1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

(<
A 5 Author Manuscript
P repSS

° NAT/O

Published in final edited form as:
Traffic. 2012 May ; 13(5): 694—704. doi:10.1111/j.1600-0854.2012.01335.x.

Apicoplast targeting of a T. gondii transmembrane protein
requires a cytosolic tyrosine-based motif

Amy E. DeRocherl, Anuradha Karnatakil:2, Pashmi Vaney?!, and Marilyn Parsons?:2
1Seattle Biomedical Research Institute, 307 Westlake Ave N, Seattle Washington 98109-5219

2University of Washington, Department of Global Health, Seattle Washington 98195-5065

Abstract

Toxoplasma gondii, like most apicomplexan parasites, possesses a nessential relict chloroplast, the
apicoplast. Several apicoplast membrane proteins lack the bipartite targeting sequences of luminal
proteins. Vesicles bearing these membrane proteins are detected during apicoplast enlargement,
but the means of cargo selection remains obscure. We used a combination of deletion mutagenesis,
point mutations, and protein chimeras to identify a short motif prior to the first transmembrane
domain of the T. gondii apicoplast phosphate transporter 1 (APT1) that is necessary for apicoplast
trafficking. Tyrosine 16 was essential for proper localization; any substitution resulted in
misdirection of APT1 to the Golgi body. Glycine 17 was also important, with significant Golgi
body accumulation in the alanine mutant. Separation of at least eight amino acids from the
transmembrane domain was required for full motif function. Similarly placed YG motifs are
present in apicomplexan APT1 orthologues and the corresponding N-terminal domain from
Plasmodium vivax was able to route T. gondii APT1 to the apicoplast. Differential
permeabilization demonstrated that both the N-and C- termini of APT1 are exposed to the cytosol.
We propose that this YG motif facilitates APT1 trafficking via interactions that occur on the
cytosolic face of nascent vesicles destined for the apicoplast.

Introduction

Most apicomplexan parasites, such as Toxoplasma gondii and Plasmodium spp., possess a
degenerate non-photosynthetic plastid called the apicoplast, adopted from an ancient algal
endosymbiont. The apicoplast, like the chloroplasts of related photosynthetic
chromalveolates, is surrounded by four membranes. The outer membranes were presumably
derived from the phagosomal membrane and the algal plasma membrane, and the inner two
membranes from the outer and inner chloroplast membranes. The apicoplast is an essential
organelle (1-3). Since it does not have a counterpart in the animal host, it is a promising
target for therapeutic intervention in diseases such as toxoplasmosis or malaria.

Proteins targeted to the lumen of the apicoplast have a n N-terminal bipartite targeting
sequence that is processed upon trafficking, and bioinformatic analysis has yielded
apicoplast metabolomes for those apicomplexans with sequenced genomes including
Toxoplasma, Plasmodium, Babesia, Theileria, Eimeria and Neospora. Among these, there is
some variation in the metabolic pathways residing in the apicoplast (4). The apicoplasts of
all species characterized to date contain an isoprenoid biosynthetic pathway and an iron/
sulfur cluster assembly pathway (4). In Toxoplasma gondii and Plasmodium spp, the
apicoplast also houses fatty acid, heme, and lipoic acid biosynthetic pathways. The carbon
sources for apicoplast biosynthetic pathways, triose phosphate and phosphoenolpyruvate, are
translocated across apicoplast membranes by an apicoplast phosphate transporter (APT)
(5;6), which is a member of the plastid phosphate translocator family. Additionally APT1
functions in a triose phosphate/3-phosphoglycerate shuttle, allowing the capture of ATP and
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reducing equivalents within the apicoplast (6). T. gondii has one APT family member, APT1
(TGME49_061070), that may inhabit multiple membranes of the apicoplast (7), while
Plasmodium has two APT proteins, PfoTPT in the outer membrane, and PfiTPT, likely in
the innermost membrane (5;8). Other apicomplexans (excluding Cryptosporidium spp) are
predicted to have APT1 orthologues, and some have additional APT paralogues as well.
TgAPT1 is essential in T. gondii, since conditional knockdown abruptly stops parasite
growth and kills the majority of cells within 3 days (6).

The Plasmodium falciparum transporter, PfiTPT, has the same type of bipartite targeting
sequence at its N-terminus as those present on proteins targeted to the lumen of the
apicoplast. These bipartite sequences, which contain an N-terminal signal sequence followed
by a transit peptide resembling those that target proteins to chloroplasts, first direct nascent
proteins to the ER and from there to the apicoplast. However, PfoTPT and T. gondii APT1
lack an identifiable bipartite targeting sequence as do two other proteins associated with
membranes of the T. gondii apicoplast, the protease FtsH1 (9) and the thioredoxin ATrx1
(10) as well as some other recently identified proteins (11). Unlike many other apicoplast
proteins, there is no evidence for processing of APT1 during trafficking.

We have shown that like apicoplast luminal proteins (12;13), both APT1 (7) and FtsH1 (9)
likely traffic through the ER en route to the apicoplast. Unlike luminal proteins, these
membrane proteins are readily detected on vesicles at the time of apicoplast enlargement
prior to division (7;9). Like the apicoplast, these vesicles are decorated with phosphatidyl
insoitol 3-phosphate. (14). By analogy with vesicular transport to other cellular destinations,
cytosolically disposed regions of apicoplast membrane proteins could contain motifs that
allow their packaging into vesicles. Here we show that a tyrosine-containing motif prior to
the first transmembrane (TM) domain of APT1 is necessary for its proper trafficking. With
the exception of a deletion mutant that did not escape the endoplasmic reticulum (ER),
APT1 mutants that did not localize to the apicoplast were found in the Golgi body. We
examine spacing of the motif from the TM domain and its conservation in Apicomplexa.
Our experiments demonstrate that the N-terminus of APT1 faces the cytosol, suggesting that
it may interact with proteins that collect membrane protein cargo for transit to the apicoplast.

