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ABSTRACT

DDI1 proteins are conserved in eukaryotes and involved in a variety of cellular processes,
including proteasomal degradation of specific proteins and DNA-protein crosslink repair. All
DDI1 proteins contain ubiquitin-like (UBL) and retroviral aspartyl protease (RVP) domains, and
some also contain ubiquitin-associated (UBA) domain, which mediate distinct activities of these
proteins. We investigated the Plasmodium DDI1 to identify its roles during parasite development
and potential as a therapeutic target. The DDI1 proteins of Plasmodium and other Apicomplexan
parasites vary in domain architecture, share UBL and RVP domains, and the majority of proteins
contain the UBA domain. Plasmodium DDI1 is expressed across all major life stages and is
essential, as conditional depletion of DDI1 protein in P. berghei and P. falciparum drastically
reduced the asexual stage parasite development. Infection of mice with DDI1 knock-down P.
berghei parasites was self-limiting and protected from the subsequent infection with both
homologous and heterologous parasites, indicating potential of DDI1 knock-down parasites as a
whole organism vaccine. P. falciparum DDI1 (PfDDI1) is associated with chromatin and DNA-
protein crosslinks, and PfDDI1 knock-down parasites showed increased DNA-protein crosslinks
and susceptibility to DNA damaging chemicals, indicating an important role for DDI1 in repair of
DNA-protein crosslinks. The knock-down of PFDDI1 increased susceptibility to retroviral protease
inhibitors, epoxomicin and artemisinin, which suggests that simultaneous inhibition of DDI1 could
potentiate antimalarial activity of these inhibitors or drugs. Hence, the essentiality, ability of DDI1
knock-down parasites to confer protective immunity and increased susceptibility to inhibitors

support Plasmodium DDI1 as a dual-target therapeutic candidate.
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INTRODUCTION

The ubiquitin proteasome system (UPS) is a major degradation machinery for clearance of
unwanted and misfolded proteins in eukaryotes, which is vital for maintaining cellular homeostasis
(1, 2). Proteasome inhibitors have been shown to block the development of malaria parasites at
multiple stages, indicating a critical role of the UPS during parasite development (3-5). Hence, the
proteasome of protozoan parasites, including Plasmodium, has emerged as a potential drug target
(6-9). The UPS includes ubiquitin, enzymes involved in tagging the substrate with ubiquitin and
the 26S proteasome wherein ubiquitinated proteins are degraded (10, 11). Several non-proteasomal
ubiquitin-binding proteins also contribute to the proteasome function. One such class of proteins
are the shuttle proteins, which include Rad23, Dsk2 and DDI1 (12, 13). These proteins contain a
ubiquitin-like (UBL) domain and a ubiquitin-associated (UBA) domain, which mediate their
interactions with the proteasome and ubiquitin chains of the ubiquitinated protein, respectively.
DDI1 also contains an aspartyl protease domain similar to the retroviral aspartic protease (RVP)
of HIV protease (14).

DDI1 was first discovered as one of the over expressed proteins upon treatment of
Saccharomyces cerevisiae with DNA damaging agents, hence, it was named as the DNA damage
inducible 1 protein (DDI1) (15). A later study named it v-SNARE master 1 (VSML1) based on its
interaction with Snc2 v-SNARE proteins, and showed that knockout of VSML1 increased protein
secretion (16). VSM1/DDI1 inhibits assembly of Sso t-SNAREs with Sec9 t-SNARE, which is
required for exocytosis (17, 18). Deletion analysis demonstrated that both UBL and RVP domains
of S. cerevisiae DDI1 (ScDDI1) are necessary for inhibition of protein secretion. However, the
ScDDI1 C-terminal that contains the Sso t-SNARE-binding region and UBA domain was found
to be dispensable for suppression of protein secretion (19), which indicated that suppression of
protein secretion by VSM1/DDI1 is independent of its interaction with Sso t-SNARE. Over
expression of ScDDI1 rescued the S-phase checkpoint defect of a temperature sensitive Pdsl
mutant, which required the UBA but not UBL domain (20). Another study showed that UBL,
catalytically competent RVP and UBA domains of ScDDI1 are required for the rescue of S-phase
checkpoint defect (18). ScDDI1 has been shown to shuttle ubiquitinated Ho endonuclease to the
proteasome for degradation, which requires interaction of UBA and UBL domains with

ubiquitinated Ho endonuclease and the Rpnl subunit of 26S proteasome, respectively (21, 22).
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Interaction of the ScDDI1 UBL domain with the ubiquitin interaction motif (UIM) of the F-box
protein Ufol has been shown to be critical for proteasomal degradation of Ufol (23). The UBA
domain of ScDDI1 homolog in Schizosaccharomyces pombe, Mudl, has also been shown to bind
Lys48-linked polyubiquitin chains (24). Interestingly, DDI1 itself is a substrate of E3 ligase
UBES3A in Drosophila melanogaster, which does not target ubiquitinated DDI1 for degradation,
and the biological significance of ubiquitination of DDI1 is not known yet (25). Recent studies
have demonstrated important roles of ScDDI1 in repair of DNA-protein crosslinks (DPC) and
alleviation of DNA replication stress caused by hydroxyurea (26, 27). Both these functions

require catalytically competent ScDDI1, indicating that ScDDI1 functions as a protease.

The DDI1 homolog of Drosophila melanogaster, Rngo, is essential for oocyte formation
(28). As has been shown for ScDDI1, Rngo has been shown to dimerize through the RVP domain,
binds ubiquitin via the UBA domain and interacts with the Rpn10 subunit of the proteasome via
the UBL domain. The Homo sapiens DDI2 (HsDDI2) and Caenorhabditis elegans DDI1
(CeDDI1) have been shown to cleave the ER-associated Nrf1/Skn-1A, which results in the release
and translocation of the cleaved form to the nucleus wherein it upregulates the proteasome genes
(29, 30). Despite multiple studies indicating requirement of catalytically competent DDI1, a direct
demonstration of the protease activity of DDI1 proteins has been elusive until recently. Two recent
studies directly demonstrated that HsDDI2 and ScDDI1 cleave ubiquitinated Nrfl and a peptide
substrate corresponding to the Nrfl cleavage site, respectively (31, 32). These two studies also
indicated that ScDDI1 and HsDDI2 do not cleave the ubiquitin chains, hence, unlikely to function

as deubiquitinases.

As described above, multiple studies highlight contributions of UBL, RVP and UBA
domains in functions of DDI1 proteins. How these domains crosstalk with each other in the full-
length DDI1 is not known due to the unavailability of a full-length DDI1 structure. Structural
studies of the RVP domains of ScDDI1, LmDDI1 and human DDI2 revealed that RVP domain
exists as a dimer in which aspartyl protease motifs from both the monomers contribute to the
formation of active site (14, 33-35). The active site of ScDDI1 has identical geometry with that of
HIV protease, but has wider substrate binding groove than HIV protease, suggesting that ScDDI1
can accommaodate bulkier substrates (14). Interestingly, in addition to the UBA domain, the UBL
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domains of ScDDI1 and HsDDI2 also contain a ubiquitin-interaction motif (UIM) that mediates
interaction with ubiquitin (33, 34, 36).

