second regulatable copy of MyoA. Conditional
removal of this myosin caused severe impairment in host cell invasion and
parasite spreading in cultured cells, and unambiguously established the patho-
genic function of this motor in an animal model.

Among the many vital functions of an obli-

gate intracellular parasite, host cell invasion

is a prerequisite for survival and replication,

and this process is dependent on the ability of

T. gondii to glide (1). Gliding motility re-

quires an intact actin cytoskeleton (2) and is

likely to be powered by the small unconven-

tional myosin A (TgMyoA or simply MyoA)

(3, 4). This motor is found right beneath the

plasma membrane and exhibits the transient

adenosine triphosphatase kinetics and bio-

physical properties necessary to generate fast

movement (5). Additionally, this small myo-

sin of the class XIV and its associated myosin

light chain are extremely conserved through-

out the Apicomplexa (5). To date, all attempts

to disrupt the MyoA gene have failed. Thus,

we tried to establish a system for conditional

gene knockout to study this gene in vivo.

An inducible system based on the tetracy-

cline repressor (TetR) has been reported for

the control of gene expression in several pro-

tozoan parasites and is best optimized in

Trypanosoma brucei (6). Indeed, existence of

trans-splicing in kinetoplastida offers a

unique opportunity to combine the tetracy-

cline-dependent repression with the T7 poly-

merase transcription. However, the more po-

tent and broadly used tet-transactivator sys-

tem (tTA composed of TetR-VP16 fusion)

(7) has not been used in parasites. The TetR

can control gene expression in T. gondii (8)

but the tTA system is totally inactive. The

repression system is suitable for expression

of toxic genes and of dominant-negative mu-

tants but is inappropriate for the generation of

conditional knockouts. Here, random integra-

tion was used to trap a transactivating domain

functioning as tet-dependent transactivator

when fused to TetR. The plasmid used for

random insertion contained the dehydrofolate

reductase–thymidylate synthase gene (Tg-

DHFR-TS), conferring pyrimethamine (pyr)

resistance and exhibiting a very high frequen-

cy of integration (10�2). This vector was

linearized before transfection, immediately

downstream of a TetR expression cassette

that contained no stop codon and no 3� UTR

sequences. The recipient parasite line used

for the random insertion screening was engi-

neered to express both HXGPRT and LacZ

genes under the control of a tet-dependent

transactivator [Fig. 1A (9)]. In the absence of

a functional tet-transactivator, the promoter

was silent; consequently, HXGPRT was not

expressed, and the recipient strain was sensi-

tive to mycophenolic acid (MPA). After ran-

dom insertion, positive clones were selected

for their ability to express LacZ and HXG-

PRT in an anhydrotetracycline (ATc)-depen-

dent fashion. One of the clones, named

TATi-1 (trans-activator trap identified),

showed tightly inducible LacZ expression

(Fig. 1B). The corresponding transactivator

was isolated by reverse transcription–poly-

merase chain reaction (RT-PCR) amplifica-

tion of the TetR 3� end extension. In contrast

to the VP16-activating domain, the 26–ami-

no acid COOH-terminal extension of TATi-1

(Fig. 1C) was not acidic but hydrophobic, and

showed no homologies to transcription fac-

tors or known proteins. A cell line expressing

TATi-1 was generated to establish a conve-

nient inducible system, and TATi-1 function

was assessed by transient transfection with

p7TetOLacZ, resulting in strong ATc-depen-

dent LacZ expression (Fig. 1D). In contrast,

transfection of this reporter vector in wild-

type parasites or those expressing synthetic

tTA2s (8) showed no significant �-galactosi-

dase activity.

To generate a conditional knockout of

MyoA, a second copy of the gene controlled

by the tet-inducible promoter (MyoAi) was

integrated at random into the genome of the

TATi-1–expressing cell line (MyoAe, con-

taining the endogenous copy). The resulting
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heim, Theodor-Kutzer-Ufer 1-3, 68167 Mannheim,
Germany.

