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Toxoplasma gondii, which causes toxoplasmic encephalitis and birth defects, contains an essential chloro-
plast-related organelle to which proteins are trafficked via the secretory system. This organelle, the apicoplast,
is bounded by multiple membranes. In this report we identify a novel apicoplast-associated thioredoxin family
protein, ATrx1, which is predominantly soluble or peripherally associated with membranes, and which local-
izes primarily to the outer compartments of the organelle. As such, it represents the first protein to be
identified as residing in the apicoplast intermembrane spaces. ATrx1 lacks the apicoplast targeting sequences
typical of luminal proteins. However, sequences near the N terminus are required for proper targeting of
ATrx1, which is proteolytically processed from a larger precursor to multiple smaller forms. This protein
reveals a population of vesicles, hitherto unrecognized as being highly abundant in the cell, which may serve

to transport proteins to the apicoplast.

The apicoplast is a relict secondary chloroplast that resides
within the cytosol of most apicomplexan parasites, including
the intracellular pathogens Toxoplasma gondii and the malaria
parasite Plasmodium. It is an essential organelle in these or-
ganisms, and since it does not have a counterpart in animal
hosts, pathways known to function in the organelle have been
considered as potential targets for prophylactic or therapeutic
intervention for both toxoplasmosis and malaria (52). Indeed,
specific antibiotics that target the transcription and translation
systems of the apicoplast, including clindamycin and tetracy-
cline, are known to be toxic to the parasites (9, 14, 23). Other
small molecules inhibit key apicoplast metabolic pathways,
such as isoprenoid biosynthesis (27) or fatty acid biosynthesis
(22). Therefore, identification of additional essential mole-
cules in the apicoplast could yield new drug targets.

The apicoplast was acquired by secondary endosymbiosis
and is surrounded by four membranes (30); the inner two
presumably correspond to the two original chloroplast mem-
branes, while the outer two are thought to be derived from the
algal plasma membrane and the endocytic vacuole. Thus, there
are eight distinct locations within the apicoplast: one for each
of the four membranes, three for the intermembrane spaces,
and one for the lumen of the organelle. Little is known about
proteins that reside in nonluminal compartments. Since the
apicoplast genome has few genes other than those involved in
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genetic functions (53), the vast majority of apicoplast proteins
are encoded by nuclear genes. Many proteins have been pre-
dicted to localize to the apicoplast lumen on the basis of a
predicted apicoplast targeting sequence (17, 42), as described
below.

To date, all proteins known to reside in the lumen of the
apicoplast are synthesized with an N-terminal bipartite target-
ing sequence that routes them to the organelle. This sequence
is composed of a signal peptide that diverts the nascent protein
into the endoplasmic reticulum (ER). After cleavage of the
signal sequence, the adjacent transit peptide that mediates
trafficking to the apicoplast is revealed. Current data support a
model of direct trafficking from the ER rather than passage
through the Golgi apparatus (10, 28, 29, 48). The transit pep-
tide is proteolytically removed after arrival in the apicoplast,
yielding the mature protein residing in the organelle (10, 17,
49, 51, 54). The two membrane proteins described thus far in
T. gondii lack such a bipartite targeting signal (28, 29), al-
though one transporter in Plasmodium falciparum does have
such a sequence (39). Interestingly, these two T. gondii apico-
plast membrane proteins are not restricted to a single mem-
brane but instead reside in multiple membranes within the
apicoplast. No proteins localized to the intermembrane spaces
have been described thus far.

In addition to proteins participating in the biosynthetic re-
actions mentioned above, several proteins involved in redox
reactions have been demonstrated to reside in the apicoplast.
These include ferredoxin and ferredoxin reductase (50), a su-
peroxide dismutase, and a peroxiredoxin (40). Several enzymes
found in the apicoplast are orthologues of chloroplast proteins
that associate with, and are potentially regulated by, thiore-
doxin (Trx), including Clp protease, 1-deoxy-D-xylulose 5-re-
ductoisomerase, and the protein translation factors EF-G and
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EF-Tu (1). However, no apicoplast Trx has been identified as
yet. The Trx superfamily is a large set of proteins that contain
domains that function biochemically by forming disulfide
bonds with target molecules, resulting in conformational
changes or rearrangement of disulfide bonds in the target.
Although Trx proteins often have a single Trx domain, others
contain multiple Trx domains and additional residues at the N
and C termini. The cellular functions of Trx superfamily pro-
teins include redox regulation, protein folding, intracellular
signaling, and the response to oxidative stress (reviewed in
reference 8). Trxs have been proposed as drug targets in cancer
(41). Moreover, components of the redox cycle have been
considered targets in malaria parasites and trypanosomatids

(31).

In this report we describe a novel Trx family protein that is
localized to the peripheral subcompartments of the apicoplast.
We have therefore named this protein apicoplast Trx-like pro-
tein 1, or ATrx1. Several differently sized forms are present, as
detected by a monoclonal antibody (MAD) directed against the
protein or via expression of an epitope-tagged protein. Immu-
noelectron microscopy further shows that this molecule defines
a novel set of highly abundant vesicles within the parasite.

MATERIALS AND METHODS

RH strain T. gondii was grown in human foreskin fibroblasts and transfected as
previously described (28, 43). Version 4.3 of ToxoDB was used for analysis of 7.
gondii genomic, expressed sequence tag, and protein prediction models, as well
as analysis of strain differences (20). The ATrx1 sequence from strain RH has
been deposited in GenBank with accession number EU555314.

Production of the MAb 11G8 antibody. To identify novel organellar proteins
in T. gondii, MAbs were prepared against a partially purified fraction of or-
ganelles. The organellar fraction used for antibody production was essentially the
“microneme-enriched” fraction as previously described (24). Briefly, extracellu-
lar parasites were washed into isotonic sucrose buffer SMDI (10 mM morpho-
linepropanesulfonic acid [pH 7.2], 250 mM sucrose, 2 mM dithiothreitol, Roche
complete protease inhibitor cocktail) and disrupted in a French press. Unbroken
parasites were removed by centrifugation, and the organellar pellet was obtained
by centrifugation at 25,000 X g. The organellar pellet was resuspended in SMDI
and loaded onto a 30% Percoll gradient as described previously (24). A 2-ml
fraction located just above the rhoptry/dense granule band was collected, diluted,
and pelleted to remove the Percoll. The fraction was used to immunize (200
pg/injection) a BALB/c mouse and after the fifth boost, the spleen was removed,
and the fusion performed as described previously (21). The hybridoma superna-
tants were screened by immunofluorescence assay (IFA), and positive hybrid-
omas were cloned and rescreened by IFA and Western blot analysis. The result-
ing hybridomas detected the apicoplast, mitochondrion, rhoptries, micronemes,
and dense granules (not shown). One of the MAbs thus obtained, MAb 11GS8,
was used in the present study.

