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Abstract

The apicomplexan parasite Toxoplasma gondii has a complex life cycle. Access to sexual stages and sporozoite-containing oocysts,
essential for studying the parasite’s environmental transmission, is limited and requires animal experiments with cats. Thus, alterna-
tives and resource-efficient methods are needed. Several molecular factors and transcriptional switches responsible for differentiation
have been identified in recent years. In tachyzoites, drug-induced inhibition of the histone deacetylase HDAC3, or genetic depletion of
transcription factors regulating HDAC3, leads to the expression of genes that are specific to sexual stages and oocysts. Here, we applied
this concept and showed that the commercially available HDAC3 inhibitor apicidin could be used to identify the hitherto unknown
antigen of the sporozoite-specific monoclonal antibody G1/19 in tachyzoites. Using mass spectrometry of immunoprecipitated G1/19
target protein from apicidin-treated cultures, we identified it as SporoSAG. In addition, for the much less abundant sporozoite-specific
protein LEA860, apicidin treatment was still sufficient to induce a detectable protein level in immunofluorescence microscopy. We also
discuss further applications and the limitations of this approach. This allows to overcome issues with the paucity of material of sexual

stages and oocysts from T. gondii to some extent without the need for cat-derived material.
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Introduction

Toxoplasma gondii, the causative agent of toxoplasmosis, has
evolved a complex life cycle between multiple host species to
ensure optimal spread of the parasite. Environmental transmis-
sion occurs through sporozoite-containing oocysts, which are the
product of sexual replication restricted to felid hosts (Delgado et
al. 2022). An improved understanding of these stages is crucial for
advancing the development of vaccines and drugs aimed at pre-
venting and controlling toxoplasmosis.

While tachyzoites can be readily cultured in vitro, working on
sexual stages and oocysts is difficult since accessibility to enough
material for research is limited. Only few labs worldwide can work
with infected cats, and those that do face public criticism (Wad-
man 2019). For this reason, it is important to work resource-saving
or find even alternatives for some experimental approaches. We
previously reported a method that allows working with very lim-
ited amounts of oocysts for high-resolution immunofluorescent
assay (IFA) experiments (Fabian et al. 2021).

Recently, it was shown that conditional genetic depletion of
tachyzoites of the microrchidia (MORC) protein, a master reg-
ulator of downstream Apetala 2 (AP2) transcription factors, re-
sulted in the expression of non-tachyzoite genes (Farhat et al.

2020). Among those were hundreds that are known to be ex-
pressed in the sexual stages of the parasite, including oocysts
and sporozoites. Notably, a similar phenotype was observed when
the compound FR235222 was used. It is a known inhibitor of
T. gondii’s histone deacetylase 3 (HDAC3) (Bougdour et al. 2009,
Sindikubwabo et al. 2017). This suggested the possibility to use
drug-treated tachyzoites as a source for transcripts or proteins of
oocysts.

We show that apicidin (Darkin-Rattray et al. 1996), an HDAC3
inhibitor with similar structure and properties as FR235222 but
commercially available, can be used to identify the target pro-
tein of a previously described monoclonal antibody (mAb). This
mADb, called G1/19, was shown to stain exclusively sporozoites, but
its target protein was unknown (Gondim et al. 2016). Using mass
spectrometry of G1/19-immunoprecipitable protein, we identify
it as SporoSAG (SRS28; TGME49_258 550). Another oocyst-specific
protein could also be detected by immunofluorescence, although
it was predicted to be much less abundant. In addition, apicidin
treatment allows the cloning of intron-containing genes when
sexual stage material is not available but recombinant protein ex-
pression is desired and requires spliced mRNA. The general appli-
cability of the approach is discussed.
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Materials and methods

Cell culture, parasites, and hybridoma
production

Human foreskin fibroblasts (HFF; BJ-5ta, ATCC CRL-4001) were
grown in DMEM High Glucose (4.5 g/1) with Stable Glutamine
(Capricorn Scientific, Cat. No. DMEM-HPSTA) supplemented with
10% fetal bovine serum (FBS), 1xP/S (100 U/ml penicillin and
100 pg/ml streptomycin) at 37°C in 5% CO,. Toxoplasma gondii
strains RHAKUSOAHX and ME49AKU80 tachyzoites were main-
tained by continuous passage in confluent monolayers of HFF
cells in infection medium (DMEM High Glucose (4.5 g/1) with Sta-
ble Glutamine, 2% FBS and 1xP/S).

The generation of mAb G1/19 has been previously described
(Gondim et al. 2016). Briefly, it derived from the subcutaneous im-
munization of mice with a suspension containing 100 pg of T.
gondii oocyst antigen extracted from sporulated oocysts (ME-49
strain; kindly provided by J.P. Dubey, Beltsville, USA) that had pre-
viously been treated with sodium hypochlorite.