The APT1 N terminal domain is necessary for apicoplast targeting

T, gondii APT1 has multiple TM domains, the first of which is preceded by 42 aa (or 41 aa,
depending on the topology prediction algorithm). Given that the sequences mediating
transport of many apicoplast proteins lie at the N-terminus, we tested whether N-terminal
motifs might be required for localization of APT1. Three N-terminal deletion constructs of
APT1 C-terminally tagged with HA epitopes were prepared (all APT1 constructs used the
APT1 promoter unless otherwise noted). Plasmids were transfected into T. gondii cell lines
expressing either an apicoplast-targeted red fluorescent protein marker or the Golgi marker
GRASP55 fused to YFP (15) and the parasites subjected to immunofluorescence analysis
(IFA) (Figure 1). APT1 lacking aa 2-14 (APT1AN14-HA) showed the characteristic
circumplastid staining pattern seen with wild type APT1 (7). In contrast, the deletion protein
which begins at aa 38 (APT1AN37-HA), did not show circumplastid localization, but
localized primarily to the Golgi body as shown by colocalization with GRASP55-YFP.
Deleting through the first TM domain to aa 64 (APT1AN64-HA) yielded a protein that was
retained in the ER. Since loss of a TM domain is likely to impact proper folding and
assembly, this deletion may indirectly abrogate trafficking. Thus, a motif necessary to direct
APT1 to the apicoplast appeared to be encoded in the N-terminal region prior to the first TM
domain, between aa 14 and aa 38.

Traffic. Author manuscript; available in PMC 2013 May 1.
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To identify amino acids in this region of the protein that are important for targeting, non-
alanine residues between aa 15 and 37 were mutated individually or in combination to
alanine (Table 1). Changing either Y16 or G17 to alanine redirected all (Y16) or most (G17)
of the detected protein from the apicoplast to the Golgi in transient tranfectants, but alanine
substitution at other residues retained apicoplast localization (Figure 2 and Table 1).
Although vesicles bearing wild type APT1 are commonly observed during apicoplast
elongation ((7) see example in Figure S1), no vesicles bearing APT1(Y16A) were detected.
Parasites expressing N-terminally tagged APT1 and APT1(Y16A) recapitulated the findings
seen with C-terminally tagged protein (not shown).

Tyrosine-based motifs involved in sorting of proteins to vesicles follow the consensus
YXX¢, where ¢ is a bulky hydrophobic aa (16-19). Mutating V19 (three residues after Y16)
to alanine (Figure S1) or to serine (not shown) did not abrogate targeting. The hydroxylated
residues following the targeting sequence were also dispensable. Di-acidic motifs, typically
DXE or DXD (where X can be any amino acid), can function as a “ticket” for protein exit
from the ER via interaction with Sec24 (20) and have been shown to be functional in P.
falciparum (21). However, disrupting APT1’s sole di-acidic motif by mutation of either D29
or E31 to alanine did not alter apicoplast targeting (Figure 2). The mutant APTs which
retained strong apicoplast targeting showed not only circumplastid targeting in parasites
with a compact apicoplast but also vesicle-type staining in parasites with an elongated
apicoplast (Figure S1 shows the example of V19A). Thus a YG motif near the N-terminus of
APT1 is necessary for its inclusion into vesicles and targeting to the apicoplast, whereas
alanine is tolerated at other residues.

A similar deletion strategy to examine the C-terminus was not productive since no
expression of proteins lacking the C-terminal 5, 128, 226 or 250 aa was seen following
transient transfection or in stable transfectants. The presence of the deletion construct was
confirmed by sequencing PCR products amplified from genomic DNA from the latter three
clones. Interestingly, APT1 terminates five residues after the last predicted TM domain in a
YG dipeptide. However concurrent mutation of these two residues to alanine did not affect
trafficking to the apicoplast membrane (not shown).

APT1-nucleotide sugar transporter chimeras suggest that the N-terminal motif is not
sufficient for proper trafficking

To assess whether the N-terminus of APT1 was sufficient for targeting to the apicoplast, we
made chimeras between APT1 and a related transporter. Since T. gondii possesses only one
transporter in the plastid phosphate translocator family, we turned to the next most closely
related family, the nucleotide sugar transporters (22). We searched for such transporters in
ToxoDB version 3 and identified a gene (TgME49_067380) that encoded a protein with
strong similarity to human UDP-N-acetyl glucosamine transporter (E-value = 2 x 107102),
This gene, provisionally dubbed nucleotide sugar transporter 1 (NST1), was expressed in T.
gondii along with the Golgi marker GRASP55-YFP. As shown in Figure S2A, the protein
colocalized with GRASPS55 to the bar-like Golgi structure. Carbonate extraction (Figure
S2B) demonstrated that NST1 was, as predicted, an integral membrane protein. As NST1
was readily detected and localized to the next compartment of the default pathway after the
ER, it was chosen as the chimera partner.

