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Summary

The intracellular protozoan parasite Toxoplasma gondii divides by a unique process of internal
budding that involves the assembly of two daughter cells within the mother. The cytoskeleton of
Toxoplasma, which is composed of microtubules associated with an inner membrane complex
(IMC), has an important role in this process. The IMC, which is directly under the plasma
membrane, contains a set of flattened membranous sacs lined on the cytoplasmic side by a
network of filamentous proteins. This network contains a family of intermediate filament-like
proteins or IMC proteins. In order to elucidate the division process, we have characterized a 14-
member sub-family of Toxoplasma IMC proteins that share a repeat motif found in proteins
associated with the cortical alveoli in all alveolates. By creating fluorescent protein fusion
reporters for the family members we determined the spatio-temporal patterns of all 14 IMC
proteins through tachyzoite development. This revealed several distinct distribution patterns and
some provide the basis for novel structural models such as the assembly of certain family
members into the basal complex. Furthermore we identified IMC15 as an early marker of budding
and, lastly, the dynamic patterns observed throughout cytokinesis provide a timeline for daughter
parasite development and division.
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Introduction

Toxoplasma gondii is a member of the Apicomplexa, a phylum comprised predominantly of
obligate intracellular protozoan parasites. Toxoplasma is an opportunistic pathogen of
humans and primarily causes disease in immunocompromised individuals and the fetus
where fast cycles of parasite replication and the ensuing immune response cause tissue
lesions. The structural maintenance of the cell shape by the cortical cytoskeleton is critical
for pathogenesis (Morrissette et al., 2002). The cortical cytoskeleton is composed of two
main components: the microtubules and the inner membrane complex (IMC). The
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microtubules underlie the IMC, which is composed of membrane sacs called alveoli lined
with a meshwork of 8-10 nm intermediate filament-like proteins or IMC proteins (Mann et
al., 2001).

The first four intermediate filament-like IMC proteins, IMC1, 2, 3, and 4, were identified in
different labs and through different screening techniques (Gubbels et al., 2004, Hu et al.,
2006, Mann et al., 2001), leaving open the possibility of the existence of more IMC
proteins. Gould et al analyzed genome sequence data for all the Alveolata (ciliates,
dinoflagellates and apicomplexans (Leander et al., 2003)) and defined a family of proteins
related to IMC1, 3 and 4, which all carry a series of conserved repeats called alveolin
repeats (Gould et al., 2008). The alveolin motif contains conserved valine- and proline-rich
domains composed of “EKIVEVP” and “EVVR” or “VPV” subrepeats (Gould et al., 2008).
IMC2 does not have an alveolin motif and is unrelated to this group.

In apicomplexans the IMC serves as support for the actin-myosin motor apparatus that is
required for host cell invasion (Gaskins et al., 2004, Mann et al., 2001). Furthermore in
apicomplexans the IMC plays a critical role in cell division, which is driven by assembly of
the cortical cytoskeleton and serves as a scaffold for organellogenesis and organelle
partitioning (Nishi et al., 2008). Direct demonstration of the critical role of IMC1a and
IMC1b in Plasmodium berghei cell division and structural support was provided by genetic
knock-outs (Khater et al., 2004, Tremp et al., 2008). We have reported previously that
Toxoplasma IMC3 is enriched in the assembling daughter complexes (Gubbels et al., 2004),
which appears not to be the case for IMC1 and IMC4 (Hu et al., 2006, Hu et al., 2002). The
importance of the IMC to the parasite and the possibility that the individual IMC proteins
may behave differently led us to hypothesize that these proteins could fulfill different
functions within various stages of the parasite’s life cycle including cytoskeletal assembly,
maturation, maintenance, and disassembly.

Here we identified 14 alveolin domain containing genes in the T. gondii sequenced genome
database. Subsequently we studied the subcellular localizations of each using YFP-tagged
constructs and specific antisera. We identified a number of unique spatio-temporal patterns
in addition to those previously described, such as a group of IMC proteins exclusively
localizing to the basal complex, an IMC protein co-localizing with the centrosomes, and a
group of IMC proteins exclusively localizing to the mature cytoskeleton. Taken together, a
surprising level of diversity in the localization and potential function of the alveolin-repeat
IMC proteins outlines the developmental stages of the Toxoplasma tachyzoite cell division
at an unprecedented spatio-temporal resolution.

Genome mining for genes encoding IMC proteins

Since the identification of IMC1, 3, and 4 was not as part of a comprehensive search for
IMC proteins we identified additional IMC genes through querying the fully sequenced T.
gondii genome in ToxoDB using IMC1, 3, and 4 as seeds. This approach identified a total of
14 related IMC genes containing an alveolin domain (Fig. 1A and Table S1). We validated
the splicing of IMC genes 7, 9, and 12-15 by RACE PCR and DNA sequencing. Only
IMC14 and IMC15 varied from the predicted gene models: IMC14 has several splice
variants in the Prugniaud strain but only one in the RH strain (the RH sequence was used in
this study) and IMC15 has different start and stop codons (Fig. S1). The remaining IMC
genes have consistent gene prediction models and we were able to amplify their open
reading frames from tachyzoite cDNA to confirm these annotations.