Infection and apicidin treatment

Toxoplasma gondii-infected host cells were scraped from T75 cell
culture flasks, and tachyzoites were released by repeated passes
through a 23 G tubing. Cell debris was removed by centrifugation
at 100 g for 5 min. The supernatant was collected and centrifuged
at 300 g for 10 min to pellet the tachyzoites. For immunoprecipi-
tation coupled with mass spectrometry (IP-MS), fresh HFF mono-
layers in four T75 flasks were infected with 2.7 x 107 parasites per
flask. For Western blot, T25 flasks were infected with 5.4 x 108 par-
asites. For IFA, host cells grown on chambered coverslips (8 well
ibiTreat p-Slides, Ibidi) were infected with 7.2 x 10 type II strain
parasites or 2.4 x 10* type I strain parasites per well. After 24 h,
the medium was changed, and fresh infection medium with 75 nM
apicidin (Adipogen) was added. On the same day, another round of
infection was performed, which served as the untreated control.
After 24 h, samples were processed for IP-MS, Western blot, and
immunofluorescence assay (IFA).

Immunoprecipitation and MS sample
preparation

The Pierce MS-Compatible Magnetic IP Kit (Protein A/G; Thermo
Scientific, Cat. No. 90409) was used for the immunoprecipita-
tion and MS sample preparation. The kit’s lysis buffer was sup-
plemented with protease inhibitor (Roche, cat. no. 4693159001).
Apicidin-treated and untreated parasites were released as de-
scribed above and washed once with phosphate-buffered saline
(PBS) and centrifuged at 1200 g for 5 min at 4°C. The pellets were
resuspended in 1 ml lysis buffer and incubated on ice for 10 min.
The samples were sonicated for 10 min and centrifuged at 12500 g
for 10 min at 4°C. The supernatants were transferred to new low
protein-binding microcentrifuge tubes. The protein concentration
was determined by BCA assay (Thermo Scientific, cat. no. 23227).
Per IP reaction, 240 pg of total protein was incubated with or with-
out 200 pl of G1/19 hybridoma supernatant overnight at 4°C with
mixing to form the immune complex. For immunoprecipitation,
the kit manufacturer’s protocol was followed, and the modified
IP-MS Wash Buffer A with 10 mM MgCl, was used, as G1/19 is a
mouse [gG, antibody subtype. The samples were reduced, alky-
lated, and trypsin-digested according to the manufacturer’s pro-
tocol.

Liquid chromatography and mass spectrometry

Peptides were analysed on an Evosep One (Evosep, Odense,
Denmark) liquid chromatography system coupled online via the
CaptiveSpray source to a timsTOF HT mass spectrometer (Bruker
Daltonics, Bremen, Germany). A volume of 1 pg of peptides were
manually loaded onto Evotips Pure (Evosep) and separated using
the 60 samples per day method on the respective performance
column (8 cm x 150 pm, 1.9 pm, Evosep). Column temperature
was kept at 40°C using a column toaster (Bruker Daltonics), and
peptides were ionized using electrospray with a CaptiveSpray
emitter (10 pm i.d., Bruker Daltonics) at a capillary voltage of
1400 V. The timsTOF HT was operated in ddaPASEF mode in the
m/z range of 100-1700 and in the ion mobility (IM) range of 0.65-
1.35 Vs/cm?. Singly charged precursors were filtered out based on
their m/z-IM position. Precursor signals above 2500 arbitrary units
were selected for fragmentation using a target value of 20000 ar-
bitrary units and an isolation window width of 2 Th below 700 Da
and 3 Th above 700 Da. Afterwards, fragmented precursors were
dynamically excluded for 0.4 min. The collision energy was de-
creased as a function of the IM from 59 eV at 1/Ko = 1.6 Vs/cm to
20 eV at 1/Kp = 0.6 Vs/cm. One cycle consisted of 10 PASEF ramps.

Mass spectrometric data analysis

The LC-IMS-MS/MS data were analysed using FragPipe (ver-
sion 19.1) (Yu et al. 2020). Spectra were searched using MS-
Fragger against the protein sequences of the human proteome
(UP000005640, downloaded 4/28/23, UniProtkKB) and the T. gondii
proteome (UP000001529, downloaded 4/28/23, UniProtKB), with a
precursor and fragment mass tolerance of 20 ppm, strict trypsin
specificity (KR), and allowing up to two missed cleavage sites. Cys-
teine carbamidomethylation was set as a fixed modification and
methionine oxidation, N-terminal acetylation of proteins were set
as variable modifications. Search results were validated using Per-
colator with MSBooster enabled rescoring and converged to false
discovery rates of 1% on all levels. Proteins were quantified using
IonQuant with enabled match between run. The statistical anal-
ysis of the FragPipe results was done in Perseus (Version 1.6.5.0)
(Tyanova et al. 2016). Potential binding partners were identified
from the bait samples using FDR-adjusted P-values from a t-test
with a permutation-based FDR of 0.01 and sO = 1 using the log-
2 transformed MaxLFQ intensities. The prey sample group was
combined from three control groups (no apicidin, no antibody,
and no apicidin and no antibody). The whole analysis was based
on using biological triplicates. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium
via the PRIDE (Perez-Riverol et al. 2022) partner repository with
the dataset identifier PXD055279.