As a therapeutic target, not much is explored on the role of DDI1 in many economically
important protozoan parasites, despite a significant adverse impact of these on human and
domestic animal health. The DDI1 proteins of Leishmania major and Toxoplasma gondii are the
only reported representatives. The Leishmania major DDI1 (LmDDI1) has been proposed to be
the major target of the anti-leishmanial effect of HIV protease inhibitors (37). Recombinant
LmDDI1 has also been shown to degrade peptides and BSA at pH 4-5, which appears to be
contrary to the presence of DDI1 proteins in cytosolic pH environment (38). Knock-out of
Toxoplasma gondii DDI1 (TgDDI1) has been shown to cause accumulation of ubiquitinated
proteins and loss of virulence (39). HIV protease inhibitors have been shown to block the
development of malaria parasites at multiple stages (40-44). Furthermore, a study in humans
showed that treatment with HIV protease inhibitor-based antiretroviral therapy reduced incidence
of malaria by 41% compared to the group treated with non-protease inhibitor-based anti-retroviral
therapy, and the lower incidence was attributable to decreased recurrence of malaria (45). As DDI1
is important for several cellular processes and the presence of RVP domain makes it a potential
target of HIV protease inhibitors, we undertook cellular, genetic and biochemical approaches to
investigate the Plasmodium DDI1. Our study revealed that Plasmodium DDI1 is essential for
parasite development, associated with chromatin and contributes to DPC repair, and it could be a

target of HIV protease inhibitors.
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RESULTS

DDI1 proteins of apicomplexan parasites exhibit diverse domain organizations. S. cerevisiae
DDD1 (ScDDI1) is the most studied among all DDI1 proteins, and we used it as a query sequence
to search the P. falciparum genome database (PlasmoDB). A protein encoded by the
PF3D7_1409300 gene and annotated as “DNA damage-inducible protein 1, putative” came out as
the closest homolog. This protein was termed as the P. falciparum DNA damage-inducible protein
1 (PfDDI1), as it shares 33% identity with ScDDI1, contains putative UBL and RVP domains, and
has a putative aspartyl protease motif (FVDSGA) in the RVP domain (Figure 1). Canonical
aspartyl proteases like pepsin contain two copies of the catalytic motif “VFDTGS” (Xaa-Xaa-Asp-
Xbb-Gly-Xcc, where Xaa is a hydrophobic residue, Xbb is Thr or Ser, and Xcc is Ser), which
together form the active site. The HIV aspartyl protease or retroviral aspartyl proteases possess a
single catalytic motif (LLDTGA in HIV protease), hence, exists as a dimer in which the catalytic
motif of both the monomers form the active site (46). DDI1 proteins, including PfDDI1, contain a
single catalytic motif (Figure 1). The X-ray crystal structures of RVP domains of ScDDI1, HsDDI2
and LmDDI1 indicate that they exist as dimers in which catalytic motifs of both the monomers
form the active site (14, 33, 35). Since a full-length DDI1 structure is not available yet, we
compared the AlphaFold structure of full-length PfDDI1 (AF-Q8IM03-F1) with ScDDI1 UBL and
RVP domains (PDB IDs: 2N7E for ScDDI1 UBL, 2I1A for ScDDI1 RVP), which were found to
be comparable (RMSD: 1.165 for UBL and 0.544 for RVP domains; Figure S1) and supported the

multi-domain architecture of PfDDI1.
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Figure 1. Sequence alignment of DDI1 proteins. The amino acid sequence of P. falciparum DDI1 (PfDDI1) was
aligned with the sequences of structurally characterized orthologs from S. cerevisiae (ScDDI1) and H. sapience
(HsDDI2) and L. major (LmDDI1). The UBL domain is marked with a blue line, RVP domain is in blue font and
UBA domain is marked with a red line. Conserved amino acid residues are highlighted in yellow and physico-
chemically similar residues are highlighted in grey. The number at the end of each line indicate the position of the last
amino acid residue in the respective protein. The predicted catalytic aspartate residue is in red font.

Plasmodium species encode for a single DDI1 ortholog, which have the same domain
architecture and are 69-94% identical at amino acid level. The apicomplexan parasites sequenced
to date also encode a single DDI1 ortholog, which vary in size, sequence and domain architecture.
The catalytic motif in the majority of apicomplexan DDI1 proteins is “FVDSGA”, whereas it is
“LVDTGA” in Theileria, Cytauxzoon and the majority of Babesia species. Interestingly, Babesia
microti contains “FVDTGA”, which is a chimera of “FVDSGA” and “LVDTGA”. Analysis of the
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Apicomplexan DDI1 protein sequences for conserved domains and structurally similar domains
revealed diversity in their domain architectures (Figure 2A). All Apicomplexan DDI1 proteins
contain the UBL and RVP domains. DDI1 proteins of the parasites of Sarcocystidae (Besnoitia,
Cystoisospora, Hammondia, Neospora, Sarcocystis and Toxoplasma), Cryptosporidiidae
(Cryptosporidium) and Theileriidae (Theileria and Cytauxzoon) families also contain the UBA
domain. The DDI1 proteins of Babesiidae parasites contain all three domains (Babesia microti),
UBL and RVP domains (Babesia bovis) or DUF676, UBL and RVP domains (Babesia divergens
and Babesia bigemina). The sizes of Apicomplexan DDI1 proteins vary from 275 amino acid
residues (Gregarina niphandrodes) to 1191 amino acid residues (Babesia bigemina). We also
performed homology modelling of the representative DDI1 proteins listed in Figure 2 (data not
shown), which was consistent with the conserved domain analysis-based prediction. Homology
modelling predicted UBL domain in Gregarina niphandrodes DDI1, and UBA domains in
Theileria annulata and Cytauxzoon felis DDI1 proteins (Figure S1), which could not be predicted
using the conserved domain analysis. The diversity in domain architecture may impart species-
specific functions or regulation of DDI1 proteins in Apicomplexan parasites. The Apicomplexan
DDI1 proteins clustered on different branches in a phylogenetic tree (Figure 2B), indicating
sequence diversity across the Apicomplexa phylum. Nonetheless, the phylogram reflected
evolutionary relatedness of different parasites, as DDI1 proteins of the same family clustered on
the same branch and those of the same order shared the root. For example, parasites of the families

Babesiidae and Theileriidae in the order Piroplasmida shared a common root.
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Figure 2. Domain organization and phylogenetic relatedness of DDI1 proteins. A. Sequences of the DDI1 proteins
of indicated Apicomplexan parasites were analyzed for the presence of conserved domains and compared with the S.
cerevisiae DDI1 domain architecture. The location and position of boundary amino acids of UBL, RVP and UBA
domains are shown. The length of each schematic is sized according to the length of respective DDI1 protein except
for B. bigemina and B. divergens. B. The sequences of 54 DDI1 proteins of the indicated parasite species of different
families were used for generation of the phylogram.

Plasmodium DDI1 is expressed in all major parasite stages. The full-length PfDDI1 coding
region was expressed as an N-terminal His-tagged protein in M15(pREP4) cells using the pQE30
vector, purified under denaturing conditions, refolded and used for antibody generation in rats
(Figure S2). The antiserum was adsorbed on M15(pREP4) cells to remove cross-reactive
antibodies to E. coli proteins, and the adsorbed PfDDI1 antiserum was used to determine the
expression and localization of PfDDIL in different parasite stages. The PfDDI1 antiserum detected
a prominent band of the size of full-length PfDDI1 (~43.8 kDa) in the western of P. falciparum
ring, trophozoite and schizont stages (Figure 3), confirming expression in these stages. For cellular

localization, we performed immunofluorescence assay (IFA) of P. falciparum erythrocytic and
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gametocyte stages with PFDDI1 antiserum, which indicated expression of PfDDI1 in both asexual
and sexual stages (Figure 3 and 4). To check if DDI1 is expressed in insect and liver stages, we
turned to P. berghei, which offers studies in insect and liver stages with ease compared to P.
falciparum. As PfDDI1 and P. berghei DDI1 (PbDDI1) share 70.5% identity, PFDDI1 antiserum
detected PbDDI1 in the western blot and showed prominent signal in the IFA of trophozoite,
sporozoite and liver stage schizont of P. berghei (Figure 5), which indicated expression of PbDDI1
in these stages. In addition to the full-length PfDDI1, we also observed smaller size band in the
western blots, which could be the processed form of full-length protein. The western blot and IFA
data of P. falciparum and P. berghei DDI1 proteins together indicate that Plasmodium DDI1 is
expressed in all major development stages of malaria parasites.

