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ABSTRACT The Toxoplasmanner membrane complex (IMC) is a specialized organ-
elle that is crucial for the parasite to establish an intracellular lifestyle and ultimately
cause disease. The IMC is composed of both membrane and cytoskeletal compo-
nents, further delineated into the apical cap, body, and basal subcompartments. The
apical cap cytoskeleton was recently demonstrated to govern the stability of the api-
cal complex, which controls parasite motility, invasion, and egress. While this role
was determined by individually assessing the apical cap proteins AC9, AC10, and the
mitogen-activated protein kinase ERK7, how the three proteins collaborate to stabi-
lize the apical complex is unknown. In this study, we use a combination of deletion
analyses and yeast two-hybrid experiments to establish that these proteins form an
essential complex in the apical cap. We show that AC10 is a foundational compo-
nent of the AC9:AC10:ERK7 complex and demonstrate that the interactions among
them are critical to maintaining the apical complex. Importantly, we identify multiple
independent regions of pairwise interaction between each of the three proteins, sug-
gesting that the AC9:AC10:ERK7 complex is organized by multivalent interactions.
Together, these data support a model in which multiple interacting domains enable
the oligomerization of the AC9:AC10:ERK7 complex and its assembly into the cytos-
keletal IMC, which serves as a structural scaffold that concentrates ERK7 kinase activ-
ity in the apical cap.

IMPORTANCEThe phylum Apicomplexa consists of obligate, intracellular parasitesclud-

ing the causative agents of toxoplasmosis, malaria, and cryptosporidiosis.litdarks of
these parasites are the IMC and the apical complex, both of which anaique structures
that are conserved throughout the phylum and required for parasite suival. The apical
cap portion of the IMC has previously been shown to stabilize the apical compgleHere,

we expand on those studies to determine the precise protein-protein intecions of the
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of medical and veterinary importance (1). Human parasites includeoxoplasma
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gondii, which causes toxoplasmosis in immunocompromised people and congenitally
infected neonates;Plasmodiumspp., which causes malaria; an@ryptosporidiunspp.,
which causes diarrheal disease in children<2). Important animal pathogens include
Neosporaspp., Eimeriaspp., Theileriaspp., andBabesiaspp., which together account

for enormous economic losses in the poultry and cattle industries{8). These apicom-
plexan parasites require specialized machinery to actively invade their mammalian
host cells, establish an intracellular niche, and cause disease. The alveoli are one such
structure and are formed from a series ofattened membranous vesicles that underlies
the plasma membrane. The alveoli represent a hallmark of the broader superphylum
Alveolata that includes ciliates, dinoagellates, and apicomplexan parasites (8).

In apicomplexans, the alveoli are called the inner membrane complex (IMC). The
IMC is a peripheral membrane system with two well-described roles: a platform to
anchor the glideosome, the actin-myosin motor complex that interacts with microne-
mal adhesins secreted onto the parasite surface for gliding matility, and a scaffold for
endodyogeny, an internal budding process of replication (9, 10). The IMC is situated
between the plasma membrane and cortical microtubules at the periphery of the cell
and consists of a series ofattened membrane vesicles and an underlying cytoskeletal
network of intermediate lament-like proteins called the alveolins (11, 12). The mem-
brane vesicles are organized into rectangular plates along the body of the parasite, cul-
minating in a single cone-shaped plate at the apex called the apical cap (13, 14).
Because both the apical cap and body sections of the IMC are composed of similar
membrane and cytoskeletal components, they were previously believed to be one uni-

ed structure. However, the discovery of an array of new IMC proteins revealed that
the apical cap contains a unique cohort of proteins, suggesting a specialized function
for this region (12, 15-19). Recent analyses of a group of these proteins revealed a third
IMC function: regulating the biogenesis and stability of the apical complex (222).

The apical complex is a group of cytoskeletal structures at the apex of the parasite
that includes the microtubule-based conoid, the anking apical polar ring (APR), and
two preconoidal rings (18, 23, 24). The striking basket-shaped ultrastructure of the con-
oid allowed it to be readily described in the tissue cyst-forming coccidian subgroup of
the Apicomplexa (e.g.,Toxoplasma Sarcocystisand Eimerig. Remarkably, the apical
complex, including the conoid, has been described in early-branching alveolates that
are not members of the Apicomplexa, suggesting the structure is more ancient than
originally appreciated (25, 26). Indeed, while the conoid was originally presumed to be
missing from Haemosporidia (1, 27), recent studies have idergd a reduced conoid
complex in multiple stages ofPlasmodium suggesting that this structure is conserved
throughout the Apicomplexa (28-30). Moreover, the apical complex contains orthologs
of cilium-associated proteins, leading to a potential link between the apical complex of
apicomplexan parasites and more typical eukaryotic cilia (28,-84). Numerous studies
have demonstrated that the apical complex regulates the secretion of specialized or-
ganelles called micronemes and rhoptries, which govern parasite motility, attachment,
invasion, and egress (35). While the trigger for rhoptry secretion at the apical complex
is unknown, calcium signaling cascades have been shown to coordinate both micro-
neme secretion and conoid extrusion, suggesting a connection between the two activ-
ities (36). The conoid has also been implicated in initiating motility via several calmod-
ulin-like proteins, the myosin motor protein MyoH, and the essential formin protein
FRM1 (3%39). In addition, several APR-localizing proteins were shown to be important
in controlling microneme release, indicating that these anking cytoskeletal structures
also contribute to the function of the apical complex (18, 40, 41).

While the molecular composition and function of the apical complex is becoming
clearer, how it is formed and maintained is largely a mystery. Recently, three apical cap
proteins (AC9, AC10, and ERK7) were idertl as essential for the maturation of the
apical complex (2622). Depleting any one of these proteins eliminates the conoid in
mature parasites, resulting in a complete block in motility, invasion, and egress.
Importantly, AC9 was shown to accomplish this by recruiting the conserved mitogen-
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FIG 1 Overview of AC9, AC10, and ERK7 domains. (A) Diagram of AC9 illustrates a predicted coiled-
coil (CC) domain (residues 75 to 113), conservedhelices anking the CC domain (residues 113 to
157), and the ERK7-binding region (residues 418 to 452). (B) Diagram of AC10 contains two predicted
CC domains (CC1, 422 to 513, and CC2, 781 to 830) as well as a short conserredix (651 to 683).
Regions A (2 to 650), B (651 to 1300), and C (1301 to 1979) delineate the divisions of AC10 used for
yeast two-hybrid (Y2H) assays. (C) Diagram of ERK7 showing the kinase domain (1 to 358) including
the active site (notched region) and the C terminus (359 to 692). All three diagrams contain a
grayscale representation of the degree of conservation as well as secondary structure predictions,
which are depicted by purple and green bars. Conservation calculations are based on multiple-
sequence alignments of AC9, AC10, and ERK7 sequences fflangondij N. caninum B. besnoitiaC.

suis E. maximaand E. tenella

activated protein (MAP) kinase ERK?7 to the apical cap and regulating its kinase activity
(22). Thus, it is evident that AC9, AC10, and ERK7 work in conjunction to facilitate the
apical complex maturation and function. However, how these proteins interact and
coordinate at the apical cap to confer their functions remains unknown. In this study,
we explore the organization and mechanism of this essential protein complex. We
show that AC10 recruits both AC9 and ERK?Y to the apical cap, suggesting it is the
anchor for the complex. We combine yeast two-hybrid (Y2H) experiments to examine
direct pairwise interactions with deletion analyses in parasites to assess the functional
importance of these interactions. Through these experiments, we reveal multiple
domains in AC9 and AC10 that are critical for assembling the complex at the apical cap
and for the maturation of the conoid. Importantly, we show that these domains medi-
ate independent pairwise interactions between AC9, AC10, and ERK7. Thus, we pro-
pose that these multimeric interactions drive the oligomerization of the AC9:AC10:
ERK7 complex into the apical cap cytoskeleton, which tethers ERK7 to the site of its
essential function in coordinating the proper biogenesis of the apical complex.

