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Most apicomplexan parasites harbor a relict chloroplast, the
apicoplast, that is critical for their survival. Whereas the apico-
plast maintains a small genome, the bulk of its proteins are
nuclear encoded and imported into the organelle. Several mod-
els have been proposed to explain how proteins might cross the
four membranes that surround the apicoplast; however, exper-
imental data discriminating these models are largely missing.
Herewe present genetic evidence that apicoplast protein import
depends on elements derived from the ER-associated protein
degradation (ERAD) systemof the endosymbiont.We identified
two sets of ERAD components in Toxoplasma gondii, one asso-
ciated with the ER and cytoplasm and one localized to themem-
branes of the apicoplast. We engineered a conditional null
mutant in apicoplast Der1, the putative pore of the apicoplast
ERAD complex, and found that loss of Der1Ap results in loss of
apicoplast protein import and subsequent death of the parasite.

Apicomplexa are a phylum of obligate parasites that include
the causative agents of malaria, toxoplasmosis, and cryptospo-
ridiosis. Recent evidence suggests that apicomplexans evolved
from a free-living photosynthetic ancestor (1). This ancestry is
reflected in the presence of a chloroplast-like organelle, the
apicoplast (2). While no longer engaged in photosynthesis, the
apicoplast is essential to parasite survival and home to several
critical biosynthetic pathways. Bioinformatic and experimental
evidence suggests that the apicoplast is engaged in the synthesis
of fatty acids, isoprenoids, and heme (3, 4). Genetic or pharma-
cological ablation of these pathways blocks parasite growth and
the apicoplast, therefore, is currently considered a prime target
for antiparasitic drug development (5–7). The organelle was
derived by secondary endosymbiosis and reflects the successful

union of a red alga and a heterotrophic eukaryote (8). A large
number of algal genes were transferred to the host nucleus, and
their products must now be routed back into the organelle.
Trafficking occurs via the secretory pathway and is guided by an
N-terminal bipartite targeting sequence (9). Transport from
the ER to the apicoplast is believed to be vesiclemediated and to
sidestep the Golgi apparatus (10, 11). Once delivered to the
apicoplast, proteins have to cross three additional membranes.
Recently, we demonstrated that a homolog of Tic20, a compo-
nent of the translocon of the inner chloroplast membrane
(Tic)4 complex in plants, is likely required for protein import
across the innermost membrane of the apicoplast (12). To date
bioinformatics searches have failed to identify a matching
translocon of the outer chloroplast membrane in apicomplex-
ans (13). Analysis of the genome of the remnant nucleus of the
algal endosymbiont in cryptomonads showed the presence of
an ER-associated protein degradation (ERAD) system and
offered a candidate for a translocon across the third and poten-
tially the second membrane (14). Classically, ERAD functions
in the homeostasis of the secretory pathway by retrieving mis-
folded proteins from the ER that are subsequently degraded by
the cytoplasmic proteasome. Der1 is a candidate for the mem-
brane protein pore of the translocon (15). The ATPase Cdc48
together with its cofactors Ufd1 and Npl4 recognizes substrate
emerging on the cytosolic side of the ER (16) (Fig. 7a). ATP
hydrolysis then drives extraction into the cytoplasm followed
by degradation in the proteasome (17). Recently Der1 ho-
mologs have been shown to localize to the plastids of a range of
secondary plastid-containing organisms (14, 19, 20), but evi-
dence linking these proteins to a functional role in apicoplast
import is lacking. Here we use Toxoplasma as a genetic model
to rigorously test the function of an ERAD-derived system in
apicoplast biogenesis.We demonstrate the presence of two dif-
ferentially localized systems, one in the ER/cytoplasm and one
in the apicoplast. These systems are phylogenetically distinct
and the apicoplast ERAD is derived from the algal endosymbi-
ont. Importantly, we provide direct genetic and biochemical
evidence for an essential function of the ERADmembrane com-
ponent Der1Ap in apicoplast protein import.
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MATERIALS AND METHODS