Cell Microbiol. Author manuscript; available in PMC 2012 January 1.
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expression of the IMC proteins in tachyzoite development

Coordinated gene expression patterns among proteins with related functions have been
observed during the erythrocytic development of the apicomplexan Plasmodium falciparum
(Bozdech et al., 2003, Le Roch et al., 2003). To see if this applies to the IMC proteins, the
expression patterns were assembled for each of the identified IMC genes from genome-wide
microarray expression data (data kindly provided by Drs. Michael White and Michael
Benhke, Montana State University). The majority of the IMC genes (IMC1, 3-6, 8-11, 13,
and 15) display a highly coordinated expression profile reaching a maximum coinciding
with budding, whereas IMC7 and 12 exhibit a profile opposing the majority and IMC14
trails the majority pattern by 1 hour (Fig. 1B). When comparing the absolute mRNA
expression levels, only IMC9 and 15 stand out with maximum expression levels less than
the minimum levels of almost all the other IMC genes (Fig. 1C). Furthermore, many
mRNAs displayed an up to a 10-fold dynamic range between minimum and maximum
suggesting that although timing of expression is coordinated for most IMC genes, their
expression levels are quite variable.

Comparisons of cortical IMC proteins in mature and budding parasites

IMC7, IMC12

Although IMC proteins 1, 3, and 4 had been characterized previously, it was never formally
established how these three proteins localize relative to one another. When IMC1 and IMC3
are compared it is clear that more IMC3 is associated with the budding daughter
cytoskeletons than with the cytoskeleton of the mother cell as opposed to the more equal
distribution that IMC1 exhibits (Fig. 2A,B,E,F). The high intensity of IMC3 is maintained in
the recently emerged but then drops to lower basal levels in fully mature daughters (Fig. 2A
and Fig. S2). Comparable results were obtained with parasites expressing Y FP-tagged
versions of IMC1 and IMC3 indicating that the observed differences were not due to
masking of the antibody binding site (Fig. S3A,B). When IMC4 is compared to IMC1 and
IMC3 using a parasite line expressing YFP-IMC4 it is found to localize like IMC1 with
equal distribution in the mother and daughter buds (Fig. S4A,B). This pattern is
corroborated with a C-terminal fusion, IMC4-YFP, as well (Fig. S5A).

To assess the subcellular localizations of the novel IMC proteins we generated N-terminal
YFP fusions for each protein and expressed them in T. gondii. The expressed fusion proteins
were verified through Western blot (Fig. S6). Live parasites were imaged to identify the
subcellular distribution patterns of the fusion proteins and, in addition, their localization
dynamics were determined in all cases relative to IMC3 with an IMC3 antibody. Among the
novel IMC proteins we identified two, IMC6 and IMC10, which show a localization pattern
like IMC3 (Fig. 2C,D,G,H and Fig. S4C-F). This pattern is the same with C-terminal YFP
fusions (Fig. S5B,D). Taken together IMC3, 6, and 10 comprise a related group of cortical
IMC proteins distinct from IMC1 and 4 based on their behavior during parasite
development.

, and IMC14 localize exclusively to the mature cytoskeleton

In contrast to the IMC proteins described above, IMC7, 12, and 14 are only found in the
mature cortical IMC. The cortical localization of IMC7, 12, and 14 does not correspond with
the emergence of mature daughters (Fig. 3A,D and Fig. S7C,G) but instead occurs sometime
before the initiation of budding (Fig. 3A,B,C; Fig. S7TA,B,E,F; and Movies S1 and S2). C-
terminal fusions of IMC7 and 12 confirm these observed patterns (Fig. S5C,E) and this
behavior is not unexpected based on the delays in the expression profiles of IMC7, 12, and
14 (Fig. 1B). To verify that expression of YFP-IMC7, 12, and 14 do not interfere with
maturation we used a glideosome component, GAP45, which is incorporated into the IMC
upon daughter maturation (Agop-Nersesian et al., 2009). As shown in Figure 3F, GAP45 did
associate with the cortex of the emerging daughters expressing cytoplasmically localized
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YFP-IMC7, while some IMCY7 is still in the cortex of the disassembling mother. The results
are the same for YFP-IMC12 and 14 (Fig. S7D,H). It is important to note that IMC7 and 14
are expressed under their native promoters instead of the a-tubulin (ptub) promoter as ptub
closely matches the expression patterns of the majority of the IMC proteins but not these
(Fig. 1B; Drs. Michael Behnke, John Wootton and Michael White, paper in preparation).
The IMC12 expression pattern is the same under the ptub promoter and its native promoter
but under the native promoter it fades rapidly during imaging; therefore, ptub driven YFP-
IMC12 is presented here (localization data for pimc12 driven constructs is provided in Fig.
S8).