*To whom correspondence should be addressed. E-
mail: d.soldati@ic.ac.uk

Fig. 1. Trapping of a functional
transactivator by random insertion
in T. gondii genome. (A) Scheme of
the trap strategy. A recipient strain
for the screen was generated by
stable integration of two plasmids
expressing HXGPRT and LacZ un-
der the control of a tet-transacti-
vator responsive promoter (9), us-
ing the chloramphenicol acetyl-
transferase gene (CAT) as select-
able marker. A linear DNA vector
expressing DHFRTS that conferred
resistance to pyr and encoded the
TetR without a stop codon was
integrated at random into the ge-
nome of the recipient strain. The
transformants were selected with
MPA for HXGPRT expression and
then screened for LacZ expression.
In clones fulfilling both criteria, the
tetR vector integrated into a locus
that had created a functional
transactivator (TetR fusion with a transactivating domain). (B) The parasite clone expressing
TATi-1–regulated LacZ expression in ATc-dependent manner as determined by X-Gal staining (8).
(C) Amino acid sequence of the transactivating domain of TATi-1 (in yellow) fused at the
COOH-terminus of TetR (in green). Abbreviations for the amino acid residues: A, Ala; C, Cys; D, Asp;
E, Glu; F, Phe; G, Gly; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S. Ser; T. Thr; V, Val;
and Y, Tyr. (D) Transient transfection of p7TetOS1LacZ into RH or in parasites expressing TATi-1
or the synthetic tetracycline-controlled transactivator tTA2s. Cells were grown for 48 hours in
presence or absence of ATc before quantification of LacZ expression, as described (8). The vertical
axis reports the percentage of �-galactosidase activity. TATi-1–driven LacZ activity, in absence of
ATc, was fixed to 100%.
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cell line exhibited both the endogenous and

the inducible copy and was named MyoAe/

MyoAi. Modulation of transgene expression

by ATc treatment was monitored by immu-

nofluorescence (Fig. 2A) and by Western blot

(Fig. 2B and Table 1), which revealed that the

robustness of TATi-1 induction reached 60%

of the endogenous level of MyoA expression.

The presence of MyoAi allowed us to ablate

the endogenous MyoAe gene by double ho-

mologous recombination. Two independent

stable clones, named �myoa1/MyoAi and

�myoa2/MyoAi, lacked the MyoAe gene (Fig.

2C). The absence of MyoAe, which migrates

slightly faster than the epitope-tagged induc-

ible MyoAi (Fig. 2D), was also confirmed, as

was repression of MyoAi expression (Fig. 2E

and Table 1).

The role of MyoA in parasite motion was

determined by scoring the percentage of para-

sites gliding on coated glass slides with the use

of time-lapse microscopy (9). In optimal con-

ditions, about 20% of freshly released parasites

(MyoAe) glided, and they showed all three

forms of motility (circular gliding, upright

twirling, and helical gliding) (10). Under these

conditions, less than 10% of �myoa1/MyoAi

parasites were motile, performing a reduced

number of circles or incomplete circles at a

lower speed than MyoAe parasites (9) (Mov-

ies S1 to S5). In sharp contrast, �myoa1/

MyoAi parasites depleted in MyoAi were to-

tally unable to glide (Table 1).

The consequence of impairment in gliding

motility was examined for cell-to-cell spread-

ing, a more complex physiological process,

which is easily visualized by plaque assay.

Seven days after inoculation of fibroblast

monolayers, clonal growth of individual par-

asites generated plaques of lysis. Depletion of

MyoAi in �myoa1/MyoAi completely inhib-

ited the formation of large plaques. Expres-

sion of MyoAi led to plaques slightly smaller

than the ones generated by MyoAe parasites

(Fig. 3A).

To establish whether �myoa1/MyoAi de-

pleted in MyoAi were impaired in their abil-

ity to invade host cells, we treated intracellu-

lar parasites for 48 to 72 hours with or with-

out ATc and analyzed them by invasion as-

says. The MyoAe/MyoAi parasites showed no

alteration of invasion upon ATc treatment,

but the efficiency of invasion by �myoa1/

MyoAi was vastly reduced, with less than

20% of the parasites capable of infection

compared with untreated parasites (Fig. 3B).

All of the parasites that managed to invade

host cells were analyzed 24 hours later for

intracellular growth by counting the number

of parasites per vacuole. Because of the lack

of synchronization, the vacuoles contained 2,

4, 8, or 16 parasites. The distribution of the

number of parasites per vacuole did not sig-

nificantly differ for �myoa1/MyoAi and

MyoAe/MyoAi. Thus, neither the depletion of

MyoAi nor ATc treatment affected the rate of

intracellular growth (Fig. 3C).