Cloning. Genomic DNA was isolated from RH strain 7. gondii. RNA was
isolated by using TRIzol (Ambion) and treated with RNase-free DNase I. cDNA
was synthesized by using a high-capacity cDNA reverse transcription kit from
Ambion with the primers supplied and the conditions suggested by the manu-
facturer. Sequences of specific primers used are provided in supplemental ma-
terial (see Table S1 in the supplemental material). To clone the full-length 47rx!
coding sequence, randomly primed cDNA was synthesized, and amplified by
PCR using the primers (—)189s and (+)7695a (the numbers correspond to
genomic nucleotide relative to the predicted start codon; the termination codon
is at nucleotides [nt] 7358 to 7360). For expression of ATrx1 in 7. gondii using its
own promoter, the mRNA coding sequence was amplified from ¢cDNA using
primers Xmal(—)188s and AvrlI(+)7357a, while the ATrx] promoter was am-
plified from genomic DNA by using the primers HindIII(—)1535s and
Xmal(—)195a. After cloning into pPGEM-T Eeasy, the inserts were released with
the indicated restriction enzymes and ligated into a 7. gondii expression vector
such that four hemagglutinin (HA) tags were added to the C terminus of the
protein. This vector, which is derived from pHXGPRT (12), bears HXGPRT as
the selectable marker. The ATrx! coding sequence was checked by sequencing.
The plasmid was transfected into T. gondii RHAhgprt (12) expressing S+TAP-
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HcRed as an apicoplast luminal marker as described previously (28, 29). The
plasmids ATrx1ANS51-4HA and ATrx1(A50-210)-4HA were generated using
from the ATrx1-4HA plasmid by mutagenesis using Pfu-Turbo (Strategene) plus
the oligonucleotides A2-51s, A2-51a, A50-210s, and A50-210a, respectively, fol-
lowed by Dpnl to cleave the parent plasmid. The resulting plasmids were
checked by sequencing the ATrxl coding region. To prepare the plasmid
ATrx1(1-225)-GFP, the ATrx1 promoter and coding sequence were ligated into
a T. gondii expression vector such that green fluorescent protein (GFP) was
added to the C terminus of the protein. The portion of ATrx1 encoding amino
acids (aa) 226 to 742 was then removed by mutagenesis using the oligonucleo-
tides A226-742s and A226-742a, and the resulting plasmid was checked by se-
quencing. For colocalization experiments, plasmids were transiently transfected
into RHAAxgprt cells or cell lines expressing the apicoplast membrane marker
APT1 (28) or the ER marker FtsH(1-354) (29).

ATrx]1 transcripts were verified by random amplification of cDNA ends
(RACE). The 3’ end of the cDNA was amplified by using the Second Generation
5" 3" RACE kit (Roche), using the anchor primer and the nested primers
(+)4839s and (+)4978s. Similarly, to check the abundance of splice variants,
oligo(dT)-primed cDNA was amplified by using (+)4978s and (+)7318a primers.
The 5’ end of the transcript was mapped by RACE as described previously (28)
using primers slightly downstream of the first peptides detected for band 3
(+)1156a for first-strand synthesis and (+)1053a and (+)1028a as nested primers
for PCR.

Microscopy. IFA was performed on intracellular parasites as previously de-
scribed (10, 28). MADb 11G8, a mouse immunoglobulin G1 (IgG1), was used at a
1:500 dilution. The HA epitope tag was detected by using fluorescein isothio-
cyanate (FITC)-coupled rat anti-HA 3F10 MAb (3 wg/ml; Roche), Alexa 594-
coupled mouse anti-HA MADb (10 wg/ml; Invitrogen), or rabbit anti-HA (10
pg/ml; Neomarkers) detected by anti-rabbit immunoglobulin coupled to Alexa
350 (4 wg/ml; Molecular Probes). Rabbit anti-IMC1 antiserum, a gift from Con
Beckers (35), was used at a 1:2,000 dilution and detected with goat anti-rabbit
1gG coupled to Alexa 680 (4 pg/ml; Molecular Probes). Rabbit anti-trypanoso-
mal BiP antiserum (which cross-reacts with 7. gondii BiP), a gift from Jay Bangs
(2), was used at a 1:200 dilution; rabbit anti-T. gondii NTPase antiserum, a gift
from Tim Stedmann and Keith Joiner (3), was used at a 1:200 dilution. Both
antisera were detected with goat anti-rabbit IgG coupled to Texas Red (2 pg/ml;
Southern Biotechnology). GFP was detected by using rabbit anti-GFP (0.5 g/
ml; Molecular Probes), followed by goat anti-rabbit IgG coupled to FITC (2
pg/ml; Southern Biotechnology). Slides were viewed on a Deltavision RT de-
convolution microscope with an Olympus UPlan/Apo 100X 1.35NA objective.
Images were deconvolved by using the conservative ratio method, other param-
eters were standard, and a single deconvolved plane is shown.

For immunoelectron microscopy, fibroblasts were infected with parasites ex-
pressing ATrx1-HA and grown overnight. Preparations were fixed, infiltrated,
frozen, and sectioned by using published techniques (16). The sections were
immunolabeled with rat anti-HA MAb 3F10 (2 pg/ml, in phosphate-buffered
saline [PBS]-1% fish skin gelatin) and then with anti-mouse IgG antibodies,
followed directly by protein A—10-nm gold, and visualized as described previously
(28). To calculate the relative surface area of vesicles to the parasite cytoplasm,
transmission electron micrographs of the sectioned infected cells were digitized
by using photo scanner connected with a computer and imported as TIFF files.
The digitized micrographs were pixel images that were transferred into vector
graphics by tracing selected ATrx1-containing vesicles and the parasite surface
area semiautomatically using the computer program Volocity 3.1 (ImproVision).

Protein fractionation, Western blotting, and immunoprecipitation. To identify
the protein(s) detected by MADb 11G8, the antibody was dimethylpimelimidate
cross-linked to protein G-Sepharose, and proteins were isolated from cell lysates
from 5 X 10° extracellular RH strain tachyzoites as described previously (21).
The eluted proteins were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and stained with Coomassie brilliant blue
R-250. The stained bands were excised and rinsed in water, and proteins were
subjected to tryptic digestion and mass spectrometry on a Thermo Electron LTQ
linear ion trap mass spectrometer. The resulting collision-induced dissociation
spectra were compared to the peptides predicted at ToxoDB (both from gene
models and six-frame translations of the genome) to identify the corresponding
proteins.