RESULTS

AC10 is essential for recruitment of the AC9:AC10:ERK7 complex to the apical
cap. While AC9, AC10, and ERK7 were recently shown to be essential for apimaiplex
assembly and stabilization (2@22), the interactions between the three proteins and how
they are organized in the apical cap remain poorly understood (an overview thfese pro-
teins is shown in Fig. 1). To explore their interactions, we generated psites with AC10
tagged with an auxin-inducible degron fused to 3 HA, AC9 tagged with 3 Myc, and
ERK?7 tagged with 3 Ty (triple-tagged: AC18P-2 FYACP MYYERKY ™). As shown previ-
ously, the AC16/P-3 HA fusion protein targets correctly to the apical cap, degrades ef
ciently upon addition of auxin (IAA), and results in the loss of AC9 frorhe apical cap
(Fig. 2A and B) (21). Our triple-tagged parasites allowed us to adufiélly demonstrate
that AC1GNP-3 HAknockdown removes ERK7 from the apical cap, although its cytoplasmic
staining is retained (Fig. 2B). We used line intensity scans to qtify the levels of ERK7 at
the apical cap versus the bulk cytosol, which clearly demonstrated@sk in concentrated
apical cap signal upon AC10 knockdown (Fig. S2). Consistent with the AC@ &RK7
staining patterns, Western blot analyses showed that AC9 is predoraitily degraded
while ERK7 levels appear to remain stable (Fig. 2C) (21). In agregmath previous stud-
ies (21), depletion of AC10 results in the elimination of the conoid (Fig. 2Digh is lethal
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FIG 2 AC10 is an essential component of the apical cap. (A) Immunmrescence assay (IFA) of triple-tagged parasites (AC20 "4
ACFPFMvej ERKT™) shows that endogenous ACP-3 HA colocalizes with the apical cap marker ISP1 and is efently depleted upon
addition of IAA (3-indoleacetic acid). Green, rabbit anti-HA; magentmouse anti-ISP1. (B) IFA showing that the depletion of
AC10P-3 HA results in the absence of AC9 and the loss of ERK7 from the apical c&peen, rabbit anti-Myc; magenta, mouse
anti-Ty. (C) Western blot analysis comrms ef cient degradation of AC16'°- "A and the concomitant nearly complete
degradation of AC9 upon AC10P-3 HA knockdown. ERK7 levels are not substantially affected. AC®¢ "4, mouse anti-HA; AC9,
mouse anti-Myc; ERK7, mouse anti-Ty. Rabbit anti-IMC12 was used asadirig control, and validation of this antibody is
shown in Fig. S1. (D) AC${-® "A knockdown results in the elimination of the conoid, detected by SA&. Green, rabbit anti-
HA; magenta, mouse anti-SAS6L. (E) Representative plaque assay ésiand quanti cation of plaque numbers illustrate a
complete loss of plaque formation upon AC18°-3 HA depletion. (F) Using parasites tagged with AC®-2 HA and AC1G*W¢ IFA
shows that conditional knockdown of AC9 1 IAA) does not affect the localization of AC10. Green, mouse anti-dlymagenta,
rabbit anti-HA. All scale bars are 2m.
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for the parasites (Fig. 2E), as it renders them immotile and nonisie. In addition, we
con rmed that the knockdown of AC9 does not affect the localization of AC10i¢F 2F)
(21), indicating that AC10 does not rely on AC9 for apical cap localizatiome$e results
demonstrate that AC10 is essential for recruiting both AC9 and ERK7the apical cap
and suggest that AC10 is the foundational component of the AC9:AC10:ERK7 caxpl

AC9 is recruited to the apical cap through a direct interaction with  AC10. Like
most IMC components, AC9 and AC10 lack sigoant homology to other proteins.
Both proteins contain large stretches of predicted intrinsic disorder as well as predicted
coiled-coil (CC) domains toward their N termini (Fig. 1A and B). In addition, we previ-
ously identi ed a well-conserved sequence in the AC9 C terminus that is required to
recruit ERK7 to the apical cap and acts as a competitive inhibitor of ERK7 kinase activity
by occupying both the kinase scaffolding and active sites (22). Since AC10 likely
recruits AC9 to the apical cap, we reasoned that the AC9 CC domain is required for this
interaction. In the background of our AC8P-3 HA strain (22), we expressed a second
copy of AC9 driven by the ISC6 promoter and targeted to the UPRT locus (X9
(Fig. 3A and B) (42). As expected, expression of AQ@scued the AC9'P-3 HA knock-
down phenotype, as assessed by SAS6L staining of the conoid and plaque assay
(Fig. 3C to E). We also created a strain expressing AC9 in which the core of the pre-
dicted CC domain had been deleted (residudd75 to 113, AC9°9 (Fig. 3F). Consistent
with the high conservation of this region (Fig. 1A), AC9was not correctly targeted
to the apical cap and, thus, it was unable to rescue the effects of A& HA degrada-
tion (Fig. 3G to I). Because A% staining was faint, we assessed its stability by
Western blotting and found that it is expressed at the appropriate size, but its protein
level is greatly diminished (Fig. S3A). This low level of AC9is likely the result of turn-
over upon loss of binding to its partner, AC10, as loss of AC9 is also seen following
AC1®'® knockdown (Fig. 2C). While we and others have demonstrated a potential
interaction between AC9 and AC10 through proximity biotinylation (21, 22), this inter-
action may either be direct or through an intermediate protein. To test whether AC9
directly binds AC10, we used a Y2H system in which stable interactions drive the
expression of the HIS3 marker. Full-length AC9 was expressed as an N-terminal fusion
with the LexA DNA binding domain, and AC10 was expressed as an N-terminal fusion
with the GAL4 activating domain. As AC10 is a large protein of 1,979 residues, we split
the protein into thirds and tested each portion for activation: AC1®containing resi-
dues 2 to 650, AC1®containing residues 651 to 1300, and AC%@ontaining residues
1301 to 1979 (Fig. 1B). Intriguingly, we found that AC9 interacts with two independent
regions of AC10, robustly binding both AC¥and AC1@; however, we observed no
growth under restrictive conditions with the C-terminal AC19region (Fig. 3J; all Y2H
data are shown in Table 1). These data suggest ACHwes not bind AC9, although we
cannot rule out that AC1® is not stable in yeast and is therefore unavailable for
binding.

To test whether the AC9 CC domain was required for this interaction, we deleted
this region from the full-length Y2H construct (AC%9. Consistent with its inability to
rescue the AC9'®-3 HA knockdown phenotype in parasites, AC¥“was unable to bind
either AC1@ or AC1® (Fig. 3K). Moreover, the AC9 CC domain alone was signt to
bind AC1C" in the Y2H assay, although it could not interact with ACEOThe a-helical
region of AC9 C terminal to the predicted CC is one of the more highly conserved areas
in the protein (Fig. 1A). We therefore extended our Y2H construct to include this region
(ACI9-15), which now robustly interacted with both AC10 and AC1@ (Fig. 3K). Taken
together, these data demonstrate that the conserved-helical sequence containing
the predicted AC9 CC domain is driving interaction with at least two independent sites
on AC10, and these interactions are required for forming the functional ternary com-
plex in the apical cap.

The N-terminal third of AC10 binds both AC9 and ERK7 and is required for
ef cient recruitment of ERK7 to the apical cap. As AC%Cbinds AC10 at multiple dis-
tinct sites within the rst two-thirds of the protein (Fig. 3J), we sought to further delin-
eate which regions of AC10 are required for this interaction. Since ACHEhcompasses
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TABLE 10verview of yeast two-hybrid data

Bait Prey Growth
AC" AC10 111
AC" AC1¢ 111
ACI" AC1C 2
AC AC10Pcet 2
ACH" ACL1BCB0, g3 111
AC"t AC1(84-1300 11
Acgvt AC1(§84-13OODCCZ) 11
ACFCC AC10 2
ACGC AC1G 1
ACQ0-157 AC10 111
ACPCC AC1C 2
ACGC AC1® 1
ACQ0-157 AC1¢ 111
AC AC1GCt 2
ACI" AC1(F84-913 2
AC AC1(*4-1300 2
ERK(finase AC1G 111
ERK(finase AC1C¢ 2
ERK ffinase AC1EF 2
ERKfinase AC10@Pcet 11
ERK®g-tem AC10 2
ERKg-tem AC1¢ 11
ERK®g-tem AC1CF 2

aBait and prey constructs and their relative growth on selective media are noted.

the most conserved stretch of residues in AC10 and includes a predicted CC domain
(Fig. 1B), we generated a Y2H construct in which CC1 was deleted from this region [res-
idues D422 to 513, AC16PCC1]. The Y2H assay showed that AC1®-“Ywas unable to
interact with full-length AC9, demonstrating that CC1 is necessary for binding (Fig. 4A).
AC1CGCtalone was not, however, sufcient to bind AC9, suggesting that this region
does not form a simple coiled-coil interaction with AC9 (Fig. 4A).

To interrogate the functional domains of AC10 in parasites, we expressed full-length
AC10 fused to a V5 epitope tag driven by its endogenous promoter and targeted to
the UPRT locus (ACY9 (Fig. 4B). As expected, the ACtGomplementation construct
correctly localized to the apical cap (Fig. 4C), fully rescued the plaque defect (Fig. 4D),
properly recruited both AC9 and ERK7 (Fig. 4E), and restored SAS6L staining to the con-
oid upon AC1(MP-3 HA degradation (Fig. 4F). Thus, this complementation system serves
as a platform to assess the functional domains of AC10.

To assess the role of AC£8in parasites, we deleted CC1 from the full-length con-
struct (AC10°¢) and expressed it in the ACIP-3 HA strain (Fig. 4G). While ACEC?
targeted correctly (Fig. 4H), this complemented strain was unable to form plagues
upon AC1@\P-3 HA degradation, demonstrating that CC1 is essential for AC10 function
(Fig. 41). Consistent with the lack of plaque formation, ACI®did not recruit ERK7 to
the apical cap upon AC16P-3 HA degradation (Fig. 4J), resulting in the loss of SAS6L
signal (Fig. 4K). However, we still observed AC9 recruitment in AEXBparasites upon
AC10@'P-3 HA degradation (Fig. 4J). This observation was surprising, as we have

FIG 3 Legend (Continued)

complementation (AC®") targets correctly to the apical cap and is not affected by the knockdown of endogenous A3 HA Green, rabbit anti-HA,;
magenta, mouse anti-Ty. (C) Staining with SAS6L indicates that the conoid is restored via complementation. Green, rabbit anti-HA; magenta, mouse anti-
SAS6L. (D and E) Representative plague assays and queation of plaque numbers demonstrate that ACYP-3 "A depletion results in no plaques, while
complementation with AC9" fully restores the plaque defect. (F) Diagram of A% with residues 75 to 113 deleted from the ACY construct. (G) AC%C

fails to localize to the apical cap with faint, dispersed cytoplasmic staining (arrows) upon knockdown of endogenous AE9"A Green, rabbit anti-HA;
magenta, mouse anti-Ty. (H) As expected from its mislocalization, R&%ails to rescue SAS6L staining upon AE93 HA knockdown. Green, rabbit anti-