To determine the timing of the shift of IMC7 and 12 to the cortical IMC, time-lapse movies
of YFP-IMC7 and YFP-IMC12 parasite lines were collected throughout tachyzoite
development (Fig. 3A; Movies S1 and S2). The movies show that the time between the end
of cytokinesis and the reappearance of the cortical YFP localization is approximately two
hours. Thus the transition of these IMC proteins occurs in G1. Collection of a comparable
IMC14 movie failed due to the rapid bleaching of the weak YFP signal. Instead of a movie,
we co-stained the parasites with a centrin antibody to mark the centrosome. Centrosome
division marks the transition from G1- to S-phase (Hartmann et al., 2006). By counting the
number of parasites carrying one centrosome and relating that to the localization of YFP-
IMC7, 12 or 14 to either the cytoplasm or cortex we determined the relative timing in G1 for
the appearance of the cortical localization (Fig. 3G,H). Counting was performed blind and
faint cortical localization surrounding cytoplasmic localization was considered cortical. The
relatively large standard deviation across the counts does not allow us to draw definitive
conclusions, however the mRNA expression profiles (Fig. 1B) suggest that IMC14 may
appear at the cortex before IMC7 or IMC12.

IMC11 co-localizes with PhIL1

Expression of a YFP tagged IMC11 driven by either the ptub or its endogenous promoter,
resulted in very weak expression of YFP in an area of the cortex known as the apical cap as
well as an even weaker localization to the basal end of the IMC (Fig. S9). The localization to
the apical cap was confirmed through co-expression of a CherryRFP tagged version of
PhIL1, an IMC-associated protein of unknown function (Gilk et al., 2006) (Fig. S9C). The
number of parasites that could be captured with visible basal IMC11 signal was too low to
make a firm observation regarding basal co-localization. Using a MORNL1 antibody, which
highlights the basal complex (Gubbels et al., 2006), the basal localization of YFP-IMC11 is
supported (Fig. S9D), but the poor YFP signal again did not permit a firm co-localization
assignment. Antiserum was raised against full-length IMC11 because IMC11 is too small to
use only the non-alveolin domains. This unfortunately made it cross-reactive with the
alveolin motifs in other IMC proteins preventing the confirmation of the YFP fusion.

IMC15 associates with the centrosomes and additional structures in the cytoskeleton

YFP-IMC15, when driven by ptub, localizes to the mature cortical IMC, the budding
daughter IMC, the apical cap, and the basal complex in addition to novel localization at the
very apical end and the centrosomes (Fig. 4). A ptub driven C-terminal fusion confirms its
localization to the centrosomes and early buds, however its expression is faint and cortical
localization is only clear in some parasites (Fig. S5G). When under its endogenous promoter
IMC15 continues to localize to the centrosomes, budding daughters, and the extreme apical
end of the parasite (Fig. S3E). The basal expression is greatly reduced and the cortical
expression and cap expression are no longer present, suggesting the latter two might be the
result of overexpression. Since the very apical end is relatively intense even under the native
promoter we tested if this expression corresponds to the conoid by co-expresssing YFP-
IMC15 with myc2-centrin2, a protein present in the apical polar ring (Hu et al., 2006).

Cell Microbiol. Author manuscript; available in PMC 2012 January 1.
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Centrin2 appears to be more apical than IMC15 and to be surrounded on the bottom by
IMC15 (Fig. 4C). This suggests that the bright apical localization of IMC15 is in or around
the conoid.

The co-localization of IMC15 with the centrosomes is shown by the use of a centrin
antibody (Fig. 4D-F). It appears that IMC15 localizes to the centrosomes at the time of or
immediately following their duplication. These spots become very intense before the signal
transitions into the early buds, arching over the apical side of the centrosomes (Fig. 4C,E,F).
Previous to this study the localization of MORN1 above the centrosomes was the earliest
known marker of budding (Gubbels et al., 2006). However, relative to the weak MORN1
signal in very early buds, already two very intense IMC15 bud structures are visible (Fig.
4E). IMC15 localization to the centrosomes and early buds was confirmed with a specific
antiserum raised against the N-terminus of IMC15 (Fig. 4F and Fig. S3D,E). The antiserum
does not recognize the apical accumulation possibly due to post-translational modifications
or to the YFP tag blocking the antibody recognition site. Consistent with potential post-
translational modification is the slower than expected migration of YFP-IMC15 fusion
protein (Fig. S6).