Gene Identification and Gene Tagging—Yeast sequences for
Der1, Cdc48, and Ufd-1 (GenBankTM IDs P38307, NP_010157,
andNP_011562, respectively) were used as query sequences for
BLAST searches against the T. gondii genome and GenBankTM
databases. Initial RT-PCR experiments indicated that the auto-
mated gene predictions for the respective T. gondii homologs
did not identify the beginning and end for all genes correctly.
We performed 5�- and 3�-RACE using the SMART RACE
cDNA amplification kit (BD Biosciences), and the resulting
PCR products were cloned and sequenced. The sequences of
primers used are listed in supplemental Table ST1. Using this
approach, we experimentally verified the ends of six genes and
the 3�-end of UfdAp. The 5�-end of the UfdAp gene was identi-
fied by RT-PCR taking advantage of array-based promoter pre-
dictions (21). The experimentally validated T. gondii genes
described in this study are Der1-1ER (FJ976521), Der1-2ER
(FJ976522), Cdc48Cy (FJ976518), Ufd1Cy (FJ976516), Der1Ap
(FJ976520), Cdc48Ap (FJ976519), and Ufd1Ap (FJ976517). The
full-length coding sequences were amplified from T. gondii
cDNA using primers introducing flanking BglII and AvrII
restriction sites, subcloned into plasmid pCR2.1 (Invitrogen)
and subsequently introduced into the equivalent sites of either
plasmid pCTH or pCTM3

5 placing them under the control of
the T. gondii �-tubulin promoter and fusing a 3� HA tag
(pCTH) or a 3� c-Myc tag (pCTM3), respectively, to the
3�-end. These constructs were stably introduced into RH strain
T. gondii parasites using chloramphenicol selection (22).
To study the localization of UfdAp, we tagged the 3�-end of

the gene by targeting the native locuswith a cosmid clone of the
respective locus (ToxoX83, see ToxoDB and Ref. 23) modified
to contain a 3�HA tag by recombineering.6 Briefly, a modifica-
tion cassette containing a 3� HA tag, a phleomycin marker for
selection in T. gondii, and a gentamycin marker (24) for selec-
tion in bacterial cells was amplified from the plasmid template
pH3BG. The modification cassette was flanked by 50 bp of tar-
geting sequence introduced in the primer sequence to guide
recombination into the cosmid at the appropriate sites at the
3�-end of the Ufd1 gene (see supplemental Table ST2). The
resultant PCR product was electroporated into Escherichia coli
EL250 cells (25) previously transfected with the ToxoX83 cos-
mid. Recombination was induced by heat shock and recombi-
nant cloneswere isolated by double selection onkanamycin and
gentamycin. The resulting modified cosmid clone was trans-
fected in RH strain T. gondii parasites, and stable clones were
obtained through phleomycin selection.
Parasite Culture and Isolation ofDer1Ap ConditionalMutant—

Parasites were cultured and genetically manipulated as
described (22). To generate a conditional knock-out of Der1Ap,
we generated a parental strain expressing an inducible copy of
Der1Ap. The Der1Ap-coding sequence was introduced into the
pDt7s4H vector (12), and the resulting construct was trans-
fected into the T. gondii TATi strain, which expresses a tetra-
cycline transactivator protein (27) using pyrimethamine selec-

tion. In this background, we disrupted the native Der1Ap locus.
To engineer a targeting construct, we amplified �2 kb up- and
downstream of the Der1Ap coding sequence (see supplemental
Table ST3 for primers) and ligated the amplicon into the SalI
andKpnI and SpeI andAatII sites, respectively, of vector pTCY.
Linearized plasmid was transfected into the parental strain and
selected on chloramphenicol. Chloramphenicol-resistant YFP-
negative parasites were cloned by cell sorting as described (5).
To complement the Der1Ap knock-out, we introduced a
Der1Ap minigene under the control of a heterologous Tom22
promoter and a phleomycin-resistance cassette in the knock-
out parasite line by phleomycin selection (28). To generate a
Der1Ap knock-out cell line expressing apicoplast-targeted RFP,
we digested the ptubFNR-RFP/sagCAT vector (29) with BglII
and NotI and ligated the FNR-RFP containing fragment into the
equivalent sites of pBTH(Der1Ap). The resultant pBTR(FNR)
construct was stably transfected into theDer1Ap knock-out and
parental lines using phleomycin selection. Parasite growth was
measured by fluorescence and plaque assay (22) in the presence
and absence of 0.5 �M anhydrotetracycline (ATc).
Microscopy—For immunofluorescence analysis, human fibro-

