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ABSTRACT

Acetyl-CoA participates in post-translational modification of proteins, central carbon
and lipid metabolism in several cell compartments. In mammals, the acetyl-CoA
transporter 1 (AT1) facilitates the flux of cytosolic acetyl-CoA into the endoplasmic
reticulum (ER), enabling the acetylation of proteins of the secretory pathway, in
concert with dedicated acetyltransferases including NAT8. However, the implication
of the ER acetyl-CoA pool in acetylation of ER-transiting proteins in Apicomplexa is
unknown. We identify homologues of AT1 and NAT8 in Toxoplasma gondii and
Plasmodium berghei. Proteome-wide analyses revealed widespread N-terminal

acetylation marks of secreted proteins in both parasites. Such acetylation profile of
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N-terminally processed proteins was never observed so far in any other organisms.
AT1 deletion resulted in a considerable reduction of parasite fitness. In P. berghei,
AT1 is important for growth of asexual blood stages and production of female
gametocytes and male gametocytogenesis impaling its requirement for transmission.
In the absence of AT1, the lysine and N-terminal acetylation sites remained globally
unaltered, suggesting an uncoupling between the role of AT1 in development and

active acetylation occurring along the secretory pathway.

Summary statement
The apicomplexan acetyl-CoA transporter is indispensable for parasite development
and transmission. This role is unrelated to the extensive acetylation of secreted

proteins which apicomplexans display.

INTRODUCTION

Plasmodium species and Toxoplasma gondii are obligate intracellular parasites,
members of the phylum of Apicomplexa and of clinical relevance, causing malaria
and toxoplasmosis, respectively. In the search for newer, safer and more efficient
drugs or vaccines and given the continuous emergence of resistance to available
drugs, there is an urgent need for the identification of novel cellular targets for
intervention.

Acetyl-CoA is a membrane impermeable metabolite made up of an acetyl (CH3CO)
group joined to Coenzyme A (CoA), which plays a central role in protein modification
as well as lipid and central carbon metabolism and a promising target for
antimalarials (de Vries et al., 2021). In both T. gondii and Plasmodium spp., acetyl-
CoA is produced in the mitochondrion atypically through branched-chain a-keto acid
dehydrogenase-complex (BCKDH), which uses pyruvate as a substrate. In the
apicoplast, a relict plastid organelle derived from secondary endosymbiosis, pyruvate
is converted to acetyl-CoA by the pyruvate dehydrogenase complex (PDH) (Fleige et
al., 2007, Cobbold et al., 2013), while in the nucleo-cytosol compartment of T. gondii,
two routes of production are implemented, through acetyl-CoA synthetase (ACS)
from acetate and ATP citrate lyase (ACL) from citrate (Tymoshenko et al., 2015). In

contrast, cytosolic acetyl-CoA is only produced through ACS in Plasmodium
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falciparum (Cobbold et al., 2013). In-depth analysis of the contribution of these
distinct acetyl-CoA pools to parasite physiology revealed that abrogation of
production of cytosolic acetyl-CoA in the cytosol of T. gondii led to inhibition of fatty
acid elongation, reduced lysine (K)-acetylation of 115 proteins in both secretory and
nucleo-cytosolic compartments and ultimately led to parasite death (Kloehn et al.,
2020). Indeed, acetyl-CoA is also used by specific enzymes (N-terminal-a-
acetyltransferases, NATs, and lysine acetyltransferases, KATs) to modify by
acetylation the N-termini or the side chains of lysines of proteins (Friedmann &
Marmorstein, 2013; Montgomery et al, 2015; Drazic et al, 2016). Accordingly, to the
substrate specificity, different NATs have been characterized. In brief, NatA
corresponds to the complex involved in N-terminal acetylation (NTA) of proteins
which first methionine has been cleaved, NatB/C/E modify proteins with N-terminal
methionines, while NatD and NatH are specific for NTA of histone and actin
isoforms, respectively (Aksnes et al., 2019).

. Acetylation on both N-termini and side chains of lysine residues of proteins have
been reported in both pathogens with over one thousand proteins in P. falciparum
(Cobbold et al., 2016). Exported proteins including red blood cell surface directed
proteins have their signal peptides and host-targeting motifs cleaved by an
endopeptidase Plasmepsin V in the parasite ER (Boddey et al., 2010, Russo et al.,
2010, Osborne et al., 2010). An acetyl moiety is then transferred from acetyl-CoA to
the newly formed N-termini catalyzed by a specific but uncharacterized ER-resident
acetyl-CoA acetyltransferase priming proteins for trafficking (Chang et al., 2008,
Osborne et al., 2010). In T. gondii tachyzoites, trafficking of the majority of rhoptry
and microneme proteins to their respective secretory organelles occurs through the
ER and Golgi. Rhoptry discharge requires proteolytic maturation of proteins at the N-
termini by aspartyl protease (ASP3) present at a post Golgi location termed as the
endosome-like compartment (ELC) (Dogga et al., 2017). Furthermore, a subset of
GRAs undergo proteolytic cleavage by ASP5 at the Golgi (Hammoudi et al., 2015,
Coffey et al., 2018).

In mammalian cells, acetyl-CoA is actively translocated into the ER lumen via an
acetyl-CoA transporter (AT1), a polytopic membrane protein belonging to a family of
symporters localized in the ER membrane (Jonas et al., 2010). AT1 mediated import
of acetyl-CoA into the ER facilitates acetylation of lysine residues on proteins by

resident NAT8 acetyltransferases (Jonas et al.,, 2010, Pehar and Puglielli, 2013,
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Dieterich et al., 2019, Farrugia and Puglielli, 2018). Homologues of AT1 can be
found in model organisms including Saccharomyces cerevisiae, Caenorhabditis
elegans and Drosophila melanogaster (Hirabayashi et al., 2004) but not in the
plastid-containing Arabidopsis thaliana plant model. A putative AT1 homologue has
also been localized to the ER both in P. falciparum (Lim et al., 2016) and T. gondi
(Tymoshenko et al., 2015, Barylyuk et al., 2020). However, the importance of acetyl-
CoA import into the ER and its role in post-translational acetylation of secreted
proteins have not been investigated to date. Genome wide fithess screens have
revealed that P. berghei AT1 (PbAT1) contributes to blood stage forms development
(Bushell et al., 2017) and is essential for transmission to mosquitoes (Stanway et al.,
2019). In contrast T. gondii AT1 (TgAT1) has a fitness score of -0.07 according to
the CRISPR-Cas9 screen, suggesting that it may be dispensable during the
tachyzoite stage in tissue culture (Sidik et al., 2016).

In this study, we performed an N-terminomics analysis of T. gondii and P. berghei.
This unveiled the occurrence of a dedicated N-terminal protein processing machinery
featuring proteolysis followed by acetylation in several compartments within
apicomplexan parasites, including the secretory pathway. Such frequent N-terminal
acetylation of proteins of the secretory pathway was never described so far in
another organism. Together, the data indicate the existence in these parasites of N-
acyltransferases exhibiting substrate specificity comparable to that observed for
NatA, B, C, D, E and H. Accordingly, homologs of several cytosolic Nat catalytic
subunits could be retrieved in the proteomes of T. gondii and P. berghei. A NAT8
homolog is so far the only likely candidate for ER-located protein acetylation and it is
essential for parasite growth. Likewise, AT1 is the only candidate to fuel the ER
acetylation pathway, independently of the acetyltransferase activity involved. The
gene encoding for AT1 was deleted in P. berghei and T. gondii, respectively,
resulting in considerable reduction of parasite fithess. Unexpectedly, global
acetylome profiling of both N-a-termini and e-lysine in both T. gondii and P. berghei
AT1-KOs reveals modest or no alteration of the acetylomes of secretory proteins.
Overall, this study highlights the role of AT1 in parasite fitness and specifically in
gametogenesis in P. berghei. This role is however not correlated with the protein

acetylation of ER-transiting proteins and suggests a bypass alternative route
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ensuring acetyl-CoA import occurring along the secretory pathway in the absence of
ATL1.

RESULTS

N-terminomics analysis unveils the existence of a typical N-terminal protein
processing machinery in Apicomplexa

The role of acetyl-CoA in the secretion pathway of apicomplexan parasites is poorly
understood. We searched for signs of its existence through protein modifications on
acceptor amino groups (i.e., N-a and N-¢ groups). Widespread N-¢-lysine-acetylation
(K-acetylation) of proteins has been observed in various compartments of T. gondii
RH parasites, including the ER (Kloehn et al., 2020, Jeffers and Sullivan, 2012, Xue
et al., 2013). In contrast, only a handful of studies is currently available on the
maturation of proteins via their N-terminus and the machinery involved in
apicomplexan parasites (Dogga et al., 2017, Chang et al., 2008). N-terminal
acetylation (NTA) profiles allow not only relative but also absolute quantitative
measurements, with stoichiometric assessment of the acetylation yield (i.e., [%
acetylated]/[% acetylated+non-acetylated]). To further get into the protein acetylome
of these parasites, we performed a global NTA quantitative analysis on both
parasites using the SILProNAQ procedure as described previously (Frottin et al.,
2016, Bienvenut et al., 2015). The complete unfiltered data search yielded 169 and
181 non-redundant N-termini for P. berghei and T. gondii, respectively (Table S1, S2
and Fig. S1A). The corresponding proteins arose from several compartments
including mostly the cytosol, the nucleus, mitochondria, ER and the post-Golgi
secretory pathway (rhoptries, micronemes, dense granules etc, Sheiner and Soldati-
Favre, 2008). The associated functions deal with protein synthesis, proteostasis
(chaperones/proteolytic), cytoskeleton (actin/myosins), glycolysis, Krebs cycle and
DNA-binding proteins including histones and the specific apicomplexan machinery
(see protein description, Gene Ontology and subcellular location annotations in
sheets 4 of Tables S1 and S2). The data showed that N-terminal Methionine
Excision (NME) occurs in apicomplexans with a specificity similar to that reported in
other eukaryotes (Fig. 1A). NME is slightly more frequent in T. gondii than in P.
berghei (Fig. 1A), probably determined by their respective codon usage. In contrast,
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the frequency of NTA was found to be lower in T. gondii compared to P. berghei
(67% vs 82%) (Table S1 and S2). However, NTA is associated with similar
specificities in both organisms (Fig. 1B), with Met, Ser and Ala N-termini being
almost systematically N-a acetylated (NTAed) (Tables S1 and S2 sheets 5). In
addition, quantitative analysis showed that NTAed proteins have high average
acetylation yields of 96+1 and 92+1 in P. berghei and T. gondii, respectively. NTA in
apicomplexan parasites follows the rules of acetylation identified in other eukaryotes
with substrates mostly arising from the activity of the major enzymatic complexes.
This involves the NatA complex specific for NME-induced N-termini, and NatB, NatC
and NatE, which modify proteins retaining an N-terminal Met (Fig. 1C). Furthermore,
N-terminal acetylation of histones H2A/B suggests the existence of an active NatD in
T. gondii. The identification of NTAed actin peptides (DEEVQALVVD) witnesses
NatH unique activity on N-terminal acidic residues (see TGME49 209030 in Table
S1, sheet 3). In P. berghei, the actin N-terminus was retrieved (GDEEVQALVI) which
does not appear to result from NatH but rather from NatA acetylation
(PBANKA 1459300 in Table S2, sheet 3). We noticed that NatA activity is favored in
T. gondii, similar to other eukaryotes (Fig. 1C, Fig. S1A and Table S1 Sheet 6). In P.
berghei, an unprecedented preference for NatB activity was noted, unique to our
knowledge and in agreement with a reduced NME process in this organism (Fig. 1C,
Fig. S1A and Table S2). Our data also indicate that the N-termini of proteins of all
major compartments of the parasites except the apicoplast could be identified. NTA
is similar in all compartments retrieved including ER- and post-Golgi-located proteins
of the secretory pathway (Table S3). Interestingly, T. gondii showed an unusually
high level of NTAed proteins belonging to the secretory pathway.