T. gondii uses similar molecular mecha-

nisms for egress and invasion (11–13). After

lysis of the host cell and the parasitophorous

vacuole, motile parasites rapidly spread over

neighboring cells, relying on their gliding

motion. Increases in intracellular calcium

with the use of the calcium ionophore

A23187 stimulate microneme secretion and

induce intracellular parasite egress (11). We

monitored the time-dependent A23187-stim-

ulated egress on parasites cultivated for 36

hours with or without ATc (Fig. 3D).

�myoa1/MyoAi parasites expressing MyoAi

were motile, but disseminated slightly less

efficiently than wild-type parasites (Fig. 3E).

In contrast, �myoa1/MyoAi parasites deplet-

ed in MyoAi were markedly hampered in

spreading from the lysed vacuole. The egress

assay indirectly monitors the ability of para-

sites to glide on host cells and allows the

examination of fit parasites in the absence of

any manipulation. Time-lapse microscopy of

parasites stimulated to egress revealed a

slight decrease in the speed of spreading of

�myoa1/MyoAi compared with MyoAe para-

sites. When depleted in MyoAi, �myoa1/

MyoAi parasites were unable to leave the host

cells and showed no significant movement

(9) (Movies S6 to S8).

The apical organelles, called micronemes,

release transmembrane adhesin complexes,

which are necessary for parasite gliding and

host cell invasion (14–15). An impairment of

microneme secretion would presumably lead

to phenotypic consequences as described

above. To exclude involvement of MyoA in

Fig. 2. A conditional knockout of
theMyoA gene. (A) Regulation of
MyoAi expression by ATc.
MyoAe/MyoAi parasites grown
with or without ATc for 48 hours
were fixed and stained with an-
tibodies to Myc (right panels)
and antibodies to MIC6 (left pan-
els) as control. Micrographs were
taken under identical exposure
conditions by confocal microsco-
py. Scale bar, 5 �m. (B) Immu-
noblot of MyoAi expression in
MyoAe/MyoAi parasites was re-
vealed with an antibody against
Myc, and both endogenous (ar-
rowhead) and inducible (upper
band) MyoA proteins were de-
tected with polyclonal antibod-
ies to the tail of MyoA. As inter-
nal standard, lysates were
probed with an antibody against
MIC6. (C) Detection of endoge-
nous and inducible copies of
MyoA by genomic PCR on
MyoAe, MyoAe/MyoAi, �myoa1/MyoAi, and �myoa2/MyoAi parasites. Sequence-specific primers
amplified endogenous (in intron) and inducible (in 5� UTR) genomic fragments. An arrow indicates
the fragment corresponding to the endogenous copy. (D) Western blot analysis of �myoa1/MyoAi
with antibodies against MyoA showing that this clone lacked endogenous MyoA (arrowhead). (E)
Repression of MyoAi expression in �myoa1/MyoAi and �myoa2/MyoAi parasites 48 hours after
growth with or without ATc. MIC4 was used as control for equal loading.

Table 1. The percentage of freshly released parasites showing gliding motion has been determined from
four independent experiments (numbers in parentheses denote standard variation). �myoa1/MyoAi
parasites expressing MyoAi were predominantly twirling and showed reduced circular and helical gliding.
The circles were frequently incomplete and performed at a reduced speed compared with wild-type
parasites. The other values listed in this table are summarizing the results presented in Figs. 2, 3, and 4
(ns, data not shown). The column MyoAe/MyoAi reports the quantification of MyoAe and MyoAi protein
determined by scanning the immunoblots (Fig. 2).

Strain ATc MyoAe/MyoAi Gliding Invasion Egress Plaques
Virulence in

mice
(% death)

MyoAe (wt) – 1.0/0 22% (6) ns 92% large 100
MyoAe (wt) � 1.0/0 16% (4) ns 88% large 100
MyoAe/MyoAi – 0.9/0.6 ns 100% ns large 100
MyoAe/MyoAi � 1.0/0.1 ns 107% (12) ns large 100
�myoa1/MyoAi – 0/0.6 8% (2) 100% 75% medium 100
�myoa1/MyoAi � 0/0.05 0% 16% (4) 18% very small 0
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microneme exocytosis, we examined the abil-

ity of �myoa1/MyoAi parasites to discharge

their content upon ethanol stimulation (16).