blasts were infected with the indicated parasite strain, fixed 24 h
after infectionwith3%paraformaldehyde, andpermeabilizedwith
0.25% Triton X-100 in PBS. Primary antibodies used were rabbit
anti-acyl-carrier protein (ACP) (1:1000 dilution), rat anti-HA
(1:100 to 1:500), mouse anti-GFP (1:400), and mouse anti-c-Myc
(1:200). Secondary antibodies used were goat anti-rabbit Alexa
Fluor 546 (1:500), goat anti-rat Alexa Fluor 488, and rabbit anti-
mouse Alexa Fluor 488 (1:200, Invitrogen). Images were collected
on an Applied Precision Delta Vision or a Leica DIRBE micro-
scope, and images were deconvolved and adjusted for contrast
using Softworx andOpenlab software.
For cryo-electron microscopy, infected cells were fixed in 4%

paraformaldehyde/0.05% glutaraldehyde (Polysciences Inc.) in
100mMPIPESbuffer. Sampleswere thenembedded in10%gelatin
and infiltrated overnight with 2.3 M sucrose/20% polyvinyl pyrro-
lidone inPIPESat 4 °C. Sampleswere frozen in liquidnitrogenand
sectionedwith a cryo-ultramicrotome. Sectionswere probedwith
the indicated primary antibodies followed by the appropriate sec-
ondary antibody conjugated to 12 or 18 nm colloidal gold, stained
withuranyl acetate/methylcellulose, andanalyzedby transmission
EM as described previously (30).
Western Blotting—Protein samples were loaded onto precast

12% Bis-Tris and 3–8% Tris-acetate NuPAGE gels (Invitrogen).
After electrophoresis, proteins were transferred to nitrocellulose
membrane. Blots were probed with antibodies against ACP
(1:1000–1:2000 dilution; a kind gift from Geoff McFadden, Uni-
versity ofMelbourne (9), GRA8 (1:200,000), a kind gift fromGary
Ward, University of Vermont (31), anti-HA (1:100 to 1:500; clone
3F10, Roche Applied Science), anti-c-Myc (1:50 to 1:100; clone
9E10, Roche Applied Science), GFP (1:1000; Torry Pines Biolabs),
and anti-CDC48Ap (1:500; generated in this study, see supplemen-
tal methods). Horseradish peroxidase-conjugated anti-rat and
anti-rabbit antibodies (Pierce) were used at 1:5000 to 1:10,000
dilutions,whereashorseradishperoxidase-conjugatedanti-mouse
antibodies (TrueBlot, eBioscience) were used at a 1:1000 dilution.
Pulse-chase Labeling and Immunoprecipitation—Pulse-

chase experiments were carried out essentially as described
5 G. G. van Dooren, unpublished data.
6 C. F. Brooks, G. G. van Dooren, and B. Striepen, unpublished data.
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previously (12). Briefly, host cell cultureswere infectedwith 2�
106 parasites and grown in the presence or absence of ATc. 2
days after infection, pulse-chase labeling with 100 �Ci/ml
[35S]cysteine and [35S]methionine (MP Biomedicals) was con-
ducted as described under “Results.” To test parasites that were
exposed to ATc 3 and 4 days, cultures were preincubated with
drug in the previous passage for the appropriate time. Proteins
of interest were purified by immunoprecipitation, separated by
SDS-PAGE, and visualized by autoradiography. Antibodies
used were anti-MIC5, a kind gift from Vern Carruthers, Uni-
versity of Michigan (32), anti-lipoic acid (Calbiochem), anti-
RFP (Roche Applied Science), and anti-apicoplast-Cpn60 (rab-
bit serum raised against recombinant protein for this study).
Phylogenetic Analyses—For the phylogenetic analysis of

Cdc48, we used sequences from 30 taxa (GenBankTM accession
numbers for Cdc48 proteins are provided under supplemental
methods) and generated a multiple sequence alignment in
ClustalX. 900 unambiguously aligned amino acid positions
were used for further analysis (alignments available on request).
This data set was subjected to maximum likelihood phyloge-
netic analysis using RAxML version 7.0.4 (33). A phylogenetic
tree was constructed using the GAMMA�P-Invar evolution-
ary model, and the model parameters were alpha: 0.981286,
invar: 0.114318, andTree-Length: 3.905532. Bootstrap analyses
were conducted using 100 replicates (34).

RESULTS

Two Differentially Localized Sets of ERAD Components in
T. gondii—Using the ERAD components from yeast and their
recently identified cryptophyte homologs (14) as query se-
quences, we identified the genes for four putative Der1, two

Ufd1, and two Cdc48 homologs in the T. gondii genome. Inter-
estingly, the plastid-less apicomplexan Cryptosporidium re-
tains only two Der1 homologs and a single Ufd1 and Cdc48.