HA; magenta, mouse anti-SAS6L. All scale bars ar@r®. (I) Representative plaque assays and their quartations demonstrate that complementation

with ACP<C cannot rescue the plaque defect. (J) Yeast expressing ACand the indicated AC10 constructs were grown under permissive (-L/W) or
restrictive (-L/W/H) conditions to assess interaction. A corresponding diagram of full-length AC9 is shown. (K) Y2H assessing the interaction of AC9
mutants with the indicated AC10 sequence, as described for panel J. Corresponding diagrams of AC9 deletion constructs are shown.
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facilitate a direct comparison. (B) Diagram of the full-length AC10 with a C-terminal V5 epitojag (denoted AC10"). (C) IFA shows that
AC10" localizes properly to the apical cap, which is not affected by knockdown of the endogenous A& HA Green, rabbit anti-HA;
magenta, mouse anti-V5. (D) Representative plaque assay images and the correspongiramti cation of plaque number and plaque size
illustrate that AC10" fully rescues the Iytic ability of AC1H°-3 M4 knockdown. Statistical signicance was calculated using two-sample
two-tailed t tests. (E) IFA demonstrates that ACtGescues AC9 and ERK7 localization in the apical cap. Green, rabbit anti-Myc; magenta,
mouse anti-Ty. (F) IFA using SAS6L shows that At18stores the conoid with IAA. Green, rabbit anti-V5; magenta, mouse anti-SAS6L. (G)
Diagram of AC18°“* with residues 422 to 513 deleted from the ACY0 construct. (H) IFA shows that AC?8°* targets properly to the
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previously shown that the AC9 C terminus forms a tight interaction with ERK7 and is
required for its recruitment to the apical cap (22). These data suggest that AC%8also
directly binds ERK7 independently of the AC10 recruitment of AC9 to the apical cap.

We tested this hypothesis using our Y2H assay and found that ACMas indeed
able to bind the ERK7 kinase domain (Fig. 5). In contrast to the interaction with AC9, in
which AC1G*was required, we found that AC18PccDwas still able to bind ERK7 in
the Y2H assay, although the interaction was attenuated. In addition to AClidteract-
ing with the ERK7 kinase domain, we were surprised tad that AC1( also interacted
with the intrinsically disordered C terminus of ERK7, suggesting that ERK7 forms multi-
valent interactions with AC10. Thus, the Y2H and functional data indicate that multiple
AC10 regions mediate interactions with both AC9 (Fig. 3 and 4) and ERK7 (Fig. 5).
Among these interactions, AC1%-tis required for the ef cient recruitment of ERK7 to
the apical cap independently of AC9, and this interaction is essential for the formation
of the mature conoid.

A short, conserved sequence in AC10 is essential to bind and recruit AC9 to the
apical cap. Because the ACI®“1strain was still able to recruit AC9 to the apical cap,
we sought to identify additional regions in AC10 that are required for AC9 recruitment.
Our Y2H experiments identied regions in AC16 that independently bound AC9
(Fig. 3J). To identify a minimal region that was sufient for AC9 binding, we focused
on a short, conserved sequence within ACBQhat is predicted to form an a-helix
(Fig. 1B) and has a heptad repeat similar to that seen in coiled-coil domains (Fig. 6A).
Y2H analysis showed that residues 651 to 683 were scient to robustly interact with
AC9 (Fig. 6B), leading us to label this region the AC9 binding domain (ACIT®). To
test the importance of this region for AC10 function in parasites, we complemented
the AC1(MP-3 HA strain with a construct in which AC9-BD had been deleted [ACA6<°-

BD) (Fig. 6C). We found that while the truncated protein localized properly to the apical
cap (Fig. 6D), it was unable to rescue the plaque defect upon ACTD® HAknockdown

(Fig. 6E). We also observed that both AC9 and ERK7 were absent from the apical cap
upon AC1@VP-3 HA degradation (Fig. 6F), resulting in the loss of the conoid (Fig. 6G).
These results suggest that AC20°BPforms a short coiled-coil with AC9S and this
interaction is absolutely required for recruitment of the AC9:ERK7 complex to the api-
cal cap in parasites.

A third AC9 binding site on AC10 is required for full parasite tness. While
AC10'°%-BPwas suf cient to bind AC9 in our Y2H assay (Fig. 6B), A€Hlso contains
the second predicted CC domain spanning residues 781 to 830 (Fig. 1B and 7A). To
assess the importance of CC2, werst generated a construct with AC9-BD deleted
from AC1® (AC1084-1399 and found that this region still interacted with AC9 (Fig. 7A).
We then deleted CC2 from ACE®*1300 (AC1(@84-1300CC) which resulted in a some-
what attenuated interaction with AC9 in our Y2H assay. We additionally found that a

FIG 4 Legend (Continued)

apical cap regardless of ACI{ HA knockdown. Green, rabbit anti-HA; magenta, mouse anti-V5. Pllaque assays demonstrate that
AC1(““tcannot rescue the parasitss lytic ability. (J) IFA shows that AC9 is present in the apical cap,ilhERK7 is mislocalized to
the cytoplasm upon knockdown of AC10°- HA Green, rabbit anti-Myc; magenta, mouse anti-Ty. (K) IFA illagés that AC16<?
does not rescue SAS6L localization, indicating the absencetbe conoid. Green, rabbit anti-V5; magenta, mouse anti-SAS6L. All
scale bars are 2mim.
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FIG 6 Conserved AC9 binding domain within AC10 is essential for AC10 function. (A) Multiple-sequence alignments and accompanying sequence logo
mapped to TJAC16°8-7°% Conserved residues are highlighted by class (blue, hydrophobic; purple, acidic; red, basic; green, polar; orange, Gly; yellow, Pro).
(B) Y2H showing interaction of full-length AC9 with the AC28°BP (residues 651 to 683). (C) Diagram of ACHF*-EPwith residues 651 to 683 deleted

from the AC10" construct. (D) AC18~C®-ED)|ocalizes properly to the apical cap with or without IAA. Green, rabbit anti-HA; magenta, mouse anti-V5. (E)
Plaque assays show that ACR@<°-BPcomplemented parasites cannot form plaques upon knockdown of endogenous AC1®® HA (F) AC1BAC*-EP)cannot

rescue the recruitment of either AC9 or ERK7 to the apical cap. Green, rabbit anti-Myc; magenta, mouse anti-Ty. (G) IFA shows that SAS6L cannot be
restored when complemented with AC1B“%-BP) Green, rabbit anti-V5; magenta, mouse anti-SAS6L. All scale bars aren2

portion of AC1( containing CC2 (AC194°1 is not suf cient for interacting with AC9.
These Y2H results suggest that CC2 contains minor AC9 binding regions and that the
remaining residues in AC1®provide additional binding sites, further supporting the
hypothesis that AC9 and AC10 interact via multiple contact points.

We then asked whether deletion of CC2 in the context of an otherwise full-length
protein would affect AC10 function in parasites. We generated ACHS? (residues
D781 to 830) and expressed it in the triple-tagged AC2®-3 HAline (Fig. 7B). As with
our other deletion constructs, AC18°<2 protein localized correctly to the apical cap

January/February 2022 Volume 13 Issuel e02864-21 mbio.asm.ot@



Essential Interactions Govern Apical Cap Function mBio®

A

781 830 1300
o>—a—pb
651 683
—a
AC1(0684-1300,ACC2 Vs
AC10%84913 —an—

o <€ 1.5
£ 3 o,
=3
=z ©
50 2 1.0
3 -
S g
25+ 2 0.5+

0 0.0
IAA - + IAA - +

FIG 7 Deletion of CC2 within AC10 results in subtle plaque defects. (A) Y2H to assess interaction of full-length AC9 with the
indicated AC10 mutants. Corresponding diagrams of AC10 deletion constructs are shown. (B) Diagram of Z€4with residues 781

to 830 deleted from the AC10" construct. (C) IFA shows that AC28-?localizes to the apical cap and is not affected by ACA6-3 HA
knockdown. Green, rabbit anti-HA; magenta, mouse anti-V5. (D) Plaque assays indicate that ZE3aomplementation does not fully
rescue the growth defect (15% reduction). Statistical sigmiance was calculated using two-sample two-tailetitests, andP values are
noted on the graph. (E) AC9 and ERK7 staining with or without IAA shows that ABZ% can still recruit members of the complex to

the apical cap. Green, rabbit anti-Myc; magenta, mouse anti-Ty. (F) IFA illustrates that R€%t@estores SAS6L staining at the conoid.
Green, rabbit anti-V5; magenta, mouse anti-SAS6L. All scale bars amen2

(Fig. 7C). Upon degradation of AC2®-3 HA AC1®“?mostly rescued parasite tness

in a plaque assay, with a small but reproducible 15% reduction in plaque size (Fig. 7D).
Consistent with this minor impact on the lytic cycle, both AC9 and ERK7 localizations
were unaffected (Fig. 7E) and the conoid appeared intact (Fig. 7F). These data suggest
that binding of AC9 and other potential interactors at this site, while not required for
full parasite tness, is still functionally relevant.