A group of IMC proteins is part of the basal complex

As shown in Figures 4 and S9, YFP-IMC15 and YFP-IMCL11 co-localize with MORNL1 at
the basal end of the mature parasite. Surprisingly, we identified several IMC proteins that
exclusively localize to the basal complex in mature parasites: IMC5, 8, 9, and 13 (Fig. 5).
This group localizes to the whole daughter bud in the first half of budding and then halfway
through budding they shift toward the basal complex (Fig. 5A). An N-terminal YFP fusion
protein of IMC13 displays the same localization pattern as the C-terminal YFP fusion (Fig.
S5F). Furthermore, we generated a specific antiserum against the N-terminus of IMC5,
which confirmed its localization to the basal complex (Fig. 5B and Fig. S3C).

Subtle differences in IMC protein localizations within the basal complex were observed and
we compared these pair wise with each other as well as with MORNL1 and centrin2 (Fig.
5C). These co-localization studies resulted in the identification of three substructures in the
basal complex: the widest structure contains MORNL1, IMC9, 13, and 15, followed by a
structure composed of IMC5 and 8 that is finally followed at the very basal end by the
smallest structure containing centrin2, which partially overlaps with the IMC5 and 8
structure. Because definitive validation of these spatial relationships is limited by the
resolution of light microscopy we sought to test whether the co-localizing proteins were
interacting with each other and/or with their neighbors by yeast two-hybrid analysis.
Unfortunately, these results were largely inconclusive (Table S2).

Since these distinctive basal structures have not been described at the ultrastructural level,
we performed electron microscopy (EM) on the basal complex (Fig. 5D-G). Two distinct
electron-dense structures were observed in the basal complex: one directly attached to the
cytoplasmic side of the basal end of the IMC (the basal inner ring or BIR; Fig. 5G) and a
second structure separated from the IMC and the inner ring, but extending over the same
length of the basal IMC and bending toward the plasma membrane (the basal inner collar or
BIC) (Fig. 5E-G). Though it is difficult to obtain a large number of properly sectioned
parasites, among 30 parasites with properly oriented basal complexes the majority displayed
this folding back of the BIC to contact the plasmalemma. Both the BIR and BIC are
continuous (Fig. 5G) and absent from the apical end of the IMC (Fig. 5D).

Cell Microbiol. Author manuscript; available in PMC 2012 January 1.
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The alveolin domain is the main determinant for localization to either the cortical or the
basal cytoskeleton

We identified two major classes of IMC proteins: those that localize to the cortical
cytoskeleton and those that localize to the basal cytoskeleton. Based on other classes of
intermediate filament proteins their localization might be controlled by the N- or C-terminus
since the central conserved domain is likely required for filament formation (Herrmann et
al., 2004, Parry et al., 2007). To test this, we designed a series of deletion and chimeric
constructs of IMC3 and IMCS8, neither of which contain predicted palmitoylation sites that
could potentially overrule amino acid motifs governing their localization (Fig. 1A). For
IMC3 the expression of the alveolin domain alone showed the same localization pattern as
its full-length counterpart (Fig. 6A). The results were the same for IMC8, except for the lack
of pronounced basal localization in the buds when the alveolin domain is expressed alone
(Fig. 6B). Additional deletion and chimeric constructs suggest that sequence is required on
both ends of the alveolin domain to obtain the basal localization in the buds but the sequence
does not have to be IMC8 specific (Fig. 6B, panels 5 and 6). These results suggest that the
alveolin domain is necessary for IMC3 and IMC8 localization and sufficient for IMC3
localization in a wild-type background.

Discussion

Our data show that the 14-member sub-family of alveolin motif containing intermediate
filament-like proteins has distinct dynamics and localization patterns throughout tachyzoite
development, which include several phenomena not previously described. Based on our
findings we established a development time line outlined in Figures 7A. Formation of the
daughter cytoskeleton begins with the localization of IMC15 to the centrosome at
approximately the time of duplication. All other IMC proteins except IMC7, 12, and 14
assemble and grow with the daughter buds, with IMC3, 6, and 10 exhibiting significant
abundance in the daughter buds compared to the mature mother IMC. Halfway through
daughter formation IMCS5, 8, 9, and 13 shift their localization to the basal complex and the
basal complex starts to constrict (Fig. 5). Completion of cytokinesis coincides with the
appearance of three distinct regions within the basal complex (Fig. 7B). At this point IMC1,
3,4, 6, 10, and 15 are present along the full length of the cortical cytoskeleton. IMC11 and
15 occupy the apical cap subdomain of the IMC, and IMC15 is additionally observed at the
very apical and basal ends of the IMC. Now in G1, IMC7, 12, and 14 begin to appear at the
cortical IMC of the mature parasites. This series of events completes a full development
cycle.