FIGURE 1. T. gondii ERAD components are associated with the ER/cytoplasm and the apicoplast. a– g, immunofluorescence analysis of parasites transfected with
the coding sequences of seven putative T. gondii ERAD proteins carrying a C-terminal epitope tag (g, the Ufd1Ap epitope tag was constructed by inserting the tag
directly into the genomic locus, see supplemental methods). We also expressed Cdc48Ap as a recombinant protein and raised a specific antiserum. Localization of the
native protein detected with this antibody is indistinguishable from the protein derived from the tagged transgene (Fig. 2 and supplemental Fig. S1). Insets in the
merge in panels e– g show a 2-fold higher magnification. h–j, Western blot analysis of apicoplast ERAD components. As for most apicoplast proteins, two bands are
apparent (p, precursor; m, mature protein (9, 36)). ACP, luminal apicoplast marker, HDEL, T. gondii ER marker P30-GFP-HDEL (35).

FIGURE 2. The ERAD components Der1Ap and Cdc48Ap localize to the mem-
brane compartment surrounding the apicoplast. Host cells infected with a
transgenic T. gondii line expressing an HA-tagged version of Der1Ap were fixed,
frozen, and sectioned with a cryo-ultramicrotome. Sections were incubated with
a rat antibody to HA (a, b, d, black arrowheads), a rabbit serum to ACP (9) (a and b,
white arrowhead), and a newly developed rabbit antibody against recombinant
Cdc48Ap (c and d, white arrowhead with black outline, see also supplemental Fig.
S1) followed by secondary antibody conjugated to 12 or 18 nm colloidal gold,
stained with uranyl acetate/methylcellulose, and analyzed by transmission elec-
tron microscopy. Panel b shows a higher magnification of the cell shown in panel
a, the four membranes of the apicoplast are indicated by black arrowheads out-
lined in white. Ap, apicoplast; Go, golgi; Nu, nucleus.
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The coding sequences of seven of these candidates were ampli-
fied by PCR from T. gondii cDNA and introduced into parasite
expression constructs that resulted in C-terminal fusion with
an epitope tag (see “Materials andMethods” and supplemental

Table ST1). The resulting con-
structs were transfected into para-
sites, and stable transgenic lines
were obtained by drug selection.
Ectopic expression of proteins from
a non-native promoter can poten-
tially impact their localization. To
ensure that the observed localiza-
tion patterns are physiological we
also introduced an epitope tag
directly into the genomic locus of one
gene (Ufd1AP, see “Materials and
Methods” for more detail), and we
raisedantibodies to recombinantpro-
tein for a second gene (Cdc48Ap, see
supplemental methods).
Using immunofluorescence assays

we found that different T. gondii
ERAD proteins localize to distinct
subcellular compartments. Fig. 1, a
and b shows the localization of two
Der1 homologs to a perinuclear
structure that colocalizes with P30-
GFP-HDEL, amarker for theT. gon-
dii ER (35). One homolog each of
Cdc48 and Ufd1 is found in the
cytosol. The localization of these
four proteins is comparablewith the
localization of their homologs in
yeast and mammalian cells and is
consistent with their likely role in
the classical ERAD pathway. A sec-
ond set of ERAD components local-
ized to the apicoplast. Fig. 1 e, f, and
g shows localization of Der1Ap-HA,
Cdc48Ap-c-Myc, and Ufd1Ap-HA
and the apicoplast ACP for compar-

ison. Apicoplast proteins typically contain anN-terminal signal
for apicoplast targeting, which is cleaved upon arrival (9, 36).
Sequence analysis predicts the presence of such a signal in the

FIGURE 3. Disruption of the native Der1Ap locus. a, Der1Ap locus was disrupted by homologous recombination using a targeting construct carrying a CAT
marker flanked by 2 kb of gene-specific upstream and downstream sequences. Recombinants were isolated using chloramphenicol to select for CAT expres-
sion, and cell sorting to select against YFP expression. Wild type (RH-WT), parental (carrying the native (Der1Ap) as well as an inducible minigene version
(iDer1Ap), and �Der1Ap (carrying only the inducible version) were tested for the presence of the native locus by b, PCR (position of primers is indicated in a), or
c, Southern blot using the radiolabeled coding sequence of Der1Ap as probe and Nde1 restriction to distinguish the native and inducible locus.