AC10 N- and C-terminal deletions reveal additional domains for full apical cap
function. The functional regions of AC10 described above only occupy about half of the
1,979-residue protein. Notably, AC10 orthologs in other Sarcocystidae af various
lengths and display low sequence identity through the majority of the protein (§. 1B).
To determine if the remainder of the protein harbored any additional regions iportant
for function, we rst deleted the N-terminal region of AC10 up to 36 residues N terminal
to AC1G-“1(residues 387 to 1979, ACBO**™) (Fig. 8A). The ACPY™ protein localized
properly to the apical cap independently of ACIP-3 HA degradation (Fig. 8B). Upon
AC1@VP-3 HAdepletion, parasites with AC18NV-te™ displayed a substantial tness defect by
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FIG 8 N-terminal deletion of AC10 results in a substantial plaque defect. (A) Diagram of ABME™ with residues 2 to 386 deleted from the
AC10" construct. (B) IFA shows that ACRY*™ targets properly to the apical cap with or without IAA. Green, rabbit anti-HA; magenta, meei
anti-V5. (C) Plaque assays show that AGTE™ partially rescues the growth defect, resulting in smaller plaques upon AC1%® M4 knockdown
(48% reduction). Statistical signcance was calculated using two-sample two-tailed tests, and P values are noted on the graph. (D) IFA
illustrates that AC9 and ERKY7 are present in the apical cap with or without IAA. Green, rallit-Myc; magenta, mouse anti-Ty. (E) SAS6L
staining indicates that the conoid is present with or without IAA. Green, rabbit anti-VBjagenta, mouse anti-SAS6L. All scale bars are.

plaque assay (48% reduction in plaque size) (Fig. 8C). However, REE0" appears to be
suf cient for recruiting both AC9 and ERK?Y to the apical cap (Fig. 8D), resultingthe
presence of a conoid as demonstrated by apical SAS6L staining (Fig. BEi)s, while this
N-terminal region is not strictly required for recruiting AC9:ERKndamaturation of the
conoid, its deletion reduces parasitetness, indicating that this region is important for full
AC10 function.

We next focused on the C-terminal region of AC10. Due to the lack of iderable
features in this region, we deleted the C-terminal half of the protein, which includes
AC1C plus the portion of AC1® C terminal to the CC domains (residu€3914 to 1979,
AC1@®ctem) (Fig. 9A). Upon examining the localization of AC2®t™, we noticed strik-
ing, cell cycle-dependent variation. In mature parasites, ACEg*™|ocalized to the api-
cal cap regardless of ACI(-3 HA depletion (Fig. 9B). However, in budding parasites,
AC1®<emwas largely absent from the maternal apical cap while remaining intact in
the daughter buds (Fig. 9C). Thus, we assessed the localization of AC9 and ERK7 in
mature parasites expressing AC26t™ and found that only a small amount of AC9
could be detected in the apical cap upon AC1P-3 HA knockdown (Fig. 9D). ERK7 also
appeared to be dramatically diminished from the apical cap in mature parasites
(Fig. 9D). In budding parasites, while both AC9 and ERK7 were drastically reduced in
mature apical caps, the signal appeared largely intact in daughter buds, similar to the
localization of AC10¢te™ (Fig. 9E). Somewhat surprisingly, despite these substantial
localization defects, the conoid still appeared to be intact by SAS6L staining, suggest-
ing that the amounts of AC9, AC1®%™ and ERK?Y in the apical cap are sufient to
stabilize the conoid (Fig. 9F). Nevertheless, plaque assays revealed that parasites
expressing AC18--tem suffered a severe defect in parasitetness upon AC10'°-3 HA
degradation (85% reduction in plaque size) (Fig. 9G).

We next sought to determine whether the C-terminal half of AC10 described above
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FIG 9 C-terminal deletion of AC10 diminishes maternal apical cap localization and causes seveaness defects. (A) Diagram of ACEgte™

with residues 914 to 1979 deleted from the AC0 construct. (B) IFA shows that mature parasites have proper AGI8™ localization with

or without IAA. Green, rabbit anti-HA; magenta, mouse anti-V5. (C) In contrast, actively budding parasites have substantially diminished
AC1FCte™ |ocalization in maternal apical caps (inset, yellow arrows), while AG¥®™ localization to daughter buds is unaffected (inset,
white arrowheads). Green, rabbit anti-HA; magenta, mouse anti-V5. (D) IFA depicts that both AC9 and ERK7 are substantially mislocalized to
the cytoplasm in mature parasites with 1AA (insets, yellow arrows). Green, rabbit anti-Myc; magenta, mouse anti-Ty. (E) In budding parasites,
IFAs show severely decreased levels of AC9 in the maternal apical cap (insets, yellow arrows) but intact localization in daughter buds (insets,
white arrowheads). ERK7 appears absent from the apical cap upon depletion of AZX®HA Green, rabbit anti-Myc; magenta, mouse anti-Ty.

(F) IFAs demonstrate that SAS6L staining appears intact upon degradation of A1D"A Green, rabbit anti-V5; magenta, mouse anti-SAS6L.
All scale bars are 2mm. (G) Plague assays show extremely small plaques upon knockdown of A@DHA (85% reduction). Statistical
signi cance was calculated using two-sample two-tailetitests, andP values are noted on the graph. (H) Diagram illustrating the ACEg*3%°
construct used in the following Y2H assay. (I) Y2H to assess the interaction of full-length AC9 with A&

binds directly to AC9. We created a Y2H construct spanning AC10 residues 914 to 1300
to interrogate the C-terminal portion of AC16 (AC10'4*3%9 (Fig. 9H). Despite the
defects in AC9 and ERK7 recruitment in ACHge™ parasites, we found that neither
AC10*4-1300(Fig. 9lI) nor the remainder of the AC10 C terminus (AC)Onteracts with
AC9 (Fig. 3J). Together, these results suggest that while the AC10 C terminus does not
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FIG 10 Combination of N- and C-terminal deletions is essential for apical cap function. (A) Diagram of A®f0combining the
AC1ENte™ (residues 2 to 337) and ACES ™ (residues 914 to 1979) deletions from the AC¥Dconstruct. (B) IFAs illustrate that
AC1®VC |ocalizes properly to the apical caps in mature parasites with or without IAA. Green, rabbit anti-HA; magenta, mouse
anti-V5. (C) IFAs show that ACT® appears to be almost completely absent from the maternal apical cap of budding parasites
upon depletion of AC1@'P-2 HA (insets, yellow arrows). However, in daughter apical caps, A€YB remains intact even upon
depletion of endogenous AC10°-2 HA (insets, white arrowheads). Green, rabbit anti-HA; magenta, mouse anti-V5. (D) Plaque
assays show that deleting both N- and C-terminal regions from AC10 eliminates plaque formation. (E) IFAs display the absence of
AC9 and ERK7 from mature apical caps. Green, rabbit anti-Myc; magenta, mouse anti-Ty. (F) IFAs show that AC9 and ERK7 remain
intact in daughter apical caps (insets, white arrowheads) but appear completely eliminated from maternal apical caps upon
knockdown of AC10'°-2 HA (insets, yellow arrows). Green, rabbit anti-Myc; magenta, mouse anti-Ty. (G) IFAs display absence of
SAS6L upon ACTEP-3 HA knockdown. Green, rabbit anti-V5; magenta, mouse anti-SAS6L. All scale bars arm?2

directly interact with AC9, it contains important regions for maintaining the integrity of
the AC9:AC10:ERK7 complex.

Since deletion of either the N or C termini of AC10 only partially disrupted function,
we assessed whether the combination of these regions is essential by deleting both
regions simultaneously (residueB2 to 337 andD914 to 1979, AC18VC) (Fig. 10A). As
with AC1Pc-term AC1®N/C [ocalized properly in mature parasites (Fig. 10B), and during
replication, the signal was diminished speccally in maternal apical caps upon addi-
tion of auxin (Fig. 10C). Unlike AC®&t™ however, this construct could not rescue
the plague defect at all (Fig. 10D). Western blot analysis demonstrated that the differ-
ence between AC18¢*mand AC1®N'C does not appear to be due to expression levels
(Fig. S3B). Consistent with the complete loss of function of ACY®, both AC9 and
ERK7 were absent from the maternal apical caps of both mature and budding parasites
(Fig. 10E and F). In addition, we observed reduced AC9 and ERK?7 signal in the apical
caps of daughter buds (Fig. 10F). In agreement with the lack of ability to form plaques,
AC1®NVC parasites were completely missing apical SAS6L staining upon AG29 HA
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FIG 11 ERK?Y robustly phosphorylates AC1i@ vitro. Autoradiogram and corresponding Coomassie-
stained gel of anin vitro kinase assay in which 17M ERK7 was used to phosphorylate 1M
AC1G*35% or the generic substrate MBP. In the rightmost 3 lanes, 2@8M inhibitory AC3*8-452 was
added to the reaction. Note that the rightmost lane contains both MBP and AC10 as the substrates.

depletion (Fig. 10G). Together, these results demonstrate that the cumulative effect of
deleting both N- and C-terminal regions renders AC10 nonfunctional.

AC10 effectively competes with AC9 as an ERK7 substrate. Because AC10 binds
both AC9 and ERK?7 (Fig. 4 to 6), and ERK?7 localization (22) and kinase aq@@jyare
both essential for a functional conoid, we asked whether AC10 is phosphongd by
ERK?7. Notably, AC10 has 396 phosphorylatable residues (Ser/Thr), and 5@esetresi-
dues have been identied as phosphorylated in parasites in published phosphoproteo-
mics data sets (43), including 10 high-probability MAP kinase sites sgtethroughout the
AC10 sequence. We created a bacterial expression construct of the Nri@al region of
AC10 that is bound by both AC9 and ERK7. We found that this recombinarelpressed
and puri ed AC10 was robustly phosphorylated by ERK7 (Fig. 11). Remarkabyy AG10
protein was phosphorylated to a much greater degree than myelin basic prote{MBP), a
typical generic substrate used to test MAPK activity (44).