Detection of secretion of the microneme pro-

tein 4 (MIC4) is a convenient diagnostic of

exocytosis, because its secretion is accompa-

nied by two post-exocytic processing events

leading to the release of a 50-kD product

(17). There was no significant reduction in

MIC4 discharge from �myoa1/MyoAi after

MyoAi depletion (Fig. 3F). Thus, the impair-

ment of cell-to-cell spreading observed in the

absence of MyoA was linked to the inability

of the parasites to glide and not to a defect in

organelle exocytosis.

To investigate the role of MyoA during

animal infection and to validate the inducible

system in vivo, we infected groups of mice

with �myoa1/MyoAi parasites and supple-

mented the drinking water for some groups

with ATc. The strain of T. gondii used in this

study is RH, a type I strain, which typically

kills mice with the lethal dose (LD) of a

single infectious parasite (18). To assess the

virulence of �myoa1/MyoAi, 150 parasites

were inoculated intraperitoneally (i.p.) (9).

Eight days after infection, all of the mice

infected with �myoa1/MyoAi (Fig. 4A) had

died. In contrast, when the drinking water

was supplemented with ATc, 100% survival

of the mice was observed 11 days after infec-

tion. At this time ATc was withdrawn. At day

17 after infection, these animals had devel-

oped T. gondii T and B cell–specific respons-

es, as determined by an interferon-� specific

ELISPOT [Fig. 4B (9)] and immunoblot. To

determine whether these mice were protected

against a subsequent challenge infection, they

were inoculated i.p. with 150 wild-type par-

asites on day 17 after infection. All chal-

lenged mice survived, which indicates that

�myoa1/MyoAi had induced a protective im-

munity (Fig. 4A).

The transactivator described here was

instrumental in the generation of a condi-

tional knockout for a virulence gene in an

apicomplexan. This system establishes that

the small class XIV myosin A powers glid-

ing motility. Moreover, the depletion of

this myosin markedly impaired the ability

of parasites to invade and egress, linking

parasite motion to invasion (Table 1). The

exact mechanism by which this unconven-

tional motor contributes to gliding motility

and, more specifically, how it redistributes

transmembrane adhesins toward the poste-

rior pole of the parasite, remains to be

elucidated. Depletion of MyoA in infected

mice demonstrates that this gene is a viru-

lence factor, and it validates that this in-

ducible system can be used for the modu-

lation of parasite gene expression in animal

studies. TATi-1 represents a T. gondii–spe-

cific transactivator, and it remains to be

seen if this factor functions in other api-

complexans, particularly in the closely re-

lated parasite Plasmodium falciparum, po-

tentially allowing development of an induc-

ible system for malarial parasites.
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Oscillatory Expression of the

bHLH Factor Hes1 Regulated by

a Negative Feedback Loop
Hiromi Hirata,1 Shigeki Yoshiura,1 Toshiyuki Ohtsuka,1*

Yasumasa Bessho,1 Takahiro Harada,2 Kenichi Yoshikawa,2

Ryoichiro Kageyama1†

Transcription of messenger RNAs (mRNAs) for Notch signaling molecules os-
cillates with 2-hour cycles, and this oscillation is important for coordinated
somite segmentation. However, the molecular mechanism of such oscillation
remains to be determined. Here, we show that serum treatment of cultured cells
induces cyclic expression of bothmRNA and protein of the Notch effector Hes1,
a basic helix-loop-helix (bHLH) factor, with 2-hour periodicity. Cycling is cell-
autonomous and depends on negative autoregulation of hes1 transcription and
ubiquitin-proteasome–mediated degradation of Hes1 protein. Because Hes1
oscillation can be seen in many cell types, this clock may regulate timing in
many biological systems.

Although circadian clocks have been well

characterized (1), other molecular clocks that

regulate many biological processes, such as

embryogenesis, are not known. It has been

shown that mRNAs for Notch signaling mol-

ecules such as the bHLH factor Hes1 oscillate

with 2-hour cycles during somite segmenta-

tion, which occurs every 2 hours (2–9). How-

ever, the molecular mechanism of such oscil-

lation remains to be determined.