RNA/gDNA extraction and reverse
transcription-PCR

Treated tachyzoites were released as described above. After re-
moving the cell debris by centrifugation at 100 g for 5 min, the
parasites were centrifuged at 1500 g for 10 min. The cell pellet
of a T25 flask was resuspended in 400 pl TRI Reagent (Zymo,
cat. no. R2050-1) and transferred into a 1.5 ml Eppendorf DNA
LoBind tube (cat. no. 0030108 051). RNA was isolated using the
Direct-zol RNA Microprep Kits (Zymo, cat. no. R2062). Genomic
DNA contamination was removed by on-column DNase I diges-
tion. RNA was quantified spectrophotometrically at 260/280 nm
with the Infinite M200 Pro plate reader (Tecan). RNA was reverse-



transcribed using the High Capacity RNA-to-cDNA Kit (Applied
Biosystems) with 500 ng per reaction. For genomic DNA (gDNA)
extraction, the cell pellet was processed using the Quick-DNA
Microprep Kit (Zymo, cat. no. D3020) following the manufac-
turer’s instructions. Polymerase chain reaction (PCR) was per-
formed with 60 ng template DNA/cDNA using the Q5 High-Fidelity
DNA polymerase (NEB) with the recommended reaction setup
(including addition of GC enhancer) and thermocycling condi-
tions. Annealing temperature was set to 65°C, and elongation
was performed for 1 min per cycle. Cloning primers #1 and #2
with 20 bp overhangs were used (see Table S1). These primers
were designed in such a way that sequences encoding the N-
and C-terminal topogenic peptidic sequences were removed (see
Fig. 2C). Products were visualized by gel electrophoresis on a 2%
agarose gel.

Recombinant bacterial expression of SporoSAG

SporoSAG, amplified from cDNA as described above, was in-
serted by Gibson cloning using the NEBuilder HiFi kit (NEB) into
pAvi-MBP-ccdB using primers #3 and #4 for vector amplifica-
tion, removing the counter-selectable ccdB toxin, as described
(Lépez-Urena et al. 2023). A positive clone was selected (named
PAVI-MBP-SporoSAG) and verified by sequencing. It was trans-
formed into the Escherichia coli SHuffle strain (NEB) containing
plasmid pMJS9 (Klein et al. 2020), which we have shown previously
to support the correct folding of the six disulfide bonds of SAGI,
another member of the SRS family of T gondii surface proteins.
Protein expression and purification followed the protocol for SAG1
(Klein et al. 2020).

Overexpression of LEA860 in tachyzoites

Late Embryogenesis Abundant protein 860 (LEA860) overexpres-
sion in tachyzoites was achieved by transfecting RHAKUSOAHX
parasites with a plasmid containing the constitutive tubulin pro-
moter and the full-length untagged coding sequence of LEA860. It
was introduced by site-directed mutagenesis with the NEBuilder
HiFi DNA Assembly kit. Transfection and selection followed stan-
dard procedures (Striepen and Soldati 2007).

Production and purification of sera

Recombinant LEA850 and LEA860 proteins were produced as de-
scribed previously (Arranz-Solis et al. 2023), and the storage buffer
was exchanged to PBS. Antigens were shipped on ice to Preclinics
GmbH (Germany) for rabbit immunization. Each animal received
four times 150 pg protein in Freund’s Adjuvant over a period of
100 days.

Affinity purification of antibodies from rabbit sera was carried
out using affinity columns prepared in-house, in which the re-
spective 6His-tagged LEA proteins were irreversibly conjugated to
cobalt-based TALON resin by addition of H,0O, as described pre-
viously (Hale 1995, Bednarek et al. 2003) with some modifications
as follows. Briefly, 1.5 ml of TALON resin (Clontech) was washed
with buffer A [SO mM Tris-HCI (pH 7.4), 300 mM NacCl] in a mi-
crocentrifuge tube after which 750 pl of 10 pM 6His-tagged LEA
proteins in buffer A were added and incubated for 30 min at room
temperature on a rotating wheel. Then, H,O, was added to a final
concentration of 100 mM, and the resin was incubated for 1 h. Af-
ter several washes with buffer A, 750 pl of serum were added and
incubated under rotation for 2 h at 4°C. The resin was transferred
to a flow-through column, washed 5 times with buffer A, before
bound antibodies were eluted with low pH buffer (0.1 M Glycine-
HCl pH 2.5). 1 M Tris-HCl (pH 9) was added for neutralization. An-
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tibodies were finally concentrated, and the buffer was exchanged
to PBS (pH 7.4) by centrifugal filtration (30k MWCO, Sartorius Vi-
vaspin 2).