We previously demonstrated that AC9 binds ERK7 with an approximate dissociation
constant () of 20 nM and robustly inhibits ERK7 activity (22). This led us to propose a
model by which AC9 increases the speaity of ERK7 for its substrates, as true sub-
strates must not only bind the active site but also compete with AC9 for scaffolding
interaction. We therefore tested whether the AC10 interaction with ERK7 can overcome
inhibition by the AC918-452 peptide (Fig. 11). As expected, addition of equimolar
ACg18-45219 the kinase reaction completely blocks MBP phosphorylation by ERK7. We
found, however, that AC10 phosphorylation is undiminished by the addition of AC9.

FIG 12 Model for AC9:AC10:ERK7 complex oligomerization in the apical cap. AC9, AC10, and ERK7

oligomerize with the IMC cytoskeleton laments that are associated with the cytosolic leat of the

IMC membrane. AC10 recruits the other two proteins to the IMC, possibly through interaction with
an undescribed adaptor protein. Because AC10 has multiple binding sites for both AC9 and ERK?7,
which also interact with one another, the three proteins likely form an irregular oligomer. These
interactions concentrate ERK7 at the apical cap while allowing it to bind and phosphorylate its
substrates and thereby facilitate the stability of the apical complex.
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Furthermore, when we included equimolar AC9, AC10, and MBP in the kinase reaction,
we saw that MBP phosphorylation was still fully inhibited while AC10 was still robustly
phosphorylated. These data strongly suggest AC10 is a legitimate substrate of ERK7
and that one function of ERK7 kinase activity is to regulate the conformation and as-
sembly of the AC10 complex.

DISCUSSION

In this study, we explore the organization and function of the AC9:AC10:ERK?7 ter-
nary complex. We demonstrated that both AC9 and ERK7 are dependent on AC10 to
be recruited to the apical cap, suggesting that AC10 is an anchor for the complex.
However, it remains unclear how AC10 itself is targeted to the apical cap. One possibil-
ity is that other apical cap proteins recruit AC10. Similar to AC10, six of the known api-
cal cap proteins (AC2, AC3, AC4, AC5, AC7, and AC8) are associated with the IMC cytos-
keletal network (15). Unlike AC9 and AC10, these other apical cap proteins were
predicted to be dispensable based on a genome-wide CRISPR screen (45). Thus, it is
possible that these apical cap proteins play redundant roles in organizing the AC9:
AC10:ERK7 complex. It is also possible that there are undiscovered components of this
protein complex or ones that serve to tether AC10 to the apical cap.

To determine how AC9, AC10, and ERK?Y interact, we focused on idelitie domains
using a combination of pairwise Y2H (Table 1) and complementation assaysassess
direct binding and functional relevance. AC10 appears to recruitG® (Fig. 2) (21), which
in turn recruits ERK7 through a conserved C-terminal motif that serviesboth concen-
trate ERK?7 at the apical cap and regulate its kinase activity (22). ¥aH and complemen-
tation assays revealed a conserved helical sequence at the AC9 N terminus thas Woth
necessary and sufcient to bind AC10 and was required for AC8 localization at the apical
cap (Fig. 2). Remarkably, this single region of AC9 was able to bindltiple sites on AC10
(Fig. 3 and 7). In addition, AC10 can independently interact with both the kinademain
and C-terminal regions of ERK7 (Fig. 5). AC10 therefore seems to actlagga scaffolding
molecule that recruits multiple copies of each AC9 and ERK7. Furthermarembined
with the multiple binding sites on AC10 for both AC9 and ERK7, becausach compo-
nent of the AC9:AC10:ERK7 complex can interact with the other, it seemsilteat AC10
functions to nucleate oligomerization of this complex (Fig. 12). Imp@amntly, AC9, AC10,
and ERK7 each has been demonstrated to fractionate with the detergent-insoluble gar
site cytoskeleton (20, 21), and their oligomerization is consistewith the characteristic
meshwork of the IMC cytoskeleton. The AC10 binding region of AC9 isragticted coiled-
coil (AC%9, and we identi ed two regions of AC10 (AC1%*and AC10<°-Ef with coiled-
coil-like properties that are required for AC9 interaction and esntial for AC10 function in
parasites. Notably, predicted coiled-coil domains have also been shown to besestial in
other IMC proteins (4648), suggesting this is a general theme of IMC cytoskeleton
assembly.

Deletion of the short AC16¢%-BPsequence blocks AC9 recruitment to the apical cap
in parasites (Fig. 6). However, AC9 localization was largely unperturbed in AT0
parasites while ERK7 was unable to be recruited to the apical cap (Fig. 4). Remarkably,
Y2H revealed that the N-terminal third of AC10 was able to physically interact with
both AC9 and the ERK7 kinase domain, although the AC®0region itself was only
required for AC9 binding (Fig. 4A and 5). This differential effect of ACE6*on AC9
and ERK?7 binding to this region suggests that the binding interfaces occupy different
surfaces of a folded domain. We also found that this N-terminal region of AC10 was
robustly phosphorylated by ERK7n vitro and was unaffected by AC9 inhibition
(Fig. 11). Together, these data indicate that AC10 is an ERK7 substrate in parasites and
that its phosphorylation functions in regulating the assembly of the AC9:AC10:ERK7
complex into the apical cap cytoskeleton.

While AC10 is found throughout coccidia, its length and much of its sequence are
not well conserved (Fig. 1B). Nevertheless, there are stretches of conserved sequence
in the N- and C-terminal regions that are outside those we identéd as critical for

January/February 2022 Volume 13 Issuel e02864-21

mBio®

mbio.asm.ot®



Essential Interactions Govern Apical Cap Function

interacting with AC9 and ERK7. We found that neither of these regions of AC10 was
essential to function, although deletion of either reduced parasitetness (Fig. 8C and
9G). Notably, AC1®%-te'™ parasites showed the fragility of the AC9:AC10:ERK7 complex,
in which the initial recruitment to the apical cap was largely unaffected in daughter
cells (Fig. 9C), but the complex appeared disrupted in mature parasites (Fig. 9D and E).
While AC10¢-m parasites showed a substantial loss of function, the complex was still
able to function in facilitating maturation of the conoid (Fig. 9G). In contrast, deletion

of both the N- and C-terminal regions of AC10 rendered the AC9:AC10:ERK7 complex
nonfunctional, as the daughter conoids were lost (Fig. 10G) and parasites were nonvi-
able (Fig. 10D). Therefore, it appears that these regions of AC10 either recruit other,
undescribed components of the apical cap cytoskeleton or form nonessential interac-
tions that facilitate AC9:AC10:ERK?7 oligomerization.

This study builds on an increasingly robust body of evidence that the apical cap
acts as an essential platform to facilitate the assembly and maintenance of the apical
complex (26-22). A previously proposed model suggested that AC9 and AC10 act pri-
marily to stabilize theToxoplasmasubpellicular microtubules due to the distribution of
AC9 and AC10 proteins along the longitudinal rows of the microtubules (21). While our
data support the idea that AC9 and AC10 formlaments in the apical cap cytoskeleton,
this model was developed prior to establishing a connection with the MAP kinase
ERK7 and its essential role in apical complex maturation (20). We have previously
shown that an AC9 mutant that is unable to recruit ERK7 to the apical cap cannot res-
cue the AC9 knockdown (22). We have built upon thatnding here, demonstrating a
loss of the conoid in mutant AC10 parasites that can recruit AC9, but not ERK7, to the
apical cap (Fig. 4J and K). Taken together, our data suggest a different model in which
the ERK7-dependent phosphorylation of AC10 promotes functional assembly of the
AC9:AC10:ERK7 complex at the apical cap (Fig. 12). It is likely that ERK7 then phospho-
rylates other substrates after being recruited at this site, which may include critical
components of the apical complex.

MATERIALS AND METHODS

T. gondii and host cell culture. T. gondiiRHDku8MDhxgprt (parental) and subsequent strains were
grown on con uent monolayers of human foreskin broblasts (HFFs; ATCC) at 37°C and 5%, @D
Dulbeccds modi ed Eagle medium (DMEM) supplemented with 5% fetal bovine serum (Gibco), 5% cos-
mic calf serum (HyClone), and 1 penicillin-streptomycin+-glutamine (Gibco). Constructs containing
selectable markers were selected using/tM pyrimethamine (dihydrofolate reductase-thymidylate syn-
thase [DHFR-TS]), 5@g/ml mycophenolic acid-xanthine (HXGPRT), or 48\ chloramphenicol (CAT)
(49-51). Removal of HXGPRT was negatively selected using 8§0ml 6-thioxanthine (6-TX), and homol-
ogous recombination to the UPRT locus was negatively selected usingn®/ 5- uorodeoxyuridine
(FUDR) (42).

Antibodies. The hemagglutinin epitope was detected with mouse monoclonal antibody (MAb) HA.11
(diluted 1:1,000) (item no. 901515; BioLegend) or rabbit polyclonal antibody (pAb) anti-HAufed 1:1,000)
(catalog no. PI715500; Invitrogen). The Tyl epitope was detected with mouse MAb BB2 (diluted00),
(52). The c-Myc epitope was detected with mouse MAb 9E10 (diluted 1:1,000) (53) or rabbit pAt-Myc
(diluted 1:1,000) (catalog no. PA1981; Invitrogen). The V5 epitope was detected with mouse MAf-V5
(diluted 1:1,000) (catalong no. R96025; Invitrogeoxoplasmaspeci ¢ antibodies include mouse MAb m-
IMC1 (diluted 1:500) (54), mouse MAb anti-ISP1 (diluted 1:1,000) (55), and rabbit pAb anti-l{ditéed
1:2,000) (46).