We compared this newly generated T. gondii dataset with reanalyzed and unfiltered
data from previous publications (Dogga et al.,, 2017, Coffey et al., 2018). The
analysis revealed a strong correlation of changes on the N-termini amongst all three
datasets (Table S1). Compilation of all these datasets brought 696 non-redundant
proteoforms with at least one N-terminal acetylated peptide with the following
characteristics: 159 N-termini start at the first Met and 318 at the second amino acid.
The NME rules imposed by methionine aminopeptidases specificity are identical to
those observed in other organisms (Martinez et al., 2008, Frottin et al., 2009, Frottin

et al., 2016). Filtering out downstream N-termini starting with a Met or having a Met
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at position -1, we additionally retrieved 87 N-termini (Table S1) accurately matching
the NME rules and thus strongly corresponding to the proper translation start and
allowing to re-annotate the N-terminus of those proteins. Among the retrieved N-
termini starting at position 1 or 2, we observed N-terminal acetylation of 161 N-
termini for which we could quantify the yield of NTA in 88 of them (Table S1).
Interestingly, the analysis of the N-terminal acetylated peptides in the enlarged
compiled dataset (Table S1) further confirms the existence of T. gondii N-
acyltransferases showing substrate specificity comparable to that observed for NatA,
B, C and E in other organisms (Aksnes et al., 2016, Giglione and Meinnel, 2021).
Similar results were obtained when we applied the SILProNAQ pipeline to P. berghei
extracts (Table S2 and Fig. S1A). Accordingly, homologs of the NatA/B/C/D/E/F
catalytic subunits NAA10/20/30/40/50/60 could be retrieved in the proteome of T.
gondii (Table S4). Homologs of only NAA10/20/30/40 were identified in P. berghei,
while NAA50 and NAA60 were missing as also appears to be the case in other
Plasmodium species including P. falciparum (Rathore et al.,, 2016) (Table S4).
Finally, we could identify a homolog of the auxiliary NAA15 subunit of the NatA
complex in Apicomplexa but failed to identify the auxiliary subunit HypK (Table S4).
We identified a homolog of the auxiliary subunit NAA25 of NatB in T. gondii but not in
Plasmodium spp (Table S4). As NAA25 was shown to be required for NatB activity in
yeast and mammal cells (Van Damme et al., 2012), the absence of identification of a
clear NAA25 sequence homolog in Plasmodium spp might mean that the catalytic
subunit of these organisms evolved to ensure the NatB function alone or another
non-sequence homolog protein ensures the auxiliary function. Additionally, as for
NatB, we did not identify either the NAA35 nor the NAA38 subunits, the auxiliary
subunits of NatC, in both T. gondii and P. berghei. NatH (NAA80) homologs could
not be retrieved either in apicomplexan parasites. Nevertheless, such activity does
exist in T. gondii as discussed before. Finally, the identified apicomplexan Nat
catalytic subunit domains showed strong similarities to those of all other eukaryotes
including human with the exception of NAA30 (Fig. S2).

N-terminal acetylation of new N-termini originating from proteolytic cleavage
along the secretory pathway in parasites

As reported above, our T. gondii N-terminal acetylome data features a high
percentage of NTAed proteins. 23% (42 entries; Fig.1A) displayed an N-terminal
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starting well beyond the second amino acid. 14 of them displayed acetylation with
yield >20%. From this list, we realized that 10 out the 42 needed to be discarded as
they start with a Met or on a residue which is preceded by a Met, which fits with NME
rules (see also above). Within the list of the NTAed peptides starting downstream of
position 2, we identified six proteins in the secretory pathway (GRA1, GRA2, GRA7,
GRA9, ROP9, SRS30C) for which NTA vyield was always higher than 95%, when
measurable. When the same filtering was applied to the qualitative and published N-
acetylomes (Dogga et al., 2017, Coffey et al., 2015) completed with our current
guantitative data, 94 proteins displayed both starts much beyond the N-terminal Met
and with doubtless NTA status (Table S1 and Fig. S1A). 31 of them - including some
GRAs, MICs, RONs, ROPs, SRSs, aminopeptidase N and aspartyl protease ASP5 -
are well-recognized to be associated to the secretory pathway and to undergo signal
peptide and/or further proteolytic processing. We noticed that several of these
proteins display multiple cleavage sites either within vicinal residues next to a main
proteolytic cleavage site or much beyond with NTA associated at each site compiled
(Table S1 and Fig. S1A). This implies that NTA may occur all along the secretory
pathway at the ER and results from several independent proteolytic cleavages
starting with signal peptide removal (Fig. S1B). As proteolytic processing of these
proteins was already described to occur in the ER, we concluded that an NTA
machinery is likely associated with the ER. Substrate specificity of this NAT appears
similar to that of a NatA, as it modifies mostly small residues like A, G, S, T or V. The
associated number of such proteins is as high as for cytosolic proteins. Yet, unusual
N-terminal residues including L, K and H were retrieved to undergo NTA, but for
none of them quantification was possible, preventing a conclusion about the
efficiency of this NTA. This unusual substrate specificity is very similar to that of
plastid GNATs (pGNAT) of plants, working on plastid-imported proteins after the
cleavage of the transit peptide (Giglione and Meinnel, 2021, Bienvenut et al., 2020).
However, no such pGNAT homolog could be retrieved in apicomplexan proteomes.
The low frequency of processed proteins in P. berghei (3 proteins) did not allow us
concluding whether Plasmodium spp. do also display such machinery. We cannot
exclude that ER NTA is associated to later differentiated states of the parasite or to
different interactions with the host.
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Together, the data suggest the occurrence of an N-terminal machinery located in the
ER of apicomplexan parasites, with specificity corresponding mainly to a NatA, but

also broader including NatB as the retrieved amino acids were A>>G, M, S, T or V.

T. gondii encodes multiple acetyltransferases that distribute to various sub-
cellular compartments

The above data suggest NTA activity in several compartments within apicomplexan
parasites. Using sequences of known eukaryotic N-terminal acetyltransferases
(NATs), the GCNb5--related N-acetyltransferases family, we performed genome
searches in ToxoDB.org and PlasmoDB.org and obtained 15 putative
acetyltransferase enzymes in T. gondii as reported before (Cova et al., 2018), 7 out
of 15 matching the human NAT enzymes already characterized (Table S4). In
addition, we examined the prediction of contribution of each putative enzyme to the
fitness of parasites as follows: T. gondii tachyzoites based on CRISPR-Cas9
genome-wide screen (Sidik et al., 2016), blood stage of P. berghei based on
detection of barcoded mutants (Bushell et al., 2017) and transposon mutagenesis in
P. falciparum blood stages (Zhang et al.,, 2018) (Table S4). The subcellular
localization of some of these proteins are predicted by hyperLOPIT results (Table
S4) (Barylyuk et al., 2020).

Because of their unusual primary structure featuring long N-terminal extensions
before the C-terminal acetyltransferase predicted domain which could influence their
subcellular localization and drive them to the ER, we focused on three T. gondii
genes encoding homologues of the conserved GNAT machinery for further
investigations of the ER acetylation machinery (Fig. S3A): TGME49 259070
encoding the putative catalytic NAA30 subunit of NatC (named TgNAA30),
TGME49 305450 encoding a putative NAT8 enzyme, an ER-resident protein N-
acetyltransferase (Ko and Puglielli, 2009, Mak et al., 2014), named TgNATS8, and
TGME49 221160 encoding a putative NAT with no known homologues, (named
TgNAT) (Table S4, Fig. S3A). The three selected putative NATs are predicted to
contribute to tachyzoite stage fithess based on their negative fithess scores
(TONAA30 -2.51, TgNAT -1.69, TgNATS8 -1.32) and all proteins bear the conserved
catalytic acetyltransferase GNAT domain (Fig. S3B). TgNATS is predicted to occupy
similar subcellular localization as its human homologue, while localization
information is missing for TJNAT and TgNAA30 (Table S4). TgNATS8 is conserved in
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all apicomplexans, whereas TgJNAA3O is present in Coccidia and Haemosporidia and
TgNAT is coccidian specific (Fig. S3A). We identified the NTAed terminus of
TgNATS8 located on Alanine 2 (Table S1, sheet 4) which is compatible with its
expression in Toxoplasma with a cytosolic N-terminal side and the GNAT domain
within the ER guided by the uniqgue TM-domain (Fig. S3B).

To study the function of these three enzymes, protein degradation elements, mini
auxin induced degron (mAID) coupled to 3-Ty epitope tags (2885 nucleotides), were
fused at the C-termini of TJNAT8 and TgNAA3O in parasites expressing the plant
auxin (IAA) reporter TIR1 (Brown et al., 2018) (Fig. S3C). Several attempts at fusing
the mAID-3Ty construct at the C-terminus of TgNAT were unsuccessful, plausibly
due to its bulk, hence a smaller DiCre driven Ul pre-mRNA degradation sequence
fused to 3-Ty epitope tags, (2473 nucleotides) were inserted at the C-terminus in the
endogenous locus (Pieperhoff et al., 2015) (Fig. S3D). These strategies allowed the
localization as well as the conditional depletion of the proteins upon addition of IAA
or rapamycin. Localization of the putative NAT and TgNAT8 was established through
immunofluorescence assay. NAA3OmMAID-Ty exhibited a granulated -cytosolic
appearance, matching the cytosolic localization of its homologues (Fig. 2A).
NAT8mAID-Ty exhibited a perinuclear, residual body and cytosol presence which is
representative of the parasite ER localization (Fig. 2A). NAT-U1-DiCre-Ty was
confined to the parasite nucleus and colocalized with the nuclear DNA marker DAPI
(Fig. 2A). Addition of IAA led to downregulation of the targeted proteins. Western
blots of extracellular parasites with or without treatment showed NAA30mMAID-Ty and
NAT8mAID-Ty to migrate between the 70 and 100 kDa, their predicted molecular
weights are 52 and 57 kDa, respectively, with subsequent protein loss upon
treatment with 1AA (Fig. 2B). Down-regulation of NAA30 did not affect parasite
development, assessed by plaque formation seven days post infection of confluent
human foreskin fibroblast (HFFs), (p=0.2619, -Auxin) and (p=0.9911, +Auxin) (Fig.
2C and 2D). Examination of the intracellular growth of parasites treated or not with
IAA for 24 hours showed that, downregulation of NAA3O did not influence parasites
replication (Fig. 2E). Depletion of TgNAT8 on presence of auxin led to a minor but
non-significant impact in intracellular growth (Fig. 2E). Concordantly, slight change in
plague formation were observed upon treatment of NAT8mAID parasites (p=0.3187,
-Auxin) and (p=0.0593, +Auxin) (Fig. 2C and D).