NST1 and APT1 have low primary sequence homology, so they were aligned based on a
combination of alignment between plant sugar phosphate transporters and nucleotide sugar
transporters (23), similarities in hydropathy plots, and local amino acid alignments.
Chimeric proteins bearing the first 178 or 271 aa of APT1 fused to aa 188 or 253 of NST1
respectively were observed to colocalize with the Golgi apparatus (Figure 3). Thus the N-
terminus of APT1 is not sufficient to achieve apicoplast targeting in this context. Since ER
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to Golgi trafficking in most organisms requires proper protein folding and assembly, the
localization of these proteins to the Golgi body indicates that the proteins achieved a
transport competent structure. However, transfectants stably expressing the chimeric
proteins could not be isolated. Reversed chimeras of those above did not yield detectable
expression, although the first 347 aa of NST1 followed by the C-terminal tail of APT1 (5 aa)
was expressed and Golgi-localized.

Targeting motif analysis

To test whether any other amino acid could functionally substitute for Y16, we
systematically mutated it to all other residues and transfected the constructs into T. gondii
(Table S1). Parasites were analyzed by IFA following transient transfection. Interestingly,
even the most conservative mutations at this position did not permit significant targeting to
the apicoplast, but showed Golgi body localization similar to the Y16A mutant. These
include mutations to Thr (hydroxylated), Phe (aromatic) and Glu (potential substitute for
phosphotyrosine). The expression level of the tagged mutant proteins in clonal lines of
stable transfectants expressing APT1(Y16A) or APT1(Y16F) was lower than the properly
targeted, tagged wild type protein as shown by western blot analysis (Figure 4A), indicating
that the localization to the Golgi body was not the result of overexpression. Pulse chase
immunoprecipitation analysis of the APT1 wild type and Y16A mutant cell lines
demonstrated that the mutant protein is less stable than wild type (Figure 4B).

IFA showed that in each of several clonal lines expressing APT1 Y16 mutant proteins
(Y16A, Y16F, Y16T, and Y16P) Golgi staining was present in parasites in some vacuoles
but absent in others. Additionally, faint apicoplast staining that was not apparent in transient
transfectants was seen in some parasites within clonal lines stably expressing Y16A, Y16F,
and Y16T (but not Y16P) (Figure 4 C, D; Y16T not shown). Parasites within a vacuole
transit the cell cycle together suggesting the above variation in subcellular localization could
be linked to the cell cycle and organellar division. Vacuoles bearing parasites from the
APT1(Y16A)-HA stable clonal line co-expressing the plastid marker S+T(ACP)-HcRed were
staged as described (24) by assessing nucleus division, apicoplast shape and location, and
formation of the inner membrane complex (Figure 4E). The signal from APT1(Y16A) at the
apicoplast and Golgi body was assessed by measuring the peak intensity of signal at the
HcRed stained plastid and the Golgi body (when detected). Overall, in this experiment,
approximately 25% of parasites showed no staining, 20% had plastid staining only (at least
2-fold above background), 25% had Golgi body staining only, and 30% had signal at both
organelles. The signal at the plastid varied from undetectable to about 3 fold above
background regardless of the parasite stage. The low level of plastid-associated signal may
be why we did not detect it in transient transfections, where there was less time for protein
accumulation. Golgi body staining was absent in cells undergoing mitosis or cytokinesis
(plastid division stages 4-6) and rare in early G1 (stage 1). In contrast, the percentage of
cells with localization to the Golgi body as well as the intensity of staining increased later in
G1 and S (stages 2-3), although with significant inter-vacuole variation in staining intensity.
APT1 mutant proteins were never seen in the plasma membrane or secretory organelles of
the parasites. Taken together our findings suggest that APT1 mutants with residues other
than Y at position 16 are predominantly misdirected to the Golgi, and are degraded shortly
after Golgi body division.

A stable clonal line expressing APT1 mutated at G17 to glutamic acid also showed protein
mistargeted to the Golgi body in some vacuoles (like the Y16 mutants, others had no Golgi
staining,). However, all of the parasites showed significant plastid accumulation, often
reaching maximal levels similar to those seen in the Golgi. Thus the APT1(G17E) mutant,
like APT1(G17A), is partially functional in localization. In contrast, when G17 was mutated
to proline, the detected protein in transient transfectants was exclusively Golgi-localized.
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The order of the residues (YG) is important since inverting the dipeptide to GY mis-directed
the protein to the Golgi (not shown).

Conservation of the targeting motif—\We reasoned that a targeting motif might be
conserved among APT1 orthologues in other apicomplexans. Sequence comparisons
between the N-terminus of T. gondii APT1 and its orthologues revealed a YG dipeptide in
the closely related parasite Neospora caninum as well as in multiple Plasmodium species
(Figure 5A). Although in T. gondii, N. caninum and Plasmodium species the motif is
preceded by an amino acid with a side chain containing a carbonyl (glutamine or glutamic
acid) and is followed by a threonine, changing these positions to alanine did not interrupt
trafficking to the T. gondii apicoplast (see Figure 2 and Table S1). Theileria and Eimeria
also had a tyrosine a similar distance from the first TM domain but it was followed by
glutamic acid instead of glycine, suggesting that YE, which is partially functional in T.
gondii APT1 (as described above), might be a functional motif in these species.