Production of IMC12 antibody. The IMC12 coding sequence was cloned into the pET His6é TEV LIC
bacterial expression vector (Addgene plasmid number 29653; Scott Gradia) using primers P32 to P35.
The construct was transformed into BL21(DEB}cherichia cgland protein was induced with 1 mM iso-
propyl-b-p-thiogalactopyranoside (IPTG) and pured using nickel-nitrilotriacetic acid (Ni-NTA) agarose
under denaturing conditions as described previously (56). The sample was then dialyzed into PBS to
remove the urea, and rabbit antisera were produced by Cocalico Biologicals.

Immuno uorescence assay and Western blotting. Con uent HFF cells were grown on glass cover-
slips and infected withT. gondii After 18 to 24 h, the coverslips were xed with 3.7% formaldehyde in
PBS and processed for immunaiorescence assay (IFA) as described previously (56). Primary antibodies
were detected by species-spect secondary antibodies conjugated to Alexa Fluor 488/594
(ThermoFisher). Coverslips were mounted in Vectashield (Vector Labs, Burlingame, CA), viewed with an
Axio Imager.Z1 uorescence microscope (Zeiss), and processed with ZEN 2.3 software (Zeiss). Processing
with the ZEN software included deconvolution as well as adaptation of the magenta pseudocolor from
the 594 uorophore.

For Western blotting, parasites were lysed in 1Laemmli sample buffer with 100 mM dithiothreitol
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(DTT) and boiled at 100°C for 10 min. Lysates were resolved by SDS-PAGE and transferred to nitrocellu-
lose membranes, and proteins were detected with the appropriate primary antibody and corresponding
secondary antibody conjugated to horseradish peroxidase. Chemiluminescence was induced using the
SuperSignal West Pico substrate (Pierce) and imaged on a ChemiDocIX@3$0-Rad).

Endogenous epitope tagging. For C-terminal endogenous tagging, a pU6-Universal plasmid con-
taining a protospacer against the Quntranslated region (UTR) approximately 100 to 200 bp downstream
of the stop codon was generated for AC9, AC10, and ERK7, as described previously (57). A homology-
directed repair (HDR) template was PCR ampd using the LIC vectors p "AmAID.LIC-HXGPRT,
p3xMyc.LIC-DHFR, and p2xStrep3xTy.LIC-HXGPR, which include the epitope2ld,R and a selection
cassette (58). The HDR templates include 40 bp of homology immediately upstream of the stop codon
or 40 bp of homology within the 39UTR downstream of the CRISPR/Cas9 cut site. This template was
ampli ed in 400m, puri ed by phenol-chloroform extraction, ethanol precipitated, and electroporated
into RHDhxgprtDku80 parasites, along with 5079 of the pU6-Universal plasmid. Successful tagging was
con rmed by IFA, and clonal lines of tagged parasites were obtained through limiting dilution. AC10,
AC9, and ERK7 were tagged using CRISPR/Cas9 with primers P1 to P12. This process was followed to
generate the triple-tagged parasites (ACHP-2 HAj ACFMYej ERKT™).

Complementation of AC9 and AC10. The AC9 wild-type complementation construct (22) was
used as the template for creating a deletion of the CC domain. The onéifNEBasechangem(tps://
nebasechanger.neb.con)/was used to design primers, and the Q5 site-directed mutagenedi#
(NEB) was used to generate pUPRTKO-ISC6proPA€3xTy (primers P13 and P14). Both the AC9
and ACY®CC constructs were linearized with Dralll-HF (NEB), transfectedoi®C3\'P-3 HA parasites
along with a universal pU6 that targets the UPRT coding regionna selected with 5ng/ml FUDR for
replacement of UPRT as described previously §42

For AC10, the endogenous promoter as well as the full coding region was PCR angali from
genomic DNA. This was cloned into the pUPRTKO vector (22) with Gibson assembly (primers P15 to
P18), resulting in pUPRTKO-AC10pro-AZ10xV5. The online NEBuilder tool was used to design these
Gibson primers [ittps://nebuilder.neb.com/#!). This complementation vector was then linearized with
Psil-v2 (NEB), transfected into triple-tagged parasites, and selected with FUDR. Clones expressing the
PUPRTKO-AC10pro-ACtaLxV5 vector were screened by IFA, and a V5-positive clone was designated
AC10". For most of the AC10 deletion constructs, pUPRTKO-AC10pro-AG18V5 was used as the tem-
plate for the Q5 site-directed mutagenesis kit (NEB) (primers P19 to P28). For the R&%@onstruct,
Gibson assembly was used with pUPRTKO-AC10pro-AG18V5 as the template for the vector (primers
P29 and P30), and wild-type cDNA was used as a template for the insert (primers P31and P32). The same
processes for linearization, transfection, and selection as described above were followed for all deletion
constructs.

Plaque assays.Six-well plates with HFF monolayers were infected with equal numbers of individual
strains grown with or without 500 7M IAA. Plaques were allowed to form for 7 daysxed with ice-cold
methanol, and stained with crystal violet. The areas of 30 plaques per condition were measured using
ZEN software (Zeiss). All plaque assays were performed in triplicate for each condition. Graphical and
statistical analyses were performed using Prism GraphPad 8.0. Multiple two-tailedsts were used to
compare the standard deviation-centered means with or without IAA, and statistical signance was
determined using the Holm-Sidak method.

Pairwise yeast two-hybrid. ERK7 and AC9 sequences were cloned into the pB27 vector (Hybrigenics
SA) as N-terminal fusions with the LexA DNA binding domain by Gibson assembly or enzymeiis& muta-
genesis. AC10 sequences were cloned into the pP6 vector (Hybrigenics SA) as N-terminahfusiith the
GAL4 activating domain. AC9 and AC10 constructs were created by Gibassembly usingToxoplasma
expression constructs as the template, and additional truncations weemade by enzyme inverse mu-
tagenesis with primers P36 to P56. ERK7 truncations were createdrfra full-length pB27 construct
provided by Hybrigenics using primers P57 and P58. Synthetic dropout medi was purchased from
Sunrise Science. To test for interactions, pairs of constructsrei¢ransformed into the L40 strain ofS.
cerevisiadMATa his3200trp1-901 leu2-3112 ade2 LY:@exAop-HISURA3 BlexAoplac?) GAL4 gift
of Melanie Cobb]. Strains were grown overnight in permissiv@ Leu/2 Trp) medium, normalized to
their optical density at 600 nm (O[,o), and spotted in 5 dilutions in both permissive and restrictive
(2 Leu/2 Trp/2 His) media. Relative growth in the two conditions was assessed aftetd34 days incu-
bation at 30°C.

Protein expression and puri cation. All recombinant proteins were expressed as N-terminal
fusions to Hig-SUMO in Rosetta2(DE3) bacteria overnight at 16°C overnight after induction with 300 mM
IPTG. Cells were resuspended in binding buffer (50 mM Tris, pH 8.6, 500 mM NacCl, 15 mM Imidazole)
and lysed by sonication. Histagged protein was af nity puri ed using Ni-NTA resin (Qiagen), which was
washed with binding buffer. Protein was eluted in 20 mM Tris, pH 8.6, 100 mM NacCl, 150 mM imidazole.
Protein was diluted 1:1 with 20 mM Tris, pH 8.6, and pugd by anion exchange on a HiTrapQ column.
For ERK7 kinase and AE8452 anion exchange peaks were pooled, incubated with ULP1 protease for
30 min, and diluted 1:1 in water, and the cleaved SUMO was separated from the protein of interest by
anion exchange. The owthrough was concentrated and puried by size exclusion chromatography, af-
ter which it was ash-frozen in 10 mM HEPES, pH 7.0, 300 mM NaCl for storage.

In vitro kinase assay. ERK7 kinase activity was assessed usingri¥l puri ed ERK7 kinase, 5 mM
MgCl, 200mM cold ATP, 10 mM DTT, 1 mg/ml bovine serum albumin, 300 mM NaCl, 20 mM HEPES, pH
7.0, 10% glycerol. Reactions were started by adding a hot ATP mix tltahtained 10 nCi F*2P]ATP
and 5 ng MBP and/or 10mM AC1G*3°%as the substrate and in the presence or absence of 1M
ACY18-4%2 The 251 reaction mixtures were incubated in a 30°C water bath for 30 min. Re@ns were
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stopped by adding 5m 6 SDS buffer; 107 of each reaction was then separated by SDS-PAGE. Gels
were xed and Coomassie stained, and the extent of phosphorylation was assessed by phosphorimage
(GE Typhoon).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIGS1TIF le, 1.4 MB.

FIG S2TIF le, 1.4 MB.

FIG S3TIF le, 2 MB.

FIG S4TIF le, 0.8 MB.

TABLE S1PDF le, 0.03 MB.

ACKNOWLEDGMENTS
We thank Gary Ward for anti-IMC1 antibodies and members of the Reese and
Bradley labs for helpful reading of the manuscript. This work was supported by the
National Institute of Health (AI150715 to M.L.R. and Al064616 to P.J.B.). M.L.R. was also
supported by the National Science Foundation (NSF; MCB1553334) and the Welch
Foundation (I-2075-20210327). P.S.B. was supported by the Ruth L. Kirschstein National
Research Service Award GM007185 and the Molecular Biology Institute (MBI) Whitcome
Fellowship at UCLA.

REFERENCES

1. Levine ND, Corliss JO, Cox FEG, Deroux G, Grain J, Honigberg BM, Leedale?.

1

1

January/February 2022 Volume 13

0.

[N

GF, Loeblich AR, Lom 1J, Lynn D, Merinfeld EG, Page FC, Poljansky G,
Sprague V, Vavra J, Wallace FG. 1980. A newly revised clzeg#in of the
protozoa. J Protozool 27:3758. https://doi.org/10.1111/j.1550-7408.1980
.tb04228.x

. Hill DE, Chirukandoth S, Dubey JP. 2005. Biology and epidemiology of 13.