)
a
=
Q
(2]
>
C
©
£
©
Q
e
Q
()
O
O
<
[ ]
Q
O
[
2
O
wn
(I}
©)
(il
o
©
C
o
>
(e}
=




ATl is conserved in apicomplexan parasites

Among all identified candidates, the NAT8 homologue TgNAT8 might display
physiological function compatible with protein acetylation in the ER, when taking in
account its localization and parasite fitness. In addition, although NAT8 was so far
shown to acetylate lysine side chains, it is not excluded that this protein, as the
recent plastid GNATs, might display dual KA and NTA activities. Because
modification of the ER localized TgNAT8 induced drastic parasite development
defects, we surmised that perturbation of any member of the ER acetylation
machinery, particularly ER-AT1 might dramatically affect ER protein acetylation. As
NATs and NATS8 rely on Acetyl-CoA, we challenged the origin of this compound in
the ER. Mammalian AT1 translocates acetyl-CoA into ER lumen (Jonas et al., 2010)
while Plasmodium and T. gondii have an intricate acetyl-CoA synthesis and
utilization network (Fig. 3A). Therefore, we investigated the impact of deletion of the
ER-acetyl-CoA transporter AT1 on parasite fitness and its link to ER protein
acetylation.

Mammalian AT1 sequences are highly similar, the human AT1 is predicted to contain
a leucine zipper motif and multiple transmembrane domains (Hirabayashi et al.,
2013). AT1 is present in Coccidia, Haemosporidia and Cryptosporidia but appears to
be missing in Chromerida, Gregarina and Piroplasmida (Fig. 3B). T. gondii encodes
only one putative TgAT1 (TGGT1_215940). TgAT1 localization to the ER was
predicted through hyperplexed Localisation of Organelle Proteins by Isotopic
Tagging (hyperLOPIT) and confirmed by epitope tagging (Barylyuk et al., 2020,
Tymoshenko et al., 2015) (Fig. 3B). The protein contains 605 amino acids with 9
predicted transmembrane domains (TMDs) and a signal peptide at the N-terminus
(Fig. 3C). PbAT1 is encoded by PBANKA_0519800 and shares 30.5% amino acid
identity with TgAT1 (Fig. S4A). PbAT1 is expressed in both erythrocytic asexual and
sexual stages and with a peak of expression at the schizont stage (Fig. S4B and
S4C). The protein contains 557 amino acids with 12 predicted TMDs and a coiled
coil domain (Fig. 3B). PbAT1 and TgAT1 bear little similarity with the human AT1
sequence, 28.9% and 31.1%, respectively (Fig. S4A), which maybe be reflection of

divergent evolution with an unknown bearing on functional roles.
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ATl is important for erythrocytic proliferation in P. berghei

In a large-scale signature tagged mutagenesis study, deletion of PbAT1 was
reported to reduce growth of the asexual blood stage (Bushell et al., 2017, Stanway
et al.,, 2019). To further investigate the requirements for PbAT1 in erythrocytic
proliferation and in the Plasmodium life cycle (Fig. S4C and S4D), its encoding gene
was deleted using the PlasmoGEM knock-out vector PbGEM_265292 (Fig. S4E and
S4F) in the 820cllmfcll clone to produce 820cllPbAT1-KO, to facilitate the
phenotyping of sexual stages (Fig. S4G). This line expresses the green fluorescent
protein (GFP) and the red fluorescent protein (RFP) under the control of a male and
of a female-specific promoter, respectively (Mair et al., 2010). An independent
PbAT1-KO clonal line was generated in the 2.34 parental strain to produce
2.34PbAT1-KO (Fig. S4G), and used for phenotyping PbAT1 deletion by
immunofluorescence.

820cl1PbAT1-KO showed a 14-fold reduction (p=0.0002) of parasitemia compared to
the 820cllmfcll mother line 6 days after the intraperitoneal injection of approximately
50,000 parasites (Fig. 3E). To confirm this severe growth phenotype, we investigated
the relative growth of 820cl1PbAT1-KO compared with the 2.34 parental line in a
competition assay where a 5:1 820cl1lPbAT1-KO:WT ratio of parasites were
simultaneously injected. The kinetics of 820cl1PbAT1-KO and 2.34 parasite growths
were measured over 6 days by flow cytometry where 820cl1PbAT1-KO parasites
were detected by the expression of GFP and RFP, while 2.34 parasites were
detected by Hoechst staining. The 820cl1PbAT1-KO line was out-competed by 2.34
parasites in less than 5 days post infection (Fig. 3F). Proliferation of asexual blood
stages involves the invasion of new red blood cells (RBCs) by the merozoite forms
upon rupture of infected RBCs by mature schizonts (Fig. 3D). Following a 16h in vitro
culture, 820cl1PbAT1-KO ring and trophozoite stages formed microscopically normal
schizonts with a number of merozoites comparable to those of 820cllmfcll parasites
(p=0.6068) (Fig. 3G). To test whether the resulting merozoites were infective, blood
containing approximately 50,000 820cl1PbAT1-KO and 820cllmfcll schizonts were
injected intra-venously in naive mice, respectively, and the ring parasitemia was
determined 1h post injection by blood smear followed by microscopy. A similar
number of circulating ring forms were detected in the 820cl1PbAT1-KO and control
groups (p=0.1695) (Fig. 3H). Presently, unavailability of a continuous culture system

for P. berghei asexual blood stages limits the dissection of the entire RBC cycle in
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vitro. Furthermore, examining these steps in vivo is technically challenging. Despite
this, we have validated the findings that PbAT1 is crucial for proliferation in vivo.

PbAT1 is essential for the sexual development of P. berghei

PbAT1 was previously predicted to be essential for the parasite transmission to the
mosquito (Stanway et al., 2019) (Fig. S4D). Transmission of Plasmodium parasites
to the mosquito initially relies on an irreversible pre-commitment of a few asexual
stage parasites into female gametocytes (macrogametocytes) or male gametocytes
(microgametocytes). As gametocytes of both sexes mature, they dramatically reduce
their metabolic activity and become quiescent, waiting for uptake into the mosquito
during a blood feed to resume their development. In 820cl1PbAT1-KO parasites, an
average of 0.6% male gametocytemia compared to 1.32% was observed on day 3
following infection. Nearly no macrogametocytes could be detected in 820cl1PbAT1-
KO, with an average of 0.07% compared to 1.71% in wildtype parasites, resulting in
an altered sex ratio (Fig. 4A). The male gametocyte of 820cl1PbAT1-KO also
appeared as empty and morphologically different from the wildtype ones through
Giemsa staining (Fig. 4B). The findings therefore point to a role of PbAT1 during
gametocytogenesis or sex determination.

We then investigated whether PbAT1-KO microgametocytes were further able to
form microgametes. Shortly after ingestion by a mosquito, microgametocytes
undergo rapid gametogenesis at a permissive temperature in presence of
xanthurenic acid, a small molecule present in the mosquito midgut (Billker et al.,
1998). In about ten minutes, the haploid male gametocyte completes three rounds of
genome replication and closed endomitosis, assembles the component parts of eight
axonemes, and following nuclear division, produces eight flagellated motile male
gametes in a process called exflagellation. Ten minutes post-activation, only 30% of
the 820cl1PbAT1-KO microgametocytes had attained octoploid status compared to
90% of the wildtype group. 40% of the 820cllPbAT1-KO microgametocytes
remained haploid despite activation, while the remaining 20% and 10% attained
diploid and tetraploid status respectively (Fig. 4C). Subsequent investigations post-
activation of 2.34PbAT1-KO microgametocytes by immunofluorescence imaging also
revealed a defect in axoneme assembly and the absence of egress from the RBCs
(Fig. 4D and 4E). As a result, no active exflagellation centers were formed by
2.34PbAT1-KO microgametocytes p=0.0041 (Fig. 4F). Altogether, these findings
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implicate that PbAT1 plays a critical function in female- and male gametocytogenesis

associated with defective microgametogenesis in P. berghei.

TgAT1 is important for the lytic stages of T. gondii

To delete TQAT1, CRISPR-Cas9 mediated gene replacement with a drug selection
cassette approach was used (Fig. S4H) and transfectants identified by genomic PCR
(Fig. S4l). In T. gondii, AT1 was deleted in the RH strain (TgAT1-KO) and shown to
exhibit a significant defect in the lytic cycle development assessed seven days post
infection in vitro by plague size measurements on human foreskin fibroblast (HFFs),
compared to the wildtype (p<0.0001) (Fig. 5A and 5B). This defect in growth was
confirmed through growth competition assays (Fig. 5C). TgAT1-KO parasites also
displayed a slower intracellular development (Fig. 5D), but invasion of host cells was
not impaired (p=0.7207) (Fig. 5E). These findings were unexpected, given the fitness

score of -0.07, which indicates dispensability.

AT1 driven influx of acetyl-CoA into ER of apicomplexan parasites does not
impact N-terminal acetylation of T. gondii proteins

As all known NATs use acetyl-CoA as sole acetyl donor, it is expected that dramatic
acetyl-CoA depletion resulting from atl knockout might lead to decrease of the NTA
of such proteins. We, therefore, performed comparative N-terminomics analysis on
TgAT1-KO and wild-type parasites. The complete unfiltered data yielded 1499
identified N-termini (793 in the combined wildtype and 706 in the mutant samples),
including 200 non-redundant proteoforms (181 in wildtype and 143 in TgAT1-KO).
Out of this dataset, 140 unique N-termini were properly quantified (Fig. S1A). The
data were plotted on a distribution graph, to compare global acetylation between the
2 conditions (Fig. 6A). Overall, these data show no obvious decrease of NTA level in
the TgAT1-KO. Next, we looked at the correlation of the NTA observed in the
TgAT1-KO with respect to those of the same proteoforms in the wild-type, either
considering the total proteins set, or making the distinction between proteins that
underwent methionine excision (“+NME”) and the proteins that were NTAed on the
Met or on downstream amino acids (Table S1). Again, we observed unmodified NTA
yields in both conditions, regardless of the position of the modification or the nature
of the modified residue. We concluded that deletion of TJAT1 had no impact on the

N-terminal acetylomes in neither the cytosolic nor the ER compartment.
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We also analyzed the P. berghei data under enriched gametocytes conditions, (72%
gametocyte purity, 28% late trophozoites/schizonts) in the same AT1 deletion
context and compared the data to the wildtype sample. As in the case of T. gondii
samples, no alteration of N-terminal acetylome was observed in 2.34PbAT1-KO
compared to 2.34 wildtype gametocytes (Fig. 6A). In addition, as could be
anticipated from the data already with the WT, the data of the mutant did not provide
any additional information on the impact of NTA on secreted proteins. This could be
due to (i) the very low number of proteins detected (4) with remote N-terminus
caused by proteolytic cleavage and (ii) the absence of associated NTA in any of
those proteins. All four entries (PBANKA 0201600, PBANKA 0619200,
PBANKA 0501100, PBANKA 1334300), corresponding to ETRAMP, PSOP1, SEP2
and EXP2 proteins, display a signal peptide which was predicted to be cleaved.
Among them, we observed that a secreted ookinete protein (PBANKA_0619200)
displays a signal peptide featuring two cleavage sites in close proximity (positions 17
and 21), plausibly mediating entry into the secretory pathway. None of the neo-N-
termini is N-acetylated. Nevertheless, newly formed N-termini of secreted proteins
featuring NTA have been reported to occur in the ER of P. falciparum (Chang et al.,
2008, Osbhorne et al., 2010).

Loss of TgJAT1 modestly alters lysine acetylation of only a few proteins

To complete our results on the potential impact of blocking putative cytosolic acetyl-
CoA import on acetylation of proteins, we probed the K-acetylome of T. gondii
parasites lacking ATl and compared it with the WT parasites using mass
spectrometry (MS)-based label-free quantitative proteomic analyses. On the 313 K-
acetylation sites reproducibly quantified and belonging to 200 different proteins
(Table S5, Fig. 6B), three present on the same peptide of ribosomal protein RPS6
were found to be significantly hyperacetylated in the knock-out strain compared to
the WT, along with one site in phosphofructokinase PFKII and one in dehydrogenase
E1 component family protein (>2 fold and p-value<0.01) (Table S5, Fig. 6C). On the
other hand, six lysines carried by six different proteins (GRA2, trypsin domain
containing protein, AP2 domain transcription factor AP2X-7, and three hypothetical
proteins) were found to be hypo-acylated in the knock-out strain compared to the WT
(Table S5, Fig. 6C). We examined the subcellular localization of the differentially K-

acetylated proteins as assigned by hyperLOPIT data (Barylyuk et al., 2020) and the
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CRISPR/Cas9 based tachyzoite fitness prediction scores (Sidik et al., 2016). The
hyper-acetylated ribosomal protein RPS6 is a 40S ribosome protein found in the
cytosol and the AP2 domain transcription factor AP2X-7 have significant contribution
to tachyzoite development based on a fitness score of -4.58 and -3.39 respectively
(Fig. 6C, Table S5). The other three proteins localized to different secretory
organelles and the Golgi and are predicted dispensable for tachyzoite development
(Fig. 6C, Table S5). These findings suggest that TJAT1 is not a major driver of N-¢-
lysine acetylation.

DISCUSSION

Acetylation is a major modification of proteins. K-acetylation is known as a prominent
post-translational modification in malaria parasites (Doerig et al., 2015), plausibly
due to the high content occurrence of lysine residues as a result of its AT rich
genome (Chanda et al., 2005, Gardner et al., 2002). N-terminal a-acetylation (NTA)
of proteins not only occurs co-translationally in the cytosol but also post-
translationally at the Golgi and plastid (Giglione et al., 2015, Aksnes et al., 2019,
Linster and Wirtz, 2018). NTA modification seems to be less frequent on ER
translocated proteins and may be a modification inhibiting targeting of cytosolic
proteins into the ER (Forte et al., 2011). In this report, we assigned most
apicomplexan acetyltransferase catalytic subunits to their proper protein substrate
specificity either in the cytosol (NatA/B/C/E), the nucleus (NatD) or the inner cytosol
membrane network (NatF). The parasites have an unusually high level of protein
acetylation in the ER, and this process occurs at various stages along ER protein
maturation (Fig. 3A and Fig. S1B). The role of the acetyltransferase(s) involved in
both KA and NTA activities as well as the acetyl-CoA supply within the ER were
addressed.

The data suggest that the most likely candidate for ER protein acetylation is the
NAT8 homolog, the only ER-resident Nat in T. gondii. TNAT8 N-terminus could be
mapped in the course of our analysis and shown to display an N-terminal acetylation
on Ala2. This is a typical NatA (i.e., cytosolic) acetylation mark and absence of signal
peptide cleavage further suggests that the N-terminus is most likely oriented towards
the cytosol side as in mammals. With almost 300 residues, the disordered N-terminal

cytosolic domain is however unusually large compared to the mammalian ones
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(Farrugia and Puglielli, 2018, Ko and Puglielli, 2009) and its exact function is
unknown. Like animal NAT8s, TgNAT8 displays a single transmembrane domain
followed by the C-terminal GNAT acetyltransferase domain that is located within the
ER lumen as a result. This domain relies on an acetyl-CoA fuel to promote protein
acetylation in the ER. So far NAT8 is described to display Lysine acetylase activity in
mammals; nevertheless, as many studies now acknowledge, increasing number of
GNATSs exhibiting both activities do exist (Bienvenut 2020, Giglione & Meinnel 2021,
Meinnel et al. 2020). Therefore, one cannot exclude that TgNAT8 also displays N-
terminal acetyltransferase activity. If TgNat8 does not display this activity, similarly to
the NatH homolog which we could not identify in Toxoplasma, there are only four yet
unassigned GNAT homologs to propose as candidates (Table S4). Alternatively, one
could envisage that free NAA1O or NAA20 subunits variants for instance devoid of
the ancillary subunits might be translocated in the ER.

In mammals, AT1 activity is essential for cell viability and regulates cytosolic acetyl-
CoA levels and Ne-lysine acetylation of proteins in the secretory pathway, cytosol,
nucleus and mitochondria (Dieterich et al., 2019, Jonas et al., 2010, Farrugia and
Puglielli, 2018). Moreover, AT1l controls cell metabolism including lipids and
mitochondria bioenergetics (Dieterich et al., 2019). AT1 was the most relevant
candidate to supply acetyl-CoA in the ER. However, we did not observe a correlation
between AT1 inactivation and K- or N-terminal acetylomes variations of ER-
translocated proteins in Apicomplexa. This suggests the occurrence of an alternative
source of acetyl-CoA supplying the ER in addition to AT1. This alternative source
would be sufficient for the acetyltransferase catalyst(s) involved (e.g., NAT8) in the
absence of AT1. In this context, alternative routes of acetyl-CoA import in the ER
might occur for instance through the nuclear pore and the nucleus or through
mitochondrion-ER (Mallo et al., 2021) or plastid-ER contact sites or through acetyl-
carnitine or acetyl-aspartate exchange. AT1 could therefore be involved in the ER
acetyl-CoA pool to increase its content beyond the minimal concentration which
alternative processes could fulfill. In support of this hypothesis, depletion of cytosolic
acetyl-CoA in yeast has been shown to have no impact on global NTA of cytosolic
proteins (Varland et al., 2018, Cova et al, 2018). This suggests ER
acetyltransferase(s) to be effective with low acetyl-CoA values (i.e. <5-25 uM, the
average concentration in the cytosol (Pietrocola et al., 2015) and Km values of NATs

in the same range (Farrugia and Puglielli, 2018). As it is still required for efficient
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growth in apicomplexans without apparent effect on protein targets, our current data
also suggest a supplementary import activity of AT1 in addition to acetyl-CoA import
for protein acetylation. Whether this is related to other, higher range (i.e. >C2) acyl-
CoA import or to other small compounds is yet unknown. Finally, as we identify few
ER-resident targets but rather many post-Golgi targets, one cannot exclude that a
transporter functionally similar to AT1 fuels with acetyl-CoA the secretory
compartments downstream the Golgi. The very polarized secretory pathway of
apicomplexan parasites required for cell invasion indeed mostly involves a directed
gradient downstream the endolysosomal compartment (Sheiner and Soldati-Favre,
2008).

P. falciparum exported and secreted proteins are also processed and acetylated in
the ER (Chang et al., 2008, Osborne et al.,, 2010), this work). In Plasmodium,
increase of acetate/acetyl-CoA in the cytosol specifically up-regulates K-acetylation
status of acetyltransferases, transcriptional, ribosomal and translation related
proteins but it does not cause a generalized effect on the whole cellular K-acetylome
(Cobbold et al., 2016). This indicates that the ER acetyl-CoA pool is not limiting for
protein acetylation in this compartment. The molecular mechanisms governing
specific metabolic requirement between female and male gametocytes in
Plasmodium are elusive. Our results suggest a differential requirement for AT1
between females and males. Of interest are the nucleo-cytosol localized RNA/DNA
binding ALBA proteins in Plasmodium spp. (Reddy et al., 2015, Vembar et al., 2015),
whose functions are regulated by acetylation (Goyal et al., 2012). In P. yoeli
absence of a member of the ALBA family, (ALBA4) has been shown to be
deleterious to asexual forms development and activation of male gametocytes
(Munoz et al., 2017). Proteome-wide K-acetylation analyses of this mutant may
reveal substrates regulated by AT1 activity.

The different subcellular localization of the three investigated putative NATs in T.
gondii align with the occurrence of NAT maodifications in different compartments in
eukaryotic cells ie cytosol, ER and nucleus. Nevertheless, unlike plants (Giglione &
Meinnel 2021), while possessing a plastid, no plastid NAT could be identified in T.
gondii. Deeper investigation of the NATs and N-termini characterization in the
absence of the identified acetyltransferases (Table S4) would be required to fully

appreciate the functionality of this modification in Apicomplexa.
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MATERIALS AND METHODS

T. gondii parasite culture

T. gondii tachyzoites were grown in human foreskin fibroblasts (HFFs) purchased
from American Type Culture Collection-ATCC (CRL-2088 Ref# CCD1072SKk).
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) supplemented with 5% fetal
calf serum (FCS), 2 mM glutamine and 25 pg/ml gentamicin was used for
maintenance of the cells. RHAKu80 referred to as Tg or RH (Fox et al., 2009),
RHAKu80-Tirl referred to as Tir (Brown et al., 2018) and RH-Dicre (Pieperhoff et al.,

2015) strains were used as parental strains for generation of mutants.

Cloning of DNA and generation of constructs

Parasite genomic DNA (gDNA) was extracted using the Wizard SV genomic DNA
purification kit (Promega). PCRs were done using the Q5 (New England Biolabs),
GoTaq (Promega) and KOD (Novagen) polymerases with primers listed in
supplementary table (Table S6) according to manufacturer’s instructions. Cloning

was done in E. coli XL-1 Gold chemo-competent bacteria.

Parasite transfection and selection of stable mutants

To generate CRISPR/Cas9 directed TgAT1-KO strain, PCR was done using the Q5
site-directed mutagenesis kit on pSAG1::Cas9-U6::sgUPRT (Shen et al., 2014)
vector as the template to produce double gRNA plasmid pSAG1::Cas9-U6::dgAT1
using primers 8723/8724 as previously described (Krishnan et al., 2020). DHFR
cassette was amplified by KOD PCR using 5" and 3’ primers 8725/8726 that hold 30
base pairs homology to AT1 gene upstream and downstream of the two gRNAs.

To produce NAA30-mAID-Ty and NAT8-mAID-Ty strains, KOD PCR was done using
primers 9994/9995 and 9984/9985 for the NAA30 and NATS8 respectively on vector
pTubl-YFP:mAID:3Ty:DHFR:TS:HXGPRT as described in (Brown et al.,, 2018).
NAT-UI-Dicre-Ty was generated using KOD PCR product produced using primers
9991/9992 with vector pG152:KI:3Ty:Lox:SAG1:3UTR:HXGPRT.GB as previously
described (Pieperhoff et al., 2015). Single gRNAs for NAA30, NAT8 and NAT were
produced by PCR using Q5 site directed mutagenesis on pSAG1::Cas9-U6::sqUPRT
using primers 9993/4883, 9983/4883 and 9998/4883 for NAA30, NAT8 and NAT
respectively to generate pSAG1::Cas9-U6::sgNAA30, pSAG1::Cas9-U6::sgNATS
and pSAG1::Cas9-U6::sgNAT. The PCR products were precipitated in using sodium
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acetate and ethanol and resuspended in 100ul of water prior to transfection. Co-
transfections 30 pg of the gene specific gRNAs and respective KOD products in T.
gondii tachyzoites were performed by electroporation as previously described
(Soldati and Boothroyd, 1993). Resistant parasites were selected with appropriate
drugs, either Mycophenolic acid (25 mg/mL) and xanthine (50 mg/mL) or
pyrimethamine (1 pg/ml) for those carrying the HXGPRT (Donald et al., 1996) and
DHFR cassettes (Donald and Roos, 1993) respectively. GoTaq PCR analyses were
used to assess integration of DHFR cassette using primer pairs 8727/2017 for %',
8728/2018 for 3’ and deletion of AT1 using 8727/8728. The NAA30-mAID-Ty, NAT8-
mAID-Ty and NAT-UI-Dicre-Ty strains were confirmed by IFA and western blot
assays upon induction of protein degradation with 1 mM auxin dissolved in ethanol
or Rapamycin (Sigma) as appropriate. All primer sequences are listed in (Table S6).