All extraction procedures were done on ice or at 4°C in the presence of 11 U
of aprotinin/pl, 5 pug of leupeptin/ml, 1 uM pepstatin, 100 uM phenylmethylsul-
fonyl fluoride, and 1 mM EDTA unless otherwise noted. For carbonate and urea
extractions, recently egressed parasites were suspended in nanopure water with
protease inhibitors, sonicated for 5 min on ice and then transferred to a Dounce
homogenizer and stroked 25 times. The sample was then adjusted to either 0.1
M Na,COsj (as in reference 29) or 1X PBS for a final parasite concentration of
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2 X 10%/ml and then stroked 10 times every 5 min for 1 h. After removal of large
debris by centrifugation at 5,000 X g for 5 min, membrane and soluble fractions
were separated by centrifugation at 150,000 X g for 1 h. Soluble fractions were
precipitated by 10% trichloroacetic acid. For urea extraction, cell pellets were
suspended in ice-cold 6 M urea (10%/ml) and processed as described above. For
carbonate-, PBS-, and urea-treated samples, cell disruption (>99% lysis) was
verified by microscopic analysis. Triton X-114 extraction was used to prepare
integral membrane and soluble fractions from 2 X 10% RH parasites as described
previously (21). Triton X-100 extraction was performed as described previously
(29). The resulting fractions from these extractions were subjected to Western
blot analysis with MAb 11G8 (1:5,000 or 1:1,000) or anti-HA (0.1 wg/ml; Co-
vance) to detect endogenous or tagged ATrx1. Controls for soluble proteins were
ROP1 (TG49 antiserum, 1:2,000) (45), Mic5 (6), and S+TA“P-HcRed (detected
by rabbit anti-HcRed [Becton Dickinson; 1:500]). Controls for membrane pro-
teins were SAGI (anti-SAG1, 1:30,000 [a gift from John Boothroyd]) or endog-
enous FtsH1 (affinity-purified anti-FtsH1, 1:250 [A. Karnataki, unpublished
data]). Antibody binding was highlighted with goat anti-rabbit immunoglobulin
coupled to IRDye 680 or goat anti-mouse coupled to immunoglobulin IRDye
800 as appropriate (100 ng/ml; LI-COR) and visualized by using an Odyssey
infrared imaging system (LI-COR) except as noted.

In vivo labeling and immunoprecipitations were performed as previously de-
scribed (10), except that samples were not denatured prior to immunoprecipi-
tation. For pulse-chase analysis, parasites were labeled with [**S]methionine-
cysteine (10), and ATrx1-HA was immunoprecipitated with anti-HA (8 pg/ml;
Covance). Immunoprecipitates were separated by SDS-PAGE and transferred to
nitrocellulose prior to phosphorimaging. The blots were subsequently probed
with anti-HA or MAb 11G8.

RESULTS

Identification of an apicoplast Trx-like protein. A panel of
MADs was raised against a 7. gondii organellar fraction that
contained apicoplasts, micronemes, rhoptries, dense granules,
and mitochondria (4). Preliminary IFA revealed that one of
the antibodies, MAb 11GS8, stained a circular area located
apical of the nucleus and distinct from the rhoptries. The
antigen appeared to surround the DAPI (4',6’-diamidino-2-
phenylindole)-stained apicoplast DNA, suggesting that it re-
sides at the membrane region of the apicoplast. When tested
against a T. gondii cell line transfected with a red fluorescent
apicoplast luminal marker (S+T*“"-HcRed), the antibody
stained an area surrounding the apicoplast lumen (Fig. 1A).
Similarly, colocalization analysis with an HA-tagged version of
the apicoplast membrane protein APT1 (28) showed that the
MAD 11GS8 antigen and APT1 colocalized in some parasites
and partially overlapped in others (Fig. 1B). These data
showed that that the protein recognized by this MAb was
localized to the apicoplast and suggested it might be in or
associated with one or more of the apicoplast membranes or
reside in an intermembrane compartment.

Immunoblot analysis of 7. gondii lysates revealed multiple
bands using MADb 11G8 (Fig. 1C). Three closely spaced species
were detected around 60 kDa—at 57, 62, and 65 kDa. Bands at
about 70 and 85 kDa were also seen. To identify the proteins
detected by MAb 11G8, the antibody was used to immunoaf-
finity purify proteins from 7. gondii for mass spectrometry. Five
bands were detected on a Coomassie blue-stained gel (Fig.
1D). These included a doublet at around 60 kDa (bands 1 and
2) and a fainter band at 85 kDa (band 3). These correspond to
the bands seen on immunoblots, although the deliberate load-
ing of large amounts of protein reduced the resolution of the
60-kDa region (see Fig. 1D). Two large species were detected
near the top of the Coomassie blue-stained gel (bands 4 and 5),
which were not typically seen on MAb 11G8 immunoblots. The
regions containing the protein bands were removed from the
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FIG. 1. Identification of ATrxl. (A) IFAs using MAb 11GS;
S+TACP-HcRed (S+T-Red), a marker for the apicoplast lumen; and
DAPI. Each panel is labeled according to the color shown in the
merged image: green for MAb 11G8 (detected with FITC-coupled
rabbit anti-mouse immunoglobulin), red for apicoplast lumen, and
blue for DAPI. Bar, 2 pm. (B) IFA using MAb 11G8; APT1-HA, a
marker for the apicoplast membranes; and DAPI. Each panel is la-
beled according to the color shown in the merged image: red for MAb
11G8 (detected with anti-mouse IgG1 coupled to Texas Red), green
for apicoplast membranes (detected with FITC-coupled anti-HA an-
tibody), and blue for DAPL. Bar, 2 wm. (C) Protein from 107 wild-type
parasites was separated on a 10% acrylamide gel, transferred to nitro-
cellulose, and probed with MAb 11G8. Numbers on the right indicate
the migration of molecular mass markers. (D) Immunopurification of
MAD 11G8-reactive proteins, Coomassie blue-stained gel. Numbered
bands from the immunopurified protein (IP) were subjected to mass
spectrometric analysis. Std, molecular mass markers. (E) Diagram of
ATrx1 and peptide coverage from mass spectrometry. Red indicates
regions from bands 1 and 2 covered by detected peptides. Blue indi-
cates where additional peptides were found in band 3. Details are
shown in Fig. S1 in the supplemental material. No peptides were found
for yellow regions. The location of the predicted signal anchor (SA)
and putative TMD are indicated, as well as the thioredoxin domains.
The predicted active site is marked with a star. Below the diagram,
three deletion mutants are diagrammed, with dashed lines indicating
sequences deleted near the N terminus.
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gel, with slow-migrating bands 4 and 5 extracted together, and
then all four samples were subjected to tryptic digestion and
tandem mass spectroscopy. The peptide data were screened
against the 7. gondii databases (both the predicted protein
database and the conceptual translation of the nucleotide
database). All four samples showed numerous peptides that
matched gene model 583.m00655, a protein with Trx domains
(see Fig. S1 in the supplemental material for detailed peptide
coverage). Band 3 also revealed numerous peptides that
matched 7. gondii gene model 39.m00367, a hypothetical pro-
tein with no conserved domains. This protein was not inves-
tigated further since matching peptides were only present in
band 3. Bands 4 plus 5 had multiple peptides matching gene
model 583.m00655, as well as peptides matching to model
50.m05651, a surface protein related to PspC. This last pro-
tein was also found upon immunoaffinity purification and
mass spectrometry of an unrelated rhoptry protein (data not
shown), suggesting that it is a nonspecific contaminant.
Since all bands contained protein corresponding to the gene
model 583.m00655, we propose that this is the MAb 11G8 target
antigen. Based on the protein’s location around the apicoplast
and the presence of a Trx domain, we named it apicoplast Trx
family protein 1 (ATrx1).