The behavior of the various IMC proteins appears to be controlled at three different levels:
expression patterns, primary protein sequences, and post-translational modifications. At the
transcriptional level three different expression patterns were defined (Fig. 1B). At the
primary protein sequence level we showed that the alveolin motif is a determinant for
localization to either the cortical or basal sections of the cytoskeleton (Fig. 6). However, it is
possible that the IMC proteins first assemble into homo-dimers or -oligomers before being
targeted to cytoskeleton as in other intermediate filament systems (Herrmann et al.,
2004,Parry et al., 2007). The alveolin domain deletion constructs could oligomerize with the
untagged full-length native IMCs and be carried along to the appropriate location. Until the
alveolin domains alone are shown to control the spatio-temporal patterns of the IMC
proteins in gene-specific knockout backgrounds it must be considered that localization
information for the IMC proteins could be contained in the N- or C-terminal domains as
well. At the post-translational level protein modifications can influence the function and
assembly of the IMC proteins. IMC1 undergoes proteolytic cleavage coinciding with a
transition in filament skeleton rigidity (Mann et al., 2002). The shorter than expected bands
for several IMC YFP fusion proteins in the western blots could be indicative of such
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proteolytic processing; however, at this point we can not exclude the possibility that these
sizes could originate in degradation during sample preparation (Fig. S5). In other
intermediate protein filament systems assembly is controlled by post-translational
modifications such as acylation and phosphorylation (Gruenbaum et al., 2005,Herrmann et
al., 2004). Several of the IMC proteins contain predicted palmitoylation sites (Fig. 1A) and
numerous potential phosphorylation sites (not shown). Our future work will focus on
dissecting the contribution of post-translational modifications to IMC protein function and
behavior.

IMC15 colocalizes with the centrosomes upon division and currently is the earliest known
marker for the new daughter buds, appearing earlier than MORNL1 (Fig. 4). A potential
model is that the centrosomal association of IMC15 provides a cue for the start of daughter
budding by recruiting MORNL1 and the other IMC proteins. Regardless of the exact
mechanism, IMC15 highlights a key step in the connection between the cell cycle and
mitosis. Elucidating this connection will be the focus of our future work.

The timing of the shift of IMCS5, 8, 9, and 13 from the small buds to the basal complex is
reminiscent of the timing of the previously described assembly of centrin2 on the basal
complex, which marks the start of basal complex constriction to establish the tapered basal
end of the cytoskeleton (Figs. 5,7A). Centrin2 has been suggested to provide the constrictive
force (Hu, 2008). Daughter maturation and emergence coincides with relative localization
shifts within the basal complex to generate three discernable regions that could coincide
with the BIR and BIC revealed by EM (Fig. 7B,5E-G). Moreover, the BIC appears to bend
over the alveoli and connect with the plasma membrane, providing the only visible
connection between the IMC and plasma membrane. However this bend is not observed at
all times and could either be transient or be a transitional architecture in development. A
possible function besides the constriction of the forming daughters for this complicated
basal structure is the maintenance of cellular integrity. Host cell invasion is accompanied by
significant forces on the cytoskeleton when the parasite squeezes through a narrow aperture.
Where the conoid reinforces the apical end, the basal complex could reinforce the basal end.
A function for the basal IMC proteins in the basal complex would predict that the basal IMC
proteins would be conserved across the Apicomplexa, especially since the role of major
basal complex component MORNL1 is conserved across division modes in the Apicomplexa
(Ferguson et al., 2008). A posterior cup as observed for Toxoplasma tachyzoites (Mann et
al., 2001) is also present in E. tenella merozoites (Russell et al., 1984). However, the basal
structure of Plasmodium sporozoites contains a branching ER with a posterior polar ring, but
this is not an as clearly defined a structure as in the Toxoplasma tachyzoite (Kudryashev et
al., 2010). Although it is possible that different development stages have different posterior
structures, the basal IMC proteins are very poorly conserved across the Apicomplexa (see
Table S3), which could support that the structure of the posterior end or basal complex is not
necessarily well conserved across the Apicomplexa. Lastly, potential stage specific roles for
IMC proteins have been suggested by differential expression profiles across Plasmodium
berghei life stages (Tremp et al., 2008).

An unexpected event is the appearance of IMC7, 12, and 14 in the G1 phase of the cell cycle
(Fig. 3). At this point the cytoskeleton is fully formed so the need for these additional
components is puzzling. One possible mechanism is that the G1 phase separates two
subsequent cytokinetic events and these IMC proteins serve as markers to distinguish the
mother cytoskeleton from future budding daughters. This model complements one of the
most remarkable features of internal budding by Toxoplasma: it takes place in the presence
of a mature mother cytoskeleton that at some point must be disassembled concurrently with
the maturation of the daughters. Although this is a speculative model, it would resolve
several issues presented by differential stability of mother and daughter during cytokinesis.