M R ET MT LT/S DAPI DDI DIC Merged
178_ o Ve '.j:""
Rin
58 -
45—
S - Troph. ~ ,,

f; ll&&
- IR

A

Figure 3. Expression and localization of PfDDI1 in asexual erythrocytic stages. A synchronized culture of P.
falciparum was harvested at different stages for expression and localization of PfDDI1. A. The western blot of lysates
of ring (R), early trophozoite (ET), mid trophozoite (MT) and late trophozoite/schiziont (LT/S) stage parasites was
probed using PfDDI1 antiserum. Protein size markers are in kDa (M). B. Ring, trophozoite (Troph), schizont (Sch)
and free merozoite (Mer) stages were assessed for localization of by IFA using PfDDI1 antiserum. The panels show
nucleic acid staining (DAPI), PfDDI1 signal (DDI), bright field with RBC and parasite boundaries (DIC) and the
overlap of all three images (Merged). The black substance is haemozoin, a food vacuole-resident pigment.


https://doi.org/10.1101/2021.10.29.466443
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.29.466443; this version posted October 30, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

DAPI Merged

Figure 4. Localization of PfDDI1 in sexual erythrocytic stages. The indicated gametocyte stages of P. falciparum
were evaluated for expression of PfDDI1 by IFA using PfDDI1 antiserum. The panels show nucleic acid staining
(DAPI), PfDDI1 signal (DDI), bright field with RBC and parasite boundaries (DIC) and the overlap of all three images
(Merged). The black substance is the food vacuole-resident pigment haemozoin.
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Figure 5. Expression and localization of PbDDI1. A. The western blot of P. berghei asexual erythrocytic stage
parasites was probed using PfDDI1 antiserum to check for PbDDI1 expression. The prominent signal corresponds to
the predicted size of native PbDDI1 (~44.3 kDa). Protein size markers are in kDa (M). B. P. berghei erythrocytic
trophozoite (Troph), sporozoite (Spz) and liver schizont (Liv Sch) stages were evaluated for localization of PbDDI1
by IFA using PfDDI1 antiserum along with antibodies to CSP (a sporozoite membrane marker) and UIS (a liver stage
parasitophorous vacuole marker). The panels are for nucleic acid staining (DAPI), PbDDI1 signal (DDI), signal for
CSP and UIS, bright field with RBC and parasite boundaries (DIC), and the overlap of three images (Merged).

DDI1 is essential for parasite development. Expression of DDI1 in all the major parasite stages
suggests its importance for parasite development. Hence, we attempted to knock-out the PbDDI1
gene for investigation of its functions during parasite development. However, multiple knock-out
attempts were unsuccessful. We next employed a conditional knock-down approach in P. berghei
by replacing the wild type PbDDI1 coding region with PfDDImyc/cDDHa coding sequence, which
would express fusion of PfDDImyc with HA-tagged mutant E. coli DHFR (cDDwa). ¢DD binds
trimethoprim and is stable, but undergoes proteasomal degradation in the absence of trimethoprim,
thereby, causing a knock-down effect. The replacement of wild type PbDDI1 with
PfDDImyc/cDDna and expression of DDIwyc/cDDHa fusion protein were successful (Figure S3),
which confirmed that PbDDI1 and PfDDI1 are functionally conserved. The knock-down parasites

(PbKD) showed reduction in DDIwmyc/cDDna protein level in the absence of trimethoprim
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compared to that in the presence of trimethoprim, indicating the knock-down effect (Figure 6A).
PbKD parasites grew similar to wild type parasites in the presence of trimethoprim, but showed
drastically reduced growth in the absence of trimethoprim and eventually disappeared (Figure 6B).
In the presence of trimethoprim, PbKD-infected mice had to be euthanized, whereas in the absence
of trimethoprim, the parasitemia barely reached to 0.5% and the infection was self-limiting.
Withdrawal of trimethoprim from PbKD-infected mice at about 5% parasitemia also resulted in

complete clearance of parasites (Figure 6C).
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Figure 6. DDI1 is critical for P. berghei development. A. DDI1 knock-down P. berghei parasites (PbKD) were
cultured in the presence (+T) or absence (-T) of trimethoprim, and parasite lysates were assessed for DDIyyc/CDDHa
protein level by western blotting using antibodies to HA (ab-HA) and B-actin (ab-Ac) as a loading control. The top
band corresponds to the predicted size of full-length protein (~64.4 kDa) and the sizes of protein markers are in kDa
(M). B. Mice were infected with equal number of wild type P. berghei ANKA (WT) or PbKD parasites and infection
was monitored. The mice infected with PbKD were kept under (+TMP) or without (-TMP) trimethoprim. The number
of mice in each group is shown with “n”, and parasite growth is shown as % parasitemia over days post-infection. C.
Mice were infected with PbKD and kept under trimethoprim until 5% parasitemia. Trimethoprim was withdrawn from
one group of mice (-TMP), whereas the other group was maintained under trimethoprim (+TMP). Infection was
monitored, “n” is the number of mice in each group, and parasite growth is shown as % parasitemia over days post-
infection.
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We similarly generated a P. falciparum line expressing PfDDImyc/cDDHa in place of the
wild type PfDDI1, and assessed the knock-down parasites (PfKD) for various parameters,
including the parasite development. PfKD parasites showed successful gene replacement and
expression of DDImyc/cDDna fusion protein (Figure S4). The PFfKD parasites grown in the absence
of trimethoprim showed decreased DDImyc/cCDDna protein level and growth as compared to those
grown in the presence of trimethoprim (Figure 7), indicating that DDI1 is important for asexual
erythrocytic stage parasite development of P. falciparum as well. The knock-down effect was more
prominent both as reduction in protein level and growth with increased period of growth without
trimethoprim. Failure to knock-out PbDD1, drastically decreased growth and loss of virulence of
PbKD parasites, and decreased growth of PfKD parasites support an essential role of DDI1 during

asexual stage parasite development.
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Figure 7. Knock-down of DDI1 in P. falciparum drastically reduced parasite growth. A. Synchronized ring stage
PfKD parasites were cultured in the presence (+T) or absence (-T) of trimethoprim, harvested at 30 hour and 60 hour
stages of development, and processed for western blotting using antibodies to Myc (ab-Myc) and B-actin (ab-Ac) as a
loading control. The top band corresponds to the predicted size of full-length protein (~64.4 kDa). B. PfKD parasites
were cultured with (+T) or without (-T) trimethoprim for three consecutive cycles. Parasitemia was determined at the
beginning and end of each cycle, normalized to the initial parasitemia, and shown as fold multiplication over growth
cycles. The data is mean of two independent experiments with SD error bar.

Prior infection of mice with PbKD parasites protects from subsequent infection. Since mice

infected with PbKD parasite resolved infection in the absence of trimethoprim, we assessed if the
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recovered mice developed immunity. Groups of naive and recovered mice were challenged with a
lethal inoculum of wild type P. berghei ANKA and infection was monitored. The naive mice
developed high parasitemia and succumbed to infection, whereas the recovered mice either did not
develop infection or cleared infection after developing a low level of parasitemia (Figure 8). This
indicated that prior exposure of mice to PbKD parasites conferred protective immunity. The
recovered mice also showed protection against a lethal P. yoelii 17XNL challenge (Figure 8),
which indicated that prior exposure of mice with PoKD parasites protects from a heterologous
challenge as well. The pooled serum, which was collected from the recovered mice one day before
the challenge, showed reactivity with soluble parasite extract in ELISA, with a titer as high as
1/128000, suggesting that anti-parasite antibodies could have contributed to protection from the

subsequent parasite challenge.

Owing to the essentiality of PbDDI1 and its prominent expression in blood stages, we
produced recombinant PbDDI1 (Figure S5), immunized mice with it and challenged the mice with
wild type P. berghei ANKA. The mice immunized with recombinant PbDDI1 developed high
antibody titer against recombinant PbDDI1 (ELISA antibody titer: 1/600000), but showed
infection just like naive and adjuvant control mice (Figure 8). This ruled out PbDDI1 as a natural
target of immune response, and indicated that prior infection of mice with PbKD parasites elicits

a protective immune response, most likely against the whole parasite.
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Figure 8. Prior infection of mice with PbKD parasites elicits protective immunity. A. The naive and recovered
mice were challenged with equal number of wild type P. berghei ANKA, infection was monitored and shown as %
parasitemia over days post-infection. The recovered group that was never given trimethoprim during PbKD parasite
infection is indicated with “Recov (-TMP)” and those mice that recovered from PbKD infection after late withdrawal
of trimethoprim are indicated with “Recov (delayed —-TMP)”. B. Naive and recovered (Recov) mice were infected
with equal number of P. yoelii 17XNL parasites, infection was monitored and shown as % parasitemia over days post-
infection. C. Mice were immunized with recombinant PbDDI1+adjuvant (immunized), adjuvant only (adjuvant) or
left without immunization (naive). All the three groups of mice were challenged with equal number of P. berghei
ANKA parasites, infection was monitored and shown as % parasitemia over days post-infection. For all three plots,
“n” represents the number of mice and each data point represents the mean of % parasitemias of the respective group.
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DDI knock-down enhanced drug sensitivity of parasites. The inhibition of LmDDI1 by HIV
protease inhibitors and the conservation of HIV protease-like retroviral aspartic protease fold in
DDI1 proteins suggest that Plasmodium DDI1 could be a target of HIV protease inhibitors, which
have been shown to block the development of all major stages of malaria parasites (37, 40, 42, 43,
47, 48). Hence, we assessed the PfKD parasites for susceptibility to various inhibitors and drugs,
including the HIV protease inhibitors. The ICso concentrations of the drugs/inhibitors tested were
similar for wild type and PfKD parasites (grown in the presence of trimethoprim) (Table 1), but
were less for PfKD parasites grown in the absence of trimethoprim (Table 1). The increased
susceptibility to artemisinin, HIV protease inhibitors and epoxomicin was more prominent for
PfKD parasites in the 2" cycle of growth without trimethoprim, which is consistent with increased
knock-down effect in the 2" cycle. On the other hand, the ICso concentrations of E64 were similar
for all the parasites, indicating that increased susceptibility to artemisinin, HIV protease inhibitors

and epoxomicin is specific to the knock-down effect of PfDDI1.