If the tyrosine motif at the N-terminus of APT1 is a functional feature required for proper
targeting, then the N-terminus of APT1 orthologues should allow APT1 targeting and that
targeting should be disrupted by mutation of the YG targeting motif. To test these
predictions, a chimera was constructed fusing aa 1-42 of the APT1 orthologue of P. vivax,
which contains a YG and a YQ dipeptide (Figure 5A), to aa 47 of T. gondii APT1. The
junction region of this chimera lies just before or within the first TM domain in a region of
strong similarity (the start of first TM domain of the P. vivax protein is predicted to be at aa
38, 41, or 44, depending on the topology prediction algorithm). Like TgAPTL, this chimera
targeted to the apicoplast periphery (Figure 5B). The tyrosines corresponding to the YG at
9-10 and YQ at 35-36 were mutated to alanine individually as well as together, and the
trafficking of the proteins was assessed (Figure 5B). In transient and stable tranfectants,
mutation of Y9, as well as concurrent mutation of both tyrosines, abrogated apicoplast
localization. In contrast mutation of Y35 alone had no discernable effect on trafficking.
Therefore the YG motif at residue 9-10 is essential for trafficking of the chimeric protein
while the YQ at 35-36 is not. Thus the N-terminal region of APT1 from another
apicomplexan also contains a YG motif that is functional in apicoplast targeting.

Spacing of the YG motif from the membrane is important—Previous studies have
indicated that the C-terminal YG motifs of LAMP1 and HLA-DM to be at least 6 aa from
the TM domain to function in targeting to the lysosome (25;26). To test whether spacing
between the YG targeting motif and the TM domain of APT1 affects trafficking we
constructed a series of deletion and insertion mutants with modifications between the YG
motif and the first TM domain (Figure 6A). The YG motif at aa 16-17 is ~25 residues from
the predicted start of the first TM domain. We therefore analyzed the spacing constraints of
the APT1 YG motif with respect to the TM domain. We generated overlapping constructs
deleting as few as 8 and up to 21 residues between the YG motif and the TM domain (Figure
6B). In transient transfectants, deletion of up to 14 aa had no detectable effect on
localization, whereas deletion of 18 aa (A21-38) caused predominantly but not exclusively
Golgi body localization. Deleting 21 aa (A19-39), such that the YG motif is separated from
the TM domain by only ~4 aa, yielded only Golgi body localization. This is unlikely to be
due to a specific sequence requirement since each residue had either been mutated or deleted
in other constructs without abrogating targeting. In contrast to requirement for a minimal
separation from the TM domain, addition of 39 aa between residues 29 and 30 did not
interfere with trafficking. Thus for full function the YG motif must be more than 8 residues
from the predicted TM domain but may be as much as 64 residues distant.

Traffic. Author manuscript; available in PMC 2013 May 1.
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The N-terminus of APT1 is cytosolic in a Golgi localized mutant

Membrane proteins which exit the ER for the Golgi typically are packaged into vesicles by
virtue of motifs within cytosolic domains. In silico predictions using TopPred (27) suggested
the N-terminal domain was cytosolic and had seven TM domains, TMHMM (28) predicted
with 68% likelihood the N-terminus was cytosolic and had six TM domains, and TMPred
(29) stated the orientation was ambiguous and the protein had eight TM domains. Earlier
studies of PfoTPT, suggested that the N-and C-termini of the protein face the cytosol (8),
although controls for these experiments could be complicated by the multiple membranes of
the apicoplast, and their possible fragility during lysis. To experimentally assess whether the
YG targeting motif is exposed to the cytosol or the ER lumen upon synthesis, we performed
IFA on differentially permeabilized cells. These experiments were simplified by using the
Golgi-localized mutant Y16A, since it is not known which membrane(s) of the apicoplast
harbor APT1, and because markers available for the various apicoplast subcompartments are
lacking. Because topology of proteins is stable once inserted into the ER membrane, analysis
of the Golgi-localized mutant APT1 would reveal the original topology in the ER and avoid
the complication of multiple membranes. A stable T. gondii line was prepared expressing
APT1(Y16A) tagged with V5 and HA epitopes at the N-terminus (between aa 3 and 4) and
C-terminus respectively. To assist in monitoring permeablization of the endomembrane
system, the parasites also expressed a soluble GFP protein localized to the ER lumen,
signal(P39)-GFP-HDEL (30).

Transfectants were used to infect fibroblasts on coverslips. Prior to addition of antibodies,
the samples were treated with either Triton X-100 to permeabilize all membranes, digitonin
to permeablize the plasma membrane of host cell and parasite, or buffer alone. ER-luminal
GFP and the N-terminal and C-terminal epitope tags on APT1(Y16A) were detected
following Triton X-100 permeabilization while none of these were detected in the absence
of detergent (Figure 7). Upon digitonin treatment, both N-terminal and C-terminal tags on
APT1(Y16A) were accessed by antibodies, but ER-luminal GFP was not. Thus under
conditions in which the ER membrane remains intact, both termini of APT1 were available
to antibodies, indicating that they are located within the cytosol. Hence the T. gondii protein
has an even number of TM domains.

Discussion

Like a few other known apicoplast membrane proteins, APT1 lacks a canonical bipartite
apicoplast targeting motif—raising the question of which motifs or structures route it to the
organelle. The studies reported here show that the region of the protein prior to the first TM
domain is essential for proper localization. This section of the protein contains sequences
that resemble the tyrosine-based sorting motifs and di-acidic motifs that function within the
secretory system of other eukaryotes. The di-acidic motif was shown to be dispensable for
proper targeting while the YG motif was essential. Interestingly, in contrast to the decreased
efficiency of ER exit seen after mutation of tyrosine-based motifs of some membrane
proteins (16-19), probably by reducing cargo assembly into COPII vesicles (31), the YG
mutants of APT1 left the ER and localized to the Golgi body. No residues were able to
substitute for Y16, although replacement of G17 with glutamic acid retained some plastid
targeting function. This YG motif is followed by threonine and valine and thus closely
resembles a tyrosine-based motif (Y XX¢). However, unlike canonical tyrosine-based motifs,
mutation of the hydrophobic residue (valine) to alanine or serine did not abrogate
trafficking. The use of multiple secondary structure prediction algorithms suggested that the
N-terminus of APT1 is not folded into o helices or  strands, reminiscent of the recent
finding that transit peptides of proteins destined for the apicoplast lumen are unstructured
(32).
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Like the C-terminal tyrosine-based motifs of LAMP1 and HLA-DM, the N-terminal APT1
YG motif was not functional if placed within a few amino acids of the TM domain. These
findings may explain why the C-terminal YG motif of T. gondii does not appear to be
relevant for targeting. In contrast with the tyrosine motif of HLA-DM which functioned
optimally with a 7-13 aa spacing from the TM domain (26), the APT1 YG motif tolerated a
64 aa separation.

Tyrosine offers multiple opportunities for interactions with other residues, for example, the
u2 subunit of AP2 adaptor protein binds tyrosine-based motifs and employs a combination
of hydrophobic interactions with the tyrosine’s aromatic ring and hydrogen bonding with its
hydroxyl moiety, providing specificity and binding affinity (33). FtsH1, the other apicoplast
TM protein lacking a bipartite targeting sequence, does not bear a YG motif close to its N-
terminus, but it does have multiple tyrosines prior to its sole TM domain. Further
experimentation will be required to determine whether one of these tyrosines could
potentially fulfill the same targeting function. Tyrosine-based targeting motifs have been
proposed as targeting sequences for other proteins in T. gondii. While initial studies
suggested that T. gondii ROP2 was targeted to rhoptries via AP1 binding a cytoplasmically
facing tyrosine-based motif (34), those studies have been complicated by additional work
which questioned the topology of this family of proteins (35) and demonstrated that the
tyrosine-based motif of the related protein ROP4 was dispensable for localization (36).

To address whether sequences in addition to the N-terminal extension were required for
APT1 trafficking we tested chimeras with a distantly related Golgi-localized TM protein.
When the C-terminal one-third of the APT1 (downstream of aa 271) was replaced by the
homologous region of this protein, the chimera was able to exit the ER (indicating
successful folding), but localized to the Golgi body. This suggests that other residues of
APT1, perhaps acting in concert with the N-terminal YG motif, are required for localization
to the apicoplast. An alternative explanation is that the NST1 region of the chimera bears a
motif that strongly enhances packaging into COPII vesicles destined for the Golgi body,
behaving dominantly over the YG apicoplast-targeting motif. In fact this region of NST1
region bears a DXD motif. It also bears two tyrosine-based motifs, but they are either within
or immediately adjacent to a TM domain and therefore are unlikely to be functional in this
respect.

Three routes have been proposed for trafficking proteins from the ER to the apicoplast: 1)
vesicular trafficking from the ER to the Golgi body and then to the apicoplast; 2) vesicle
trafficking directly from the ER to the apicoplast; and 3) transient contact between the ER
and the apicoplast, enabling vesicle-independent trafficking (37). The pathway of trafficking
of membrane proteins to the apicoplast has not been dissected, but earlier studies showed
that luminal proteins are not routed through the Golgi body (38;39). Furthermore, we have
demonstrated the presence of vesicles bearing apicoplast membrane proteins (7;9;10) and in
preliminary studies have observed their presence when Golgi trafficking is inhibited by
brefeldin A. Previous immunoelectron microscopy analysis of APT1-HA did not reveal any
APT1 in the Golgi body (7). These data suggest that model 2 is likely correct, at least for
some membrane proteins. However, the data presented here are compatible with any of the
three models, with the difference being location in the cell where the targeting motif
functions. In model 2 the interaction would occur while the protein is in the ER, allowing
packing into vesicles destined for the apicoplast. Movement of proteins from the ER to the
Golgi is considered to be a default pathway that requires proper protein folding, although its
efficiency can be enhanced by specific motifs. Thus, an apicoplast membrane protein
mutated to lack a recognizable apicoplast targeting signal would likely be routed to the
Golgi by bulk flow, as we observed. Based on these results as well as other data described
above we propose that mistargeting of the APT1 mutants described above is the result of
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altering a motif required for specific packaging of TM cargo into ER-derived vesicles
destined for the apicoplast. In some cases (e.g., Y16P and A19-39) the alterations
completely blocked apicoplast targeting, whereas in others (e.g., Y16F and A21-38) a small
amount of apicoplast localization was observed. Why the APT1 mutants are present in the
Golgi body but absent from later secretory system destinations (e.g., plasma membrane)
remains unclear. It is possible that the mutant APT1 is retained in the Golgi body by virtue
of fortuitous characteristics, such as the lengths of the TM domains as has been seen to play
a role in localization of single-pass membrane proteins within the secretory system of other
organisms (40;41). Another possibility is that the mutant proteins are not retained, but rather
are unstable if routed to more distal compartments.

The proteins required for generating the APT1-bearing vesicles remain unknown, but by
analogy with other vesicles one would expect that membrane proteins would be recruited by
virtue of cytosolic domains that interact with a component of the vesicle. We propose the
existence of a cargo binding protein which is related to one of the other cargo binding
proteins of the secretory system. Examples of such proteins are Sec24 in the COPII coat and
the mu subunits of adaptor complexes mentioned above (17;42;43), which facilitate
tyrosine-based sequestration of cargo during endocytic vesicle formation. T. gondii has a full
complement of adaptor complexes (although their specific roles are not clear), but some
apicomplexans appear to be missing specific subunits (43). In addition to Sec23 and Sec24,
T. gondii has an additional Sec24-related protein of unknown function (TgGT1_081660),
that is also present in P. falciparum (21) as well as other apicomplexans. The outermost
membrane of the apicoplast is thought to derive from the endocytic vacuole of the
progenitor apicomplexan that engulfed an alga bearing the gift of a chloroplast. The required
trafficking machinery could have been generated by gene duplication and divergence, by
repurposing existing trafficking machinery no longer required, or by utilizing machinery
derived from the algal endosymbiont. Indeed three paralogues of components of the ER-
associated degradation (ERAD) machinery, Derl, CDC48 and Ufd, are encoded on the
residual algal nucleus of T. gondii’s chromalveolate cousin Guillardia theta (44) and are
thought to be involved in protein import into its chloroplast. These three proteins have
homologues targeted to the apicoplast in Plasmodium (45) and T. gondii (46) and one of
these, Derl, is essential for importing proteins into the apicoplast of T. gondii (46). Thus
there is a precedent for repurposing existing proteins to facilitate protein targeting to the
apicoplast.

Materials and Methods

Parasite culture and transfection

T. gondii was grown in human foreskin fibroblasts in DMEM plus NuSerum as previously
described (7). Plasmids were transfected as previously described into RHAHXGPRT, or
RHAHXGPRT expressing the apicoplast marker S + T(ACP)-HcRed or the Golgi marker
GRASP55-YFP, both driven by the TubA promoter.

Plasmid construction and mutagenesis

Primers for all plasmid constructions are listed in Table S2. APT1 and chimera expression
plasmids were derived from the plasmid pHXGPRT apt1-APT1-HA (7), which encodes
APT1 with a C-terminal 4 HA tag driven by the APT1 promoter. Expression of three of the
C-terminal deletion constructs (APT1A128, A226 and A250) was driven by the DHFR
promoter. Point mutants were constructed using oligonucleotide-based mutagenesis. APT1
was N-terminally tagged using site-directed mutagenesis to add Munl and Spel restriction
sites between codons 3 and 4, and then inserting linkers (with Munl and Spel compatible
ends) that encoded two V5 epitopes (and a TEV protease site) between the two restriction
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sites to yield V5t-APT1-HA. V5t-APT1(Y16A)-HA was generated by site directed
mutagenesis of this plasmid. Similarly, Munl and Spel sites were introduced into APT1 at
residues 29-30 and the same coding sequence (39 aa) was inserted to yield APT1-(29+39)-
HA. In some constructs, the C-terminal HA tag was removed leaving just the N-terminal V5
tag. To replace the N-terminus of T. gondii with that of P. vivax, a Mun1 restriction site was
introduced via a silent mutation at codons 47-48. Linkers encoding aa 1-42 (followed by a
Mun1l half site) of the P. vivax orthologue were introduced into the Mun1 site. NST1 was
amplified from RH strain cDNA, cloned into pGEM t-easy. To construct chimeric proteins,
the desired regions of APT1 and NST1 were separately amplified using primers designed
such that the products would contain the junction region. The two fragments were then
stitched together by PCR to yield the gene fusion. NST1 was subcloned into pHXGPRT with
a 4 HA tag, with expression driven from the DHFR promoter.

Immunofluorescence analysis and differential permeabilization

Fibroblasts growing on 12 mm round coverslips were inoculated with T. gondii and allowed
to grow for 16-24 hr. Samples were fixed for 30 min at 4°C in 4% formaldehyde plus
0.0075% glutaraldehyde in PBS, and then blocked and permeablilized in PBS containing 2%
BSA, 5% goat serum, and 0.1% NP-40 except as noted. HA-tagged proteins were detected
with anti-HA monoclonal antibody (mAb) 3F10 coupled to FITC (Roche) or anti-HA
mAb16B12 coupled to Alexa 594 (Invitrogen). IMC1 was detected with anti-IMC1
antiserum (47)(gift of Dr. Con Beckers) followed by goat anti-rabbit Ig Alexa 680
(Invitrogen). Samples were stained with DAPI and Texas red coupled streptavidin (where
indicated). Samples were viewed on a DeltaVision RT imaging system (Applied Precision)
using a 100 x 1.35 na objective; image stacks were deconvolved using the conservative ratio
method, and a single image plane is presented. Images used for quantitation in Figure 4E
were all acquired with the same exposure settings. Signal intensity was measured using the
SoftWorx data inspector tool. Mean signal intensity of the six brightest contiguous pixels is
presented for the region that co-localized with the apicoplast marker or the Golgi body
(when detected) or listed as background for the Golgi body when staining was not detected.

Differential permeabilization was similar to (48) with modifications to make the procedure
amenable to T. gondii. Fibroblasts growing on cover slips were co-infected with 104 RH
cells plus 2x104 cells expressing V5t-APT1(Y16A)-HA plus signal”30-GFP-HDEL and
allowed to grow for 16 — 24 hours. Cover slips were fixed as above and washed in PIPES
buffer (200 mM sucrose, 10 mM PIPES pH 6.8, 100 mM KCI, 2.5 mM MgCl,, 1 mM
EDTA) (all washes were 5 min). After a 5 min treatment with PIPES buffer alone or buffer
containing 0.1% Triton X-100 or 40 pg/ml digitonin, coverslips were washed twice in
PIPES buffer and then blocked for 30 minutes in 2% BSA in PIPES buffer. Anti-V5 mAb
(Invitrogen) was labeled with Zenon goat anti-mouse Ig Alexa 594 (Invitrogen), and anti-
GFP (a gift from Dr. Jim Cregg) was labeled with Zenon goat anti-rabbit Ig Alexa 680
(Invitrogen) as described by the manufacturer. Samples were incubated with labeled
antibodies for 90 min, then washed for in PIPES buffer, followed by a wash in PBS 0.1%
Triton X-100. After two additional washes in PBS, samples were again fixed in 4%
paraformaldehyde in PBS at room temperature for 5 min to stabilize the Zenon reagent.
They were then washed in PBS, DAPI stained and viewed as described above using a 60x,
1.4 NA objective.

Immunoblot analysis and immunoprecipitation

Immunoblots utilized previously described procedures (7) in which samples were lysed in
Laemmli sample buffer and heat denatured at 55°C for 15 minutes. After SDS-PAGE and
transfer to nitrocellulose, membranes were probed with mouse anti-HA.11 mAb (16B2,
Covance) and rabbit-anti-IMC1 or anti-Mic5 (49) (a gift of Dr. Vern Carruthers) which were
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detected by anti-mouse 1gG coupled to IRdye 800 and anti-rabbit IgG coupled to IRdye 680.
Samples were scanned on an Odyssey imaging system (LiCor). Images were scaled with a
gamma setting of 1.0.

In vivo labeling and immunoprecipitation were performed as described in (38), except that
cells were lysed directly in the lysis buffer and precipitated with mono HA.11 and protein A
coupled to Dynabeads (Invitrogen). Samples were separated by SDS-PAGE, and transferred
to nitrocellulose followed by phosphorimaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. N-terminal deletions of APT1 alter its targeting

APT1 or its mutants lacking aa 2-14 (AN14), 2-37 (AN37), or 2-64 (AN64) were C-
terminally tagged with 4 HA epitopes and co-expressed with a plastid marker (S+T(ACP)-
HcRed) or a Golgi marker (GRASP55-YFP) in T. gondii parasites, as indicated. Stable
transfectants were processed for IFA. In this and other figures, APT1 in parasites bearing the
plastid marker was revealed with anti-HA mAb coupled to FITC whereas in those bearing
the Golgi marker it was revealed with anti-HA mAb coupled to Alexa 594. Nonetheless, in
all color images, anti-HA is shown in green, the organelle markers in red and DAPI in blue.
The three color merge is overlaid onto a DIC image. Bar = 2 uM.
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Figure 2. Tyrosine 16 and glycine 17 are important for apicoplast targeting of APT1

Amino acids 15-36 were changed to alanine either individually or in combination and the
mutant proteins were expressed in T. gondii bearing either the apicoplast marker or the
Golgi marker as indicated. IFA was conducted as in Figure 1. Labels above the grayscale
panels indicate the color shown in the merged images. IFAs of APT1(G17A)-HA with
GRASP55 and the triple mutant APT1(T18A,S20A, T21A)-HA were performed with stable
transfectants; the remainder are from transient expression. Bar = 2 pM.
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Figure 3. Chimeras of the N-terminus of APT1 and the C-terminus of NST1 traffic to the Golgi
body
T. gondii stably expressing GRASP55-YFP were transiently transfected with constructs

encoding the Chimeric proteins APT1(1-178)/NST1(188-347)-HA or APT1(1-271)/
NST1(254-347)-HA. Parasites were stained with DAPI and with anti-HA mAb. Bar = 2
1M
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Figure 4. APT1 Y16 mutants are not overexpressed in clonal lines but show variable localization
coordinated with the cell cycle

A) Western blot of protein extracted from the indicated clonal lines of stable tranfectants
probed with anti-HA mAb (upper panel) and anti-IMC1 antibodies as a loading control
(lower panel). Numbers below the lanes indicate cell equivalents per lane (in millions). B)
Pulse-chase analysis. Cultures of fibroblasts infected with T. gondii expressing either APT1-
HA or APT1(Y16A)-HA were labeled with 35S cysteine and methionine for 1 hour (p) or
labeled then chased for 1 hr (c1) or 4 hr (c4). Following immunoprecipitation with anti-HA
mADb, samples were separated by SDSPAGE and the dried gels were exposed to a phosphor
screen. The arrow marks full-length APT1. C) IFA was performed as in Figure 1.
APT1(Y16A)-HA co-expressed with the plastid marker. D) APT1(Y16F)-HA co-expressed
with the Golgi marker. For panels C and D, vacuoles where APT1 is predominantly Golgi-
localized are marked “G”, while those where APT1 is predominantly in the apicoplast are
marked “A” in the two color images. Arrows indicate examples of colocalization with the
apicoplast in the overlay images. Bar = 5 UM E) Cell-cycle associated variation in staining
pattern of APT1(Y16A). A clonal cell line co-expressing APT1(Y16A)-HA and the plastid
marker S+T(ACP)-HcRed was stained with FITC-conjugated anti-HA, rabbit anti-IMC1, and
DAPI. Vacuoles were analyzed to assess their stage in the organelle division cycle (stages
1-6) / cell cycle (G1, S, and mitosis / cytokinesis (M-C)) and APT1(Y16A) location and
maximum staining intensity in the area over the apicoplast and in the Golgi body. Maximum
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staining in the Golgi body and apicoplast for each vacuole is plotted against their stage in

the organelle division cycle. In vacuoles where no Golgi staining was detected, background
fluorescence for that image is plotted.
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Tg —----MEESKRLGVSALPPQYGCTVSTGGARPAKDLESQASPASGDQTAFYAQLGVMLLEWY
Nc —----MEESKRLGPSAGHAQYGCTVPSGGARAVKDLEAQAFSVSPDQT-FYLQLGGLLVLWY

Bb MEISKSKKDAPEVTFANTQDVEYENALPATAFSEKTSPPTWKDWELNLDWWLILYFILWY
Ta --MENPTKEPKGDYNYESNFSDLDTLLPPSAFPTKTEVLRKYVSEFPNESWRLASLEFGWY