FIGURE 4. Der1Ap is essential for parasite growth. a– c, fluorescence growth assays for the �Der1Ap mutant
carrying the inducible copy only (a), the parental strain carrying both inducible and native Der1Ap (b), and a
�Der1Ap clone complemented with the Der1Ap gene driven by a constitutive promoter (c, all strains were
engineered to express RFP). Assays were performed in triplicate (error bars reflect S.D., note that the error bar
is only shown if larger than the symbol (�3%)) in the absence (circles) and presence (squares) of 0.5 �M ATc or
after 3 days of ATc preincuabtion (triangles). d–f, plaque assays measuring impact of loss of Der1AP. Confluent
HFF cultures were infected with 400 parasites of the �Der1Ap mutant (d), parental (e), or complemented (f)
strain, respectively, and cultured for 9 days in the absence (�ATc) or presence (�ATc) of anhydrous tetracy-
cline. Cultures were fixed and stained as described under “Materials and Methods.” Note loss of growth in the
mutant under ATc that is restored by gene complementation.
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apicoplast ERAD proteins. Western blot analysis reveals two
bands for each protein, suggesting N-terminal processing (Fig.
1, h–j), and the respectivemolecularmasses are consistent with
the predicted full-length precursor and the processed smaller
mature form of the proteins.
Whereas ERAD proteins localize to the apicoplast, they do

not colocalize fully with the luminal marker ACP (see insets in
Fig. 1, e–g). In silicomodeling of the protein structure ofDer1Ap
suggests the presence of transmembrane domains, whereas
Cdc48Ap and Ufd1Ap are predicted to be soluble. To study their
intraorganellar localization, we performed immuno-electron
microscopy. As shown in Fig. 2, Der1Ap andCdc48Ap localize to
an organelle that is bound by four membranes and can be
labeled for the apicoplast marker ACP. Der1Ap and Cdc48Ap
were confined to the periphery of the organelle, where both
proteins colocalize, whereas ACP was found mainly in the
lumen of the apicoplast. We conclude that a set of ERAD com-
ponents is likely associated with the apicoplast membranes.
Der1Ap Is Essential for Parasite Growth—To genetically dis-

sect the function of apicoplast ERAD components, we engi-
neered a conditional null mutant in Der1Ap, the presumptive
membrane pore of the putative translocon. We introduced
an epitope-tagged Der1Ap minigene under the control of a

tetracycline-regulatable promoter into a parasite strain
expressing the tetracycline transactivator protein (37). In
this background, we replaced the coding sequence of the
native Der1Ap locus with a chloramphenicol acetyl transfer-
ase (CAT) selectable marker by double homologous recom-
bination (5, 12). We confirmed disruption of the locus in
chloramphenicol-resistant clonal parasites by PCR and
Southern blot analysis (Fig. 3). In this mutant line, Der1Ap
expression can be suppressed by culture in the presence of
ATc. To measure inducible Der1Ap-HA expression, we grew
parasites for 0–4 days on ATc, harvested parasites, and
detected Der1Ap-HA protein byWestern blot.We found that
Der1Ap-HA levels were greatly reduced after 1 day on ATc
and undetectable after 2 days (Fig. 5a).
We next asked whether Der1Ap was essential for parasite

growth. We introduced a red fluorescent protein into both
mutant and parental lines and monitored parasite growth by
measuring fluorescence intensity. In the absence of ATc,
both cell lines grow at the same rate (Fig. 4, a and b).
Whereas ATc appears to have no effect on the parental
strain, growth of the mutant slows dramatically after 3 days
of treatment. Pretreatment for 3 days prior to the assay
blocks growth entirely. Growth of the mutant is restored

FIGURE 5. Genetic ablation of Der1Ap results in loss of apicoplast protein import and organellar defects. a, Western blot analysis of Der1Ap-HA levels in
�Der1Ap in response to ATc treatment (the dense granule protein GRA8 serves as loading control). b, pulse-chase (P/C) analysis of post-translational modifi-
cation of apicoplast (FNR-RFP, Cpn60, PDH-E2), mitochondrial (mito(E2)), and secretory (MIC5) proteins. The data shown are representative of three indepen-
dent experiments. Bands labeled with an asterisk likely represent RFP expression from an internal translation start site, mitochondrial Cpn60, and human
PDH-E2 (12), respectively. Note that ATc treatment in parental parasites has no effect on apicoplast protein import (see supplemental Fig. S2 and Ref. 12)
c, phosphorimager quantification of mature apicoplast-targeted protein bands shown in b. d, number of “four parasite” vacuoles in which each parasite has a
clearly discernable apicoplast (n � 100 for each data point, see supplemental Fig. S3 for additional detail).
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when we reintroduce the Der1Ap coding sequence under a
constitutive promoter (Fig. 4c), demonstrating the specific-
ity of the observed phenotype. As a separate measure for
parasite growth, we performed plaque assays. In this assay,
confluent host cell cultures are infected with a small number
of parasites and incubated for 8 days. Repeated rounds of
invasion, growth, and egress result in the formation of clear-
ings in the host cell monolayer that can be visualized by
crystal violet staining. These experiments demonstrated
minimal plaque formation in cultures infected with mutant
parasites when these were grown in the presence of ATc,
whereas parental and complemented strains showed no
attenuation in growth (Fig. 4, d–f). We conclude that Der1Ap
function is essential for parasite growth.
Genetic Knockdown of Der1Ap Ablates Apicoplast Protein

Import—Whereas recent studies suggest that ERAD-derived
proteins are found in several organisms harboring secondary
plastids (19, 20, 38), experimental evidence for their function
is largely missing. The apicoplast ERAD system could act
equivalently to the ER system in quality control-associated
protein export from the apicoplast, or alternatively in pro-
tein import into the organelle (14). To test the latter possi-
bility, we measured apicoplast protein import in the Der1Ap
mutant by assaying the maturation and post-translational
modification of cargo proteins (12). We introduced a trans-
genic marker for the apicoplast lumen, FNR-RFP (29), into
the mutant background. This strain was then used to per-
form pulse-chase labeling experiments. We labeled parasites
for 1 h with 35S-labeled amino acids (pulse, P), followed by
washout and incubation in nonradioactive medium for 2 h
(chase, C). We next measured processing or modification of
several apicoplast-targeted and control proteins by immu-
noprecipitation, gel electrophoresis, and autoradiography.
As shown in Fig. 5b, FNR-RFP occurs as a 38-kDa precursor
during the pulse and is processed during the chase to yield
the mature form of 27 kDa. ATc treatment results in a sig-
nificant reduction and subsequent loss of FNR-RFP matura-
tion after 1 and 2 days of treatment, respectively (Fig. 5, b and
c). Equivalent results were obtained using an antibody
against Cpn60, a native luminal apicoplast chaperone,
whereas treatment had no apparent effect on the maturation
ofMIC5, a secretory protein targeted to themicronemes (32)
(Fig. 5, b and c). As an independent measure of protein
import, we determined the level of lipoylation of the apico-
plast pyruvate dehydrogenase E2 subunit (PDH-E2) (5, 12).
Protein import is a prerequisite for lipoylation of PDH-E2 as
the process requires two apicoplast resident enzymes, and
the precursor molecule octanoyl-ACP that is synthesized de
novo in the lumen of the organelle by the type II fatty acid
synthesis system (5, 39). An antibody was used to immuno-
precipitate specifically lipoylated proteins from parasite
lysate. After 1 day on ATc, the level of lipoylated PDH-E2
was reduced, falling to undetectable levels after 2 days (Fig. 5,
b and c). Several mitochondrial enzymes are similarly lipoy-
lated and modification relies on successful import into the
mitochondrion. This process showed no observable defect in
the Der1Ap mutant. We conclude that ablation of protein
import in the Der1Ap mutant is specific to the apicoplast. To

ensure that the observed defects are not an artifact of ATc
treatment, we performed control import experiments using
the Der1Ap parental strain. In this strain, ATc treatment for
4 days had no apparent effect on the maturation of Cpn60 or
the lipoylation of PDH-E2 (see supplemental Fig. S2).
Defects in apicoplast replication have been shown to affect

apicoplast protein import (40). To test whether Der1Ap has a
role in apicoplast replication, we performed live imaging of
Der1Apmutant parasites expressing FNR-RFP.We observed no
defects for the first 2 days, a decrease in plastid numbers after 3
days, and widespread organellar loss after 4 days (Fig. 5d and
supplemental Fig. S3). We conclude that Der1Ap does not
directly affect apicoplast replication, and we establish the fol-
lowing sequence of consequences of ATc treatment in the
Der1Ap mutant: Der1Ap protein levels are severely depleted
after 1 day, directly coinciding with a loss of protein import,
leading to subsequent defects in organellar biogenesis and par-
asite growth on days 3 and 4 post-treatment. Our data strongly
support a direct role for Der1Ap in protein import into the
apicoplast.
The Apicoplast ERAD System Is Derived from the Red Algal

Endosymbiont—The apicoplast ERAD system could have
evolved by duplication of ERAD genes of the host or alterna-
tively could be derived by horizontal gene transfer from the

FIGURE 6. Divergent origins of T. gondii Cdc48 proteins. RAxML maximum
likelihood tree derived from an alignment of Cdc48 proteins from 30 taxa (900
unambiguously aligned amino acid characters were used after manual
inspection, GenBankTM accession numbers are provided in the supplemental
methods). Bootstrap analyses were conducted using 100 replicates. Nm,
nucleomorph (remnant endosymbiont nucleus), Pl, plastid, Ap, apicoplast, Cy,
cytoplasm.
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algal endosymbiont. We performed phylogenetic analyses
for the T. gondii ERAD components. The strong sequence
divergence of Der1 proteins precluded the construction of
meaningful alignments and trees. However, Cdc48 proteins
are highly conserved providing 900 unambiguously aligned
residues for robust analysis. We found that the two T. gondii
proteins were of divergent phylogenetic origin (Fig. 6). The
cytoplasmic protein forms a well-supported clade with
homologs from chromalveolates (including photosynthetic
and plastid-less taxa). This placement is consistent with the
current model of vertical evolution of Apicomplexa as estab-
lished by phylogenetic analyses using numerous protein and
ribosomal RNA sequences (41, 42). In contrast, Cdc48Ap
clusters with proteins from organisms harboring secondary
plastids of red algal origin. Whereas analysis of Ufd1 did not
provide full resolution of the tree of life because of a lower
level of sequence conservation when compared with Cdc48,
it fully supported divergent ancestry of the cytoplasmic and
apicoplast protein (supplemental Fig. S4). We conclude that
the apicoplast ERAD system is likely derived from the red

algal endosymbiont, whereas the
classical ER resident system was
inherited vertically.

DISCUSSION

Endosymbiosis is now well es-
tablished as a mechanism that
has played a crucial role in the evo-
lution of eukaryotic cells. One or-
ganism, the symbiont, is engulfed
by a second organism, the host,
and a stable symbiotic relationship
ensues in which the endosymbiont
loses its independence and gradu-
ally evolves into an organelle that is
controlled by the host and serves the
host metabolic needs. A common
hallmark of this process is massive
horizontal gene transfer from the
endosymbiont to the host (43). This
gene transfer affords control to the
host but also requires the establish-
ment ofmechanisms to reroute pro-
teins that are now encoded and syn-
thesized by the host back into the
symbiont. A large body of work on
mitochondria and chloroplasts has
demonstrated the presence of elab-
orate protein translocons in the
inner and outermembranes of these
organelles (44, 45) that specifically
recognize targeting information
and deliver cargo proteins accord-
ingly to the organellar lumen or var-
ious membrane compartments.
The apicoplast is the product of

secondary endosymbiosis, the en-
slavement of a single celled eukary-

otic alga. Compared with their primary progenitors, secondary
plastids are surrounded by additional membranes that must be
traversed by nuclear-encoded proteins (a total of four mem-
branes surround the apicoplast). The evolution of mechanisms
to traverse these additional membranes must have occurred
early in organelle acquisition, and a simple solution would have
been to use existing protein transport complexes. Our previous
studies support this model and have shown that transport over
the innermost apicoplast membrane is dependent on elements
derived from the translocon of the inner chloroplastmembrane
of the endosymbionts chloroplast (12). The conservation of the
Tic complex would make it appear likely that the Toc complex
is equally conserved. However, so far genome searches have
failed to identify Toc components in Apicomplexa or diatoms
(13). The presence of the Toc complex might be masked by a
high level of sequence divergence of its components or alterna-
tively indicate that it has been replaced by a different mecha-
nism. How proteins might cross the third or periplastid mem-
brane is of particular interest as this membrane is thought to be
a derivative of the endosymbionts plasmamembrane. Based on

FIGURE 7. Multiple distinct translocons act in apicoplast protein import. a, Der1, Cdc48, and Ufd1 are
believed to be core components of the translocon of the ERAD pathway. b, duplication of the Der1 gene in the
algal endosymbiont and relocation of its protein product to its plasma membrane enables c, protein import
from the host endomembrane system. d, schematic representation of trafficking of nuclear-encoded proteins
to the lumen of the apicoplast comparing a model employing subsequent Der1, Toc, and Tic translocons with
a model in which the Toc translocon has been subsequently replaced by a second Der1 translocon. Cargo
proteins are shown in yellow. The transit peptide (purple) is cleaved upon arrival. Note that trafficking of certain
apicoplast membrane proteins appears not to require a bipartite signal sequence (26) and might occur
through a different mechanism.
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the discovery of genes encoding elements of the ERAD system
in the nucleomorph in cryptophytes, Sommer et al. (14) pro-
posed that this complex was retooled to function in trafficking
of plastid proteins (proteins of ERAD origin have also been
speculated to be part of the peroxisomal proteome (46)). Most
recently, this model has received support from studies on a
variety of organisms bearing secondary plastids including the
current study. ERAD-associated proteins are found in the
membranous compartment surrounding secondary plastids in
the apicomplexans Plasmodium and Toxoplasma ((19, 20) and
Figs. 1 and 2 and supplemental Fig. S1), the diatom Phaeodac-
tylum (19), and the cryptophyteGuillardia (14). Light and elec-
tron microscopy experiments indicate that these proteins are
associated with the outer membranes of the plastid, but they
lack resolution to tie the system to a specific membrane. Inter-
estingly, split GFP assays in Phaeodactylum demonstrate the
presence of two Der1 homologs in the third membrane. How-
ever, it is important to note that these experiments do not
exclude the presence of Der1 homologs in other plastid mem-
branes. Additional markers are needed to establish if the ERAD
system is limited to the third membrane or might also be found
in the second membrane and thus have replaced the Toc com-
plex previously present in this membrane (Fig. 7d).
Whereas the presence of an ERAD translocon in the mem-

branes of plastids was consistent with a role in plastid biology, it
was unclear what this role of the ERAD complex might be.
Functional data discriminating between a role in protein
import versus protein export and quality control have as yet
been missing. Whereas symbiont-derived Der1 proteins in
Phaeodactylum have been shown to interact at a steady state
level with fusion proteins targeted to the periplastid compart-
ment, no interaction was observed with fusion proteins tar-
geted to the plastid lumen (38). In the current study, we have
used the ability to construct conditional mutants inT. gondii to
devise a rigorous test of the protein import hypothesis. We
isolated a T. gondii Der1Ap mutant and demonstrated that this
protein is essential for apicoplast protein import and parasite
survival. We have previously shown that apicoplast protein
import across the innermost membrane is essential for Toxo-
plasma survival (12). In contrast, genetic disruption of classical
ERAD in yeast or mammalian systems does not affect cell via-
bility (18), and mutant cells have to be subjected to stressors
resulting in the accumulation of misfolded proteins to produce
a viability phenotype. More directly, we have developed and
validated assays that track post-translational modifications of
reporters that are restricted to the apicoplast lumen and thus
require successful import (12). Applying these assays to the
current study, we demonstrate a direct correlation between the
loss of Der1Ap and a complete loss of apicoplast protein import
(Fig. 5). These genetic and biochemical experiments provide
the strongest evidence to date that the novel plastid ERAD sys-
tem has a direct and essential role in plastid protein import.
Our phylogenetic analyses of CDC48 and Ufd1 indicate that

the T. gondii ERAD systems are phylogenetically distinct and
that the apicoplast system is derived from the red algal endo-
symbiont (Fig. 6 and supplemental Fig. S4). This is consistent
with the presence of homologs in the cryptophyte nucleo-
morph, a remnant of the algal nucleus (14). It thus appears that

the Der1 protein of the red algal symbiont was re-targeted from
its original location in the ER to the symbiont to its plasma
membrane, where it could now function in importing plastid-
targeted proteins from the host secretory pathway (Fig. 7, a–c).
This represents a remarkably simple and elegant solution for
the complex problem of how to evolve protein exchange
between host and endosymbiont at the beginning of their rela-
tionship. Once targeted to the endosymbionts cytoplasm pro-
teins could take advantage of established mechanisms, namely
the Toc and Tic, to gain access to the chloroplast. We hypoth-
esize that the apicoplast employs a series of specific translocons
that reflect the diverse evolutionary origin of themembranes in
which they reside (Fig. 7d).
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