Tablel. Susceptibility of PfDDI1 knock-down parasites to inhibitors and drugs. Wild type (WT) and PfKD
parasites were assessed for susceptibility to inhibitors (cysteine protease inhibitor E64, proteasome inhibitor
epoxomicin and HIV protease inhibitors) and the antimalarial artemisinin. For PfKD parasites, trimethoprim was
maintained during the assay (+T), excluded during the assay (-T1) or excluded in the previous growth cycle and during
the assay (-T2). ND indicates not determined.

Inhibitor | WT PfKD (+T) PfKD (-T1) PfKD (-T2)
Artemisinin | 19.56E-09 (3.01) | 20.41E-09 (1.96) | 16.99E-09 (3.52) | 12.57E-09 (3.79)
E64 2.32E-06 (0.28) | 2.16E-06 (0.33) | 1.81E-06 (0.34) | 2.09E-06 (0.04)
Lopinavir 2.23E-06 (0.38) | 1.67E-06 (0.17) | 1.58E-06 (0.43) | 1.27E-06 (0.14)
Nelfinavir | 8.92E-06 (0.38) | 8.13E-06 (0.52) | 7.04E-06 (0.90) | 7.19E-06 (0.89)
Saquinavir | 13.50E-06 (1.29) | 13.54E-06 (1.23) | 12.43E-06 (1.54) | 10.41E-06 (2.27)
Epoxomicin | 9.30E-09 (1.12) | 8.19E-09 (0.67) | ND 6.75E-09 (1.11)

DDI1 associates with chromatin and DNA-protein crosslinks. ScDDI1 was first identified as
one of the upregulated proteins in response to DNA damaging chemicals, and a role for ScDDI1
in DPC repair was demonstrated only recently (26). Hence, we assessed the effect of DNA

damaging chemicals like hydroxyurea and methyl methanesulfonate (MMS) on the development
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of PfKD parasites. The PfKD parasites showed increased susceptibility to both hydroxyurea and
MMS under knock-down conditions as compared to the parasite grown under normal conditions
(Figure 9A). We further investigated whether PfDDI1 is associated with chromatin. Parasites were
grown with or without MMS and processed for isolation of chromatin and cytoplasmic fractions
by chromatin enrichment for proteomics (ChEP). Western blot of the chromatin fraction showed
the presence of H2B, a nuclear protein, and the absence of a2 proteasome subunit, a cytoplasmic
protein (Figure 9B). Similarly, western blot of the cytoplasmic fraction showed the presence of a2
proteasome subunit and absence of H2B (Figure 9B), indicating purity of respective fractions.
PfDDI1 was present both in the chromatin and cytoplasmic fractions, however, it had higher level
in the chromatin fraction of MMS-treated parasites as compared to that of DMSO control (Figure
9B), indicating that PFDDI1 is also present in the nucleus and associates with chromatin. We next
checked the effect of PfDDI knock-down on DNA-protein crosslinks (DPCs). We first optimized
the procedure for preparation of etoposide-induced topoisomerase I1-DPCs for HEK293T cells as
has been reported earlier (Figure S6) (49). The same procedure was used to isolate DPCs from
wild type P. falciparum 3D7 and PfKD parasites. The knock-down of PfDDI1 increased DPCs, as
indicated by the increased amount of DPC-associated DNA (Figure 10A). DDImyc/cDDHa Was
detected in DPC preparations from PfKD parasites, and had lesser level in PfKD parasites grown
in the absence of trimethoprim than those grown in the presence of trimethoprim (Figure 10B),
which is consistent with the knock-down level of DDImyc/cDDHa. Consistently, recombinant
PfDDI1wyenis interacted with DPCs in a dose dependent manner, but not with purified parasite
genomic DNA (Figure 10C). Hence, association of PfDDI1 with chromatin and DPCs, and
accumulation of DPCs upon knock-down of PfDDI1 support a role for it in DNA damage response

and repair.
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Figure 9. PfKD parasites show increased susceptibility to DNA damaging chemicals and DDI1 associates with
chromatin. PfKD parasites were grown with (+TMP) or without (-TMP) trimethoprim and supplemented with
hydroxyurea (HU), MMS or DMSO at mid trophozoite stage for 6 hours. The parasites were washed and grown in
fresh medium (+TMP or —TMP) for 12 hours and total parasitemia was determined. The plot represents parasitemia
as percent of DMSO-treated culture (% of control) for the respective group, and the data is average of two independent
experiments with SD error bar. B. PfKD parasites were maintained in trimethoprim and treated with DMSO or MMS
(0.005% v/v) at mid trophozoite stage for 6 hours. The parasites were purified and processed for separation of cytosolic
and chromatin fractions as described in the methods section. The chromatin and cytoplasmic samples were evaluated
for the presence of PfDDI1 by western blotting using anti-Myc antibodies (ab-Myc). Anti-histone 2B (ab-H2B) and
anti-o2 proteasome subunit (ab-02) antibodies were used to assess the purity of chromatin and cytoplasmic fractions,
respectively.
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Figure 10. DPC accumulation and association with PfDDI1. DPCs were prepared from PfKD and wild type P.
falciparum 3D7 parasites, and assessed for the associated DNA, presence of PfDDI1myc-cDDHa and interaction with
recombinant PfDDI1myemis. A. PFKD parasites were grown in the presence (+T) or absence (-T) of trimethoprim,
harvested at 30 hr and 78 hr time points, and processed for isolation of DPC-associated DNA and free DNA. The
graph shows DPC-associated DNA (% DPC) as percent of the total DNA present in the parasite sample. B. The
indicated amounts of 78 hr time point DPC samples from PfKD parasites (grown in the presence (+T) or absence (-T)
of trimethoprim) were spotted on a nitrocellulose membrane, and evaluated for the presence of PfDDIwyc/cDDwa using
anti-HA antibodies (ab-HA). C and D. Wild type P. falciparum 3D7 parasites were treated with DMSO or etoposide
(Etop) and DPCs were isolated. The indicated amounts of DPCs and purified parasite gDNA (DPC/gDNA) were

spotted on a nitrocellulose membrane, the membrane was overlaid with BSA (C) or recombinant PfDDI1mycsmis (D),
and the membrane was probed using anti-His (ab-His) antibodies.