Toxoplasma gondii in man and animals. Anim Health Res Rev 6@
https://doi.org/10.1079/ahr2005100

. Mackintosh CL, Beeson JG, Marsh K. 2004. Clinical features and pathoge-14.

nesis of severe malaria. Trends Parasitol 20:56803. https://doi.org/10
.1016/j.pt.2004.09.006

. Sow SO, Muhsen K, Nasrin D, Blackwelder WC, Wu Y, Farag TH, Pagetmali
S, Sur D, Zaidi AKM, Faruque ASG, Saha D, Adegbola R, Alonso PLaBreim 15.

RF, Bassat Q, Tamboura B, Sanogo D, Onwuchekwa U, Manna B, Ramamurthy
T, Kanungo S, Ahmed S, Qureshi S, Quadri F, Hossain A, Das SK, AMpnio
Hossain MJ, Mandomando |, Nhampossa T, Acécio S, Omore R, Oundo JO,

Ochieng JB, Mintz ED, 'Reilly CE, Berkeley LY, Livio S, Tennant SM, 16.

Sommerfelt H, Nataro JP, Ziv-Baran T, Robins-Browne RM, Miskich&f,
Zhang J, Liu J, Houpt ER, Kotloff KL, Levine MM. 2016. The burde@rypto-
sporidium diarrheal disease among children 24 months of age in moder-
ate/high mortality regions of sub-Saharan Africa and South Asiailizing data
from the Global Enteric Multicenter Study (GEMS). PLoS Negl Trop Dis 10:
e0004729https://doi.org/10.1371/journal.pntd.0004729

. Dubey JP, Dubey J. 2003. Review of Neospora caninum and neosporosis in

animals. Korean J Parasitol 4+116. https://doi.org/10.3347/kjp.2003.41.1.1

. Kivaria FM. 2006. Estimated direct economic costs associated with tick-

borne diseases on cattle in Tanzania. Trop Anim Health Prod 38:2249.
https://doi.org/10.1007/s11250-006-4181-2

. Sharman PA, Smith NC, Wallach MG, Katrib M. 2010. Chasing the golden19.

egg: vaccination against poultry coccidiosis. Parasite Immunol 32:
590-598.https://doi.org/10.1111/j.1365-3024.2010.01209.x

. Gould SB, Tham W-H, Cowman AF, McFadden GI, Waller RF. 2008. Alveo-
20.

lins, a new family of cortical proteins that dene the protist infrakingdom
Alveolata. Mol Biol Evol 25:1219230. https://doi.org/10.1093/molbev/
msn07Q

. Frénal K, Dubremetz J-F, Lebrun M, Soldati-Favre D. 2017. Gliding motility
powers invasion and egress in Apicomplexa. Nat Rev Microbiol 15: 21.

645-660.https://doi.org/10.1038/nrmicro.2017.86
Francia ME, Striepen B. 2014. Cell division in apicomplexan parasites. Nat
Rev Microbiol 12:125136.https://doi.org/10.1038/nrmicro3184

. Harding CR, Meissner M. 2014. The inner membrane complex through de- 22.

velopment of Toxoplasma gondii and Plasmodium. Cell Microbiol 16:
632-641.https://doi.org/10.1111/cmi.12285

Issue 1 e02864-21

17.

18.

Anderson-White BR, Ivey FD, Cheng K, Szatanek T, Lorestani A, Beckers CJ,
Ferguson DJP, Sahoo N, Gubbels M-J. 2011. A family of intermedidde
ment-like proteins is sequentially assembled into the cytoskeleton of Tox-
oplasma gondii. Cell Microbiol 13:1:81. https://doi.org/10.1111/j.1462
-5822.2010.01514.x
Porchet E, Torpier G. 1977. Freeze fracture study of Toxoplasma and Sar-
cocystis infective stages. Z Parasitenkd 54:30P4. https://doi.org/10
.1007/BF00380795
Mann T, Beckers C. 2001. Characterization of the subpellicular network, a
lamentous membrane skeletal component in the parasite Toxoplasma
gondii. Mol Biochem Parasitol 115:25268. https://doi.org/10.1016/
s0166-6851(01)00289:-4
Chen AL, Kim EW, Toh JY, Vashisht AA, Rashoff AQ, Van C, Huang AS,
Moon AS, Bell HN, Bentolila LA, Wohlschlegel JA, Bradley PJ. 2015. Novel
components of the Toxoplasma inner membrane complex revealed by
BiolD. mBio 6:e02357-1#ttps://doi.org/10.1128/mBi0.02357-14
Chen AL, Moon AS, Bell HN, Huang AS, Vashisht AA, Toh JY, Lin AH,
Nadipuram SM, Kim EW, Choi CP, Wohlschlegel JA, Bradley PJ. 2017. Novel
insights into the composition and function of the Toxoplasma IMC sutures.
Cell Microbiol 19:10.1111/cmi.1267Bttps://doi.org/10.1111/cmi.12678
Frénal K, Polonais V, Marq J-B, Stratmann R, Limenitakis J, Soldati-Favre D.
2010. Functional dissection of the apicomplexan glideosome molecular
architecture. Cell Host Microbe 8:34357. https://doi.org/10.1016/j
.chom.2010.09.002
Hu K, Johnson J, Florens L, Fraunholz M, Suravajjala S, DiLullo C, Yates J,
Roos DS, Murray JM. 2006. Cytoskeletal components of an invasion
machine—the apical complex of Toxoplasma gondii. PLoS Pathog 2:e13.
https://doi.org/10.1371/journal.ppat.0020013
Gilk SD, Raviv Y, Hu K, Murray JM, Beckers CIM, Ward GE. 2006 calenti
tion of PhiIL1, a novel cytoskeletal protein of the Toxoplasma gondii pel-
licle, through photosensitized labeling with 54*3Jiodonaphthalene-1-az-
ide. Eukaryot Cell 5:1622634.https://doi.org/10.1128/EC.00114-06
O'Shaughnessy WJ, Hu X, Beraki T, McDougal M, Reese ML. 2020. Loss of a
conserved MAPK causes catastrophic failure in assembly of a specialized
cilium-like structure in Toxoplasma gondii. Mol Biol Cell 31:88388.
https://doi.org/10.1091/mbc.E19-11-0607
Tosetti N, Dos Santos Pacheco N, Bertiaux E, Maco B, Bournonville L,
Hamel V, Guichard P, Soldati-Favre D. 2020. Essential function of the
alveolin network in the subpellicular microtubules and conoid assembly
in Toxoplasma gondii. Elife 9:e5663Bttps://doi.org/10.7554/eLife.56635
Back PS, O'Shaughnessy WJ, Moon AS, Dewangan PS, Hu X, Sha J,
Wohlschlegel JA, Bradley PJ, Reese ML. 2020. Ancient MAPK ERK?7 is regu-
lated by an unusual inhibitory scaffold required for Toxoplasma apical