To produce antibodies against TgSAG1, the highly purified
recombinant protein (1250 pg; Klein et al. 2020) was used for
immunization of an alpaca (Prelinics). It was used unpurified
for Western blot and IFA, with no visible unspecific background
using appropriate dilutions (Fig. S1).

Western blot analysis

Cells were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris-HCI
PH 8.0, 1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS,
and protease inhibitor cocktail) and sonicated. Laemmli buffer
was added to the samples (final concentrations: 62.5 mM Tris—
HCI, 2% SDS, 5% glycerol, 0.1% bromophenol blue). Samples con-
tained no reducing agent and were heated at 95°C for 5 min,
then centrifuged, and supernatant was loaded on 12% gels for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Proteins were transferred to nitrocellulose membranes by
wet or semi-dry transfer. Immunostaining was performed with
G1/19 mAb hybridoma supernatant 1:10 or anti-His mAb (MAK
1396, Linaris, Germany; 1:1000) in 5% bovine serum albumin in
Tris-buffered saline with 0.05% Tween 20 (TBS-T) overnight. The
anti-mouse HRP-linked secondary antibody (70765, Cell Signaling)
was used at 1:2000 in TBS-T for 1 h. HRP signal was detected using
ECL Plus Western blotting detection reagents on a Vilber fusion FX
imaging system.

Immunofluorescence microscopy

After treatment, cells were washed with PBS and fixed (4%
paraformaldehyde and 0.05% glutaraldehyde in PBS) for 20 min
at room temperature, quenched with 50 mM NH4Cl in PBS for
15 min, washed with PBS twice, permeabilized (100 mM glycine,
0.25% Triton X-100 in PBS) for 20 min, and blocked with block-
ing buffer (3% bovine serum albumin in PBS) for 1 h at room
temperature. Primary antibodies diluted in blocking buffer were
incubated overnight at 4°C. Anti-TgLEA860 rabbit antibody was
used at 1:2000, G1/19 mAb hybridoma supernatant (Gondim et
al. 2016) was used at 1:10, anti-SAG1 alpaca serum was used at
1:500, and anti-GRA5 mAb 17-113 (Lecordier et al. 1993) (BioVi-
sion, Cat# A1299) was used at 1:500. After three washes with PBS
containing 0.05% Tween (PBS-T), cells were incubated with sec-
ondary antibodies and DAPIin blocking buffer for 2 h at room tem-
perature. Anti-llama Alexa Fluor 488 (Jackson ImmunoResearch,
Cat# 128-545-160), anti-rabbit Alexa Fluor 568 (Invitrogen, Cati#
A-10042), and anti-mouse Cy5 (Jackson ImmunoResearch, Cat#
115-175-146) were used 1:250. Cells were then washed three times
with PBS-T, once with PBS. Chambered slides were mounted with
Ibidi mounting medium, and coverslips were mounted onto a
glass slide with Fluoromount G. Slides were imaged using a Zeiss
LSM780 or Leica Stellaris 8 confocal laser scanning microscope.
Images were processed with FIJI 2.3.0 and assembled with Affin-
ity Designer 1.9.2.

Bioinformatic analyses and software used

MarvinSketch (ChemAxon) was used for chemical drawings of
structures taken from PubChem. GPI anchor cleavage predictions
were done with NetGPI-1.1 and PredGPI, respectively (Pierleoni
et al. 2008, Gislason et al. 2021); SignalP 6.0 was used for signal
peptide cleavage prediction (Teufel et al. 2022). Post-translational
modification site prediction for glycosylation was performed on-
line with NetOGlyc-4.0 (Steentoft et al. 2013) and MusiteDeep
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Figure 1. G1/19 antigen is expressed in tachyzoites upon apicidin treatment. (A) Chemical structures of the cyclic tetrapeptides FR235222, apicidin and
HC toxin. EC50 values are from Darkin-Rattray et al. (1996) and Bougdour et al. (2009). (B) Western blot analysis of cell lysates under non-reducing
conditions with G1/19 mAb. Intracellular ME49Aku80 tachyzoites were treated with 75 nM apicidin for 24 h or left untreated. (C) Immunofluorescence
microscopic images of tachyzoites stained with G1/19 mAb. Nuclei were stained with DAPI.

(Wang et al. 2020). Sequences, proteomic, and transcriptomic data
were downloaded from ToxoDB (https://toxodb.org/) (Harb et al.
2020). Multiple sequence alignment was visualized with JalView 2
(Waterhouse et al. 2009) and manually finished with Affinity De-
signer 1.9.

AlphaFold 2 prediction of Hammondia hammondi SporoSAG
(HHA_258550) was performed wusing ColabFold v1.5.3
(https://github.com/sokrypton/ColabFold) using default set-
tings (Mirdita et al. 2022). For structure display and comparison
(AF-AOA125YLQ9-F1-model v4 from ToxoDB; 2wnk from PDBe
(https://www.ebl.ac.uk/pdbe/) and ColabFold-predicted Hh-
SporoSAG), ChimeraX 1.6.1 and the built-in Matchmaker super-
position tool were used (Meng et al. 2023).

Comparison of FR235222-regulated and stage-specific genes
was performed using existing RNA-seq datasets of previous stud-
les (Ramakrishnan et al. 2019, Farhat et al. 2020) and obtained
from ToxoDB. Stage-specific expression was determined by the
fold change and absolute TPM difference with reference to the
expression level at the tachyzoite stage. Transcripts were deemed
enteroepithelial stage (EES)-specific when the maximum fold
change of EES 1 to EES 5 was > 8 and the absolute TPM difference
was >10. Oocyst-specific transcripts were classified accordingly
using the maximum expression of unsporulated, sporulating, and
sporulated oocysts. FR235222-regulated genes were determined
with the same threshold values in comparison to untreated
parasites (Table S1). Sporozoite data were taken from Kidaka et
al. (2022).

Proteomic datasets from oocysts were taken from Possenti et
al. (2010), Fritz et al. (2012), Zhou et al. (2016, 2017), and ToxoDB
(oocyst proteome M4 from J. Wastling) and combined into a set of
3888 unique sequences (Table S1). The proteins from FR235222-
treated PRU strain are from Farhat et al. (2020). Data were visual-
ized using the R package ‘ggpubr’.

Results

Apicidin treatment enriches for the G1/19 target
protein in tachyzoites

We reasoned that commercially available histone deacetylase in-
hibitors, such as HC toxin or the more cost-effective apicidin,
both of which are structurally similar to FR235222 (Fig. 1A) and
target TgHDAC3 in a comparable manner (Bougdour et al. 2009,
Sindikubwabo et al. 2017), could be used to induce the expression
of sporozoite-specific proteins in tachyzoites in amounts to be de-
tected by proteomics. Using apicidin, we first tested whether the
target protein of mAb G1/19 would be upregulated. On a West-
ern blot of proteins of tachyzoites of strain ME49Aku80, a strong
band was observed at ~23 kDa and a faint signal at around 30 kDa
upon apicidin treatment (Fig. 1B). No reactivity was observed in
the untreated control. Notably, no signal was observed under re-
ducing conditions (50 mM TCEP), suggesting that disrupting disul-
fide bonds affects the G1/19 epitope (Fig. S2). Treated tachyzoites
were also analysed by IFA. A signal of bound antibody was ob-
served within the parasites and the parasitophorous vacuole only
after treatment with apicidin (Fig. 1C). It substantially impacted
the morphology of the parasites in a dose-dependent fashion
(Fig. S3A). Treated tachyzoites appeared swollen and more glob-
ular (as described previously for FR235222-treated tachyzoites;
Bougdour et al. 2009), and individual parasites were not easily dis-
tinguishable within the parasitophorous vacuole, an observation
we made when staining for SAG1, the main surface antigen of
tachyzoites (Fig. S3B). This limits drawing conclusions about the
physiological localization of the G1/19 antigen.

Taken together, these results provided strong evidence that api-
cidin treatment of tachyzoites leads to the expression of a 23 kDa
protein to which mAb G1/19 binds, corroborating previous results
with the conditional MORC-KD strain (Farhat et al. 2020).
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Figure 2. SporoSAG is the antigen recognized by mAb G1/19, as revealed by IP-MS and sequence features. (A) Volcano plot of MS analysis showing
proteins enriched by immunoprecipitation with G1/19 mAb. Fold change represents IP with G1/19 mAD versus controls. Highlighted are significantly
enriched proteins based on a t-test (false discovery rate < 0.01, sO = 1; threshold is indicated by dashed lines). (B) Expression of the three candidate
G1/19 antigens in vivo. Raw data are from Ramakrishnan et al. (2019) via ToxoDB, showing expression levels derived from RNAseq experiments as TPM
(transcripts per million). EES1-5 denote the enteroepithelial stages; sporulated or unsporulated are oocysts of the respective stage. The dashed line is
at 300 TPM. (C) Sequence comparison of T. gondii SporoSAG with the homolog from H. hammondi together with some sequence features. Cysteines
involved in disulfide bonds are in dark yellow. Cleavage site predictions for signal peptide (sp) and GPI anchor addition (gpi) as well as the insertion
point of the single intron are indicated by arrowheads. The peptides identified by MS are shaded in gray, with the trypsin cleavage sites (t) indicated.
Red-shaded residues differ between both proteins; those in blue and yellow are potential glycosylation sites predicted by NetOGlyc-4.0 or MusiteDeep,
respectively. Residues 102 and 103 of the T. gondii sequence were predicted by both algorithms. (D) Superposition of experimentally and predicted
structures of SporoSAG. The ‘glycosylation loop’ in modeled T. gondii SporoSAG (Tg AF, purple) contains the indicated three serines predicted to be
glycosylation sites. The respective part in the experimental structure (Tg 2WNK, blue) is missing, reflected by the dotted line. The loop of the AF2
model of H. hammondi SporoSAG (Hh AF) is shown in green. Cysteines are drawn as ball-and-stick in yellow. Protein surfaces are shown.