Biochemical properties of recombinant PfDDI1. To investigate biochemical properties of
PfDDI1, we expressed a synthetic and codon optimized PfDDI1 coding sequence as a C-terminal
Myc/His-tag (PfDDImycris) in Rosetta-gami 2(DE3)pLysS cells using the pET-26b(+) plasmid.
Recombinant PfDD Iwyc/His Was purified from the soluble fraction and used for various assays. The
purified protein sample contained full-length PFDDImycmis as the prominent species in addition to
multiple smaller bands (Figure 11A). The full-length protein species was separated from the
smaller size species by gel filtration chromatography with a relative size of 158 kDa (Figure 11B
and C). The predicted size of PfDDImycmis is 46.1 kDa, suggesting that recombinant PfDD Imyc/His
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exists as an oligomer. In support of the protease activity of DDI1 proteins, LmDDI1 has been
shown to hydrolyze a HIV protease peptide substrate and BSA under acidic conditions (47), the
HsDDI2 has been shown to cleave Nrfl (30), and ScDDI1 has been shown to have ubiquitin-
dependent protease activity (31). However, we did not observe degradation of BSA by
recombinant PfDDIwmycnis in our experimental settings (Figure S7A). Nonetheless, depletion of

PfDDI1 caused accumulation of ubiquitinated protein (Figure S7B).
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Figure 11. Production of recombinant PfDDI1. The codon optimized synthetic PfDDI1myc coding region was
expressed as a C-terminal His-tagged protein (PfDDIlmyemis) in Rosetta-gami 2(DE3) cells, purified by Ni-NTA
chromatography and then by gel filtration chromatography. A. The coomassie stained SDS-PAGE gel shows lysates
of uninduced (Un) and induced (In) cells, soluble (Sol) and insoluble (Ins) fractions of the induced cells, and Ni-NTA
purified protein (Pur). B. The Ni-NTA purified protein (Pur) was further purified by gel filtration chromatography,
and eluates were analyzed by SDS-PAGE. The coomassie stained SDS-PAGE gel shows different eluates. C. The first
two eluates were concentrated and run on the gel filtration column and elution volume was noted. Reference protein
size markers shown in the inset were also run under identical conditions, elution volumes of the reference size markers
were plotted against their sizes, and used to determine the size of PfDDImycmis. The sizes of protein markers are in
kDa (M) in A and B.
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DDI1 interacts with pre-mRNA-processing factor 19. ScDDI1 has been shown to interact with
t-SNARE and v-SNARE (16, 17), ubiquitin (33, 36, 50, 51), Ho endonuclease (21), and
proteasome subunits. CeDDI1/Rngo has been shown to bind ubiquitin and the 26S proteasome
(28). SpDDI1/Mudl binds K48-linked polyubiquitin (24). Hence, we immunoprecipitated
PfDDImyc/cDDHa and subjected it to mass spectrometry to identify the interacting proteins. 62
proteins were reproducibly present in the immunoprecipitate from three biological repeats (Table
S2), including the P. falciparum pre-mRNA-processing factor 19 (PfPRP19), proteins predicted
to associated with the ubiquitin proteasome system and protein translation. Since the human
PSO4/PRP19 is an E3 ubiquitin ligase and has been shown to play critical roles in multiple DNA
repair pathways and mRNA splicing (52, 53), we produced recombinant PfPRP19 and assessed it
for interaction with recombinant PfDDIlmycHis by protein-protein overlay assay. Both the
recombinant proteins showed dose-dependent interaction (Figure 12, Figure S8), indicating that
these two proteins interact directly. We speculate that PfPRP19 may mediate the chromatin
association of PfDDI1, as PSO4/PRP19 proteins, but not PfDDI1, contain DNA-binding domains.

PDDI,,,. (1g) 0 1 2 5 10
GST

3
GST-PfPRP19 ’ ® ./ , 9

Figure 12. PfDDI1-PfPRP19 overlay assay. The blot containing spots of the indicated amounts of recombinant
PfDDImycmis (PFDDIwyc) was overlaid with recombinant GST or GST/PfPRP19 and probed with anti-GST antibodies.

PfDDI1 reversed the hypersecretion phenotype of ScDDI1 knock-out strain. We generated S.
cerevisiae strains lacking the DDI1 gene (ScDDIko). The ScDDIko strain was complemented by
expressing wild type PfDDI1 (Sc-wPfDDIki) or catalytic mutant of PfDDI1 (Sc-mPfDDIki) under
the native ScDDI1 promoter (Figure S9). These strains were compared with the wild type strain
for growth under various conditions. We did not observe any growth defect in ScDDIko, Sc-
wPfDDIki and Sc-mPfDDIKi strains as compared to the wild type strain (Figure S9). The ScDDIko
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strain showed hypersecretion phenotype as compared to the wild type, which was reversed to wild
type level in Sc-wPfDDIKki strain (Figure S9), indicating that PFDDI1 is functionally similar to
ScDDI1 as a negative regulator of protein secretion. ScDDIko, Sc-wPfDDIki and Sc-mPfDDIki
strains were as sensitive as the wild type strain to agents causing DNA damage (hydroxyurea),
DNA-protein crosslinks (etoposide), antimalarials (artemisinin and chloroquine) and HIV protease

inhibitors (lopinavir and nelfinavir) (data not shown).
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DISCUSSION

DDI1 proteins have been shown to have important roles in several cellular processes, including
negative regulation of protein secretion, repair of DPCs and ubiquitin-dependent proteolysis.
Several of these functions are associated with the presence of UBL, RVP and UBA domains in
DDI1 proteins, including the interaction with ubiquitin chains via the UBA and UBL domains,
interaction with the proteasome via UBL domain and cleavage of selected substrates via the RVP
domain. LmDDI1 has also been proposed to be the major target of HIV protease inhibitors, which
have also been shown to block the development of malaria parasites at multiple stages. However,
the Plasmodium DDI1 has not been studied yet. We report functional characterization of
Plasmodium DDI1 using the rodent malaria parasite P. berghei and the human malaria parasite P.
falciparum, which revealed that it is indispensable for parasite development, is a potential target

of HIV protease inhibitors and contributes to DPC repair.

PfDDI1 contains the UBL and RVP domains, but lacks the UBA domain. DDI1 homologs
are present in all apicomplexa parasites, which vary in size and domain organization. Of the 54
Apicomplexan DDI1 proteins available in the EuPathDB, all contain UBL and RVP domains, and
10 DDI1 proteins also contain the UBA domain. Interestingly, the DDI1 proteins of B. divergens
and B. bigemina contain a putative DUF676 domain in addition to the UBL and RVP domains.
Except the Babesiidae parasites, domain organization is conserved among parasites of the same
family. Although Apicomplexan DDI1 proteins vary in size from 275 amino acid residues (G.
niphandrodes) to 1191 amino acid residues (B. bigemina), the differences in domain architecture
is unlikely due to the differences in protein size. For example, C. hominis DDI1 is 384 amino acids
long and contains all three domains, whereas B. bigemina DDI1 is 1191 amino acids long but
contains UBL and RVP domains only. The DUF676 domain is predicted to be a serine esterase
and is unique to B. divergens and B. bigemina, as none of the DDI1 proteins available in the
UniProtKB database contains the DUF676 domain. It is a characteristic of the alpha/beta hydrolase
superfamily, which contains diverse enzymes (esterases, lipases, proteases, epoxide hydrolases,
peroxidases and dehalogenases). The closest related proteins to DUF676 domain of Babesia DDI1
are FAM135A proteins. However, there is no report of the characterization of any FAM135A
protein. Interestingly, a search of the Apicomplexa genomes using the sequence of DUF676-

containing region of B. bigemina DDI1 identified DUF676-containing proteins in all parasites
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except Plasmodium and Piliocolobus. This suggests that DDI1 and the DUF676-containing protein
function together in some pathway. It may be an oversight to predict a role for the DUF676 domain
or any additional property it might impart to the DDI1 proteins of B. divergens and B. bigemina.
Nonetheless, this domain may confer ubiquitin esterase activity to DDI1 for cleavage of non-lysine
ubiquitin chains. Ubiquitin esterase activity is important to cleave the ubiquitin linked to Ser, Cys
or Thr residue of the substrate (54, 55). A comparative analysis of the domain organization of
DDI1 proteins indicates conservation of UBL and RVP domains in Apicomplexan DDI1 proteins.
The diversity in domain architecture might impart species-specific functions to DDI1 proteins,

which could enable these parasites to develop in diverse host environments.

Expression of Plasmodium DDI1 in asexual erythrocytic, gametocyte, sporozoite and liver
stages is in agreement with stage-wise transcription and proteomics data for Plasmodium DDI1
proteins, and indicate a major role for it throughout the parasite development. Failure to knock-
out the DDI1 gene and drastic growth defects in DDI1 knock-down parasites support an essential
role of Plasmodium DDI1 during asexual erythrocytic stage development, which is likely be
critical for non-erythrocytic stage development also. The knock-down effect of DDI1 was stronger
in P. berghei than that in P. falciparum, which could be due to host immune response in the first
case. Intrinsic stability of PfDDI1 and degradation efficiency of Plasmodium UPS may contribute
to the partial knock-down effect in P. falciparum. T. gondii and L. major DDI1 proteins have also
been shown to be critical for parasite development (37, 39), which is consistent with our data and

support a key role for DDI1 in apicomplexan parasites.