Ethics statement
Experiments in mice were conducted under license number GE-30-13, according to
the guidelines and regulations issued by the Swiss Federal Veterinary Office.

P. berghei maintenance, purification and transfection

Maintenance and transfections in P. berghei were performed as previously described
(Balestra et al., 2020). Briefly, P. berghei ANKA strain (Vincke and Lips, 1948),
derived clones 2.34 (Billker et al., 2004), 820cl1 (Mair et al., 2010) and PbAT1-KO
parasites were grown and maintained in six-ten week old female CD1 outbred mice.
The mice were housed in rooms kept at 21 + 2 °C under a 12 h light/dark cycle. They
were kept in individually ventilated cages and fed commercially prepared autoclaved
dry rodent meals and water provided as often as necessary. Regular screenings
were carried out on the mice to ensure a pathogen free status. Microscopy on
methanol-fixed, thin blood smears stained with Giemsa was done to determine
parasitemia of infected mice. Gametocyte production was enhanced by treatment of
mice with phenylhydrazine three days prior to infection, followed by sulfadiazine (20
mg/L) treatment in drinking water a day post infection to clear the asexual forms.
Exflagellation of male gametocytes was assessed on day 3 or four post infection by
adding 4 ul of blood collected from a superficial tail vein to 70 ul exflagellation
medium (RPMI 1640 containing 25 mM HEPES, 4 mM sodium bicarbonate, 5% fetal
calf serum (FCS), 100 uM xanthurenic acid, pH 7.4. Exflagellation centres were
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enumerated per 100 microgametocytes, the percentage of RBCs infected with
microgametocytes was assessed on Giemsa-stained smears. Gametocyte
purification was done by adding collected parasites to suspended animation medium
- SA (SA; RPMI 1640 containing 25 mM HEPES, 5% FCS, 4 mM sodium
bicarbonate, pH 7.20). This was followed by gradient separation from uninfected
erythrocytes on a Histodenz (Sigma) solution made from 48% of a Histodenz stock
(27.6% [w/v] Histodenz in 5.0 mM TrisHCI, 3.0 mM KCI, 0.3 mM EDTA, pH 7.20) and
52% SA, final pH 7.2 and collection of gametocytes from the interface.

To delete PbAT1, Notl digestion was used to release the DNA insert from the
backbone of PlasmoGem AT1 knock out vector number PbGEM-265292 followed by
ethanol precipitation of DNA. For transfections, parasites were collected from mice
and grown overnight in vitro, the schizonts were then purified by gradient method,
using Histodenz solution made from 55% of the Histodenz stock and 45% PBS.
Schizonts were collected from the intermediate layer, centrifuged at 500 g for 3 min,
resuspended in 25 yl Amaxa Basic Parasite Nucleofector solution (Lonza) containing
10-20 pg of DNA (knock out linear vector) dissolved in 10 pl H,O.

Cells were electroporated using the FI-115 program of the Amaxa Nucleofector 4D.
Transfected parasites were subsequently resuspended in 200 pl fresh erythrocytes
and injected intraperitoneally into mice. Parasite selection was started one day post
infection using 0.07 mg/mL pyrimethamine (Sigma) in the drinking water (pH ~4.5).
Genotyping was done using primers GW2/QCR2 and GW2/GT to check for
integration of the vector into the locus, and QCR1/QCR2 and 6516/6517 primers to
check for wildtype locus. Primers sequences used are listed in (Table S6).

Antibodies

The following antibodies were used in this study; rabbit polyclonal a-GAP45, mouse
monoclonal a-Ty (BB2) as described before (Frenal et al., 2014, Plattner et al., 2008)
Anti mouse a-tubulin clone DM1A product number T6199 purchased from Sigma-
Aldrich. TER-119 monoclonal antibody was purchased from ThermoFisher cat # 12-
5921-82. For immunofluorescence assays, Alexa Fluor 488, Alexa Fluor 594 and
Alexa Fluor 680 conjugated to goat a-mouse or a-rabbit (Life Technologies) were
used. For western blot analyses, secondary peroxidase conjugated goat a-rabbit or

mouse antibodies (Sigma) were used.
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https://plasmogem.sanger.ac.uk/designs/final_vector/265292

Indirect immunofluorescence assay

Confluent HFF cells seeded on cover slips in 24-well plates were inoculated with test
strains for 24 hours. This was followed by fixation with 4% PFA/0.05%
glutaraldehyde (PFA/GA) in PBS and neutralization in 0.1M glycine/PBS for 3—-5 min
and processed with appropriate antibodies as previously described in (Plattner et al.,
2008, Nyonda et al., 2020). Immunofluorescence of gametocytes were performed as
previously described (Aurélia C. Balestra, 2020, Volkmann et al., 2012), briefly,
purified gametocytes were fixed with 4% paraformaldehyde and 0.05%
glutaraldehyde in PBS for 1 h. This was followed by permeabilization with 0.1%
Triton X-100/PBS for 10 min and blocking step in 2% BSA/PBS for 2 h. Primary
antibodies staining with a-tubulin and TER-119 (erythrocyte membrane marker)
diluted 1:1000 in blocking buffer was done followed by secondary antibody staining.
Confocal images were acquired with LSM800 Airyscan objective apochromat 63x/1.4
oil found at the Bioimaging core facility of the Faculty of Medicine, University of

Geneva. Z-stack sections were processed using the ImageJ software.

Flow cytometry analysis on gametocytes

The DNA content of male gametocytes was measured as previously described (Fang
et al., 2017). Purified gametocytes were resuspended in 100ul of SA medium and
activation induced by adding 100 ul of modified exflagellation medium (RPMI 1640
containing 25 mM HEPES, 4 mM sodium bicarbonate, 5% FCS, 200 uM xanthurenic
acid, pH 7.8). 800 ul of ice-cold PBS was rapidly added to the cells to inhibit
gametogenesis and cells stained for 30 min at 4°C with Vybrant dye cycle (Life
Technologies) then analyzed on Beckman Coulter Gallios 4. Male gametocytes were
selected on fluorescence by gating on GFP positive cells while female gametocytes
on RFP positive cells in the 820cll wildtype and derived PbAT1-KO parasites.
Percentage of micro and macro gametocytes was expressed as a percentage of all
parasite stages including asexual forms while DNA replication status was expressed
as a percentage of male gametocytes only. For each sample, >20,000 cells were

analysed.
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Western blot analysis

Freshly egressed parasites were pelleted and resuspended in RIPA buffer (150 mM
NaCl, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris pH 7.5 plus
protease inhibitor) and incubated on ice for 15 minutes. This was followed by
centrifugation at 14,000 r.p.m. at 4 °C for 15 minutes. The supernatant was
separated from the pellet in a fresh tube and mixed with SDS—-PAGE loading buffer
under reducing conditions. The preparations were transferred on to nitrocellulose
membranes and probed with appropriate antibodies in 5% non-fat milk powder
dissolved in PBS-0.05% Tween20. Proteins were detected through bound secondary

peroxidase-conjugated antibodies using the ECL systems (Amersham).

Intracellular growth

Confluent HFFs on coverslips were inoculated with the test strains and controls and
let to grow for 24 hours. The infected cells were fixed using PFA/GA and IFAs
followed using a-GAP45 antibodies. The experiment was repeated three
independent times and one hundred vacuoles enumerated in each experiment. The

data are presented as mean = SD.

Lysis plaque assay
HFFs were seeded into confluency and subsequently inoculated with freshly
egressed parasites. The infected cells were allowed to sit for 7 days and then fixed

using PFA/GA and plaque sizes revealed by 0.1% crystal violet (Sigma) staining.

Parasite growth competition assay
In P. berghei, PbAT1-KO parasites derived from the 820cll line and wildtype
parasite of 2.34 line were mixed in a 5:1 ratio respectively and infected
intraperitoneally into mice. Parasitemia was determined daily by flowcytometry and
gating was done for PbAT1-KO parasites based on fluorescence expression. Mice
were sacrificed 6 days post infection based on total parasitemia.

In T. gondii, TQJAT1-KO and RH (Tg) were each mixed with GFP expressing
parasites at an estimated ratio of 80:20 (test strain: GFP strain). HFFs were
inoculated with this mixture and parasite ratios determined by flow cytometry at each

passage as previously described (Nyonda et al., 2020)
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MS-based quantitative proteomic analysis of K-acetylome

Sample preparation

Five replicates of wild-type and AT1-KO freshly egressed parasites were lysed from
host cells by repeatedly by passage through syringe (3x 28G) and subsequently
purified through filtration (3um pore size, Millipore/Merck). The parasites were
subsequently pelleted at 2800 g, for 20 minutes at 4°C. 1ml of ice cold 8M urea in
50mM HEPES buffer with protease inhibitor at pH 6.6 was then added to the pellets
and resuspended gently using a pipette. This was followed by a sonication step of
the samples at 4°C in an ultrasonic bath for 10 cycles (10 seconds sonication on and
30 seconds sonication off) and immediately transferred on ice. Extracted proteins
were reduced using 20mM of dithiothreitol for 1 h at 37 °C before alkylation with
55mM of iodoacetamide for 45 min at room temperature in the dark. The samples
were then diluted using ammonium bicarbonate to obtain a urea concentration of 4M.
Proteins were digested with LysC (Promega) at a ratio of 1:200 during 4 h at 37 °C.
The samples were diluted again using ammonium bicarbonate to obtain a urea
concentration of 1 M. Proteins were then digested with Trypsin (Promega) at a ratio
of 1:200 overnight at 37 °C. Resulting peptides were purified by C18 reverse phase
chromatography (Sep-Pak C18, Waters) before drying down.

Enrichment of acetylated peptides

Dried peptides were dissolved in IP buffer (100 mM NaCl, 1mM EDTA, 20 mM Tris-
HCI, 0.5 % NP-40, pH 8). Acetylated peptides were mixed with anti—acetyl-lysine
antibody immobilized on agarose beads (ImmuneChem-ICP0388) and incubated
overnight at 4 °C. Following incubation, the beads were washed twice with IP buffer,
once with washing buffer (IP buffer without NP-40) and twice with ice cold ultra-pure
water. Elution was performed using 0.1 % TFA. Enriched peptides were then dried

down.

NanoLC-MS/MS analyses

The peptides were analyzed by online nanoliquid chromatography coupled to MS/MS
(Ultimate 3000 RSLCnano coupled to a Q-Exactive HF, Thermo Fisher Scientific)
using a 120-min gradient. Peptides were sampled on a 300 um x 5 mm PepMap C18
precolumn and separated on a 75 pm x 250 mm C18 column (Reprosil-Pur 120 C18-
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AQ, 1.9 ym, Dr. Maisch). MS and MS/MS data were acquired using the Xcalibur

software (Thermo Scientific).

Acetylated sites identification and quantification

RAW files were processed using MaxQuant (Tyanova et al., 2016). Spectra
were searched against the T. gondii database (ME49 taxonomy, version 30
downloaded from ToxoDB, the Uniprot database (Homo sapiens taxonomy, 2020-11-
27 version), the frequently observed contaminants database embedded in
MaxQuant, and the corresponding reverse databases. Trypsin was chosen as the
enzyme and six missed cleavages were allowed. Precursor and fragment mass error
tolerances were set at their default values. Peptide modifications allowed during the
search were: Carbamidomethyl (C, fixed), Acetyl (Protein N-term, variable),
Oxidation (M, variable) and Acetyl (K, variable). Minimum number of peptides and
razor + unique peptides were set to 1. Maximum false discovery rates were set to

0.01 at PSM, protein and site levels. The match between runs option was activated.

Statistical analyses

Statistical analyses were performed using ProStaR (Wieczorek et al., 2017).
Only acetylated sites with a localization probability above 0.75 were considered.
Peptides identified in the reverse and contaminant databases were discarded. For
the comparison of acetylomes between the mutant strain and WT strains, acetylated
sites were split into several lanes when they were identified on peptides bearing
various numbers of acetylated sites to allow the quantification of the different
peptidoforms. Only acetylated sites quantified in at least 4 replicates of one condition
were conserved. After log2 transformation, acetylated site intensities were
normalized using the vsn method before missing value imputation (slsa algorithm for
partially observed values in the condition and DetQuantile algorithm for totally absent
values in the condition). Statistical testing was conducted using limma. Differentially
abundant acetylated sites were sorted out using the following cut-offs: log2(fold
change) = 1 or < -1 and p-value < 0.01, leading to a false discovery rate < 1%
according to the Benjamini-Hochberg estimator. Acetylated sites found differentially
abundant but identified by MS/MS in less than three replicates and detected in less
than four replicates in the condition in which they were found to be more abundant

were invalidated (p-value = 1).
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https://toxodb.org/toxo/app

N-terminomics

The parasite pellets were resuspended in 0.2 mL of lysis buffer consisting of
50 mM HEPES/NaOH pH 7.2; 1.5 mM MgCI2; 1 mM EGTA; 10% glycerol; 1% triton
X-100; 2 mM PMSF; EDTA+ protease inhibitor. The protein were briefly sonicated to
ensure proper lysis, then incubated at 4°C for 1 hour. Samples were centrifuged 60
min at 4°C and 17 000 g, the supernatants were collected and the protein amounts
guantified using the Bradford method. 500 pg were then processed as described
(Bienvenut et al., 2017) with the exception of a few modifications detailed bellow.
Briefly, the proteins extracted from the biological material were labelled on their N-
termini and lysine g-amino groups using N-acetoxy-[2H3] succinimide, before being
subjected to trypsin digestion. The peptides obtained were then fractionated on a
Strong Cation eXchange chromatography, and the fractions number 2-11 were
individually analysed on an LTQ-Orbitrap velos mass spectrometer (Thermo)
coupled to a liquid chromatography. The data obtained were processed using
Mascot Distiller, respectively searching against a custom “ME49”-based T. gondii
protein database (v.30) or a P. berghei reference proteome set (UP000074855), with
the parent and fragment mass tolerance respectively defined to 10 ppm and 0.5 Da.
The quantitation results, along with each Mascot search output, were then parsed
using the ENCOUNTer script to obtain the final N-ter acetylome datasets. The
analyzed samples corresponded to the RHAKUS80 T. gondii strain (“WT”), and the
AT1-KO mutant (TgAT1-KO), and to the ANKA P. berghei strain as well as the
corresponding AT1-KO mutant (PbAT1-KO), with respectively either three or two

distinct biological replicates of each condition.
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Mass spectrometry proteomics data associated to the N-terminal and lysine
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acetylomes have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.protemeexchange.org)  via  the PRIDE  repository
(https://www.ebi.ac.uk/pride/; (Vizcaino et al., 2013)) with the dataset identifiers:
PXD029616 (Username: reviewer_rpxd029616@ebi.ac.uk, Password: ReQZ5fU5)
and PXD030932 (Username: reviewer pxd030932@ebi.ac.uk, Password:
BOyNgS97). The corresponding datasets (Tables S1, S2 and S5) are available at the
figshare repository (https://figshare.com/) with DOIls 10.6084/m9.figshare.19723183,
10.6084/m9.figshare.19723201 and 10.6084/m9.figshare.19723237.
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Figures
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Figure 1 Distinct N-termini acetylation of T. gondii and P. berghei proteins

A) Summary of N-terminal Methionine Excision (NME) in P. berghei and T. gondii. B)
Frequency of the retrieved N-terminal acetylated peptides analyzed according the
nature of the N-terminal residue in both P. berghei and T. gondii. C) Overview of
NAT substrate specificities. The number of N-terminal acetylated substrates with
each of the major active NATSs is displayed in a pie chart according to the classic

Nat-type substrate distribution available.
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Figure 2 Putative GNAT acetyltransferases localize to the ER and nucleo-
cytosol compartments of T. gondii

A) IFAs carried out using a-Ty antibodies and parasite periphery marker GAP45 on
endogenously C-term tagged NAA3OmMAID-Ty, NAT8mAID-Ty parasites and control
(Tir strain) under +/- Auxin conditions. NAA3OmMAID-Ty localize to the cytosol and
partially colocalizes with a cytosolic protein, IFA conducted with a-catalase
antibodies. NAT8mAID-Ty exhibits ER-like localization and NATU1-Dicre-Ty
localizes to the nucleus (Magenta- GAP45; green Ty-tag). Scale bar 5um. B)
Immunoblots showing migration of TJNAT8 and TgNAA30 proteins between 70 and
100 kDa. Positive regulation of proteins indicated by loss of a-Ty signal upon

addition of protein degradation inducer auxin for +24hours, Catalase was used a

e)
o
=
Q
(2]
>
C
©
£
©
Q
=
Q
()
O
O
<
(]
(O]
O
[
2
O
(%]
(]
©)
Y-
(0]
©
[
fe
>
(®)
=




positive control. C and D) Plagque assays of NAA3OMAID-Ty and NAT8mAID-Ty
parasites compared to control 7 days post infection of confluent human foreskin
fibroblasts treated +/- Auxin. No impact on lytic cycle is observed confirmed by
plague size quantification compared to controls. Results are means of plaque areas
+SD of 3 independent experiments. Unpaired statistical significance applied * p <
0.05 values (Table S7). E) Intracellular growth of NAA3OmMAID-Ty and NAT8mAID-
Ty. HFFs were infected with parasites and controls under +/- Auxin treatment and
examined 24 hours post infection. Number of parasites per vacuole enumerated and
shown as a percentage. A defect in replication observed in NAT8mMAID-Ty parasites.
Results are means =SD of 3 independent experiments. Unpaired statistical

significance applied * p < 0.05 values (Table S7).
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Figure 3 ATl is a fitness determinant of P.berghei erythrocytic forms

A) Schematic illustration of acetyl-CoA synthesis in the cytosol of T. gondii and P.
berghei by acetyl-CoA synthetase (ACS) and ATP citrate lyase (ACL) enzymes.
Presence of AT1 on ER membrane and presumed role of AT1 in import of acetyl-
CoA into ER lumen. Cleavage of peptides by Plasmodium Plasmepsin V (PMV)
enzyme and acetylation by unknown N-acetyltransferases and K-acetyltransferases
(NAT8) in the ER lumen. Aspartyl protease 5 (ASP5) and 3 (ASP3) cleave proteins
in Golgi and endosomal like compartment respectively in T. gondii. B) Summary of
conservation of T. gondii and P. berghei AT1 gene in the Apicomplexa phylum based
on BLAST search on VEuPathDB, expression of mRNAs at different stages of T.
gondii lifecycle compared to tachyzoite stage, prediction of contribution to fithess for
T. gondii based on genome wide CRISPR fithess screen (Sidik et al., 2016) and for
P. berghei based on genome wide knock out screen (Bushell et al.,, 2017),
localization of AT1 in T. gondii based on hyperplexed localisation of organelle
proteins by isotope tagging (Barylyuk et al., 2020) . C) Graphic of PbAT1 and TgAT1
proteins, indicating amino acid length and putative domains, transmembrane domain
TM, signal peptide SP, coiled coiled domain CC. D) lllustration of the steps in
Plasmodium blood stage cycle. E) Marked low parasitemia in mice infected with
820cl1PbAT1-KO parasites compared to wildtype measured by flow cytometry and
presented as percentage parasitemia. N=5 per group. F) 820cl1PbAT1-KO are out
grown by wildtype parasites in vivo during parasite growth competition assessment
by flow cytometry in 5:1 ratio of ko:wildtype. N=5 per group (Table S7). G)
Comparable number of merozoites per schizont in wildtype and 820cl1PbAT1-KO
parasites counted from purified schizonts indicating normal development during the
blood stage cycle. 100 schizonts counted per experiment, Box and whisker plots with
minimum and maximum values, (n=3) (tBALE S7). H) Fewer rings detected post
infection of mice with equal number wildtype and 820cl1PbAT1-KO schizonts, n=3,
plot is of means areas +SD. Paired t test of statistical significance applied * p < 0.05
values (Table S7).
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Figure 4 Impaired gametocytogenesis and gametogenesis in absence of
PbAT1.

A) Flow cytometry measurements indicate fewer male microgametocytes (GFP) and
no female macrogametocytes (RFP) detected in 820cl1PbAT1-KO compared to
wildtype parasites. Plot is percentage of cells expressing GFP or RFP per asexual
forms, (n=4), means areas =SD (Table S7). B) Representative image of Giemsa-
stained blood films of purified gametocytes show 820cl1lPbAT1-KO male
gametocytes appearing hollow compared to controls. C) Defective gametogenesis of
male microgametocytes in 2.34PbAT1-KO examined by IFA at 0 minutes -XA and 10
minutes +XA; (tubulin -magenta), egress from RBCs (TER-119, erythrocyte
membrane marker-green) and DNA replication (DAPI) indicate absence of DNA
replication, egress from erythrocytes and axoneme formation 10 minutes post XA
activation. Inset representative images: IFA of WT 2.34PbAT1-KO. Scale bar 2um.
D) Plot showing impaired gametogony, quantification of microgametocytes in
2.34PbAT1-KO displaying axoneme assembly and egress from RBCs compared to
wildtype parasites. N=3, plot is of means areas +SD (Table S7). E) 820cl1PbAT1-KO
do not form exflagellation centers measured as motile active gametocytes 15

minutes post XA-activation. N=3, plot is of means £SD (Table S7).

e
o
=
(U]
(2]
35
C
©
£
©
()
)
Q
()
()
()
<
(]
(O]
()
C
2
()
(s}
(]
©)
G
(0]
©
C
-
35
(®)
=




100

80

60

Cells (%)

40
Tg TgAT1-KO ® g

@ TgAT1-KO

20

0 1 2 3 4
Number of passages

=

(=]

o
-
o
o

Number of vacuoles (%)
3
O
O
>
Parasites inside
the host cell (%)
N
o

o
|
=]
N

Tg TgAT1-KO g TgAl#RO

Figure 5 AT1 is a fitness conferring in T. gondii tachyzoite forms

A) Plaque assay of TgAT1-KO parasites and control (Tg) 7 days post infection on
confluent HFFs show severe impact on lytic cycle in TgAT1-KO parasites, inset
representative image of 3 independent experiments. B) Plaque size quantification of
TgAT1-KO compared to control (Tg) show significantly smaller Iytic plaques formed
by TgAT1-KO. Results are means of plaque areas #SD of 3 independent
experiments. Unpaired statistical significance applied * p < 0.05 values (Table S7).
C) Flow cytometry assessment of parasite growth in a competition assay of TgAT1-
KO with RHGFP parasites as an internal control over 4 consecutive lytic cycles in
HFFs validates the significant defect in development (Table S7). D) Intracellular
growth assay, HFFs were infected with TQAT1-KO parasites and controls. IFAs were
performed using GAP45 antibodies at 24 hours and number of parasites per vacuole
enumerated and shown as a percentage. N=3, plot is of means +SD (Table S7).
Slower intracellular growth of TgAT1-KO parasites compared to wildtype (Tg) is
observed. E) Normal ability of TgJAT1-KO parasites to invade HFFs. Results are
means £SD of 3 independent experiments. Unpaired statistical significance applied *
p < 0.05 values (Table S7).
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Gene name Gene ID  Fitness (KO/WT) Localisation (LOPIT) L) L) ¢ ®
ribosomal protein RPS6 | 1\ 149 210600 2.01 408 ribosome 06 3.0 19 23
(RPS6)
phosph&ﬁ:zﬁkmse TGME49_226960 135 Cytosol 17 16 17 20
dehydrogenase E1 componentl .\ /=40 30490 | -1.89 1.02 Mitochondrion - soluble 1.1 2.1 34 27
| family protein _
den 9"?6“::2“)’““ CRA2 | \ME49 227620 191 Dense granules 0.1 5825 30529 | -3052.9
mm(m‘f;';’m TGME49 214840 | -3.39 -1.40 nucleus - chromatin 12 45 41 35
trypsin domain-containing |+ \1z49 262020 | 0.56 147 Rhoptries 0.1 48 87 -6.0
protein
hypothetical protein TGME49_216060 | 0.12 -1.15 Nucleus - chromatin 13 -23 -3.0 -2.2
hypothetical protein TGME49_271740| 0.36 -1.88 Nucleus - non-chromatin -1.2 -3.0 -3.2 -2.8
hypothetical protein | TGME49_212220 - 191 Golgi 03 1.1 1.1 11

Figure 6 Lysine and N-terminal acetylome remain globally unalterated in both RHAT1-
KO and PbAT1-KO

A) Comparison of NTA yield of retrieved N-termini of proteins in TgJAT1-KO and PbAT1-KO
with corresponding WT (Tg and Pb, respectively). B) Comparative depiction of acetylation
sites of TQAT1-KO parasites and RH using Volcano plot. Statistically significant differences
are determined as indicated in the materials and methods. In black, unchanged acetylation
sites, in red hyperacetylated and in green hypoacetylated (> 2-fold, n=3). C) Summary of
proteins with hyperacetylated and hypoacetylated sites indicating their hyperLOPIT predicted
localization (Barylyuk et al., 2020), CRISPR Cas9 fitness prediction (colour gradient; blue
dispensable, red essential)(Sidik et al., 2016) and mRNA expression at different stages

compared to tachyzoite.
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A RH-WT RH-AT1-KO
. . Total
Pb-WT PbAT1-KO Tt (3 replicates) (3 replicates)

(2 replicates) (2 replicates) . .
Identified N-termini 793 706 1489
Identified N-termini 403 459 862 Non-redundant
181 143 200
Non-redundant
. 169 188 229 protecforns
proteoforms Quantified N-termini 118 101 140
Quantified N-termini 101 105 132 Full acetylation (NTA > 95%) 66 63
3 o )
Full acetylation (NTA > 95%) 72 76 Partial acetylation 13 8
Partial acetylation 11 13 )
No acetylation (NTA < 5%) 39 30
No acetylation (NTA < 5%) 18 16
+NME (pos. 2) 68 61 76
+NME (pos. 2) 45 41 52 :
. Full acetylation (NTA > 95%) 37 38
Full acetylation (NTA > 95%) 24 22 . .
Partial acetylation 7 8 Rartiallacetiation 8 7
i 0
No acetylation (NTA < 5%) 14 11 hlolacetyiationl(NILASISH ) % 16
NME (pos. 1) 55 62 78 iMet (pos. 1) 20 15 25
Full acetylation (NTA > 95%) 48 54 Full acetyfation (NTA > 85%) 16 13
Partial acetylation 4 5 = Partial acetylation 2 0
No acetylation (NTA < 5%) 3 3 _ No acetylation (NTA < 5%) 2 2
Processed (pos. > 2) 30 25 39
Full acetylation (NTA > 95%) 13 12
Partial acetylation 3 1
No acetylation (NTA < 5%) 14 12
B Signal peptide  ER proteolytic cleavage (ASP1/3/5; MMP1/2...)
cleavage
26-45/65 | downstream cleavage sites (<100) Active protein
ER NTA

Fig. S1. Model for ER NTA in T. gondii

A) Summary of the NTA status and NME positioning of proteins in P. berghei and T.
gondii. B) ER-NTA plausibly involves large spectrum Nat activity at the Signal peptide
cleavage site, at the ER proteolytic cleavage site and within 100 amino acids

downstream of cleavage.
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1 [ — 221 TGME49_219760

B TgNAA
|
g 235 HsNAA10 BN HsNAA
1 N 205 44% identity Bl Homology

11 | 149 COGO0456/pfam00583

1 166 TGME49_289900
1 T 178 HsNAA20

Il GNAT domain hit

NAA20
1 I 161 59% identity
1] | 156 C€OG0A456/pfam00583
1 I, 464 TGMEA49_259070
1 I 362 HSNAAS30
NAA30 172 I DN e 430 48% identity

155 | | 435 coGo456/pfam00583

1 N 236 TGME49_260010
1 T 169 HsNAA50
45 I 202 37% identity

NAAS50

45 | | 193 coG0456/pfam00583

Fig. S2. Domains of candidates encoding the catalytic domains of Nat catalytic subunitsin T.
gondii.

Human catalytic subunits of NatA-E (ie NAA10-20-30-40-50) were used to challenge and identify the best
matches in T. gondii using PSI-BLAST at NCBI. The identified sequences from the TGME ecotypes (one per
subunits, blue) are indicates together with their alignment with the human counterpart (green), the homology
regions (purple) and the identity percentage. The most significant structural domain hits (orange) are
specified. They all correspond to the GNAT family N-acetyltransferase (domain architecture ID
11418877).
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A

Catalytic
Enzyme  Sub-unit  Substrates Lac Gene ID LOPIT

TGME49_259070 | N.A | -251| 0.78 | 1.80 | 1.30 | 1.50
NatC  [NAA3Q ML,MI, R,C -
S g ® e Cl0Oe
PBANKA_1225200) N.A

peptidyl-lysine TGME49_305450 | ER | -1.32| -2.11| -1.20| 1.40 | 1.30
NATE |NATS  |N&-acetyiation of| ER ® 0 0 0 0 0 y-...
various proteins PBANKA_0611800| NA | E () Aosent
Not
NAT TGME49_221160 | NA | -1.69|-064 | 320 | 3.00 | 400 | @ | O | O O @ 0%
NATS (ER)
B 227
NAT8_Human I |TMm Acety\traﬂsfera
Disordered region 519
TouBe s T S ST W T |
TMD TMD cc Disordered region 508
PBANKA_0611800 [ B il | | T [ TAcetiuanskrase GNAT] ]
(NAT8?)
NAT (Unknown)
TMD 437
TGME49_221160  [EF ] [ Deodeedregon [ reovient ]
NAT?
NAA30 (Ribosome, Cytosol)
362
NAA30_Human [T Treymense -
Disorder CC 464
TGME49_259070 [0 acevmansiemsecnar 111 | 0 |
NAA30? EI ‘
Disorder ccC 225
PBANKA_1225200 Ll_u | Acetyltransferase_:
NAA30?
c D
[
) o )
LoxP LoxP
U1 degradation
containing sequence
+ Rapamycin
Auxin inducible degron Dicre- mediated U transposition,
(AID]tag pre-mRMA degradation
+ Auxin
AR

Transgenic
Auxin Receptor,

+ Ubiguitin

Proteosomal
degradation

Fig. S3. Characterization of putative TQGNAT acetyltransferases

A) Summary of the key characteristics of the three targeted putative GNAT acetyltransferases in T. gondii.
Conservation based on BLAST search on VEuPathDB, expression of mRNAs at different stages of T. gondii lifecycle
compared to tachyzoite stage, prediction of contribution to fitness for T. gondii based on genome wide CRISPR fitness
screen (Sidik et al., 2016), localization in T. gondii based on hyperplexed localisation of organelle proteins by
isotope tagging (Barylyuk et al., 2020). B) Schematic illustration of the putative, TJNAT8, TgNAT and TgNAA3O0 proteins
together with existing human and P. berghei homologues. Positioning of the putative transmembrane domain TMD, coil
coil domain CC, signal peptide SP and the catalytic acetyltransferase domain are indicated. Protein down regulation
strategies by C-term tagging of gene of interest with C) the Auxin inducible degron followed by protein degradation upon
treatment with Auxin (IAA) D) DiCre mediated insertion of U1 recognition sites and recruitment of U1 machinery and

pre-mRNA degradation upon treatment with Rapamycin.
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Fig. S4. Genome editing strategy to obtain PbAT1-KO and TgAT1-KO strains A) Multiple sequence alignment in
MultAlin of AT1 sequences from P. berghei PBANKA_0519800, T. gondii TGME49_ 215940, Mus musculus
Q99J27, and Homo sapiens 000400 and Saccharomyces cerevisiae P38318. Residues in red are highly
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conserved, blue weakly conserved and dot in consensus denote no conservation. B) Schematic illustration of the
complete life cycle of rodent Plasmodium. C) mRNA expression of PbAT1 during different stages of the life
cycle, data extracted from (Caldelari et al., 2019). D) Detection of gene specific barcodes predicts essentiality of
PbAT1 for development in the mosquito, data extracted from (Stanway et al., 2019). E) lllustration of steps taken to
obtain PbAT1-KO including transfection of knock out vector in schizonts, infection of transfected schizonts and
clonal dilution in mice and PCR for genotyping. F) PbAT1 replacement in both 820m1cll and 234 parental strains
by homologous recombination using PbGEM targeting vector containing drug selection marker. G) PCR on
gDNA extracted from wildtype and PbAT1-KO carried out with primers indicated, expected amplification product
sizes indicated. Primers sequences listed in supplemental (Table S6). H) TgAT1-KO knock out strategy using
specific gRNAs and CRISPR-CAS9 and homologous recombination replacement by selectable marker. 1) PCR
on genomic DNA expected sizes indicated, primers sequences listed in supplemental (Table S6).
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Table S3. Relationships between NTA and protein compartmentalization and associated function in Apicomplexa
The data compile the annotations of data available in Table S1 and S2 for each parasite (see Sheets 4 and 3, and columns E-H,P
and D-G,S, for P. berghei and T. gondii respectively).