We have found that hes1 transcription is

induced in stationary cultured cells upon stim-

ulation by serum (10). However, induced levels

of expression were variable, depending on

when measurements were taken. We therefore

examined the time course of hes1 mRNA in-

duction in detail. A single serum treatment in-

duces 2-hour cycle oscillation of hes1 mRNA

in a variety of cultured cells, such as myoblasts

(C2C12) (Fig. 1A), fibroblasts (C3H10T1/2),

neuroblastoma cells (PC12), and teratocarcino-

ma cells (F9) (10, 11). This oscillation contin-

ues for 6 to 12 hours, corresponding to three to

six cycles (Fig. 1A).

Hes1 protein also oscillates in a 2-hour

cycle after a single serum treatment (Fig. 1B).

Protein oscillation is delayed by 	15 min

relative to the mRNA oscillation (Fig. 1C).

This time delay may reflect the time required

for protein degradation. The hes1 mRNA and

Hes1 protein oscillations in cultured cells are

not dependent on the inductive stimulus:

They are also induced by exposure to cells

expressing Delta (fig. S1), which is known to

up-regulate Hes1 expression via Notch sig-

naling (12, 13). hes1 oscillation is observed

in cells treated with Ara-C, an inhibitor of

DNA replication, suggesting that cell cycle

progression is not relevant to Hes1 oscillation

(10).

We next examined the half-lives of hes1

mRNA and Hes1 protein (11). The half-life of

hes1 mRNA was found to be 24.1 � 1.7 min

(fig. S2A) whereas that of Hes1 protein was

about 22.3 � 3.1 min (fig. S2B). The half-life

of Hes1 protein is even shorter than that of

c-Fos protein (	2 hours), which is known to

disappear rapidly after immediate-early induc-

tion (14). The short half-lives for hes1 mRNA

and Hes1 protein may enable such a 2-hour

cycle oscillation. The instability of hes1 mRNA

could be regulated by the 3�-untranslated re-

gion, as revealed for other hes1-related mRNAs

(15).

To identify proteases responsible for Hes1

protein degradation, we tested various pro-

tease inhibitors for their ability to stabilize

Hes1 protein. Application of proteasome in-

hibitors [lactacystin, MG132, and N-acetyl-

Leu-Leu-norleucinal (ALLN)] (16) stabilized

Hes1 protein and blocked serum-induced

Hes1 protein oscillation, whereas other pro-

tease inhibitors [leupeptin, phenylmethylsul-

fonyl fluoride (PMSF), pepstatin A, and N-

acetyl-Leu-Leu-methioninal (ALLM)] did

not (Fig. 2A) (fig. S3); these findings suggest

that Hes1 protein is specifically degraded by

the ubiquitin-proteasome pathway. To con-

firm this notion, we expressed Hes1 protein

with the hemagglutinin (HA) tag in

C3H10T1/2 cells and analyzed it for ubiquiti-

nation (11). In the presence of the proteasome

inhibitor lactacystin, high molecular weight

bands (
100 kD) as well as a full-length

Hes1 band are detected by antibody to HA

(anti-HA) (Fig. 2B, lane 4). Furthermore,

these high molecular weight species were

found to be highly reactive to anti-ubiquitin,

confirming that Hes1 protein is ubiquitinated

in cells (Fig. 2B, lane 8).

We next wanted to examine the mecha-

nism for the observed Hes1 oscillation. We

previously showed that Hes1, a transcription-

al repressor, negatively autoregulates its own

expression by directly binding to its own

promoter (17, 18). Thus, one likely mecha-

nism is that serum-induced Hes1 protein re-

presses hes1 mRNA synthesis, which leads to

rapid loss of Hes1 protein by the ubiquitin-

proteasome pathway, and loss of Hes1 pro-

tein in turn relieves repression of hes1 mRNA

synthesis. In this model, the oscillation is

attributable to negative autoregulation of

hes1 mRNA synthesis by Hes1 protein. If this

model is correct, manipulation of the Hes1

protein level should affect hes1 mRNA oscil-

lation. An alternative model is that Hes1 pro-

tein is not an essential component but just an

output of a primary clock. In this model, hes1

mRNA oscillation is regulated by such a

clock and not by Hes1 protein. To address

this issue, we manipulated the Hes1 protein

level and monitored hes1 mRNA oscillation.

In the presence of the proteasome inhibi-

tor MG132, hes1 mRNA is transiently in-

duced by a serum treatment, but it remains

suppressed persistently thereafter (Fig. 3A).
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