The target of mAb G1/19 is a known lowed by mass spectrometry (IP-MS). To this end, the lysate of
protein—SporoSAG treated tachyzoites was incubated with G1/19 hybridoma super-

natant. The formed immune complex was then pulled down
with Protein A/G beads. The identities of the immunoprecip-
itated proteins were then determined by mass spectrometry

Since the G1/19 antigen was substantially enriched in tachy-
zoites upon apicidin treatment, we wanted to identify the anti-
gen by a proteomics approach using immunoprecipitation fol-
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(Fig. 2A). Three proteins were significantly enriched (false dis-
covery rate < 0.01 by a minimum two-fold enrichment) com-
pared to controls: TGME49_258 550 (SAG-related sequence SRS28,
also known as SporoSAG; predicted MW 30 kDa); TGME49_263 080
(ATP synthase-associated protein; 14.4 kDa); and TGME49_289 300
(methionyl-tRNA synthetase; 106 kDa).

We analysed the expression levels of the three proteins in silico
using full life-cycle transcriptome data of T. gondii (Ramakrishnan
et al. 2019) (Fig. 2B). This indicated that SporoSAG is highly ex-
pressed exclusively in sporulated oocysts, whereas the other two
proteins are expressed in all stages and are not specifically up-
regulated in sporulated oocysts. Likewise, a similar analysis with
the published transcriptional data of MORC-KD and FR235222-
treated PRU strain, respectively, shows a similar response upon
MORC inhibition and shows expression of LEA850 and LEA860,
previously reported to be highly oocyst-specific (Arranz-Solis et
al. 2023) (Fig. S4A).

Thus, SporoSAG’s sporozoite-specific expression described pre-
viously (Radke et al. 2004) made it the most likely antigen rec-
ognized by mAb G1/19. The theoretical molecular weight of
SporoSAG of 30 kDa is higher than the observed size in SDS-PAGE
(Fig. 1B) but can be explained by its known structural features
(Fig. 2C, D; see also the ‘Discussion’ section ). The protein is sus-
pected to be GPI-anchored, thus requiring N- and C-terminal pro-
cessing, which could reduce its size by 5 kDa.

Apicidin induces SporoSAG gene expression in
tachyzoites

To validate SporoSAG as the antigen of mAb G1/19, we first con-
firmed its apicidin-dependent gene expression by reverse tran-
scription (RT)-PCR with SporoSAG-specific primers. As expected,
an amplicon was only observed after apicidin treatment (Fig. 3A).
A control with extracted genomic DNA showed a larger band
(775 bp) corresponding to the amplicon including the single in-
tron.

Recombinant SporoSAG is recognized by mAb
G1/19

As a final test for mAb G1/19's specificity, we tested by Western
blot whether recombinant SporoSAG was recognized by the an-
tibody. SporoSAG’s three-dimensional structure has been deter-
mined previously and was shown to possess six disulfide bonds
important for proper folding (Crawford et al. 2010) (Fig. 2D). We
therefore used our previously described Escherichia coli expression
system that allowed the production of correctly folded SAG1, the
major tachyzoite surface antigen of T. gondii, as a fusion with
maltose-binding protein from E. coli (Fig. 3B) (Klein et al. 2020),
which served as a negative control protein. The expression prod-
uct of 70 kDa was recognized by mAb G1/19 (Fig. 3C), although a
strong signal required much longer exposure of the Western blot
compared to the anti-6His tag monoclonal antibody (see also the
‘Discussion’ section). The G1/19 antibody did not bind to MBP-
SAG1. This proves that SporoSAG is the target protein of mAb
G1/19.