Parasite Plasmodium berghei Toxoplasma gondii

Number of N- % N- Number of N- % N-
Compartments Sub-category (function) | Number % ° Number % °
acetylated acetylated acetylated acetylated

DNA-binding 18 9% 13 72% 13 9% 9 69%

NUCIeUS |mport 4 2% 3 75% 0 O% 0 =

RNA maturation 20 10% 11 55% 8 5% 5 63%
Translation 34 18% 17 50% 27 18% 12 44%
Proteostasis 33 17% 20 61% 20 14% 13 65%

Energy metabolism 11 6% 5 45% 9 6% 56%
Cytosol General metabolism 12 6% 10 83% 11 8% 82%
2% 33% 1 1%
4% 38% 6 4%
1% 50% 7 5%
4% 57% 7 5%

Golgi & Post-Golgi 5% 22% 16 11%
Mitochondria 2% 67% 11 8%
Plasma membrane 26 14% 14 54% 9 6%
Vacuole 1 1% 0 0% 1 1%
Apicoplast 0 0% 0 - 0 0%

Total/average 191 100% 106 55% 146 100%

Redox
Signaling
Cytoskeleton

67%
86%
100%
50%

Endoplasmic Reticulum

Secretory

N[N A R|w]|-

56%
100%

ORIV kP[] N[OO|>|O|LO (U

(o]
[V, ]

58%

- —
Table S4. GNAT candidates in apicomplexans £
GCNs-related Tamily - GNAT ——————— Essentialty Transcriptomics (RNA Seq) FC vs. tachyzofies _ Protein information P falciparum Pberghel ©
Usual )
Common name Catalytic subunit/ | Gene ID Human Substrates subcellular | Conservation Annotation  |LOPIT 5 Gene product 5 guides Bradyzoites [Merozoites |Gametes [Oocyts |# TM domains |Voecular Signal peptide |Gene ID. Essentiality Gene ID Essentiality
Auxiliary subunits |catalytic subunit upelar weight (kDa) (e
NAALO HGNC:18704 Yeast, Plants, NAALO outier TGME49_219760 |N-acetyltransferase famil protein -0.13 110 120 140 |wa 2464 va PFaD7_1003300 |Essential PBANKA_1201700|n/a Q’
ata Protein N-termini starting with |  Ribosome, (i
NAATS ASTV.CG Cytosol, Nucleus NAALS ToMED 223710 T PF3D7_1244100.1]
HYPK Not in some fungi HYPK [No match | [No match
NAAZ0 HGNC:15908 Protein N-termini starting with | Ribosome, | Yeast, Plants, NAA20 Not available TGME49_289900 |N-acetylransferase famiy protein 134 220 150 170 |va 19,00 wa PFaD7_0100500 |Essential PBANKA_0204100(n/a
NaiB MD,ME,MNMQ Cytosol Metazoa w
NAAZS MEMN v NAAZS [TGME49_203750 T No match
—
NAAZO HGNC:19844 NAAZD Not available TGME49_259070 |acetylansierase, GNAT faily protein o.78 180 130 150 |wa 5185 wa PFaD7_0805400 |Dispensable PBANKA_1225200 Dispensable Q_
e Protein N-termini starting Ribosome, | Yeast, Plants,
NAA3S with ML, MI, MF, MY, MK Cytosol Metazoa - No match No match Q_
NAASB E No match | No match S
Ribosome, | Yeast, Plants,
NaiD NAAdD HoNC:25845 istones (24 and He) SGRGK| o SOSOTE | EREL Pl NAAd0 Nucleus-chromatin ~ [TGME49_230060 |acetylransferase, GNAT faiy protein 110 130 110 |wa 37,24 wa PFaD7_1323300 |Dispensable PBANKA_1338500|n/a U)
Protem NG Sng Wil | oo | vouet Prarts
NatE NAASO (within Nat) [HGNC:29533 us, e s | o, Pants. NAASO (Cytosol TGME49_260010 acetyltransferase, GNAT famiy protein 180 180 200 |va 25,83 va wa a wa va ®
MT. MA, MV, ML M, E, v, | YOS
NatF NAAGO HGNC:25875 Membrane protein N-termini | ¢, i merprane | Yeast: Plants, NAAGO Not available I TGME49_260550 [acetyltransferase, GNAT family protein 1,10 1,20 130 |va 81,68 a va va a va m
starting with ML, MI, MY, MK Metazoa
Chloroplast lumenal proteins . U
NatG NAATOINAASD v Plastid Plants No match No match
"Actin N-termini starting with C
Metazoa, not
NatH NAABO HGNC:30252 DDD, EEE or DEE at positions | oyioc5 identified in plants NAASO No match* No match*
2 or 3 unmasked by e f q)
ungi
release
PMID:20362701 Internal ysine side chains of Metazoa, not y
NATS PMID:10011241  |HGNC:18069 P ER identiied in plants. NATS R TGME49_305450 |acetyliransierase, GNAT faiy protein 120 140 10 1 56,86 wa PFaD7_1437000 |Essential PEANKA_0611800 |Essential (@]
7 and fungi
ACATL PMID: 1979337  |HGNC:93 B’a"hes:t‘usg;:r':‘“" acid | yitochondria Mitochondrial ACAT |Mitochondria I TGME49_301120 |acetyl-CoA acetylransferase 1,90 1,70 150 | 143,89 a PF3D7_1450900 |Essential PBANKA_1314600 |Essential U)
ATATL alpha tubuin ; =
i HoNC:21186 Cytoskeleton ATAT Not available TGME49_319600 [alpha-tubuiin N-acetyliransierase, putative .20 -1.20 180 [na 98,57 wa PF3D7_0024900 [Dispensable wa wa —
3ketoacyh-CoA thiolase, HGNC:82 Peroxisome ACAT Not available I TGME49_273740 [acetyk-CoA acyliransferase B, putative 102 56.3+ 3190 |va 144,40 na PF3D7_1450000 |Essential na na w
peroxisomal (ACAAL) U
Homoserine O- Plastid Apicoplast HTA, {1 2 ailable I TGME49_320730 [homoserine O-acetylransferase, putative 21.4¢ 1239+ [50.6* |wa 148,02 NN Sum: 4, NN va va wa va
M domain (82-102), +
» acetyltransferase " [Golgi ToME49_210250 GNAT famiy protein 1,30 150 110 1 89,52 va a a va va o
2 2 [Cytosol [TGME49 243600 GNAT family protein 1,10 2.30 190  [wa 55,43 na [PF3D7 0629000 [Essential PBANKA_1127600|a ——
2 7 Not avaiable [TGME49_210180 ‘GNAT faiy protein 150 -2.90 140 |wa 84,40 wa a a Wa wa O
7 Not available TGMEA9 221160 GNAT famiy protein .20 3.00 200 |wa 48.87 a a a wa Wa C
2 (no match) or E value greater than 0.05 A
*the aciivity occurs in T. gondii as the acetylated version of actin was retrieved on E3. In P. berghei only the acelylated version on G2 was identified -
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Table S6. Oligonucleotides used in this study

Primer name

Nr

Enzy
me

Sequence (5'-3")

Resulting plasmid

GTAAATGGGGATGTCAAGTTGCTCGGCTGCGA

TOAT-LgRNAL | 8723 | - CGTCTCTCGTTTTAGAGCTAGAAATAGC CRISPR/Cas9
GCTATTTCTAGCTCTAAAACACGAATCTCCACC
TOAT-1.gRNA.2 | 8724 | - CGCCACTCAACTTGACATCCCCATTTAC CRISPR/Cas9
TCGCTCTACTCTTCTCTCTCCGTTCGCGGCCG
TgAT-1-DHFR.1 | 8725 | - CTCTAGAAGTA TgAT-1-DHFR.1
GGAGAAAGTTCTCTCGACGCTCCATGCGGAAG
TgAT1-DHFR.2 | 8726 | - ATCOGATOTTGE TgAT-1-DHFR.2
gRNA.1 4883 | - AACTTGACATCCCCATTTAC CRISPR/Cas9
TgDHFR.1 2017 - GTCACTTGTTGTGCCAGTTCTAC Primer for screen
TgDHFR.2 2018 - CTTGGGGGTCATCGCGACGACCAGAC Primer for screen
TgAT-1.3 8727 | - GTGTCTCCTCTTTCTCTCGTTTCCTATG Primer for screen
TgAT-1.4 8728 | - CTTCGTATTTCCTTTGCGTGGTGGC (F;'brgeTr_“l‘f[(%")ree”
QCR1 6354 | - TGGCGCGATTAGCAACACACA (F’F[gt‘A‘*Tr_fl‘f[(%c)ree”
QCR2 6355 | - AGGTTGAAAGAAAGGCACCA ggﬁ_ﬂg{ee”
GT 6515 | - GAACAGTCAACATCCCCACAATAGTAAAC Primer for screen
Primer for screen
GW2 6440 | - CTTTGGTGACAGATACTAC PbAT1.KO)
PbAT-1.1 6516 | - CAACCCAAGATATTGCAGTGGATG Primer for screen
PbAT-1.2 6517 | - GTTCCGCCAATCTGTGGATCTG Primer for screen
HDHFR.1 5428 - GCCATGCATGCTGGTTCGCTAAACTGCATCG Primer for screen
CCGGCTTAGCTTAATCATTCTTCTCATATACTT .
HDHFR.2 5429 - CAAATTTGTAC Primer for screen
GCAACGTCTCTGGTTGTAGCCGTTTTAGAGCT
TgNAT.gRNA.1 9988 | - AGAAATAGC CRISPR/Cas9
. TGCGTCGCTGGGCAGAGCAGGAAGAGGAAAG .
TgNAT.UI-Dicre.1 | 9991 | - TOGCGEATGOATTGOAG TgNAT-Dicre.1
. GCCTCGTTTCGCCAGGATTCTGGCCCAGACCA .
TgNAT.UI-Dicre.2 | 9992 | - CCAAACAGCTATOAGCATG TgNAT-Dicre.2
GCATCTAAATGTGTATAGATGTTTTAGAGCTAG
TgNAA30.gRNA.1 | 9993 | - AATAGC CRISPR/Cas9
AAGATTCTCAGCACATCCACTTGCTGGTGGGC
TgNAA30.MAID.1 | 9994 | - TAGCAAGGGOTCGGG TgNAA30-mAID.1
CAGGACACACTGACACACCGTTCTACATATAT
TgNAA30.MAID.2 | 9995 | - ACGACTCACTATAGGG TgNAA30-mAID.2
GTTCGCGCGTCGTGCCACAATGTTTTAGAGCT
TgKAT.gRNA.1 9983 | - AGAAATAGC CRISPR/Cas9
GCGTTCAATCTTCCCTCCTCCATCCTCGACGC
TgKAT.mAID.1 9984 | - TAGCAAGGGCTCGOG TgKAT-mAID.1
AGAAGAGTTGAACAGAGCTGAGAGAAGGCGA
TgKAT.mAID.2 9985 | - TACGACTCAGTATAGGG TgKAT-mAID.2
Table S7. Data used to generate figures and corresponding statistical analyses
Egressed microgametocytes and aconeme assembly
Pb820cl1 820cl1 PbAT11-KO Unpaired
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 1 | Replicate 2 | Replicate 3 |t test comment
Activated 92.6 93.8 92.8 1.01 1.97 1.03 < 0.0001 kK
Non 7.4 6.2 7.2 98.93 98.3 98.97 < 0.0001 kK
activated
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