The coding sequence of ATrxl contains two Trx-fold do-
mains (InterPro IPR012335) (reviewed in reference 8); only
the second of these includes the conserved active site WCPPC.
ATrx1 is most similar overall to nucleoredoxin proteins from
vertebrates, and the individual Trx domains belong to the TryX
subfamily of Trx domains (see alignment in Fig. S2 in the
supplemental material). TryX domains are found on trypare-
doxins, which are well known in trypanosomatids (34, 44), and
are also present on certain Trx family proteins in higher eu-
karyotes. A second gene in 7. gondii is also annotated as
encoding a nucleoredoxin (42.m00038), but the predicted pro-
tein is unlikely to be redundant to ATrx1 because it has only a
single Trx domain, and its homology with ATrx1 is limited to
that domain.

Verification of the coding sequence. Gene model 583.m00655
has 10 exons and encodes a protein of 742 aa with a predicted
size of 81.8 kDa (see Fig. S2 in the supplemental material).
This size correlated well with band 3 (~85 kDa), being sub-
stantially larger than the more abundant proteins present in
bands 1 and 2. Indeed, peptides from bands 1 and 2 both
mapped exclusively in the C-terminal 58 kDa of the protein,
with very high coverage of that region (82 and 80%, respec-
tively; see Fig. S1 in the supplemental material). Peptides from
bands 4 and 5 also mapped to the C-terminal region of the
protein, although coverage was not as definitive. In contrast,
peptides from band 3 extended further N terminally by about
113 aa (Fig. 1E). In our analyses, no peptides were identified
that mapped to the N-terminal 112 aa of the protein, but an
additional peptide commencing at aa 85 within exon 2 is seen
on ToxoDB (data provided by the Einstein Biodefense Pro-
teomics Center, http://toro.aecom.yu.edu/biodefense/). No
peptides were found corresponding to exon 1 or to conceptual
translations of predicted introns. Whether the 85-kDa form
represents the primary translation product or a form processed
near the amino terminus (e.g., after the putative signal anchor)
cannot be determined from the current data. The mass spec-
trometry analysis did not reveal any obvious reasons for the

TRAFFICKING OF AN APICOPLAST THIOREDOXIN 1521

difference in sizes of the smaller isoforms, but it is likely that
the gel bands were not sufficiently separated to rule out cross-
contamination. The molecular differences between the smaller
isoforms could reflect heterogeneity of proteolytic cleavage or
a distinct posttranslational modification such as phosphoryla-
tion or glycosylation.

To verify that the first exon was indeed present in the
mRNA, we conducted 5" RACE using cDNA prepared from
strain RH parasites. Primers were positioned slightly down-
stream of the regions encoding the first peptides detected in
band 3. Sequencing of the cloned 5" RACE products showed
that transcripts begin approximately 346 nt upstream of the
start codon. This is 33 nt upstream of the predicted transcrip-
tion start site at nt 2432437 of chromosome IX in strain ME49
annotated on ToxoDB. The termination codon and a 3’ un-
translated region of 740 nt were defined by 3’ RACE, matching
the gene model. We also amplified the entire predicted open
reading frame from randomly primed cDNA. Two indepen-
dently amplified cDNAs were sequenced; except for a single
synonymous substitution, the sequences matched that of gene
model 583.m00655 of T. gondii strain GT1, which belongs to
the same lineage as RH, the strain used here (20). Interest-
ingly, one cDNA sequence was 48 nt shorter than the other.
This reflected a different splice acceptor site being used for
exon 8. To determine which of these two variants was domi-
nant in the mRNA population, a PCR assay was designed such
that a 586-nt or a 538-nt product would result, depending on
the splice junction. The larger product was dominant, while the
smaller product was barely detectable (not shown). Conse-
quently, the longer coding sequence was used to construct the
expression plasmid discussed below. The 16 aa absent from the
protein encoded by the smaller splice variant lie within a con-
served region of the second, presumed functional Trx domain
(see Fig. S2 in the supplemental material, blue-shaded resi-
dues), so it is unlikely that the resulting smaller protein would
have Trx activity.

Confirmation of gene identification. To verify that the iden-
tified gene corresponds to the antigen detected by MAb 11GS,
we expressed an epitope-tagged version of ATrx1 in 7. gondii.
A clone was constructed encoding four HA tags (molecular
mass of 4.9 kDa) at the C terminus of ATrxl. The tagged
sequence was cloned into a promoter-less 7. gondii expression
vector with approximately 1.5 kb of ATrx/ 5’ flanking se-
quence, so that expression was driven by the ATrx] promoter.
After isolation of a clonal, stable transfectant, immunoblot and
immunofluorescence analyses were performed. When transfec-
tants expressing ATrx1-HA were examined, anti-HA detected
four major bands at approximately 65, 70, 72, and 92 kDa and
a faint band at ~78 kDa, all of which were detected by anti-
body MAb 11G8 (Fig. 2A). The size difference between the
wild-type and HA-tagged bands is consistent with the 5-kDa
peptide encoded by the four HA tags. The presence of these
different forms following expression of the tagged cDNA indi-
cates that they likely result from processing or other posttrans-
lational modifications rather than alternative splicing. The
amount of MAb 11G8 immunoreactive protein resulting from
the transfected ATrx1 coding sequence appears to be similar to
that of the endogenous protein (Fig. 2A), even though the
transfected gene lacks introns and has a heterologous 3" UTR.
However, we did observe relatively more of the larger HA-
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FIG. 2. Western blot, showing multiple bands with MAb 11G8 and
anti-HA. (A) Lysates of parasites expressing ATrx1-HA or control
parasites not expressing an HA-tagged protein were separated on 7.5%
acrylamide gels and analyzed by immunoblot analysis using anti-HA
and MAb 11G8. Note the additional, slightly larger bands detected in
ATrx1-HA transfectants which comigrate with those detected by anti-
HA. The same pattern was seen in an independent transfectant. The
migration of molecular mass markers is indicated. Arrows mark the
bands described in the text. (B) Reducing (+ BME, B-mercaptoetha-
nol) and nonreducing (—BME) gels show similar patterns. Samples
were separated on 10% acrylamide gels and analyzed by immunoblot
analysis using anti-HA. The cell lines used were ATrx1-HA transfec-
tants and the parental line RH (control). The migration of molecular
mass markers is indicated.

tagged isoform versus the smaller isoforms compared to the
untagged form. Similar patterns were seen on anti-HA blots of
reducing and nonreducing gels (Fig. 2B), except that a smeared
band at ~200 kDa, similar to that seen in Fig. 1D, was occa-
sionally observed in nonreduced samples. No differences were
seen between extracellular parasites and those that were me-
chanically released from host cells when analyzed with MAb
11G8 or anti-HA (not shown).

Anti-HA and MADb 11G8 showed similar if not identical
patterns on IFA (Fig. 3A). The staining with anti-HA was
around the luminal marker, S+TA“P-HcRed, but some cells
showed only circumplastid staining (as in the bottom set of
panels), while other cells additionally showed apparent vesicles
or tubules near the apicoplast (as in top set of panels). For the
two other T. gondii apicoplast membrane proteins analyzed
thus far (APT1 and FtsH1), such staining patterns correlated
with the plastid and cell division cycle (28, 29). We therefore
assessed the plastid and cell division cycle of a number of cells
by the shape and location of the plastid, the nucleus, and the
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FIG. 3. Epitope-tagged ATrx1 localizes to the apicoplast. (A) IFA
of transfectants expressing ATrx1-HA. The bottom set of panels shows
a circumplastid localization of both the HA-tagged protein and the
MADb 11G8 antigen, while the upper set shows more additional ex-
tended tubules. Each panel is labeled according to the color shown in
the merged images, and the outline of the parasite within the vacuole
is marked as a gray line on the merged image. Bar, 2 um. (B) Local-
ization of ATrx1-HA is modulated during the cell cycle. Cells in dif-
ferent vacuoles were staged according to the shape and location of the
apicoplast, the shape and division of the nucleus, and the formation of
the inner membrane complex (46) as follows: stage 1, round apicoplast
is away from nucleus; stage 2, apicoplasts begin to elongate and move
closer to the nucleus; stage 3, the apicoplast elongates further and
extends across the apical face of the nucleus; stage 4, the daughter cell
IMC is visible (as revealed by anti-IMC1) and the apicoplast is V-
shaped; stage 5, the apicoplast has divided; and stage 6, nuclear divi-
sion is complete. The proportion of vacuoles with different distribution
patterns for ATrx1 during the plastid and cell division cycle is shown
graphically. The patterns were tabulated as circumplastid (CP, yellow
shading), plastid plus tubule (P+T, red shading) and plastid plus ER
(P+ER, blue shading). Next to the key, examples of the staining
patterns categorized are shown. In these images, ATrx1-HA is green
and DAPI is blue. In the CP and P+T panels, the apicoplast luminal
marker (S+T*“P-HcRed) is red; in the P+ER panel, the ER (as
revealed by anti-BiP) is red. The nucleus is marked with an “N”. Note
the perinuclear staining of ATrx1 in the plastid plus ER panel (green).

formation of inner membrane complex as described previously
(28, 46) (Fig. 3B). As with APT1 and FtsH1, ATrx1-HA
showed a predominantly circumplastid staining in stage 1 cells,
although some also showed additional staining in the ER.
Stage 1 cells, which have round plastids that are separated
from the nucleus, are in interphase and are highly abundant in
an asynchronous population. As the plastid began to elongate
and move closer to the nucleus (stage 2), more vesicular and/or
tubular staining was seen. The presence of apparent tubules
and vesicles continued during stages 3 and 4, in which the
plastid was enlarging and elongating, while the inner mem-
brane complex of the daughter cell was forming. Once the
plastid had divided (stage 5) and the nucleus had divided
(stage 6), ATrx1l resumed a circumplastid location in some
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FIG. 4. ATrx1 deletion analysis. Expression plasmids encoding ATrx]1ANS51-HA (A to C) ATrx1(A50-210)-HA (D to F), or ATrx(1-225)-GFP
(G and H) were transfected either into 7. gondii expressing S+T*“F-HcRed (C, F, and G) or V5-APT1 (H) or into wild-type cells (A, B, D, and
E). Cells were processed for IFA as follows. ER was visualized with rabbit anti-BiP, dense granules (DG) with anti-NTPase, the apicoplast lumen
with S+TA“P-HcRed, and the apicoplast membranes with V5-APT1 (as detected by anti-V5). GFP was detected with anti-GFP. Secondary
antibodies were chosen to allow specificity and avoid spectral overlap. All samples were also stained with DAPI, and differential interference

contrast (DIC) images of the vacuoles are shown.

cells, with some cells also showing ER staining. Parasites
within the same vacuole showed similar ATrx1-HA distribu-
tion. This cell cycle-associated staining pattern is similar to that
seen for FtsH1 and APT1, except that the tubule-like staining
for ATrx1 extends more prominently into the later stages (5-
6). Examples of circumplastid staining, plastid-plus-tubule
staining, and plastid-plus-ER staining are shown at the right of
Fig. 3B.

The N-terminal region of ATrxl functions in apicoplast
localization. All proteins targeted to the apicoplast lumen that
have been studied thus far bear an N-terminal extension con-
taining the essential information for trafficking, including a
signal peptide and transit sequence. This extension is typically
removed by proteolytic processing. ATrx1 protein has a pre-
dicted signal anchor sequence (13), from aa 37 to 50. This
could direct the protein into the endomembrane system for
trafficking to the apicoplast. Neither the sequence preceding
nor that following the predicted signal anchor resemble a transit
peptide, since they are not enriched for basic amino acids, a
property shown to be critical for directing proteins to the
apicoplast lumen in P. falciparum (17) and T. gondii (47).

We therefore tested whether the region upstream of the first
peptides detected in band 1 contained information important
for trafficking of ATrx1 (Fig. 4). Two deletion constructs were
made from ATrx1-HA, as diagrammed in Fig. 1E. The first,
ATrx1AN51-HA lacked the first 51 aa, which includes the
predicted signal anchor domain, whereas the second,

ATrx1A50-210-HA, lacked the region immediately down-
stream of the signal anchor. ATrx1ANS1-HA showed a dis-
persed, punctate pattern having minimal colocalization with
the ER marker BiP and did not colocalize with the dense
granule marker NTPase (3) or the apicoplast luminal marker
S+TAP-HcRed (Fig. 4A to C). The modest level of apparent
ER staining could reflect the import of a minor fraction of the
mutant protein into the ER, association with the external face
of the ER, or simply cytosolic protein very close to the ER. In
any case, the protein did not localize to the plastid. Much of
the second mutant protein, ATrx1A50-210-HA, which contains
the putative signal sequence colocalized with the ER marker
BiP (Fig. 4D, note particularly the perinuclear staining char-
acteristic of the ER), and some was detected outside the par-
asite in the parasitophorous vacuole (Fig. 4D to F, arrows).
ATrx1(A50-210)-HA did not colocalize with the dense granule
marker NTPase within the cell but did colocalize with a deposit
of NTPase within the vacuole (Fig. 4E, arrow) These data
suggest that the mutant protein might be deposited in the
residual body upon daughter cell formation. Although the pro-
tein appeared to be entering the secretory system, it was not
diverted from the ER to the apicoplast (Fig. 4F). When aa 1 to
225 of ATrxl were placed at the N terminus of GFP, the
protein was directed to the region of the apicoplast, near but
not colocalizing with the luminal marker (Fig. 4G). In most
cells, it colocalized with the apicoplast membrane marker
APT1 (Fig. 4H), although in some cells it showed less complete
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FIG. 5. Pulse-chase analysis. (A) ATrx1-HA intracellular parasites
were labeled for 30 min with [**S]methionine-cysteine, and chased for
the indicated times. Samples were subjected to immunoprecipitation
with anti-HA and separated on an 8 to 16% acrylamide gel. Radiola-
beled proteins were revealed by phosphorimaging, and the same blot
was probed with rabbit anti-HA antibody. The migration of molecular
mass markers is indicated on the left. Double-headed arrows mark the
largest and smallest ATrx1 isoforms detected by phosphorimaging and
immunoblotting. (B) ATrx1-HA intracellular parasites were labeled
for 3 h with [>>S]methionine-cysteine and chased for the indicated
times. Samples were analyzed as described above, except that a 10%
acrylamide gel was used. As a control to show that higher-molecular-
mass bands seen with ATrxI1-HA are specific, parasites expressing
APT1-HA were labeled for 3 h and immunoprecipitated with anti-HA
(lane c). The lane shown was from the same exposure of the same gel
as the ATrx1-HA samples. APT1-HA is not visible because it migrates
at ~40 kDa.

overlap (not shown). Our previous studies have shown that
GFP alone lacks organelle targeting information when ex-
pressed in T. gondii (11). These data show that the N-terminal
“extension” of ATrx1 is both required and sufficient for local-
ization to the apicoplast.

ATrx1 undergoes processing. Signal and transit domains of
apicoplast luminal proteins are cleaved upon import into the
ER and the lumen of the apicoplast, respectively (49), but the
mature form of the protein and the mature-plus-transit-pep-
tide forms of proteins are visible on immunoblots. In pulse-
chase experiments, the abundance of the former increases at
the expense of the latter (10, 49). We performed pulse-chase
analysis of ATrx1-HA metabolically labeled with [**S]methi-
onine-cysteine, using anti-HA for immunoprecipitation (anti-HA
produced a much stronger signal than MAb 11GS8). After
SDS-PAGE, the samples were transferred to nitrocellulose,
and the samples were subjected to both phosphorimaging and
immunoblot analysis with anti-HA. The latter revealed the
expected pattern as seen in Fig. 5A, and all immunodetected
bands were seen in at least one time point of the pulse-chase
analysis. These bands were not observed after immunoprecipi-
tation of cells that did not express the tagged protein (Fig. 5B,
lane c). After a 30-min pulse, the radiolabeled 92-kDa species
was easily observed, as was the fainter 78-kDa species, and they
slowly declined in abundance over the 3-h chase period (Fig.
5A). The smaller isoforms were not visible after the pulse, but
with a 1-h chase, a band appeared at ~65 kDa that persisted
through 3 h. An additional radiolabeled band migrating at ~72
kDa was also seen. Since the relative intensity of the bands at
the 3-hour chase did not yet reflect the steady-state abundance
of the ATrx1 isoforms, we also conducted a 3-h labeling, fol-
lowed by an 8-h chase and an 18-h chase (Fig. 5B, note that
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these samples were separated on a different percentage gel).
By 8 h (approximately one cell cycle), the relative intensity of
the bands was very similar to the steady-state abundance of
ATrx1 isoforms. Interestingly, the 65-kDa band was seen in the
3-h pulse sample, but not in either the 8- or 18-h chase sam-
ples. Furthermore, the 72-kDa band was seen in the 3-h pulse-
labeled sample, while the 70-kDa band was not. However, both
were easily seen at the 18-h time point. These data suggest that
the 92-kDa molecule is the precursor of the other species,
which likely result from multiple posttranslational modifica-
tions of ATrxl1, including N-terminal proteolytic cleavage.

Fractionation properties of ATrx1. IFA of ATrx1 indicated
that the protein was predominantly localized in a circumplastid
pattern, as was previously observed for two integral membrane
proteins (28, 29). Since the apicoplast has multiple intermem-
brane spaces, as well as multiple membranes, the protein could
be localized to either nonmembrane or membrane compart-
ments. Analysis of ATrx] with programs that predict trans-
membrane domains (TMDs) yielded divergent results, with
TMHMM predicting no TMDs, ConPredII predicting one (at
aa 262 to 288) and TmPred and TopPred predicting two TMDs
(the putative signal anchor region and aa 262 to 288) (Fig. 1E
and see Fig. S2 in the supplemental material). The signal
anchor region is clearly missing from the smaller isoforms,
while the putative TMD region is present in all forms, as
evidenced by the mass spectrometry data.