Pb —------—- MKENDKNEYGTFPITINENYGDKIGD--LQYKNFYNSLYEKVKLALLFITWY
Py —-—-—--—- MKENDKNEYGTFPITINENYGDQIGD--LKYKNFYKSLYEKIKLALLFITWY
Pc —-—-——- MMKDNDKNEYGTFPITINENYGGKFGD--FQYKKIYRALYEKAVLGFLFLSWY
Pf ——————- MKDNEKKNEYGTFPITINEGYSDNVGDNKLKSKGIYHKLFEKLKLALLFLTWY
Pk —-—-—-—- MKDNTKNEYGTFPIMINEGHSDQVGEKKFLSGGIYHSILEKAKLLCLFLTWY
PV ———-———- MKDSAKNEYGTFPITINEGQSDQVGEKKLLSGGIYQGLLERAKLLALFLTWY
Pv/Tg ———=-- MKDSAKNEYGTE INEGQSDQVGEKKLLSGGIYQ AQLGVMLLFWY
PviTg APT1 Plastid Merge Overlay Y9A Golgi Merge Overlay
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Figure 5. N-terminal extensions of apicomplexan APT1 homologues have similar YG motifs

A) Alignment of the N-terminal extension of various apicomplexan APT1 predicted
proteins. Y residues are bold, YG motifs are highlighted red and underlined. The predicted
location of the first TM domain of T. gondii APT1 is indicated (TM1). The species and
systematic gene identifiers (from ToxoDB, PiroplasmaDB and PlasmoDB) are: Nc,
Neospora caninum (NCLIV_026210); Bb, Babesia bovis (1004950); Ta, Theileria annulata
(TA05100); Pb, Plasmodium berghei (PBANKA_110790); Pv, P. vivax (pvx_097975); Pc,
P. chabaudi (PCHAS_11076); Pf, P. falciparum (PFE0410w), Pk, P. knowlesi
(PKH_102460); and Py, P. yoelii (PY00389). Pv/Tg depicts the sequence of the chimeric
protein commencing with the N-terminal region of the P. vivax orthologue (green), followed
by the T. gondii sequence (blue).

B) The YG motif of the P. vivax N-terminal domain can function in apicoplast targeting of
APT1. Transiently transfected parasites expressing the Pv/Tg APT1 fusion protein depicted
in panel A) or tyrosine to alanine mutants thereof were subjected to IFA as described in
Figure 1. Parasites also expressed a marker of the indicated organelles. Bar = 2 pM.

Merge Overlay Y9A, Y35A
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A
construct  localization sequence
A20-27 P YGTV KDLESQASPASGDQT
A32-39 P YGTVSTGGARPAKDLE DQT
A20-33 P YGTV ASPASGDQT
A21-38 G+P YGTVS GDQT
A19-39 G YGT DQT
30 YGTVSTGGARPAKDOLGKPIPNPLLGL
9 P DSTGKPIPNPLLGLDSTENHNFQGTSL
ESQASPASGDQT
B
APT1(A20-33) Plastid Merge Overlay
.. *
APT1(A21-38) Golgi

APT1(A21-38) Plastid Merge

APT1(A19-39)  Golgi Merge Overlay

Figure 6. Space between the targeting motif and the membrane is important for targeting
Insertions and small deletions do not affect targeting, while large deletions re-direct the
protein to the Golgi body. A) APT1 deletion and insertion constructs used in this study.
Dominant targeting to the plastid (P) and Golgi body (G) are indicated. Deleted amino acids
are colored gray, those inserted are blue. B) Localization of deletion mutants. APT1 with the
indicated deletions was co-expressed with either the plastid or the Golgi marker and IFA
was conducted as described in Figure 1. The asterisk in the A20-33 overlay marks a portion
of the host cell nucleus. Bar = 2 pM.

Traffic. Author manuscript; available in PMC 2013 May 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

DeRocher et al. Page 20

A

a-V5  a-ER-GFP ER-GFP DAPI ~ DIC

X

o .

B a-HA  o-ER-GFP

none

Figure 7. The N-terminus of APT1 faces the cytosol during trafficking

T. gondii expressing V5t-APT1(Y16A)-HA and an ER-luminal GFP marker were fixed then
permeabilized with Triton X-100, digitonin, or no detergent as indicated. Samples were then
probed with anti-V5 mAb (A) or anti-HA mAb (B) as well as rabbit anti-GFP antibodies.
The antibodies were premixed with Fab anti-mouse Ig coupled to Alexa 568 and Fab anti-
rabbit Ig coupled to Alexa 680 respectively. Intrinsic fluorescence of ER-localized GFP and
DAPI staining are also shown, along with DIC images. To facilitate proper scaling of the
fluorescence signal, wild type parasites were included on each coverslips as a negative
control (not shown). In some DAPI images, part of the host nucleus is visible. Bar = 5 pM.
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Alanine scanning mutants of residues 15-36 and their subcellular location following transient transfection

Mutation@ Location
Q15A apicoplast
Y16A Golgi
G17A Golgi+apicoplast
T18A apicoplast
V19A apicoplast
S20A apicoplast
T21A apicoplast
T18A S20A T21A  apicoplast
G22A G23A apicoplast
R25A P26A K28A  apicoplast
D29A apicoplast
L30A E31A S32A  apicoplast
Q33A S35A P36A  apicoplast

aResidues 24, 27, and 34 are alanine in wild type APT1.

Traffic. Author manuscript; available in PMC 2013 May 1.