DDI1 knock-down in P. berghei not only decreased virulence with self-resolving infection,
it also elicited protective immunity to subsequent lethal infections of wild type P. berghei ANKA
and P. yoelii 17XNL. On the other hand, immunization of mice with recombinant PbDDI1 did not
induce any protection, suggesting that protective immunity could be due to the presence of anti-
parasite antibodies and cellular immune responses against the whole parasite. As in our study, prior
infection of mice with knock-out parasites (purine nucleoside phosphorylase, plasmepsin 4,
plasmepsin-4 + merozoite surface protein-7, nucleoside transporter 1) has also been shown to
cause self-limiting infection with development of protective immunity (56-59). Attenuated
parasites are candidates in efforts to develop a whole organism malaria vaccine and PfDDI1 knock-

down parasites could add to the arsenal of whole organism blood stage malaria vaccine candidates.

25


https://doi.org/10.1101/2021.10.29.466443
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.29.466443; this version posted October 30, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Knock-down of PfDDI1 increased parasite sensitivity to artemisinin, epoxomicin and HIV
protease inhibitors, which suggested PfDDI1 as a target or role for it in the associated pathways.
The increased susceptibility to epoxomicin suggests a role of PfDDI in proteasome function, which
is also consistent with the accumulation of ubiquitinated proteins upon PfDDI1 knock-down.
Human DDI2 has been shown to be required for proteasome biogenesis (29, 30), DDI1 proteins of
human, S. cerevisiae and T. gondii have been shown to cleave high molecular weight ubiquitin
conjugates (32, 39), which support a role of DDI1 proteins in modulating proteasome function.
Hence, depletion of PfDDI1 might have rendered the proteasome less efficient, thereby, causing
increased susceptibility to epoxomicin. Artemisinin has been reported to compromise the
proteasome function (60), suggesting that increased susceptibility of PfDDI1 knock-down
parasites to artemisinin could be due to the compromised proteasome system. Increased
susceptibility to HIV protease inhibitors upon knock-down of PfDDI1 suggests that it is a target
of these inhibitors. Our result is consistent with the previous studies indicating that L. major DDI1
is the major target of the anti-leishmanial activity of HIV protease inhibitors (37, 47). However, it
is possible that HIV protease inhibitors also inhibit other targets in malaria parasites, as has been
reported for Plasmepsin-V in malaria parasites and multiple pathways in mammalian cells,
including inhibition of the chymotryptic activity of proteasome, induction of endoplasmic

reticulum stress and cell cycle arrest (61-66). .

PfDDI1 knock-down parasites showed increased susceptibility to DNA damaging
chemicals and accumulation of DPCs. This was further corroborated by the association of PfDDI1
with chromatin and DPCs, which indicates a role for PfDDI1 in DNA damage response and DPC
repair. A role for ScDDI1 in DPC repair has been recently proposed (26), which is in agreement
with our data supporting involvement of PfDDI1 in DPC repair. Although the mechanism by which
DDI1 contributes to the repair of DPCs is not known, DDI1 could help in degradation of DPCs
directly owing to its ubiquitin-dependent protease activity and/or by recruiting the repair pathway
proteins (31).

In contrast to the previously reported protease activity of LmDDI1 (47), we did not observe
degradation of BSA by recombinant PfDDI1 under our experimental settings. Nonetheless,

depletion of PfDDI1 caused accumulation of ubiquitinated proteins, which may be a result of the
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reduced PfDDI1 activity or compromised proteasome function. Ubiquitin-dependent protease
activity has been demonstrated for some DDI1 proteins (31, 32), and PfDDI1 may be a ubiquitin-
dependent protease. PfDDIL interacted with putative PfPRP19, a homolog of human and S.
cerevisiae PSO4/PRP19, which is an E3 ubiquitin ligase and has been found to have critical roles
in mMRNA splicing and multiple DNA repair pathways (52, 53). PFDDI1-PfPRP19 interaction in
our study is in line with the involvement of the homologs of these two proteins in DNA damage
repair. We speculate that chromatin association of PfDDI1 may be mediated by PfPRP19, as
PfPRP19 and other PSO4/PRP19 proteins, but not PfDDI1, contain a DNA-binding domain and a

nuclear localization signal.

Expression of PfDDDI1 in ScDDI1 knock-out strain reversed the hypersecretion
phenotype that has been reported previously (16), suggesting that PFDDI1 has a role in regulation
of protein secretion. Notably, humans treated with HIV protease inhibitor-based antiretroviral
therapy showed reduced incidences of malaria compared to the group treated with non-protease
inhibitor-based anti-retroviral therapy (45). It is possible that HIV protease inhibitor-treated
parasites and DDI1 knock-down P. berghei parasites secrete more proteins in the host than wild
type parasites, which would act as antigens and elicit stronger immune response than the wild type
parasites. ScDDIko, Sc-wPfDDIki and Sc-mPfDDIki strains were similarly sensitive to agents
causing DNA damage and DPC, suggesting that deletion of ScDDI1 alone does not alter sensitivity
to these agents. Previous studies related to the role of ScDDI1 in DNA damage and DPC repair
pathways have been done in combination with additional genes and knock-out of ScDDI1 alone

did not affect sensitivity to some of these chemicals (26, 27).

During the preparation of this manuscript, we also noted two independent studies on
Plasmodium DDI1 in bioRxiv, and one of the studies, in agreement with our results, demonstrates

the essentiality of PFDDI1 for asexual stage parasite development (67, 68).

We demonstrate that DDI1 is essential for the malaria parasite development, DDI1 knock-
down parasites confer protective immunity and it could be a target of HIV protease inhibitors,
which make it a dual-target candidate for developing antimalarial therapeutic agents.
Accumulation of DPCs upon DDI1 knock-down and association of PfDDI1 with chromatin and
DPCs support a role for it in DNA damage response and DPC repair. The functional significance

of the association of PfDDI1 with chromatin and DPCs needs to be investigated.
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MATERIALS AND METHODS

All the biochemicals were from Merck, Sigma-Aldrich or SERVA unless otherwise mentioned.
Cell culture reagents were from Gibco and Lonza. DNA modifying enzymes were from New
England Biolabs, Thermo Fisher Scientific or TaKaRa. DNA and RNA isolation kits were from
Qiagen or MACHEREY-NAGEL. Ni-NTA agarose was from Qiagen or Thermo Fisher Scientific.
SuperSignal West Chemiluminescent Substrates were from Pierce. Secondary antibodies were
from Pierce or Sigma-Aldrich. ProLong™ gold anti-fade reagent was from Thermo Fischer
Scientific. P. falciparum and P. berghei ANKA strains were obtained from the Malaria Research
and Reagent Reference Resource centre (MR4). Basic Parasite Nucleofector™ Kit 2 was from
Lonza. Inhibitors and drugs (etoposide, trimethoprim, hydroxyurea, methyl methanesulfonate
MMS, HIV protease inhibitors, E64, chloroquine and artemisinin) were from Sigma-Aldrich,
Santa Cruz Biotechnology, Biorbyt, Selleckchem or Tocris Bioscience. Human blood was
collected from healthy volunteers after taking written consent under medical supervision at the
medical dispensary of the institute according to the protocols approved by Institutional Ethics
Committee (IEC) of Centre from Cellular and Molecular Biology, Hyderabad, India. Animals used
in this study were maintained at standard environmental conditions (22—-25°C, 40-70% humidity,
and 12:12 hour dark/light photoperiod), and all animal experiments were carried out according to
the protocols approved by the Institutional Animal Ethics Committees (IAEC) of Centre from

Cellular and Molecular Biology, Hyderabad, India.

Sequence analysis of DDI1 proteins. The PfDDI1 amino acid sequence (PF14 _0090) was
obtained from the Plasmodium genome database PlasmoDB by BLAST search using ScDDI1
amino acid sequence (P40087) as a query. The sequences of DDI1 homologs were obtained from
the UniProtKB and EuPathDB databases using PfDDI1 and ScDDI1 amino acid sequences as
queries. Sequence alignment of DDI1 proteins was performed using the Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/). Sequences of DDI1 proteins were analyzed for the

presence of conserved domains and catalytic site using the Conserved Domain Database

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cqgi) and Pfam (http://pfam.xfam.orqg/)

softwares. For phylogenetic analysis, sequences were aligned using MUSCLE, alignment was
curated with Gblocks, phylogenetic tree was constructed using PhyML and edited with TreeDyn
(http://www.phylogeny.fr/simple_phylogeny.cgi). A structure of full-length DDI1 is not available,
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yet. Hence, we superimposed the AlphaFold structure of PfDDI1 on the reported structures of
ScDDI1 UBL (PDB IDs: 2N7E) and RVP (PDB ID: 211A) domains using the PyMOL Molecular
Graphics System. The DDI1 proteins of representative Apicomplexan parasites were also analyzed
for the presence of UBL, RVP and UBA domains by the Swiss Model online software. Homology
models of Cytauxzoon felis UBA (Cf-UBA), Theilaria annulata UBA (Ta-UBA) and Gregarina
niphandrodes UBL (Gn-UBL) were generated using the closest related templates structures (PDB:
1796 for S. pombe UBA (39.47% sequence identity with Cf-UBA and 26.32% Ta-UBA), 2N7E
for ScDDI1 UBL (15.94% sequence identity with Gn-UBL)) by Swiss Model online software. The
modelled structures were superimposed on the template structures and RMSD values were

calculated using the PyMOL Molecular Graphics System, version 1.3, Schrodinger, LLC.

Parasite culture. P. falciparum 3D7 and D10 strains were cultured in RPMI-1640 medium
(supplemented with 2.0 g/l glucose, 0.5% AlbuMAX II, 41.1 mg/l hypoxanthine, 300 mg/Il
glutamine, 25 mg/I gentamicin and RBCs at 2% hematocrit) at 37°C under a gas mixture (5% CO
+ 5% O2 + 90% N>). Giemsa stained smears of the culture were regularly prepared and observed
under the 100x magnification of a light microscope to monitor parasite development. Synchrony
was maintained by treating the cultures at ring stage with 5% sorbitol (69). The cultures were
harvested at 10-15% parasitemia whenever required and parasites were purified from infected-
RBCs by saponin (0.1% in PBS) lysis method. For P. berghei ANKA, a frozen stock was injected
intra-peritoneally into a 4-6 weeks old naive female BALB/c mice. The infection and was
monitored by observing Giemsa stained smears of the tail-snip blood on every other day of post-
infection. Mice were sacrificed at 6-10% parasitemia, the blood was collected by cardiac puncture
in Alsever’s solution (2.05 % Glucose, 0.8% sodium citrate, 0.055% citric acid, and 0.42% sodium
chloride) and the cell pellet was treated with 0.1% saponin to isolate parasites. The pellets of
purified parasites were used immediately or stored at -80°C till further use. P. falciparum
gametocytes were obtained by inducing gametocytogenesis with spent medium as has been
described previously (70, 71). Gametocyte development was monitored by observing Giemsa
stained smears of the culture on daily basis and samples at different gametocyte stages were
collected to determine localization of PfDDI1. Genomic DNA was isolated from
trophozoite/schizont stage parasites using the Puregene Blood Core Kit B as instructed by the

manufacturer.
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Production of recombinant proteins. The complete PfDDI1 coding region was amplified from
P. falciparum genomic DNA using primers PfDdi-expF/PfDdi-expR, cloned into the pQE-30
plasmid at BamHI-Hindlll to obtain pQE30-PfDDI1, and transformed into M15(pREP4) E. coli
cells. pQE30-PfDDI1 would express PfDDI1 as an N-terminal His-tagged protein, facilitating
purification of the protein by Ni-NTA affinity chromatography. For purification of nisPfDDI1, the
IPTG-induced cell pellet was resuspended in urea buffer (8 M Urea, 10 mM Tris, 250 mM NaCl,
pH 8.0), incubated for 30 minutes at room temperature, and the lysate was sonicated for 5 minutes
(9 seconds on-off cycle at 20% amplitude) using SONICS vibra-cell sonicator. The lysate was
centrifuged at 18000g for 30 minutes at 4°C, the supernatant was supplemented with imidazole
(10 mM) and incubated with Ni-NTA resin (0.2 ml resin/5g of initial cell pellet) at room
temperature for 30 minutes. The resin was transferred to a column and washed with urea buffer
containing imidazole (20-50 mM). The bound protein was eluted with elution buffer (250 mM
imidazole in urea buffer) and resolved in a 12% SDS-PAGE. Elution fractions enriched with His-
PfDDI1 were pooled and dialyzed against the refolding buffer-1 (10 mM Tris, 1 mM GSH, 0.5
mM GSSG, 50 mM NaCl, 10% glycerol, pH 8.0) for 12 hours at 4°C, followed by against the
refolding buffer-2 (10 mM Tris, 50 mM NaCl, 0.5 mM DTT, pH-8.0) with 2 changes at an interval
of 3 hours. The refolded protein was concentrated using a 3-kDa cut off Amicon Ultra-15,

estimated by Bradford assay, and stored at -80°C till further use.

A codon optimized synthetic version of PfDDI1 gene with C-terminal Myc-tag
(synPfDDI1myc) was purchased from Life Technologies (PMA-DDI), and used as a template for
amplification of PfDDI1myc coding region using PRPsyn-Fchis/PRPsyn-Rchis primers. The PCR
fragment was cloned into pET26B at Ndel-Xhol site to obtain pET26B-PfDDI1myc plasmid, and
transformed into the Rosetta-gami 2(DE3) E. coli cells for expression. The recombinant protein
would be expressed with a C-terminal His-tag (PfDDI1mycnis), enabling purification by Ni-NTA
chromatography. A pET26B-PfDDI1myc expression clone was grown in LB broth and induced
with IPTG (0.5 mM final) at an ODeoo of 0.6 at 20°C for 4 hours with shaking at 225 rpm. The
induced cell pellet was resuspended in lysis buffer (20 mM Tris, 500 mM NaCl, 20 mM Imidazole,
2 mM B-mercaptoethanol, pH 8; lysozyme at 1 mg/ml; 5 ml buffer/g pellet), incubated for 30 min
at 4°C and sonicated (30% amp with 5 sec on/off for 30 min) using SONICS vibra -ell Ultrasonic.
The lysate was centrifuged at 391919 for 1 hour at 4°C, the supernatant was applied on the HisTrap

HP column (GE healthcare), washed with lysis buffer, and the bound proteins were eluted (20 mM
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Tris, 500 mM NacCl, 0-250 mM Imidazole, 2 mM B-mercaptoethanol, pH 8). The elution fractions
were resolved in 12% SDS-PAGE and the fractions with high purity of the recombinant protein
were concentrated using a 50 kDa cutoff Amicon Ultra concentrator. The concentrated protein was
further purified by gel filtration chromatography (Hiload superde x 200 16/600, GE healthcare)
with buffer (20 mM Tris, 150 mM NaCl, 2 mM B-mercaptoethanol, pH 7.5). The elution fractions
were resolved on 12% SDS-PAGE to check for purity, fractions containing the pure protein were
pooled, concentrated using a 10 kDa cut off Amicon Ultra-15, quantified using the BCA method
(Thermo Fisher Scientific), and used immediately or stored at -80°C till further use. To determine
the size of PFDDI1mycHis, reference protein size markers and gel filtration purified PfDD Imyc/mis
were loaded on the column (Hiload superdex 200 16/600, GE healthcare) with buffer (20 mM Tris,
150 mM NaCl, 2 mM B-mercaptoethanol, pH 7.5). The elution volumes of reference protein size
markers were plotted against their sizes, and the plot was used to determine the size of
PTfDDImyc/His.