Cell Microbiol. Author manuscript; available in PMC 2012 January 1.
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Most Apicomplexa divide through schizogony wherein the mother’s IMC is disassembled
long before new daughters are being assembled (Ferguson et al., 2008) and, thus, do not
require features to differentiate mother and daughter. The possibility of IMC7, 12, and 14
playing the role of maturity marker is supported by the lack of orthologs in other
Apicomplexa. For IMC14 no robust direct orthologs were identified, but hits with
significant e-values were present (Table S3). Unlike IMC7, 12, and 14, and the basal IMC
proteins, IMC1, 3, 4, 6, and to a lesser extent 10 are well conserved across the Apicomplexa
(Table S3). Next to Neospora, convincing IMC15 orthologs were only identified in the
Plasmodia. It should be noted that IMC proteins not orthologous to IMC1, 3, 4, 6 or 10 are
present in other Apicomplexa (Gould et al., 2008).

Taken together, several IMC proteins are conserved, likely playing key roles in cytoskeleton
assembly. However, expansion of the IMC protein family in Toxoplasma appears to have
created new functions for several IMC proteins potentially not shared across the
Apicomplexa. In our future work we will address the function of the various IMC proteins
by creating direct and conditional knockouts. Given the potential redundancy of IMC
proteins with similar behavior, multi-gene knockouts might be required to better define their
function. Furthermore, gene knockouts will provide us with a model to directly study the
domain requirements for targeting IMC proteins.

Materials and methods

Parasites

RACE

RH strain parasites and transgenic derivatives were used throughout this study. Parasites
were maintained in human foreskin fibroblasts (HFF) as previously described (Roos et al.,
1994). Stable parasites expressing transgenes were selected under chloramphenicol or
pyrimethamine pressure and cloned by limiting dilution.

For IMC genes 7, 9, and 12-15 we determined the 5'- and 3'-ends by RACE using the
GeneRacer kit (Invitrogen) according to the manufacturer’s instruction. All primer
sequences are provided in Supplementary Table S4.

Sequence analysis

Plasmids

The IMC gene family was identified through reciprocal BLASTP searches of the T. gondii
genome of the ME49 strain in ToxoDB version 5.1 using a cut-off e-value of 1073 (Gajria et
al., 2008, Kissinger et al., 2003). The alveolin repeat domains of each IMC were determined
by first identifying the VPV and EKIVEVP repeats as defined in (Gould et al., 2008) and
then analyzing the protein sequences for novel repetitive regions with the REPRO program
(George et al., 2000). The final determination of each alveolin domain’s boundaries was
done manually based on the V/E/K/Q/R/P richness of the domain. Predictions of lipid
modification (myristoylation, farnesylation, geranylgeranylation, palmitoylation) were
performed using the suite available at http://mendel.imp.ac.at/mendeljsp/index.jsp, (Maurer-
Stroh et al., 2005, Ren et al., 2008)).

All PCR primer sequences are provided in Supplementary Table S4. Plasmids ptub-YFP-
IMCx/sagCAT and ptub-IMCx-YFP/sagCAT are based on the ptub-YFP,(MCS)/sagCAT
plasmid (Gubbels et al., 2003) with an extra multiple cloning site containing EcoRV and
Xmal/Smal introduced behind the stop codon of the second YFP based on the ptub-
CherryRFP,/sagCAT plasmid (kindly provided by Giel van Dooren and Boris Striepen,
University of Georgia). Complete ORFs were amplified from cDNA generated from either
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Type | (RH strain) or Type 1l (Prugniaud strain; cDNA library kindly shared by Peter
Bradley, UCLA) tachyzoites. Amplicons were Bglll/Avrll cloned for C-terminal YFP
fusions or Avrll/EcoRV or Avrll/Xmal for N-terminal YFP fusions. The same strategy was
employed to generate cherryRFP fusions. 1500 bp endogenous promoters were PCR
amplified from genomic DNA and cloned by Pmel/Bglll into ptub-YFP-IMCx/sagCAT or
ptub-IMCx-YFP/sagCAT. Deletion and chimeric proteins were cloned by PCR-fusion
amplification of select domain inserts flanked with AvrllI/EcoRYV sites (Szewczyk et al.,
2006) and cloned into ptubYFP,(MCS)/sagCAT.

Generation of antisera

The full length ORF of IMC11 and the 5’-end before the alveolin repeats from IMC3 (1-120
aa), IMC5 (1-350 aa), and IMC15 (1-350 aa) were amplified from cDNA and cloned into
plasmid AVA0421 (Alexandrov et al., 2004) to generate a Hisg N-terminal fusion. Fusion
proteins were expressed in BL21 E. coli (Invitrogen) and purified over TALON Resin
(Clontech). Polyclonal antisera were generated by rat immunizations (Covance). Antibodies
were affinity purified against corresponding recombinant protein cross-linked to cyanogen
bromide Sepharose 4B (Sigma) (Harlow et al., 1988).

Immunofluorescence assays

IFAs were performed as described (Gubbels et al., 2006). The following primary antibodies
were used: rat anti-IMC3, rat anti-IMC5, rat anti-IMC15, rabbit anti-IMC3 (Gubbels et al.,
2004), rabbit anti-MORN1 (Gubbels et al., 2006), MAb 45:36 IMC1 (kindly provided by
Gary Ward, Univ. Vermont), rabbit anti-human centrin (kindly provided by lain Cheeseman,
Whitehead Institute), rabbit anti-GAP45 (Gaskins et al., 2004). Secondary antibodies
conjugated to Alexa350, 488 or 594 were used (Invitrogen). Nuclear material was co-stained
with 4’,6-diamidino-2-phenylindole (DAPI).

Fluorescence microscopy

A Zeiss Axiovert 200M wide-field fluorescence microscope equipped with a a-Plan-Fluar
100x/1.45 NA oil objective, and a Hamamatsu C4742-95 CCD camera was used. In
addition, a Leica TCS SP5 inverted confocal microscope with a 100x/1.4 NA oil objective
was used. Time-lapse microscopy was performed on the Zeiss microscope. Images were
analyzed and processed using Openlab and Volocity (Improvision).

Electron microscopy

Intracellular parasites were fixed in 4% glutaraldehyde in 0.1 M phosphate buffer pH 7.4
and processed for routine electron microscopy (Ferguson et al., 1999). In summary, cells
were post-fixed in OsO,4 and treated with uranyl acetate prior to dehydration in ethanol,
treatment with propylene oxide, and embedding in Spurr’s epoxy resin. Thin sections were
stained with uranyl acetate and lead citrate and examinaned with a JEOL 1200EX electron
microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The IMC proteins and their expression during tachyzoite development. (A) Full length and
validated open reading frames of each IMC protein in order by IMC number and their
corresponding ToxoDB gene name. The alveolin repeat regions are represented in yellow
and the N- and C-termini in green. Cysteines are indicated in red and predicted
palmytoylation sites marked with blue asterisks. (B) Affymetrix array expression pattern of
the IMC mRNAs through two cycles of tachyzoite development. RH strain parasites
expressing the herpes simplex thymidine kinase (TK) were synchronized by a thymidine
block. Cell cycle stages and timing of budding are indicated at the top. Expression levels are
normalized to internal controls on the Affymetrix array. (C) Maximum and minimum
expression levels of the IMC genes in the second cycle represented in (B) (hours 6-12).
Expression level is shown as the raw fluorescence hybridization data.
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Relative localization of the cortical IMC proteins throughout tachyzoite development. (A-B)
Mature (A) and budding (B) parasites co-stained with antibodies against IMC1 (green) and
IMC3 (red). (C) Budding parasites expressing ptub driven YFP-IMCS6. (D) Budding
parasites expressing ptub driven YFP-IMC10. (E) Intensity profile across the budding
daughters indicated in (B) panel 3 marked by arrow “E”. Arrowheads indicate specific
localization of IMC1 in the mature mother parasites not detected for IMC3. (F) Mature
mother intensity profile along the arrow indicated in (C) panel 3 marked with “F”. (G-H)
Intensity profiles as indicated by arrows “G” and “H” in (C) panel 3. Relative distance is
shown along the length and direction of the arrows in (B,C) on the x-axis and relative

intensity is shown on the y-axis.
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Fig. 3.

IMC7, 12, and 14 associate exclusively with mature cytoskeletons. (A) Selected frames from
time-lapse images of YFP-IMC12 (Movie S2). (B-E) Three stages of tachyzoite
development are shown for YFP-IMC?7 (green) co-stained with IMC3 antibody (red): (B)
mature, (C) mid budding, and (D) emerging daughters. (E) Intensity profile as described in
Figure 2 across the arrow shown in panel 3 of (C). (F) YFP-IMC7 (green) expressing
parasites co-stained with GAP45 antibody (red). (G,H) YFP-IMC7, 12, and 14 associate
with the cortical cytoskeleton in the G1-phase of the cell cycle. YFP-IMC7, 12, and 14
expressing parasites were co-stained with centrin antibody (red) and DAPI (blue). YFP-
IMCY7 is provided as an example in (G). The following three stages of development were
defined: cytoplasmic YFP with 1 centrosome (cyto, 1 cent), cortical YFP with 1 centrosome
(cort, 1 cent), and cortical YFP with duplicated centrosomes (cort, 2 cent). All stages were
blindly counted and G1 distributions plotted in (H) as percentage of parasites in G1. Results
from three independent experiments counting 60—160 parasites per experiment are shown;
error bars denote standard deviation.
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Fig. 4.