mbio.asm.ot§



Back et al.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

January/February 2022 Volume 13

complex biogenesis. Proc Natl Acad Sci U S A 117:1248173.https:// 41.
doi.org/10.1073/pnas.1921245117
Morrissette NS, Sibley LD. 2002. Cytoskeleton of apicomplexan parasites.
Microbiol Mol Biol Rev 66:2438. https://doi.org/10.1128/MMBR.66.1.21
-38.2002
Hu K, Roos DS, Murray JM. 2002. A novel polymer of tubulin forms the
conoid of Toxoplasma gondii. J Cell Biol 156:103B050. https://doi.org/
10.1083/jcb.200112086
Okamoto N, Keeling PJ. 2014. The 3D structure of the apical complex and 43,
association with the agellar apparatus revealed by serial TEM tomogra-
phy in Psammosa pacica, a distant relative of the apicomplexa. PLoS
One 9:e84653nttps://doi.org/10.1371/journal.pone.0084653
Fiussy Z, Masava P, Krainska J, Esson HJ, Obornik M. 2017. Budding of 44.
the alveolate alga vitrella brassicaformis resembles sexual and asexual
processes in apicomplexan parasites. Protist 168:8Q. https://doi.org/
10.1016/j.protis.2016.12.001
Scholtyseck E, Mehlhorn H, Friedhoff K. 1970. T structure of the
conoid of sporozoa and related organisms. Z F Parasitenkunde 34:88.
https://doi.org/10.1007/BF00629180
Wall RJ, Roques M, Katris NJ, Koreny L, Stanway RR, Brady D, Waller R,
Tewari R. 2016. SAS6-like protein in Plasmodium indicates that conoid-asso-
ciated apical complex proteins persist in invasive stages within the mos-
quito vector. Sci Rep 6:286648612 https://doi.org/10.1038/srep28604
Wall RJ, Zeeshan M, Katris NJ, Limenitakis R, Rea E, Stock J, Brady D, Waﬁgr_
RF, Holder AA, Tewari R. 2019. Systematic analysis of Plasmodium myo-
sins reveals differential expression, localisation, and function in invasive
and proliferative parasite stages. Cell Microbiol 21:e1308&tps://doi
.0rg/10.1111/cmi.13082 48.
Koreny L, Zeeshan M, Barylyuk K, Tromer EC, van Hooff JJE, Brady D, Ke H,
Chelaghma S, Ferguson DJP, Eme L, Tewari R, Waller RF. 2021. Molecular
characterization of the conoid complex in Toxoplasma reveals its conser- 9
vation in all apicomplexans, including Plasmodium species. PLoS Biol 19:
€3001081https://doi.org/10.1371/journal.pbio.3001081
de Leon JC, Scheumann N, Beatty W, Beck JR, Tran JQ, Yau C, Bradley PJ,
Gull K, Wickstead B, Morrissette NS. 2013. A SAS-6-like protein suggests
that the Toxoplasma conoid complex evolved fromagellar components. 50
Eukaryot Cell 12:10091019.https://doi.org/10.1128/EC.00096-13 ’
Francia ME, Dubremetz J-F, Morrissette NS. 2015. Basal body structure
and composition in the apicomplexans Toxoplasma and Plasmodium.
Cilia 5:3https://doi.org/10.1186/s13630-016-0025:5
Lentini G, Dubois DJ, Maco B, Soldati-Favre D, Frénal K. 2019. The roles o?l'
Centrin 2 and Dynein Light Chain 8a in apical secretory organelles dis-
charge of Toxoplasma gondii. Trat 20:583-600.https://doi.org/10.1111/
tra.12673 52.
Francia ME, Jordan CN, Patel JD, Sheiner L, Demerly JL, Fellows JD, de
Leon JC, Morrissette NS, Dubremetz J-F, Striepen B. 2012. Cell division in
apicomplexan parasites is organized by a homolog of the striated rootlet
ber of algal agella. PLoS Biol 10:e100144M4ttps://doi.org/10.1371/
journal.pbio.1001444
Blader 1J, Coleman BI, Chen C-T, Gubbels M-J. 2015. Lytic cycle of Toxo-
plasma gondii: 15 years later. Annu Rev Microbiol 69:48®5. https://doi
.org/10.1146/annurev-micro-091014-104100
Carmen MGD, Mondragén M, Gonzalez S, Mondragén R. 2009. Induction
and regulation of conoid extrusion in Toxoplasma gondii. Cell Microbiol
11:967982.https://doi.org/10.1111/j.1462-5822.2009.01304.x
Graindorge A, Frénal K, Jacot D, Salamun J, Marq JB, Soldati-Favre Do5.
2016. The conoid associated motor MyoH is indispensable for Toxo-
plasma gondii entry and exit from host cells. PLoS Pathog 12:e1005388.
https://doi.org/10.1371/journal.ppat.1005388
Long S, Brown KM, Drewry LL, Anthony B, Phan IQH, Sibley LD. 2017. Cal-
modulin-like proteins localized to the conoid regulate motility and cell 56.
invasion by Toxoplasma gondii. PLoS Pathog 13:e10063%éps://doi
.0rg/10.1371/journal.ppat.1006379
Tosetti N, Dos Santos Pacheco N, Soldati-Favre D, Jacot D. 2019. Three F-
actin assembly centers regulate organelle inheritance, cell-cell communi-
cation and motility in Toxoplasma gondii. Elife 8:e42668ttps://doi.org/
10.7554/eLife.42669
Leung JM, He Y, Zhang F, Hwang Y-C, Nagayasu E, Liu J, Murray JM, Hu K.
2017. Stability and function of a putative microtubule-organizing center ~ 58.
in the human parasite Toxoplasma gondii. Mol Biol Cell 28:138B78.
https://doi.org/10.1091/mbc.e17-01-0045

42.

45.

57.

Issue 1 e02864-21

mBio®

Katris NJ, van Dooren GG, McMillan PJ, Hanssen E, Tilley L, Waller RF.
2014. The apical complex provides a regulated gateway for secretion of
invasion factors in Toxoplasma. PLoS Pathog 10:e10040ftps://doi
.0rg/10.1371/journal.ppat.1004074

Donald RG, Roos DS. 1995. Insertional mutagenesis and marker rescue in
a protozoan parasite: cloning of the uracil phosphoribosyltransferase
locus from Toxoplasma gondii. Proc Natl Acad Sci U S A 92:5%51%53.
https://doi.org/10.1073/pnas.92.12.5749

Treeck M, Sanders JL, Elias JE, Boothroyd JC. 2011. The phosphopro-
teomes of Plasmodium falciparum and Toxoplasma gondii reveal unusual
adaptations within and beyond the parasite’s boundaries. Cell Host
Microbe 10:4106419.https://doi.org/10.1016/j.chom.2011.09.004

Brad AH, David CS. 2016. Enzyme activity assays for protein kinases: strat-
egies to identify active substrates. Curr Drug Discov Technol 13t8.
https://doi.org/10.2174/1570163813666160115125930

Sidik SM, Huet D, Ganesan SM, Huynh M-H, Wang T, Nasamu AS, Thiru P,
Saeij JPJ, Carruthers VB, Niles JC, Lourido S. 2016. A genome-wide CRISPR
screen in Toxoplasma identies essential apicomplexan genes. Cell 166:
1423-1435.https://doi.org/10.1016/j.cell.2016.08.019

Choi CP, Moon AS, Back PS, Jami-Alahmadi Y, Vashisht AA, Wohlschlegel
JA, Bradley PJ. 2019. A photoactivatable crosslinking system reveals pro-
tein interactions in the Toxoplasma gondii inner membrane complex.
PLoS Biol 17:300047Bttps://doi.org/10.1371/journal.pbio.3000475

Torres JA, Pasquarelli RR, Back PS, Moon AS, Bradley PJ. 2021 chlenti
tion and molecular dissection of IMC32, a conserved Toxoplasma inner
membrane complex protein that is essential for parasite replication. mBio
12:e03622-20https://doi.org/10.1128/mBi0.03622-20

8. Lupas AN, Bassler J. 2017. Coiled eailsnodel system for the 21st cen-

tury. Trends Biochem Sci 42:13040. https://doi.org/10.1016/).tibs.2016
.10.007

49. Donald RGK, Carter D, Ullman B, Roos DS. 1996. Insertional tagging, clon-

ing, and expression of the Toxoplasma gondii hypoxanthine-xanthine-
guanine phosphoribosyltransferase gene: use as a selectable marker for
stable transformation. J Biol Chem 271:1404D4019. https://doi.org/10
.1074/jbc.271.24.14010

Donald RG, Roos DS. 1993. Stable molecular transformation of Toxo-
plasma gondii: a selectable dihydrofolate reductase-thymidylate synthase
marker based on drug-resistance mutations in malaria. Proc Natl Acad Sci
US A90:1170311707 https://doi.org/10.1073/pnas.90.24.11703

Kim K, Soldati D, Boothroyd JC. 1993. Gene replacement in Toxoplasma
gondii with chloramphenicol acetyltransferase as selectable marker. Sci-
ence 262:911914.https://doi.org/10.1126/science.8235614

Bastin P, Bagherzadeh A, Matthews KR, Gull K. 1996. A novel epitope tag
system to study protein targeting and organelle biogenesis in Trypano-
soma brucei. Mol Biochem Parasitol 77:23839. https://doi.org/10.1016/
0166-6851(96)02598-4

53. Evan GlI, Lewis GK, Ramsay G, Bishop JM. 1985. Isolation of monoclonal

antibodies specic for human c-myc proto-oncogene product. Mol Cell
Biol 5:3616-3616.https://doi.org/10.1128/mcb.5.12.3610-3616.1985

54. Wichroski MJ, Melton JA, Donahue CG, Tweten RK, Ward GE. 2002. Clos-

tridium septicum alpha-toxin is active against the parasitic protozoan
Toxoplasma gondii and targets members of the SAG family of glycosyl-
phosphatidylinositol-anchored surface proteins. Infect Immun 70:
4353-4361.https://doi.org/10.1128/1A1.70.8.4353-4361.2002

Beck JR, Rodriguez-Fernandez IA, de Leon JC, Huynh M-H, Carruthers VB,
Morrissette NS, Bradley PJ. 2010. A novel family of Toxoplasma IMC pro-
teins displays a hierarchical organization and functions in coordinating
parasite division. PLoS Pathog 6:€1001094ttps://doi.org/10.1371/
journal.ppat.1001094

Bradley PJ, Ward C, Cheng SJ, Alexander DL, Coller S, Coombs GH, Dunn
JD, Ferguson DJ, Sanderson SJ, Wastling JM, Boothroyd JC. 2005. Proteo-
mic analysis of rhoptry organelles reveals many novel constituents for
host-parasite interactions in Toxoplasma gondii. J Biol Chem 280:
34245-34258 https://doi.org/10.1074/jbc.M504158200

Sidik SM, Hackett CG, Tran F, Westwood NJ, Lourido S. 201¢iekf ge-

nome engineering of Toxoplasma gondii using CRISPR/Cas9. PLoS One 9:
100450 https://doi.org/10.1371/journal.pone.0100450

Huynh M-H, Carruthers VB. 2009. Tagging of endogenous genes in a Tox-
oplasma gondii strain lacking Ku80. Eukaryot Cell 8:5339. https://doi
.org/10.1128/EC.00358-08

mbio.asm.o2g



	RESULTS
	AC10 is essential for recruitment of the AC9:AC10:ERK7 complex to the apical cap.
	AC9 is recruited to the apical cap through a direct interaction with AC10.
	The N-terminal third of AC10 binds both AC9 and ERK7 and is required for efficient recruitment of ERK7 to the apical cap.
	A short, conserved sequence in AC10 is essential to bind and recruit AC9 to the apical cap.
	A third AC9 binding site on AC10 is required for full parasite fitness.
	AC10 N- and C-terminal deletions reveal additional domains for full apical cap function.
	AC10 effectively competes with AC9 as an ERK7 substrate.

	DISCUSSION
	MATERIALS AND METHODS
	T. gondii and host cell culture.
	Antibodies.
	Production of IMC12 antibody.
	Immunofluorescence assay and Western blotting.
	Endogenous epitope tagging.
	Complementation of AC9 and AC10.
	Plaque assays.
	Pairwise yeast two-hybrid.
	Protein expression and purification.
	In vitro kinase assay.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS

