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The unfolded protein response (UPR) is an important regulatory network that responds to perturbations in protein homeostasis
in the endoplasmic reticulum (ER). In mammalian cells, the UPR features translational and transcriptional mechanisms of gene
expression aimed at restoring proteostatic control. A central feature of the UPR is phosphorylation of the � subunit of eukary-
otic initiation factor-2 (eIF2) by PERK (EIF2AK3/PEK), which reduces the influx of nascent proteins into the ER by lowering
global protein synthesis, coincident with preferential translation of key transcription activators of genes that function to expand
the processing capacity of this secretory organelle. Upon ER stress, the apicomplexan parasite Toxoplasma gondii is known to
induce phosphorylation of Toxoplasma eIF2� and lower translation initiation. To characterize the nature of the ensuing UPR in
this parasite, we carried out microarray analyses to measure the changes in the transcriptome and in translational control during
ER stress. We determined that a collection of transcripts linked with the secretory process are induced in response to ER stress,
supporting the idea that a transcriptional induction phase of the UPR occurs in Toxoplasma. Furthermore, we determined that
about 500 gene transcripts showed enhanced association with translating ribosomes during ER stress. Many of these target genes
are suggested to be involved in gene expression, including JmjC5, which continues to be actively translated during ER stress.
This study indicates that Toxoplasma triggers a UPR during ER stress that features both translational and transcriptional regula-
tory mechanisms, which is likely to be important for parasite invasion and development.

Perturbations in protein folding and assembly can induce the
unfolded protein response (UPR), which consists of transla-

tional and transcriptional regulation of gene expression that is
designed to expand the processing capacity of the endoplasmic
reticulum (ER) and alleviate damage in eukaryotic organisms (1,
2). PERK (PEK/EIF2AK3) phosphorylation of the � subunit of
eukaryotic initiation factor-2 (eIF2) rapidly represses protein syn-
thesis, lowering the influx of nascent proteins into the ER.
Concurrently, phosphorylation of eIF2� enhances the translation
of select mRNAs, such as the basic zipper (bZIP) transcription
factor ATF4, which serves to reprogram expression of genes in-
volved in restoration of proteostatic control.

In mammalian cells, PERK functions in conjunction with
ATF6 and IRE1 to detect the accumulation of malfolded proteins
and signal transcriptional changes. ATF6 is a bZIP transcription
factor localized to the ER that is subject to proteolytic cleavage in
response to ER stress and the accumulation of malfolded secretory
proteins. Proteolytic cleavage releases an active, cytosolic form of
ATF6 that can translocate into the nucleus to activate expression
of chaperones and other proteins to alleviate stress damage (3).
IRE1 is also an ER stress sensor that is activated when protein
folding conditions exceed ER capacity. The activated form of IRE1
induces the nonconventional splicing and translation of XBP1
mRNA, encoding another bZIP transcription factor that facilitates
transcription of genes involved in regulating ER protein folding
and homeostasis. While mammals possess all three ER stress sen-
sors (PERK, ATF6, and IRE1), yeast only express IRE1 (1, 2).
Among the genes induced by the UPR are those involved in amino
acid transport, protein folding and assembly, vesicle transport,
antioxidation, lipid biogenesis, and ER-associated protein degra-
dation (ERAD), which can collectively serve to expand the pro-
cessing capacity of the ER. If the ER stress is sustained, there is

induced expression of genes associated with autophagy and, ulti-
mately, programmed cell death.

Protozoan parasites have complex life cycles that can involve
multiple hosts and oscillating periods of proliferation and latency.
Toxoplasma gondii is an opportunistic intracellular parasite that
represents a major threat to immunocompromised individuals,
including AIDS patients and newborns with a congenital infection
(4). Toxoplasma is suggested to tightly regulate ER homeostatic
pathways to allow for the production of properly folded secretory
proteins required for host cell adhesion and invasion, evasion of
the host response, and conversion from a highly invasive and ac-
tively proliferating form (tachyzoite) to a latent cyst (bradyzoite)
(5). These processes are central for parasite viability, and as a re-
sult, pharmacological agents that alter homeostasis within the ER
are detrimental to apicomplexan parasites (6–9).

Phosphorylation of Toxoplasma eIF2� (TgIF2�) was previ-
ously suggested to repress translation initiation during parasite
stress responses and developmental changes (10–12). Further-
more, we established a link between ER stress and the develop-
ment of latent forms of Toxoplasma (10) and a PERK homologue
in the kinetoplastid parasite Leishmania that has been suggested to
be critical for proper developmental transitions (11). In this study,
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we address the nature of the gene expression networks in the
UPR in Toxoplasma. We determine that while there is only a single
identifiable UPR sensor related to the eIF2� kinase PERK
(TgIF2K-A), both transcriptional and translational programs are
elicited upon ER stress in Toxoplasma, and they affect many facets
of parasite biology. Preferential translation, as judged by increased
association of mRNAs with large polysomes during ER stress, in-
cludes about 500 genes, including a subset of AP2 transcription
factors and other transcription modulators. These findings sug-
gest that the translational phase of the UPR is pervasive in Toxo-
plasma and is a major regulatory mechanism contributing to gene
expression.

MATERIALS AND METHODS
Measurement of TgIF2� phosphorylation. Phosphorylation of TgIF2�
was measured by Western blotting as previously described (10). Intra-
cellular parasites were released from human foreskin fibroblast (HFF)
host cells by scraping and syringe passage, followed by collection and
purification by using 3-�m polycarbonate filters (13). Purified para-
sites were incubated in Dulbecco’s modified essential medium
(DMEM) containing 1% fetal bovine serum (FBS) at 37°C under 5%
CO2 in the presence of 10 �M tunicamycin (T7765; Sigma-Aldrich) or
dimethylsulfoxide (DMSO) (vehicle) for 1 h. During the course of this
study, thapsigargin (0215899905; MP Biomedicals) was found to be a
more reliable ER stress agent; hence, it was used in later experiments to
elicit ER stress. In comparison, different lots and vendors for tunica-
mycin showed variations in TgIF2� phosphorylation. Tunicamycin is
a nucleoside antibiotic comprised of at least 10 homologues with a
single fatty acid side chain that differs in length and fatty acid compo-
nent (14). The composition of different preparations of tunicamycin
can vary significantly in amounts of each homologue, and the differ-
ences in TgIF2� phosphorylation may lie with chemical variations
from different vendors and lots of the drug (T7765; Sigma-Aldrich).
ER stress was also induced by the addition of the calcium ionophore
A23187 (C7522; Sigma-Aldrich).

Parasites were collected and lysed in a solution containing 50 mM Tris
(pH 7.9), 150 mM NaCl, 2 mM EDTA, and 0.1% Nonidet P-40 that was
supplemented with a phosphatase inhibitor (50 mM NaF) and protease
inhibitors (100 �M phenylmethylsulfonyl fluoride, 0.15 �M aprotinin, 1
�M pepstatin, and 1 �M leupeptin). Forty micrograms of each of the
protein lysates was separated by SDS-PAGE using a 10% Bis-Tris-acryl-
amide gel (Invitrogen). Proteins were transferred to nitrocellulose mem-
branes and then probed with either rabbit anti-TgIF2� antibody (diluted
1:10,000) or phosphospecific (Ser71) TgIF2� antibody (diluted 1:500),
followed by an anti-rabbit IgG-horseradish peroxidase conjugate (GE
Healthcare) (10). Total and phospho-TgIF2� were visualized using an
ECL Western blotting substrate (Pierce).

Polyribosome fractionation. For polysome fractionations, �109 par-
asites were freshly harvested and purified from HFF monolayers as de-
scribed above and then incubated for 1 h in the presence of 10 �M tuni-
camycin or DMSO supplemented in DMEM containing 1% FBS at 37°C
under 5% CO2. Following treatment for 1 h, parasites then were exposed
to 50 �g/ml cycloheximide for 10 min and collected by centrifugation at
4°C. Parasite pellets were washed twice in cold 1� phosphate-buffered
saline (PBS) and resuspended in breaking solution (20 mM Tris-HCl [pH
7.9], 150 mM NaCl, 10 mM MgCl2, 0.1% Triton, 50 �g/ml cycloheximide,
and 0.04 U/�l RNase Out) supplemented with protease inhibitors. To
ensure lysis, parasites were briefly sonicated on ice three times and then
clarified by centrifugation at 16,000 � g at 4°C. Cell lysates were layered
onto 15 to 45% sucrose gradients prepared in breaking solution without
Triton or RNase Out and then resolved by centrifugation using a Beckman
SW41Ti rotor at 40,000 rpm at 4°C for 2 h as previously described (10).
Gradients were fractionated using a BioComp Instruments gradient sta-
tion. During fractionation, the absorbance was measured using an ISCO

UA-6 absorbance monitor set at 254 nm, and 0.7-ml fractions were col-
lected.

RNA purification. Fractions from the polyribosome analysis were
pooled into two groups: free and monoribosomal RNA (fractions 1 to 5)
and polyribosomal RNA containing three or more associated ribosomes
(fractions 7 to 13). For each 1-ml fraction pool, an equal amount of syn-
thetic Affymetrix poly(A) RNA was added as previously described (15).
The Affymetrix poly(A) RNA contains different amounts of four prokary-
otic polyadenylated RNAs and serves as a control for variance in subse-
quent RNA isolation and purification steps. The Affymetrix-based Toxo-
GeneChip contains probes that specifically hybridize to the �8,000
predicted Toxoplasma genes as well as prokaryotic control RNA (16).
RNA was precipitated with 2.5 volumes of 100% ethanol and purified
using Qiagen RNeasy columns. The quality and quantity of the purified
RNA was assessed using an Agilent Bioanalyzer and a NanoDrop NC-
1000 UV/Vis spectrophotometer. In parallel, total RNA was prepared
from parasites treated with 10 �M tunicamycin or DMSO for 1 h. The
parasite pellets were lysed in buffer LRT (Qiagen RNeasy kit), and equal
amounts of the Affymetrix poly(A) RNAs were added to each total RNA
sample. The RNA was purified according to the manufacturer’s protocol.

Microarray hybridization and data analysis. Microarray hybridiza-
tions were carried out at the Center for Medical Genomics at the Indiana
University School of Medicine. Preparation of cDNA, cRNA, and labeling
were completed for three biological replicates of samples prepared from
sucrose gradient fractionation and the unfractionated RNA according to
the protocols recommended for the Affymetrix 3= IVT express kit (Af-
fymetrix, Santa Clara, CA), starting with 100 ng of RNA. Arrays were
hybridized for 17 h at 42°C. The arrays were washed and hybridized by a
fluidics station controlled by GeneChip operating software (GCOS) using
the standard Affymetrix protocol. The microarrays were scanned using a
dedicated Model 3000 scanner controlled by GCOS software. Data were
extracted using the Affymetrix microarray suite 5 (MAS5) algorithm
without scaling. The data were normalized for each array using a Mod
factor, which is calculated by subtracting the mean log2 intensities for the
poly(A) control RNAs from 10. The gene expression data for each data set
was then normalized by adding the Mod factor to the log2-transformed
data intensities from each array.

Results from three biological replicates, representing total RNA iso-
lated from equal numbers of parasites cultured in the presence of tunica-
mycin or DMSO, were normalized and transformed into log2 intensities.
Probe sets were normalized to the bacterial poly(A) control RNAs that
were spiked into each lysate as discussed above. The change in mRNA
abundance following tunicamycin treatment was calculated by determin-
ing the ratio of the intensities of the mRNA species from the tunicamycin-
treated parasite samples to the vehicle-treated parasite population. Probe
sets that were not significantly changed (P � 0.05) during tunicamycin
treatment were filtered out so that the resulting data set would further
represent ER stress-dependent genes. The Student t test (P � 0.05) was
used to determine the statistical significance. Key findings of the microar-
ray analysis were confirmed by quantitative PCR (qPCR) with primers
listed in Table S3 in the supplemental material.

Probe sets with fewer than 2 samples called present (above back-
ground as determined by using the Affymetrix MAS5 algorithm) in both
treatment groups (DMSO/tunicamycin) were filtered out before calculat-
ing the false discovery rates (FDR) using the q value (17). FDR values are
included in Data Sets S1 and S2 in the supplemental material to assess the
quality of those genes showing changes in mRNA levels and preferential
association with polysomes in response to ER stress. We filtered data sets
to show statistically significant changes in mRNA abundance after tuni-
camycin treatment using P � 0.05 and FDR � 0.05. Analysis of changes in
the polysome distribution following treatment with tunicamycin indi-
cated that the 501 preferentially translated mRNAs (P � 0.02) have FDR
of less than 0.063 (6.3% rate of false discovery).

In parallel, a microarray analysis was carried out using RNA prepared
from the (i) free or monosomal RNA and (ii) polysomal RNA, as de-
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scribed above. Three biological replicates were analyzed from parasites
treated with tunicamycin or DMSO. The mean signal intensities of the
stressed and unstressed samples were calculated. The change in mRNA-
polysome association following treatment with tunicamycin was calculat-
ing using the following equation:

�tunicamycin �% polysomal RNA��
� �DMSO �% polysomal RNA�� � percent shif t

% polysomal RNA � polysomal RNA ⁄ �free and monosomal RNA

� polysomal RNA� � 100%

Thus, a positive value (i.e., percent shift) would indicate enhanced
abundance of polysome-associated gene transcripts following treatment
with tunicamycin, whereas a negative value would indicate reduced
mRNA association with polysomes in response to tunicamycin treatment.
The mRNAs suggested to be preferentially translated were defined as hav-
ing a statistically significant shift to the polyribosome fraction following
exposure to tunicamycin (P � 0.01). Selected gene transcripts subject to
preferential association with polysomes were also analyzed by qPCR of the
mRNA prepared from the sucrose gradient fractions using primers listed
in Table S3 in the supplemental material.

Bioinformatic analyses. PFAM analysis was carried out to identify
putative domains that belong to a protein domain family. TMHMM and
SignalP informatics was used to predict the presence of a transmembrane
domain and signal sequences in gene coding sequences (18, 19). Percent-
ages of genes containing secretory protein properties were evaluated using
the Search for Genes feature in the ToxoDB (20), and statistical signifi-
cance between the biological properties of targeted UPR genes and the
entire Toxoplasma genome were determined by using the chi-square test.
Furthermore, classifications of molecular functions of genes whose tran-
scripts showed increased association with polysomes upon ER stress were
carried out using Gene Ontology (GO) terms by adding search steps,
including the indicated classifications in the EuPathDB programming
available in ToxoDB 8.1. The 3=- and 5=-untranslated region (UTR) se-
quences of annotated mRNAs suggested to be preferentially translated
during ER stress was obtained from ToxoDB. Alternatively, RNA se-
quencing data along with the optimal translation start site based on
ToxoDB gene predictions were used to manually annotate the 5=-UTR
sequence (B. D. Gregory, unpublished data). The resulting 5=-UTR se-
quence was analyzed for the presence of upstream open reading frames
(uORFs) as defined by an initiation codon (ATG).

Radiolabel incorporation and immunoprecipitation of newly syn-
thesized JmjC5. A Toxoplasma strain stably expressing TgJmjC5 tagged
at its C terminus with 3� hemagglutinin (HA) epitopes was generated
by targeting the endogenous JmjC5 (TGME49_061260) locus using
homologous recombination in the RH�Ku80�hxgprt background
(21) (the strain was a gift of Vern Carruthers, University of Michigan).
RH�Ku80�hxgprt genomic DNA was used to PCR amplify a 0.9-kb
fragment of the JmjC5 3= end using forward primer C5HA_F (5=-TAC
TTCCAATCCAATTTAATGCGGAGGAACCAACAGACCAGC-3=) and
reverse primer C5HA_R (5=-TCCTCCACTTCCAATTTTAGCTTCCGA
GGTGAGAAGGCGTG-3=) that contained ligation-independent cloning
(LIC) sequences (underlined). This DNA fragment was inserted into the
pLIC_HAx3_HXGPRT endogenous tagging vector such that the TgJmjC5
coding sequence was fused in frame with the epitope coding region as
described previously (21). A positive pLIC_C5HAx3_HXGPRT construct
was identified and confirmed by Sanger sequencing. For transfection, 15
�g of the pLIC_C5HAx3_HXGPRT vector was linearized by overnight
digestion with BaeI within the JmjC5 homologous region and ethanol
precipitated. RH�Ku80�hxgprt tachyzoites were transformed with the
linearized construct by electroporation, and after overnight growth in
HFF, parasite cultures were selected with MPA and xanthine for HXGPRT
expression as described previously (22). Drug-resistant parasites were
cloned by limiting dilution and screened by Western blotting and immu-
nofluorescence for expression of JmjC5-HA.

JmjC5-HA parasites were released from HFF monolayers by syringe

passage and purified using 3-�m polycarbonate filters. The parasites were
washed three times in DMEM lacking L-methionine, L-cysteine, L-glu-
tamine, or sodium pyruvate (21013-024; Invitrogen) supplemented with
5% FBS, 1 mM L-glutamine, and 0.5 mM sodium pyruvate. Express pro-
tein label mix (0.145 mCi) containing [35S]methionine and [35S]cysteine
(PerkinElmer Life Sciences) was added to the sample and incubated for 90
min in the presence of 10 �M thapsigargin or DMSO. Samples were
washed twice in PBS, and a portion was counted to determine the uptake
of the radiolabeled amino acids. There was no difference in 35S uptake
between parasites treated with thapsigargin or DMSO. The radiolabeled
parasites were lysed in 20 mM Tris-HCl (pH 7.9), 150 mM NaCl, 1 mM
dithiothreitol (DTT), 1 mM EDTA, and 0.1% Triton, supplemented with
protease inhibitors. Two percent of the input protein sample was sepa-
rated by PAGE and stained with Coomassie blue, and the radiolabeled
proteins were visualized by autoradiography. JmjC5-HA was immuno-
precipitated from each lysate using anti-HA-coupled agarose beads, re-
solved by SDS-PAGE, and visualized by autoradiography.

Microarray accession number. Microarray data have been deposited
in the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/) under
accession number GSE43722.

RESULTS AND DISCUSSION
Tunicamycin induces an unfolded protein response in Toxo-
plasma. Tunicamycin is a potent inducer of ER stress through its
inhibition of protein glycosylation in the ER, and it has been val-
idated as an inhibitor of N-linked glycosylation in Toxoplasma (6).
Furthermore, we showed that Toxoplasma TgIF2� is phosphory-
lated in response to ER stress, such as that elicited by tunicamycin
treatment, leading to a dampening of global translation as mea-
sured by decreased polysomes accompanied by enhanced free ri-
bosomes and monosomes (10). To measure the changes in the
Toxoplasma transcriptome that occur upon ER stress, we purified
tachyzoites (RH strain) from host cells and treated them with 10
�M tunicamycin or vehicle (DMSO) for 1 h at 37°C. Total RNA
was isolated from each sample and analyzed on Affymetrix Toxo-
GeneChip microarrays, which contain probe sets for the predicted
�8,000 Toxoplasma genes (16) (Fig. 1). The complete data sets can
be accessed through GEO (GSE43722).

Results from the microarray study show that 136 genes (�1.7%)
were significantly (P � 0.05) upregulated following acute exposure to
tunicamycin (Table 1). A similar study performed in the yeast Sac-
charomyces cerevisiae found that the UPR increases the levels of nearly
400 gene transcripts (�7%) (23). Bioinformatic analysis of the pre-
dicted amino acid sequences for the differentially upregulated genes
was performed to identify predicted protein domains and biological
functions (see Data Set S1 in the supplemental material). The portion
of the upregulated mRNAs encoding genes with a predicted signal
peptide and/or a transmembrane domain was 40%, which was sig-
nificantly larger than the 32% of genes in the entire Toxoplasma ge-
nome that were identified as having these properties (P � 0.05). We
conclude that the gene products induced by ER stress are more fre-
quently targeted to the secretory pathway (see Data Set S1). Consis-
tent with ER stress remedy, many of the induced genes play an inte-
gral role in protein processing (folding, degradation, and vesicle
transport), lipid biosynthesis, and oxidative stress (Table 2). Key find-
ings include upregulation of glycosyl transferases (TGME49_007070
and TGME49_097720) and Derlin-1 (TGME49_017160), which is
critical for the degradation of misfolded ER proteins (24, 25). Several
protein chaperones were also induced, including a calreticulin family
member (TGME49_077230); calreticulin is an ER-resident chaper-
one that prevents export of misfolded protein (26). Expression of
amino acid transporters is also enhanced during UPR (27), and one
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predicted transporter (TGME49_026060) is induced in Toxoplasma.
We note that this short period of ER stress only induced a subset of
genes (including those encoding other chaperones or bradyzoite an-
tigens) that are seen upon longer stress treatments (10).

To confirm the fidelity of the microarray results, we carried out
qPCR for several induced genes which supported our key findings
(see Table S1 the supplemental material). To address whether an-
other ER stress agent also induces the expression of the Toxo-
plasma UPR genes, we carried out qPCR measurements of mRNA
changes that occurred in response to 5 �M A23187, a calcium
ionophore that induces ER stress and is a potent inducer of
TgIF2� phosphorylation (10). Expression of mRNAs for both the
calreticulin family member (TGME49_077230) and E3 ubiquitin
ligase (TGME49_095670) were strongly induced following expo-
sure to tunicamycin or A23187 (Fig. 2). Our findings suggest that
mRNA changes containing hallmark features of the UPR occur
when Toxoplasma is exposed to ER stress agents.

The transcriptome analysis of the Toxoplasma ER stress re-
sponse indicates several new features associated with this par-
asite UPR. Apicomplexan parasites lack most conventional
transcription factors and appear to employ an expanded lin-

eage of plant-like DNA-binding proteins harboring Apetela-2
(AP2) domains (28–30). Two such AP2 factors were found to
be transcriptionally upregulated: AP2IX-3 (TGME49_064480)
and AP2VIII-7 (TGME49_069010). The levels of bradyzoite-
specific surface antigen SAG2C (SRS49D; TGME49_007160)
mRNA is also increased upon ER stress, consistent with a stress-
induced developmental shift to bradyzoites. Seventy gene transcripts
are of hypothetical genes of unknown function, underscoring the
great potential for novel features of the UPR in apicomplexan para-
sites such as Toxoplasma.

Treatment with tunicamycin also caused a significant reduc-
tion (P � 0.05) in almost 70% of the measured gene transcripts
(Table 1; also see Fig. S1 in the supplemental material). The brief
1-h insult with tunicamycin suggests that mRNA decay plays a role
in the mRNA reduction. In Drosophila melanogaster and mam-
mals, ER-stressed cells appear to have widespread IRE1-depen-
dent degradation of ER-associated mRNAs (31, 32). However, as
we describe in the following section, Toxoplasma does not appear
to possess an IRE1 homologue. An alternative possibility for
mRNA degradation is through enhanced expression of a PUF gene
(TGME49_060600) during tunicamycin exposure (see Fig. S1).
PUF proteins bind to 3=-UTRs of specific mRNAs to repress their
translation and/or to facilitate their decay (33). Recently it was
found in Plasmodium that Puf2 participates in the developmental
transition from sporozoite to liver stages (34, 35).

Apicomplexa lack clear homologues of IRE1 and ATF6. In
higher eukaryotes, the UPR is mediated by three ER stress sensors,
IRE1, ATF6, and PERK. Bioinformatic analyses performed using
Toxoplasma and other apicomplexan databases indicate there is
no homologue of IRE1. Furthermore, apicomplexan parasites lack
bZIP transcription regulators (28), such as the sensor ATF6, and
affiliated UPR bZIP transcriptional regulators XBP1 and ATF4. As
noted above, Apicomplexa express an expanded group of proteins
containing a plant-like DNA-binding domain called AP2. We sur-
veyed all of the predicted AP2 domain proteins in Toxoplasma for
transmembrane domains, which would make it a candidate that is

FIG 1 Method used to measure changes in mRNA levels and polysome association in response to ER stress. Toxoplasma tachyzoites were purified from host cell
monolayers and exposed to 10 �M tunicamycin (�) or DMSO vehicle (	) for 1 h. To measure changes in transcript abundance, total RNA was isolated from the
treated parasites, and gene transcript levels were measured by microarray hybridization. Additionally, to measure translational changes as judged by mRNA
association with polysomes, lysates were generated from parasite populations treated with tunicamycin or the DMSO vehicle control and subjected to sucrose
gradient centrifugation. RNA was isolated from the sucrose fraction, namely, the free ribosomes and monosomes or the polysome fractions, and gene transcript
levels were measured by microarray analysis.

TABLE 1 ER stress induces changes in the Toxoplasma transcriptomea

No. of Toxoplasma gene transcripts that are:

P value

Activated Repressed

�1-fold �2.0-fold �1.0-fold �0.5-fold

710 305 7,347 3,493
136 121 5,546 3,169 �0.05
58 55 4,136 2,654 �0.01
a Shown are the number of Toxoplasma gene transcripts that are activated or repressed
in parasites subjected to ER stress by treatment with tunicamycin for 1 h. Changes in
transcript levels were assayed using three biological replicates and were analyzed for
statistical significance as the means 
 standard errors (SE). Data were statistically
significant according to P value (�0.05 or 0.01, as indicated). A total of 8,057 probe sets
were analyzed.
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functionally analogous to ATF6. However, none of the predicted
Toxoplasma AP2 domain proteins contain a transmembrane do-
main. Searches for PERK homologues among apicomplexan par-
asites revealed a number of predicted eIF2� kinases containing
transmembrane domains (Table 3). Only Toxoplasma TgIF2K-A
has been verified to be present in the ER to date (10). Furthermore,
TgIF2K-A associates with the ER-resident chaperone BiP, and this
binding is released in an ER stress-dependent fashion, as reported
for activation of mammalian PERK (10, 36). None of the other

eIF2� kinases, designated TgIF2K-B, TgIF2K-C, and TgIF2K-D,
possess predicted signal sequences or transmembrane segments,
suggesting that they are not localized to the ER, as described for
the known UPR sensors. Interestingly, the transmembrane do-
main is localized to the extreme N terminus of putative PERK
homologues in Cryptosporidium species. This is not likely due to
problematic gene annotation, since it occurs in multiple related
species, suggesting that these eIF2� kinases have a distinct mech-
anism for stress sensing. The results from this analysis suggest that
Apicomplexa lack two major branches of the standard eukaryotic
UPR but possess transmembrane-containing eIF2� kinases that
localize to the ER to mediate UPR through translational control.
The absence of IRE1 and presence of PERK homologues in api-
complexan protozoa challenges proposed models that IRE1 arose
early in evolution as the sole modulator of UPR (23, 37).

ER stress induced by tunicamycin reduces global protein
synthesis. Given the presence of a potential PERK orthologue in
TgIF2K-A, we assessed if tunicamycin treatment induced TgIF2�

TABLE 2 Tunicamycin induces expression of genes consistent with the unfolded protein response in other eukaryotesa

ToxoDB Version 5 ID Product
Fold
induction P value TM (no.) SP

Protein modification
TGME49_007070 Glycosyl transferase 4.10 0.007 No No
TGME49_097720 Glycosyl transferase domain 6.84 0.044 No No

Protein degradation
TGME49_017160 Derlin-1 6.97 0.012 4 Yes
TGME49_095670 E3 ubiquitin ligase 2.80 0.010 No No
TGME49_071490 Endoprotease 7.72 0.005 1 Yes

Quality control and protein folding
TGME49_063170 Heat shock protein 9.36 0.000 No No
TGME49_077230 Calruticulin 3.44 0.002 No No
TGME49_094870 Universal stress protein/chaperone 4.05 0.007 No No

Vesicle transport
TGME49_073070 GTPase activating protein for Arf domain-containing protein 3.55 0.044 No Yes
TGME49_014170 Prenyltransferase 4.14 0.041 No Yes

Lipid and membrane metabolism
TGME49_063740 ATP-binding cassette, lipid transporter 5.31 0.005 5 No
TGME49_078110 1,3-Beta-glucan synthase 4.34 0.038 11 No
TGME49_046010 Esterase/lipase 10.76 0.008 No No
TGME49_050360 Esterase/lipase 1.42 0.043 No No

a Shown are Toxoplasma genes whose expression is induced by tunicamycin treatment. Like other eukaryotes, the Toxoplasma UPR contains factors involved in protein
modification, folding, degradation, vesicle transport, and lipid/membrane metabolism. Statistical analysis was performed as described for Table 1. TMHMM and SignalP were used
to predict the presence or absence of transmembrane (TM) domains and signal peptide (SP) sequences.

FIG 2 UPR genes are induced by multiple ER stress agents. Freshly purified
tachyzoites were exposed to 10 �M tunicamycin (TUN), 5 �M A23187, or
vehicle (DMSO) for 1 h. Levels for two UPR gene transcripts, a calreticulin
family domain member (TGME49_077230) and a putative E3 ubiquitin ligase
(TGME49_095670), were measured by qPCR. The histograms represent sta-
tistically significant changes (P � 0.01) between ER-stressed samples and the
DMSO control, with standard errors (SE) indicated by the error bars.

TABLE 3 Parasite eIF2� kinases with transmembrane domain(s)a

Species Accession no. TM domain(s)

Toxoplasma gondii TGME49_029630 2915–2937; 2942–2964
Neospora caninum NCLIV_030460 2977–2999; 3004–3026
Plasmodium falciparum PFF1370w 108–130
Cryptosporidium hominis Chro.10109 20–42
Cryptosporidium parvum cgd1_890 20–39
Theileria parva TP01_1167 175–197; 674–696
Theileria annulata TA16695 183–205; 552–569; 701–723
a List of putative parasite eIF2� kinases with a predicted transmembrane (TM) domain.
The numbers presented under the TM domain represent the encoded amino acid
residue positions for each transmembrane segment.

Toxoplasma Unfolded Protein Response

July 2013 Volume 12 Number 7 ec.asm.org 983

http://ec.asm.org


phosphorylation and a subsequent decrease in general protein
synthesis using the conditions for ER stress outlined above (10
�M tunicamycin or vehicle for 1 h at 37°C). Parasites treated with
tunicamycin showed a pronounced increase in TgIF2� phosphor-
ylation relative to those treated with the vehicle control (Fig. 3A),
consistent with our previous results (10). To evaluate the effect of
tunicamycin on mRNA translation, parasites exposed to tunica-
mycin or vehicle were subjected to polysome fractionation by
using sucrose gradient centrifugation. Following exposure to tu-
nicamycin, parasites showed a significant reduction in mRNA-
bound polyribosomes (two or more ribosomes) and a concomi-
tant increase in free ribosomes and monoribosome-bound
transcripts (Fig. 3B). These results support the idea that transla-
tional control is a central feature of the UPR in Toxoplasma.

Preferential translation is suggested to facilitate the Toxo-
plasma UPR. It has been established in other species that eIF2�
phosphorylation induces preferential translation of a subset of
mRNAs. To identify mRNAs that are suggested to be preferentially
translated during ER stress in Toxoplasma, polysome profiles were
generated from tachyzoites subjected to tunicamycin versus vehicle
(Fig. 3B). An increase in mRNA associating with polysomes during
ER stress would strongly suggest enhanced translation of the gene
transcript. RNA was purified from fractions containing (i) free ribo-
somes and monosomes or (ii) actively translating polyribosomes.
The purified RNA samples were processed for hybridization to Toxo-
GeneChip microarrays as discussed above (Fig. 1). Polysome associ-
ation was calculated for each gene transcript as the percentage of the
mRNA in the polyribosome fraction from parasites cultured in the
presence of tunicamycin or DMSO (see Materials and Methods). To
evaluate the change in global translation, a histogram plot was gener-
ated to illustrate the percentage of polysome mRNA for each probe
set (percent polysomal) following exposure to tunicamycin or the
DMSO vehicle control (Fig. 4A). Parasites cultured in the absence of
ER stress had a significantly larger population of mRNAs that were
primarily engaged with polysomes (�60% of gene transcripts associ-
ated with polysomes) relative to parasites exposed to tunicamycin,
further indicating that the ER stress agent causes a pronounced re-
duction in translation initiation (Fig. 4A). Furthermore, these results
are consistent with those shown in Fig. 3, confirming the fidelity of
the polysome microarray strategy to evaluate changes in global trans-
lation in response to ER stress. Interestingly, a population of mRNAs

FIG 3 ER stress represses global translation initiation in Toxoplasma. (A) Equal amounts of lysate from parasites treated with tunicamycin (TUN) or vehicle
(DMSO) were separated in a 4 to 12% polyacrylamide gel and transferred for Western blotting with antibodies that specifically recognize TgIF2� phosphorylated
at Ser-71 (TgIF2�-P) or total TgIF2� protein. (B) Polysome profiles were generated from parasites exposed to 10 �M tunicamycin (TUN) or no treatment (NT)
for 1 h. Fractions containing free RNA, ribosomal subunits, and the 80S monoribosomes were collected and pooled into a single tube (termed free ribosomes and
monosomes). A second pool of fractions containing mRNAs engaged with three or more ribosomes (large polysomes) were collected for subsequent microarray
analysis.

FIG 4 Polysome association of Toxoplasma gene transcripts is suggested to
be reduced in response to ER stress. (A) Histogram representing the num-
ber of different gene transcripts (y axis) associated with polysomes (%
polysomal RNA) from parasites cultured in the presence of tunicamycin
(TUN) or vehicle (black and white bars, respectively). The arrow denotes a
subset of mRNAs that are poorly translated in the absence of stress. (B) The
percentage of polysomal RNA of the preferentially translated (i.e., en-
hanced) transcripts (following exposure to tunicamycin) represented in a
histogram in the presence of tunicamycin or vehicle (black and white bars,
respectively).
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was suggested to be poorly translated (�10% of the gene transcripts
associated with polysomes) in the absence of stress (Fig. 4A, arrow).
In mammals and yeast, preferentially translated mRNAs, such as
ATF4 and its counterpart in yeast, the bZIP transcriptional activator
GCN4, are each poorly translated in the absence of stress (38, 39).

To identify the Toxoplasma mRNAs that are suggested to be
preferentially translated in response to tunicamycin treatment, we
filtered our data for probe sets that showed a statistically signifi-
cant (P � 0.01) increase in polysome abundance following expo-
sure to ER stress. Interestingly, a large subset of gene transcripts
(501 genes) was significantly enriched in the polyribosome frac-
tions following exposure to tunicamycin, with 499 of these
mRNAs showing a �20% increase in association with polysomes
in response to tunicamycin treatment (see Data Set S2 in the sup-
plemental material). A second histogram was generated for gene
transcripts suggested to be preferentially translated under condi-
tions of ER stress (Fig. 4B). As expected, in the absence of ER
stress, a majority of these gene transcripts were found predomi-
nantly in the free ribosomes and monosome fractions (only
�10% polysome association). Following treatment with tunica-
mycin, there was a pronounced shift in these mRNAs to the poly-
ribosome fraction, consistent with higher translation efficiency
during ER stress. The fidelity of our microarray data was con-
firmed using qPCR analysis of mRNAs subject to enhanced or
repressed polysome association following exposure to tunicamy-
cin (see Table S2). Interestingly, the collection of gene transcripts
showing enhanced polysome association shows no significant
overlap with mRNAs whose levels are induced upon ER stress
(Table 2; also see Data Set S1).

The genes suggested to be subject to preferential translation
encode proteins present in all major GO categories (Fig. 5A). The
greatest representation was found in two categories: translation
and protein processing (26%) and transcription and RNA pro-
cessing (18%), both of which were significantly greater (P �
0.001) than the 6 and 4% representation estimated for the entire
Toxoplasma genome. In comparison, 12% of the gene transcripts
preferentially associated with polysomes upon ER stress involved
metabolism, which was significantly lower than the 18% predicted
genome-wide representation (P � 0.001). These results suggest
that genes subject to preferential translation in response to ER
stress are enriched for functions in mRNA and protein expression.

Interestingly, we identified several parasite-specific AP2 factors
that are suggested to be subject to preferential translation in re-
sponse to ER stress (Fig. 5B). It is inviting to speculate that pref-
erentially translated AP2 factors serve as the parasite counterpart
to bZIP transcription factors that coordinate gene expression for
the UPR in other species (2). Consistent with this idea, a recent
report has demonstrated that preferential translation of AP2 tran-
scription factors occurs in Arabidopsis following exposure to heat
shock or high-salt conditions (40). Additionally, a number of
genes involving transcription through chromatin remodeling
were also suggested to be subject to preferential translation during
ER stress (Fig. 5B). These included members of the SNF2 family of
DNA-dependent ATPases and JmjC5, a jumonji C domain-con-
taining lysine demethylase (TGME49_061260). In other species,
these proteins have roles in chromatin regulation and develop-
ment (41, 42).

Potential regulatory features of UPR genes suggested to be
preferentially translated. We wished to address whether the
mRNAs that are preferentially associated with polysomes in re-

sponse to ER stress share sequence or structural features. Bioin-
formatics analyses were performed to determine if the Kozak se-
quence context for the initiation codons or UTR length were
associated with the suggested translational regulation of mRNAs
in response to ER stress (Fig. 6A). The predicted Kozak sequences
for initiation codons of coding sequences in Toxoplasma genes
were divided into three groups: (i) all Toxoplasma genes present
on the ToxoGeneChip, (ii) those suggested to be preferentially
translated genes in response to ER stress, and (iii) genes that are
suggested to be translationally repressed. The Kozak sequence for
the predicted initiation codons for all three groups was similar
(Fig. 6A), suggesting that the changes in polysome abundance of
the gene transcripts in response to ER stress was not due to poor
Kozak context. We note that our analysis of the initiation codon
context indicates a prevalence for AAAATGG (boldface indicates
translational start codon), which is consistent with a previous re-
port by Seeber (43).

We next addressed whether the preferentially translated
mRNAs had longer UTRs, which may function to mediate trans-
lational control in a stress-dependent manner. We observed no
significant differences in 5=-UTR or 3=-UTR length between the
genes suggested to be preferentially translated compared to all
predicted Toxoplasma genes (Fig. 6A). However, the translation-
ally repressed mRNAs had a modestly smaller 3=-UTR relative to
mRNAs that were preferentially translated in response to tunica-
mycin (Fig. 6B). It is noted that presently only �30% of Toxo-
plasma genes in the ToxoDB have annotated UTRs, many of
which have yet to be validated; therefore, this analysis will be
strengthened with more complete annotation of the Toxoplasma
genome database. Furthermore, the coding regions for mRNAs
that were preferentially associated with polysomes upon ER stress
were significantly longer than those of all Toxoplasma mRNAs, as
well as mRNAs that were suggested to be translationally repressed
(Fig. 6B). This suggests that the gene transcripts identified to be
preferentially associated with polysomes were enriched for those
mRNAs that can accommodate a larger number of elongating
ribosomes distributed along extended coding regions.

The preferential translation of GCN4 and ATF4 in yeast and
mammals, respectively, is regulated through the presence of mul-
tiple upstream open reading frames (uORFs) in the 5= leaders of
these mRNAs. Under nonstressed conditions, the ribosome initi-
ates translation at a 5=-proximal short uORF that facilitates rein-
itiation at a downstream inhibitory uORF(s), preventing transla-
tion of the ATF4 and GCN4 coding sequences. During stress,
eIF2� phosphorylation inhibits its guanine nucleotide exchange
factor, eIF2B, leading to a decrease in eIF2-GTP levels. As a result,
the time required for ribosomes to reinitiate following translation
of the 5=-proximal uORF is extended. Only after scanning through
the inhibitory uORFs are the ribosomes thought to reacquire the
eIF2/GTP/Met-tRNAi

Met ternary complex, facilitating translation
of the ATF4 and GCN4 coding sequences. Therefore, we analyzed
the annotated 5=-UTRs in ToxoDB, as well as RNA sequencing
data of the Toxoplasma genome, to identify uORFs in the pre-
dicted 5= leader sequence in the preferentially translated AP2
mRNAs (44). These 5=-UTR sequences suggest that mRNAs en-
coding each of these AP2 factors and the chromatin remodeling
factors mentioned above contain one or more uORFs adjacent
to the protein-coding ORF (Fig. 5B), supporting the idea that
their mRNAs are preferentially translated through a mechanism
analogous to those of ATF4 and GCN4 (39, 45, 46). We also note
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that Toxoplasma contains predicted homologues for eIF2A
(TGME49_258740) and eIF2D (TGME49_211410), which have
been reported to facilitate delivery of Met-tRNAi

Met to the P site of
ribosomes independently of the canonical translation initiation
factor eIF2 (47–49). eIF2A was reported to facilitate translation
initiation by internal ribosome entry sites (IRESs), and this mode
of translational control is suggested to facilitate preferential trans-
lation of mRNAs independently of eIF2 and uORFs (50, 51).

JmjC5 is actively translated during ER stress. To address
whether ER stress is capable of inducing preferential transla-

tion of a transcriptional regulator identified in our polysome
microarray studies, we monitored the synthesis of JmjC5,
which we endogenously tagged with a triple HA epitope at the
C terminus. Parasites treated with thapsigargin, a potent
SERCA pump inhibitor and a widely described ER stressor
(52), led to robust phosphorylation of TgIF2� and a global
reduction in protein synthesis as measured by [35S]Met/Cys
incorporation (Fig. 5C). Equivalent amounts of input protein
were confirmed by Coomassie staining of the thapsigargin-
treated and DMSO control samples. In comparison, the tagged

FIG 5 Subset of transcriptional regulators is suggested to be preferentially translated in response to ER stress. (A) Pie chart displays GO categories of genes that
were suggested to be preferentially translated following treatment with tunicamycin (P � 0.02). (B) A list of preferentially translated AP2 factors and chromatin
remodeling factors that are suggested to be preferentially translated during ER stress. The chart indicates enhanced association with polysomes (percent shift to
polysome fraction) following tunicamycin treatment and the predicted number of uORFs within the 5=-UTR of each preferentially translated mRNA. (C)
Parasites were subjected to ER stress by treatment with 10 �M thapsigargin or control vehicle (DMSO) and incubated with [35S]Met/Cys to radiolabel the
synthesized proteins in each sample for 90 min. Two percent of each sample (input) was resolved by SDS-PAGE, followed by autoradiography (second panel from
top). Coomassie blue staining indicated equal loading of input protein between the DMSO- and thapsigargin-treated samples (bottom panel). JmjC5-HA was
immunoprecipitated from each lysate using anti-HA-coupled agarose beads and subjected to autoradiography after being resolved by SDS-PAGE (top panel).
Immunoblotting with antibodies that specifically recognize TgIF2� phosphorylated at Ser-71 (TgIF2�-P) was performed to confirm induction of ER stress by
thapsigargin treatment (third panel from the top).
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JmjC5 protein continued to be synthesized, as visualized by
[35S]Met/Cys radiolabeling during treatment with thapsigargin
(Fig. 5C, top). The undiminished presence of JmjC5 protein in
the stressed sample strongly supports the idea that mRNAs
identified in the polysomal fraction continue to be translated
during TgIF2� phosphorylation and global repression of pro-
tein synthesis.

Based on phylogenetic analyses, the human homologue of
TgJmjC5 is jumonji domain-containing 6 (JMJD6), which is re-
ported to have histone arginine demethylation and lysyl hy-
droxylation activity (53–56), with potential biological func-
tions in gene expression (53, 57, 58). Preliminary knockout
studies in Toxoplasma suggest that the TgJmjC5 gene results in
a growth defect in tachyzoites (Z. Tampaki and K. Kim, unpub-
lished results), and an important question for the future is the
precise role of TgJmjC5 in parasitic stress responses, including
those affecting the ER.

Conclusions. Bioinformatic analysis of protozoan parasites
suggests that these early-branching eukaryotes have both unique
and conserved features associated with the UPR (59). While Toxo-

plasma appears to lack ATF6 and IRE1 homologues, it possesses
an ER-localized eIF2� kinase, TgIF2K-A. These data suggest that
PERK is an ancient regulator of the UPR, which may differ from
the view that IRE1 is the most evolutionarily ancient ER stress
sensor (60, 61). ER stresses cause robust phosphorylation of
TgIF2� and a concomitant reduction in translation initiation
(Fig. 3 and 5C). RNA purified from total lysates as well as sucrose
gradient fractions provided insight into the regulation of coordi-
nated changes in the transcriptome and gene-specific translation
during ER stress. Interestingly, the results indicate that a dynamic
set of changes take place to conserve resources by repressing global
translation while enhancing translation and transcription of a
core set of genes to remedy the underlying cellular stress. Most
notably, the acute stress appears to enhance translation of tran-
scriptional regulators driving parasite adaptation.
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