IMC15 associates with the duplicated centrosomes and transitions to the budding
cytoskeleton. (A) live ptub driven YFP-IMC15 expressing parasites showing a total
projection (left) and an optical section (middle) of mature parasites and a parasite with two
intensely stained budding daughters (right). Arrows indicate the very basal end of the
cytoskeleton, arrowheads the very apical end, and the double arrowheads the cap region. (B)
YFP-IMC15 (green) expressing parasites co-stained with IMC3 antibody (red) in mid
budding parasites. (C) YFP-IMC15 (green) expressing parasites co-expressing myco-
centrin2 and stained with myc antibody (red) in early budding parasites. Arrowheads
indicate the very apical end of the parasite, double arrowheads the apical cap, single arrow
the very basal end, double-headed arrows the early bud and double arrowheads the 6
centrin2 foci on the apical cap. Inset is of boxed area. (D) YFP-IMC15 (green) expressing
parasites co-stained with centrin antibody (red) in mature parasites. Arrows mark IMC15
localization to the duplicated centrosomes. Inset is of boxed area. (E) YFP-IMC15 (green)
expressing parasites co-transfected with CherryRFP-MORNL1 (red) and co-stained with anti-
human centrin antibody (blue) in very early budding parasites (pre-mitotic as judged from
the single, centrally located MORNL1 highlighting the spindle pole). The parasite is outlined
with a dotted line in the first panel. Insets are of the central region around MORNL. (F) S-
phase wild-type parasites stained with anti-IMC15 serum (red) and co-stained with centrin
antibody (green) and DAPI (blue). All insets are 2X enlargments.
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IMCS5, 8, 9 and 13 localize to the cortical IMC in early buds and then transition to and
partially co-localize at the basal complex upon constriction. (A) Live ptub promoter driven
YFP-IMCS8 expressing parasites at different stages of tachyzoite development (independent
parasites are shown in each panel). Mother and daughter parasites are traced by dotted lines
in the lower series. (B) Wild type parasites co-stained with anti-IMC5 serum (red), IMC1
antibodies (green), and DAPI (blue). (C) Pair-wise comparisons of the members of the basal
complex using co-transfected YFP and CherryRFP constructs. The numbers represent the
tagged IMC protein, M1 is MORN1, C2 is centrin2, and the colors correspond with the
fluorescent protein fusion. The asterisks in the MORNL + IM9 panel mark the spindle pole
localization of MORN1 (D-G) Electron micrographs identifying an inner collar at the basal
end of the cytoskeleton. (D) Cross section through the apical complex demonstrating the
absence of a comparable complex at the apical end. (E) Longitudinal section through the
posterior end of a parasite displaying the basal inner collar (BIC) and the fold over the
alveoli marked with arrowheads. The arrows mark the end of the alveolar vesicles. A unit
membrane (UM) of unknown origin with an electron dense coating that is limited to the
basal cup region is visible as a clear vesicle sitting within the very basal opening. (F)
Longitudinal section through the basal complex. Arrowheads mark the BIC, which bends
over the end of the alveolar membrane and connects with the plasma membrane as indicated
by the arrow. The area marked by the blue box is enlarged. (G) Cross section through the
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basal complex displaying the continuity of the BIC and basal inner ring (BIR), which are

visible in the enlarged area marked by the blue box. In addition, the two closely apposed
UMs can be discerned. P is plasma membrane.
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Fig. 6.

The alveolin domain contains the localization signal differentiating cortical from basal
IMCs. IMC3 (A) and IMC8 (B) are dissected to determine whether the N-terminus (“N”),
alveolin domain (“A”), or C-terminus (“C”) is/are responsible for their localization patterns.
The domains indicated above or below each panel are fused to an N-terminal YFP and all
constructs were driven by the ptub promoter.
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Fig. 7.

Summarizing schematics of the IMC protein dynamics throughout tachyzoite development
and the structure of the basal cytoskeleton. (A) Groups of IMC proteins with a similar
behavior are shown in the same color and the groups are introduced at the stage of their
defining role; among the yellow, cortical IMC proteins, the ones with a preference for the
immature buds are outlined (IMC3, 6, and 10). IMC11 is not included. (B) The tentative
structure of the basal complex in mature parasites is composed of three layers. The top layer
(green) is composed of MORNL1, IMC9, IMC13, and IMC15, the middle layer of IMC5 and
8 and the very basal tip contains centrin2, which overlaps with the middle layer. Data in
Figure 5C do not include clear candidates for the bend of the inner collar toward the plasma
membrane seen by EM (Fig. 5D-H). Interpretation of the posterior cup is based on data
presented in (Mann et al., 2001).
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