We assessed whether any or all isoforms of ATrx1-HA were
strongly associated with membranes. When hypotonically lysed
transfectants were extracted with PBS, ATrx1 was present in
both supernatant and pellet fractions (Fig. 6A). In contrast,
almost all of the integral membrane protein FtsH1 was in the
pellet, and most of the apicoplast luminal protein S+T*-
HcRed was in the supernatant (the mature form is shown in all
panels). A similar pattern was seen after treatment with 0.1 M
carbonate (pH 11) (Fig. 6B) or 6 M urea (data not shown),
both of which extract soluble and peripherally associated mem-
brane proteins—only FtsH1 was predominantly in the mem-
brane fraction. The presence of somewhat more ATrx1 than
the soluble marker in the pellet fractions may result from a
specific membrane interaction of a portion of ATrx1 or from
some nonspecific precipitation. The fractionation pattern of
the 92-kDa band was similar to the 65 to 72-kDa bands; thus,
there was no evidence for preferential membrane association
of the species most likely to contain the signal anchor domain.
The nonionic detergent Triton X-100 released ATrx1-HA and
the marker proteins to the supernatant, indicating that none of
them are forming insoluble aggregates. Wild-type ATrx1 de-
tected by MAb 11GS8 had the same carbonate and Triton X-100
extraction profile as the tagged protein (Fig. 6C, in this exper-
iment Mic5 served as the soluble marker). Another test of
integral association to membranes is Triton X-114 extraction,
in which integral membrane proteins partition to the detergent
phase, while soluble and peripheral membrane proteins parti-
tion to the aqueous phase. When 7. gondii were extracted with
Triton X-114, the protein detected by MAb 11G8 was found in
the aqueous fraction and not in the detergent fraction (Fig.
6D). Some proteolysis was evident in the Triton X-114 treated
samples, which may account for the difficulty in detecting the
larger isoform of ATrx1. In this experiment, ROP1 served as
the soluble marker, while SAG1 was the membrane marker.
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FIG. 6. Fractionation behavior of ATrx1. Immunoblot analysis was
performed after various extractions. S+TAF-HcRed, Mic5, and
ROP1 served as soluble protein markers, and FtsH1 and SAG1 served
as membrane protein markers. (A) Transfectants expressing
ATrx1-HA and the apicoplast luminal marker S+T*“"-HcRed were
Dounce homogenized in PBS, and large debris was removed by cen-
trifugation. After high-speed centrifugation, the pellet (P) and super-
natant (S) were analyzed by immunoblotting with anti-HA, anti-FtsH1,
and anti-HcRed. The band corresponding to the mature form of
S+TACP_HcRed is shown. (B) Transfectants expressing ATrxI-HA
and S+T*“P-HcRed were extracted with 0.1 M carbonate (pH 11) or
2% Triton X-100. After centrifugation to separate the soluble fraction
(S) from insoluble pellet (P), both fractions were analyzed by immu-
noblotting with anti-HA, anti-FtsH1, and anti-HcRed. The band cor-
responding to the mature form of S+TAP-HcRed is shown (arrow);
the lower band on this image is a low-molecular-mass protein that
cross-reacts with anti-FtsH1. (C) T. gondii transfected with an irrele-
vant plasmid were extracted with 0.1 M carbonate (pH 11) or 2%
Triton X-100. After centrifugation to separate the soluble fraction
(S) from insoluble pellet (P), both fractions were analyzed by immu-
noblotting with MAb 11GS8, anti-FtsH1, and anti-Mic5. (D) Wild-type
parasites were extracted with Triton-X114 at 37°C, and the detergent
(lane D) and aqueous (lane A) protein fractions were analyzed by
immunoblotting with MAb 11G8 (1:1,000) followed by goat anti-
mouse antibody coupled to horseradish peroxidase (1:1,000; Sigma).
Detection was performed by using the ECL system (Pierce).
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FIG. 7. Fine localization of ATrxl to subcompartments of the
apicoplast. Infected fibroblasts were processed for immunogold labeling
to reveal the fine distribution of ATrx1-HA. Panels A to C show
apicoplasts containing ATrx1-gold particles. Panel A shows evidence
of a membrane-bound association of the protein (arrow). Panel B
reveals the presence of gold particles on multiple membranes of the
apicoplast (triple arrows). Panel C illustrates the protein on a more
internal membrane of the organelle (arrow). Bars: 200 nm in panels A
and C; 100 nm in panel B.

Taken together, the evidence argues that ATrxl is not an
integral membrane but rather is either soluble or peripherally
associated with the membrane.

ATrx1 is localized to peripheral compartments of the apico-
plast and marks an abundant class of vesicles. The MAb 11G8
was found to be unsuitable for immunoelectron microscopy, so
we analyzed the location of ATrx1 using the transfectants ex-
pressing ATrx1-HA. ATrx1 was abundant in the membrane
region of the apicoplast (Fig. 7). Like the apicoplast membrane
proteins that have been characterized to date, Aptl and FtsH1,
ATrx1 was associated with multiple peripheral subcompart-
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A

FIG. 8. Ultrastructural detection of ATrx1 associated with the apicoplast and small cytoplasmic vesicles. Panels A and B show gold particles
on the apicoplast (a) and on vesicles (v) surrounding the apicoplast. Arrows pinpoint intimate contact between both structures, a finding suggestive
of fusion or fission events. Panels C and D reveal the presence of Atrx1 frequently associated with the ER and occasionally on the Golgi complex
(Go, arrows). Panel E shows that the labeled vesicles are very abundant and morphologically distinct from parasite secretory organelles such as
dense granules (dg), micronemes (m), and rhoptries (r). ATrx1 is observed predominantly at the limiting membrane of the vesicles, as illustrated
in panels F and G. Bars: 200 nm in panels A to D; 500 nm in panel E; 100 nm in panels F and G.

ments of the apicoplast. However, given the close spacing of
the membranes, it is not possible to determine whether the
molecule is predominantly in the intermembrane spaces or
molecularly associated with membranes. Some gold particles
were associated with or adjacent to electron-dense region ob-
served in the lumen of most apicoplasts (Fig. 7C). However, in
several of these cases, a sliver of membrane appeared nearby,
suggesting potential membrane association. We did not see
such apparently internal labeling of the apicoplast when ana-
lyzing APT1-HA (28) or V5-FtsH1 (29), although the intensity
of labeling was lower. Rarely, as in Fig. 8E, the apicoplast
showed only weak labeling.

ATrx1-HA also defined a set of highly abundant vesicles
(Fig. 8A and E). The vesicles were typically spherical, 135 * 10
nm in diameter, and with similar electron density as the ma-
terial present in the lumen of the apicoplast (Fig. 8F and G).
By monitoring the surface area of the vesicles relative to the
parasite cytoplasm, we have calculated that these vesicles com-
prise ca. 3% of the total parasite surface area seen on a series
of random sections. These vesicles were more frequently ob-
served than several other characterized organelles of 7. gondii,
such as the dense granules. Several images showed them to be
very close to or merging with the apicoplast (Fig. 8A and B).
Most of the gold particles lay very close to the vesicular mem-

brane, indicating that ATrx1 is predominantly membrane as-
sociated in the vesicles. About 25% of the 10-nm gold particles
were more than two gold particles’ width away from the vesicle
membrane; this may indicate that a modest proportion is
luminal or that the section was tangential. This distribution is very
different from that seen upon immunogold staining of dense
granule proteins, which are not membrane associated until
after secretion. These show gold particles distributed through-
out the organelle (33, 37).

The origin of the vesicles was addressed by examining the
distribution of immunogold particles over the Golgi complex
and ER. Dispersed immunogold labeling was frequently ob-
served in cortical ER and perinuclear ER (Fig. 8C), but in a
few sections it was also seen associated with or adjacent to the
parasite cis-Golgi complex (Fig. 8D). This labeling was clearly
less abundant than that observed on vesicles. Thus, here, as
with previous studies (10, 28, 29, 48), the evidence does not
support sorting of apicoplast proteins in the Golgi complex.

DISCUSSION

We report here the identification of an apicoplast-local-
ized Trx family protein, ATrx1. The majority of apicoplast
ATrx1-HA was detected in the peripheral compartments of the
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plastid by immunoelectron microscopy. A smaller fraction was
seen apparently within the lumen of the organelle, but often
traces of membranes were visible near the gold particles. As
with apicoplast integral membrane proteins APT1 and FtsH1,
ATrx1-HA was associated with vesicles. At the level of fluo-
rescence microscopy, the vesicles appear as tubules and dots,
which are more noticeable during the time of plastid enlarge-
ment and division. The ATrx1-HA bearing vesicles were more
easily detected upon scans of 7. gondii sections than were those
revealed with antibodies to APT1-HA or V5-FtsH1, possibly as
a result of higher expression or a longer period of expression
within the cell cycle (or both). The lower immunogold labeling
intensity of APT1-HA (28) and V5-FtsH1 (29) likely left some
vesicles undetected. Since similar vesicles were observed with
all three proteins, the appearance of such vesicles is not a
response to the overproduction of a specific protein. Indeed,
these vesicles are observed on normal embedding, but without
the gold marker they can be erroneously considered as casual
secretory vesicles, immature dense granules, or small lipid
droplets (I. Coppens, unpublished data). As revealed by
ATrx1-HA, the vesicles are surprisingly abundant, being more
prevalent in random sections than dense granules. Future dou-
ble-labeling studies will determine whether the same vesicles
bear ATrxl, APT1, and FtsH1. Apicoplast luminal proteins
have not been detected in vesicles as yet, although these ves-
icles are moderately electron dense and hence carry some type
of internal cargo. While we believe it is likely that these vesicles
are transport intermediates, it is also possible that they could
fulfill some other, perhaps metabolic, functions.

Although immunoelectron microscopy suggests a membrane
association for ATrx1 in the vesicles and potential association
in the apicoplast, the molecular means of that association re-
mains unclear. Biochemical fractionation indicates that rather
than being an integral membrane protein, the preponderance
of ATrx1 is instead either soluble or peripherally associated
with the membrane. Given these biochemical properties,
ATrx1 represents the first demonstrated intermembrane space
protein of the apicoplast.

Previous studies have shown that at least some apicoplast
integral membrane proteins lack the bipartite targeting se-
quence characteristic of soluble luminal proteins (28, 29, 39).
Even though most ATrx1 is not integral to membranes, the
protein also lacks the canonical targeting sequences. Nonethe-
less, analysis of deletion mutants and a fusion protein showed
that information in the N-terminal extension of ATrx1 (which
is absent from the fully processed form of the protein) is
required and sufficient for trafficking to the apicoplast. Fur-
ther, this region is functionally distinct from luminal targeting
sequences, since it directs a soluble reporter, GFP, to the outer
compartments of the apicoplast and not to the lumen of the
organelle. Bioinformatic detection of the bipartite targeting
sequence has been utilized to predict the apicoplast proteome
in P. falciparum (17) and is generally used to evaluate protein
localization to the apicoplast of 7. gondii in silico. However,
these results show that definition of the apicoplast proteome
solely by informatic detection of a bipartite sequence will leave
some gaps.

Because of its association with vesicle membranes and the
peripheral compartments of the apicoplast, as well as its lack of
a bipartite targeting sequence, it is tempting to speculate that
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ATrx1 traffics similarly to a membrane protein. Indeed, it may
be transiently membrane integral, perhaps at the time of being
packed into vesicles. The N-terminal sequence that is pro-
cessed from ATrx1 could mediate trafficking, either by virtue
of its own motifs or by interacting with a membrane protein.
Alternatively, this presequence could function to keep ATrx1
as a zymogen until it arrives at the correct cellular location and
is processed to its mature form(s), conceptually similar to the
processing of apicoplast luminal proteins. The processing of
ATrx1-HA appears to be complex, involving multiple events
which include N-terminal cleavage, possibly at more than one
site, and potentially additional modifications such as phosphor-
ylation or glycosylation. These events could occur at different
sites en route to and/or within the apicoplast. Bands detected
by MADb 11GS8 all have cognates which are detected by anti-
HA, suggesting that ATrx1 is not proteolytically cleaved at the
C terminus (the HA tag is at the C terminus). Interestingly, we
have recently observed that both the N and the C termini of the
apicoplast membrane protein FtsH1 are processed (A. Karna-
taki et al., unpublished data). Together, these data suggest that
the protein processing associated with the apicoplast is more
complex than previously suspected.

In addition to multiple “orphan” Trxs, many Trxs cluster
into three subfamilies on the basis of sequence similarity: Trxs,
glutaredoxins, and nucleoredoxins. ATrx1 belongs to the NRX
subfamily of Trxs, which is characterized by the tryparedoxin
variant of the Trx domain. Indeed, at the sequence level,
ATrx1 is most similar to nucleoredoxin, the prototype NRX
protein. Nucleoredoxin was initially reported to be nuclear
(32), and more recently cytosolic (18), perhaps shuttling be-
tween the two compartments. It appears to function in signal
transduction, particularly in the WNT pathway, presumably by
altering the oxidation state of other signaling molecules in the
pathway (18, 25). In contrast, tryparedoxin functions in the
trypanothione redox pathway of trypanosomatids, which is not
present in apicomplexans. Clearly, the cellular function of
ATrx1 is distinct, albeit not yet known. Furthermore, the var-
ious isoforms of ATrx1 may perform similar or different cel-
lular functions. Although we have not confirmed activity of the
protein, the active-site motif is present in the second of the two
Trx domains. It is not unusual for members of the Trx super-
family to have multiple Trx domains, some of which lack the
redox active site (19).

The reductant for nucleoredoxin proteins is not known. Trxs
can be reduced through the action of ferredoxin Trx reductases
or NADPH Trx reductases, which exist as multiple isozymes in
plants (38). No reductase of either type has been identified in
the apicoplast as yet, although multiple Trx reductases are
evident from the genome sequence of 7. gondii.

In chloroplasts, Trxs reduce the disulfide groups of other
proteins, stimulating a variety of processes ranging from pho-
tosynthesis to protein synthesis in the organelle (7). Several
molecules that require activation by or typically associate with
Trx are known to be localized to the apicoplast: e.g., a Trx-
dependent peroxidase (40), acetyl coenzyme A carboxylase
(26), superoxide dismutase (40), and phosphoglycerate kinase
(15). However, these enzymes have been proposed to be re-
duced directly by ferredoxin (50). Furthermore, the enzymes
are thought to reside in the apicoplast lumen, whereas most
ATrx1 is associated with peripheral apicoplast compartments
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and vesicles that likely represent transport intermediates.
However, proteomic analysis has shown that the preponder-
ance of Trx targets in the photosynthetic cyanobacterium Syn-
echocystis are membrane proteins, many of which are localized
to chloroplasts in plants (36). Interestingly, one of the targets
is the FtsH protease, which we have also identified as an
apicoplast membrane protein in T. gondii (29). Other possible
functions of ATrx1, by analogy with other Trxs, include pro-
tection against oxidative stresses or redox-related signaling.
Candidate ATrx1 orthologues exist in Eimeria tenella (www
.GeneDB.org) and Babesia bovis (BBOV_11002190), although
the latter lacks the typical active-site cysteines (see Fig. S2 in
the supplemental material). (5). Interestingly, orthologues are
apparently absent in other plastid-containing apicomplexans
sequenced thus far (Plasmodium and Theileria). Whether the
functions of ATrx1 are fulfilled by another, as-yet-unknown
apicoplast-localized Trx in Plasmodium and Theileria, or
whetheritsphylogeneticdistributionreflects differencesin apico-
plast metabolism remains to be seen.
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