LEA proteins are also induced by apicidin

SporoSAG is amongst the most upregulated genes in FR235222-
treated tachyzoites on both the transcript and protein levels
(Fig. S4A and B), explaining the relative ease to detecting it
by IFA and Western blot. A gene with a similar high expres-
sion upon apicidin treatment is TGME49_276850. It codes for
LEA850, one of four LEA proteins previously identified as being

oocyst-specific and presumably being involved in resilience of
oocysts to environmental stresses (Arranz-Solis et al. 2023). We
were therefore interested in whether a polyclonal rabbit serum
generated against purified recombinant LEA850 (Arranz-Solis et
al. 2023) would recognize the protein in apicidin-treated tachy-
zoites by IFA. Although this serum reacted with the antigen used
for immunization, it also showed cross-reactivity with the other
6His-tagged LEA proteins (data not shown) and was not further
evaluated.

However, the specificity of a serum raised against recombi-
nant LEA860 (encoded by TGME49_276860) was given once it
had been affinity-purified. Surprisingly, although LEA860 protein
was not reported in the FR235222-treated proteomics dataset of
Farhat et al. and LEA860 gene transcription was much less in-
duced upon drug treatment compared to LEA850 (Fig. S4A and
B), an antibody signal exclusively in apicidin-treated tachyzoites
was observed (Fig. 4, parental strain). Again, strong morpholog-
ical changes of treated parasites were obvious, but co-staining
with an antibody against GRAS, known to decorate the para-
sitophorous vacuolar membrane (PVM; Lecordier et al. 1993),
outlined the vacuole in apicidin-treated cells. In co-staining, no
strong co-localization of GRAS5 and LEA860 could be observed,
although this might have been expected, since the LEA860 pro-
tein sequence contains a predicted signal peptide (Arranz-Solis et
al. 2023) and could thus be localized in the vacuole or close to
the PVM.

Constitutive expression of LEA860 in tachyzoites
leads to its PV localization

Another mAb against SporoSAG (TMS4) has been described
previously (Radke et al. 2004) and was used to demonstrate
that overexpression of SporoSAG in tachyzoites, using a strong
constitutive promoter, resulted in its localization at the parasite
membrane, similar to sporozoites. We used a similar approach
to verify whether LEA860’s predicted signal peptide results in
protein secretion and whether there are differences between
plus/minus apicidin treatment.

Indeed, LEA860 secretion into the lumen of the parasitophorous
vacuole (PV) was observed when its overexpression was under the
control of the constitutive tubulin promoter in tachyzoites. The
protein accumulated in the PV of intracellular tachyzoites, but a
signal at the PVM, as seen with GRAS co-staining, could not be ob-
served consistently (Fig. 4; Fig. S5). This seems to change upon api-
cidin treatment, although again the gross morphological changes
make it difficult to draw firm conclusions. Taken together, this ex-
periment shows evidence for a functional signal peptide of LEA860
and verifies the serum’s specificity for it.

Discussion

We describe the application of a previously reported finding,
namely the induction of oocyst stage-specific proteins by treating
tachyzoites with HDAC3 inhibitors (Farhat et al. 2020), to identify
the hitherto unknown target of an mAb known to be specific for
sporozoites (G1/19; Gondim et al. 2016). Using as inhibitor apicidin
instead of FR235222 (a drug that is not commercially available),
we were able to immunoprecipitate with G1/19 sufficient protein
to identify it as SporoSAG by proteomic analysis. This antibody
had been used previously for IFA in genetically depleted MORC
parasites in which it showed a pattern of reactivity similar to our
results (Farhat et al. 2020) (Fig. 1C). Gross morphological changes
upon FR235222 treatment, such as vacuolization and lack of
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Figure 3. cDNA-derived cloning and recombinant expression of SporoSAG. (A) Schematic drawing of the SporoSAG gene with its intron and two exons
(left). The intron is removed in mature messenger RNA. PCR with SporoSAG-specific primers produces a longer intron-containing amplicon when
genomic DNA (gDNA) template is used and a shorter intron-free amplicon when RNA template is used. Agarose gel of the PCR products is shown
(right). Toxoplasma gondii gDNA and RNA extracted from parasites with apicidin treatment (+) or without (—) was used. bp, base pair. UTR, untranslated
region. (B) Plasmid map of the construct used to express C-terminally tagged MBP-SporoSAG fusion protein. Expression is controlled by a
rhamnose-inducible promoter (rhaB). The MPB-SporoSAG fusion protein has a biotinylation tag (AviTag) in addition to the 6xHis tag. (C) Western blot of
purified MBP-SporoSAG (lane 1) probed with anti-6His mAb (left) and mAb G1/19 (right). Lane 2 shows purified MBP-SAG1 as a control. Note that
exposure time of the left blot was 1 min compared to 5 min for the one incubated with mAb G1/19 to result in a similar signal strength.
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Figure 4. Apicidin treatment induces the expression of the sporozoite
protein LEA860. Intracellular tachyzoites of the parental
RHAku80Ahxgprt or LEA860 overexpression strain were either untreated
(@) or treated with 75 nM apicidin for 24 h and then fixed. Samples were
stained with antibodies against LEA860 or GRAS and DAPI to stain DNA
for subsequent confocal immunofluorescence microscopy.

daughter cells together with the appearance of aberrant progeny
have been reported previously (Bougdour et al. 2009). They thus
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Figure 5. Candidate genes for similar studies. Comparison of genes
upregulated in tachyzoites by FR235222 and genes specifically expressed
in enteroepithelial stages (EES), oocysts, and sporozoites (see Table S1
for details). Analysis is based on available RNA-seq data (see the
‘Methods’ section).

hamper localization studies, as shown here for SporoSAG and
LEAB60 after apicidin treatment.

Our proteomics approach was shown for a single protein, but it
can be applied to more targets (Fig. 5). Among the 571 genes that
show upregulated RNA expression in FR235222-treated tachy-
zoites and are specifically expressed in the EES, oocyst, or sporo-
zoite stages, 97 showed significant enrichment at the protein level
(Farhat et al. 2020).

Another application of apicidin-treated tachyzoites is for RT-
gPCR primer validation of genes from sexual stages. Primers span-
ning an exon-exon junction can greatly enhance specificity (Apte
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and Daniel 2009), and 416 T. gondii genes in Fig. 5 (73%) have in-
trons (Table S1). However, in the light of reported intron reten-
tion in T. gondii (Lunghi et al. 2016, Lee et al. 2021), mRNA is re-
quired to fully validate the primers to perform as expected. In
this respect, drug treatment of tachyzoites is a simple solution for
obtaining mRNA of apicidin-responsive genes. Such mRNA from
intron-containing genes is also useful when coding sequence is
required for recombinant protein expression on a larger scale,
e.g. for identification of stage-specific serological markers (Lépez-
Urena et al. 2023).

Apicidin treatment also leads to the expression of bradyzoite
genes (Boyle et al. 2006, Maubon et al. 2010, Farhat et al. 2020,
Sanchez et al. 2023), and thus the approach could in principle also
be applied to this stage. However, there exist protocols to generate
bradyzoites in vitro in large amounts without drug treatment and
resembling the in vivo stage (Cerutti et al. 2020, Warschkau and
Seeber 2023, Maus et al. 2024).

It was previously reported that mAb G1/19 did not react with H.
hammondi sporozoites (Gondim et al. 2016). Now that we know the
target of this mAb, this is surprising, given that the homologous
sequence from this parasite is 94.5% identical to the T gondii se-
quence (Fig. 2C). Interestingly, comparison of the known T. gondii
3D structure (PDB 2WNK) with the two AlphaFold2-predicted
structures from T. gondii and H. hammondi provides a possible ex-
planation for this finding. A possible glycosylation site (predicted
by two algorithms; see the ‘Materials and methods’ section)isin a
surface loop predicted by AlphaFold2 but curiously missing in the
experimentally determined structure (see Fig. 2D). Notably, one of
the two serines potentially being glycosylated, Ser102, is an ala-
nine in H. hammondi. We speculate that the epitope of mAb G1/19
is partially dependent on the glycosylation at this loop, which
would be missing in H. hammondi. It could also explain why mAb
G1/19 is only weakly reacting with recSporoSAG since glycosyla-
tion is not performed in E. coli. In Western blot analysis with G1/19
and oocyst antigen, the observed band of ~30 kDa might also indi-
cate glycosylation (Gondim et al. 2016). Radke et al. reported that
TSM4, the other mAb against SporoSAG, strongly reacted with a
smear at 25 kDa of oocyst material by Western blots (Radke et
al. 2004). The authors attributed this to ‘incomplete preservation
of intrachain disulphides’, but in light of this discussion, it could
also be due to glycosylation or a combination of both. Future stud-
ies with native and recombinant proteins from sporozoites from
H. hammondi and T. gondii and detailed proteomic analyses will be
required to solve this question.

The size of SporoSAG, as seen in Fig. 1B, is still smaller than the
25 kDa expected from the processed protein sequence. This could
be due to a GPI anchor, the presence of which could result in a shift
towards a small but observable lower molecular size in SDS-PAGE,
as has been shown previously for the related SAG1 protein (Seeber
et al. 1998). However, whether this size difference is an indication
for GPI anchor addition still working under apicidin treatment re-
quires further experiments. At least transcription of the six genes
described by Gas-Pascual et al. (2019) as being involved in GIPL and
GPI-anchor biosynthesis is not affected in MORC-inhibited cells
(data not shown).

In conclusion, the paucity of material of sexual stages and
oocysts from T. gondii can be overcome to some extent by in-
duction of these genes by treatment of tachyzoites with the
HDACS3 inhibitor apicidin. While limited to a few experimental
questions like antigen identification by proteomics and IFA or
PCR primer verification and cloning of cDNA of intron-containing
stage-specific genes, it should encourage further studies on these
important parasite stages.
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