Wild type P. berghei DDI1 (PbDDI1) was amplified from P. berghei gDNA using
PbDdiexpF/PbDdiexpRm primers (PbDdiexpRm encodes for an in-frame Myc-tag). The PCR
fragment was cloned into pRSET-A at Hindlll-Xhol site to obtain pRSETA-wPbDDI1myc
expression plasmid. A catalytic mutant of PbDDI1 (D268A) was generated by overlap PCR.
Briefly, the 5'- and 3'-fragments of PbDDI1 coding region were amplified from the pRSETA-
wtPbPRPmyc plasmid using PbDdiexpF/Pbddimut-R and PbDdimut-F/PbDdiexpRm primer sets,
respectively. The two fragments overlapped around the mutation site, facilitating recombination
by PCR using PbDdiexpF/PbDdiexpRm primers. The recombined fragment was cloned into
pRSET-A at BamHI-Hindlll sites to obtain pPRSETA-mPbDDI1myc expression plasmid. The
expression plasmids were transformed into BL21-CodonPlus (DE3) E. coli cells, which would
express recombinant proteins with N-terminal His-tag, thereby enabling purification of by Ni-NTA
affinity chromatography. The wild type (WPbDDlwyc) and mutant (mPbDDlmyc) recombinant
proteins were purified from the IPTG-induced cells of respective expression clones under native
conditions. Briefly, the expression clones were grown in LB broth and expression was induced
with IPTG (1 mM final) at an ODeoo 0f 0.6 at 20°C for 4 hours with shaking at 225 rpm. The cell
pellet was resuspended in native buffer (50 mM NaH2PO4, 100 mM NaCl, pH 8.0; lysozyme at 1
mg/ml; 5 ml buffer/g pellet), incubated in ice for 30 min and sonicated for 4 min (9 second pulses

at 20% amplitude) using SONICS Vibra Cell Ultrasonic Processor. The lysate was centrifuged at
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25,0009 for 30 min, the supernatant was supplemented with imidazole (10 mM) and incubated
with Ni-NTA agarose resin (0.4 ml slurry/g weight of the initial cell pellet) for 30-45 min at 4°C.
The resin suspension was transferred to a column, washed with wash buffer (native buffer with
20-50 mM imidazole) and the bound proteins were eluted with elution buffer (native buffer with
250 mM imidazole). The elution fractions were resolved on 12% SDS-PAGE. The fractions
enriched with the recombinant protein were pooled and dialyzed against the storage buffer (20 mM
Tris-Cl, 50 mM NaCl, pH 8.0) using a 10 kDa cut off dialysis tubing at 4°C. The dialyzed protein
was concentrated using a 10 kDa cut off Amicon Ultra-15, quantified using the BCA method
(Thermo Fisher Scientific), and stored at -80°C.

Protease assay. The assay samples containing 2 ug BSA and 1 pg recombinant PfDD Imye/mis in 30
ul buffer (20 mM Tris, 50 mM NaCl, 2 mM B-mercaptoethanol, pH 7.0 or 7.5) were incubated at
37°C. The reaction was stopped by adding 6 ul of 4 x SDS-PAGE sample buffer (1 x buffer
contains 50 mM Tris-HCI1, 20% glycerol, 2% SDS, 1% B-mercaptoethanol, 0.01% bromophenol
blue, pH 6.8) to assay samples at different time points (0, 1, 2.5, 5 and 10 hours). Control assay
samples contained the same amount of BSA or recombinant PfDDlmychis, Which were incubated
at 37°C for 10 hours and stopped by adding 6 ul of 4 x SDS-PAGE sample buffer to the sample.
The reaction and control samples were resolved in 12% SDS-PAGE and stained with coomassie

brilliant blue.

Generation of anti-PfDDI antiserum. Three months old two female Wistar rats were immunized
intraperitoneally with emulsion of recombinant wisPfDDI1 (200 pg/immunization) in Freund’s
complete (day 0) or incomplete adjuvant (day 21, 42, 84 and 105). Blood was collected (day -1,
14, 35, 70, 91 and 125). The day-125 antiserum was adsorbed with E. coli proteins to eliminate
the antibodies cross-reactive with bacterial proteins as has been described earlier (72). The
adsorbed PfDDIlantiserum was supplemented with 0.01% sodium azide and glycerol (50% final)
for storage at -80°C, and used to determine expression and localization of PfDDI1 or PbDDI1 in

various parasite stages.

Western blotting and immunofluorescence assay. A synchronized culture of P. falciparum 3D7
(~10% parasitemia) was harvested at ring, early trophozoite, mid-trophozoite and late
trophozoite/schizont stages. Parasites were purified by saponin lysis, resuspended in 4x pellet

volume of SDS-PAGE sample buffer, equal amounts of lysates (corresponding to approximately
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1x108 parasites/lane) were resolved on 12% SDS-PAGE and the proteins were transferred onto the
PVDF membrane. The membrane was sequentially incubated at room temperature with blocking
buffer (5% non-fat milk in TBS-T) for 1 hour, rat PfDDI1 antiserum (at 1/4000 dilution in blocking
buffer) for 1 hour, blocking buffer for washing, and HRP-conjugated goat anti-rat IgG (at 1/10,000
dilution in blocking buffer). The membrane was washed with blocking buffer followed by with

PBS, incubated with the Supersignal ™

west chemiluminescent substrate, and the signal was taken
on X-ray film. PbDDI1 expression in P. berghei erythrocytic stage parasites was checked by

western blotting using rat PfDDI1 antiserum as has been described of P. falciparum.

For localization of PfDDI1, different developmental stages of P. falciparum erythrocytic
and gametocyte cultures were collected, the cells were washed with PBS, immobilized on poly-L
coated slides, fixed (4% paraformaldehyde/0.002% glutaraldehyde in PBS) for 45 minutes, and
permeabilized (0.01% Triton-X 100). The slides were sequentially incubated at room temperature
in blocking buffer (3% BSA in PBS), rat PfDDI1 antiserum (at 1/500 dilution in blocking buffer),
and Alexa flour-488 conjugated donkey anti-rat 1gG or Alexa fluor-594 conjugated donkey anti-
rat IgG (at 1/2000 dilution in blocking buffer, with DAPI at 10 pug/ml). The slides were air dried,
mounted with ProLong Gold antifade, and images were captured using Zeiss Axiolmager Z with
Apotome or Zeiss Axioimager 2 microscope under the 100x objective. Images were processed
using Zeiss Axiovision and Adobe Photoshop softwares. For PbDDI1 localization in P. berghei
erythrocytic trophozoites, 10 pl blood was collected from the tail-snip of a P. berghei ANKA-
infected mouse and the cells were processed for IFA using rat PfDDI1 antiserum as has been
described for PfDDI1 localization in P. falciparum. For PbDDI localization in sporozoite and liver
stages, female Anopheles mosquitos were fed on P. berghei ANKA-infected BALB/c mice and
dissected on day 18 for isolation of salivary gland sporozoites. The sporozoites were spotted on a
glass slide and air dried. 1x10* sporozoites were added on the HepG2 monolayer cultured in
DMEM with 10% FBS in labtek chamber slides and grown for 36 hours. The sporozoite and liver
stage samples were processed for IFA using rat PfDDI1 antiserum for PbDDI1, mouse anti-
circumsporozoite protein (CSP) antibodies for the sporozoites, and rabbit anti-upregulated in
infective sporozoites-4 (UIS-4) antibodies for the liver stage as has been described earlier (73).
The slides were incubated with appropriate secondary antibodies (Alexa Fluor-594 conjugated
donkey anti-rat 1gG, Alexa flour-488 conjugated rabbit anti-mouse 1gG for CSP and Alexa flour-
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488 conjugated mouse anti-rabbit 1gG for UIS-8), observed under the 40x objective, images were

captured and processed as has been described for PfDDI1 localization in P. falciparum.

Construction of transfection plasmids. The PbDDI1 gene was targeted for knock-out and
knock-down using double cross-over homologous recombination approach. The 5'-UTR (flank 1)
and 3’-UTR (flank 2) of PbDDI1 were amplified from P. berghei genomic DNA using PbDdi1-
FILF/ PbDdil-FI1R and PbDdil-FI2F/PbDdil-FI2R primer sets, respectively. The flank 1 and
flank 2 were cloned into the HB-DJ1KO plasmid at Notl-Kpnl and Avrll-Kasl sites, respectively,
to obtain HB-PbDDI-(FL1+FL2) plasmid. The GFP coding sequence was excised from pGT-
GFPbsc with Kpnl-Xhol and subcloned into the similarly digested HB-PbDDI-(FL1+FL2) to
obtain HB-pbDDIKO plasmid. For construction of knock-down plasmid, the PfDDImyc coding
sequence was amplified from the P. falciparum genomic DNA using DDiexp-F/DDimyc Rep-R
primers, digested with Kpnl-Xhol and subcloned into the similarly digested HB-PbDDIKO
plasmid in place of GFP to obtain HB-PfDDIKI plasmid. The E. coli mutant DHFR coding
sequence with HA-tag (cDDHa) was amplified from the pPM2GDBvm plasmid (a kind gift from
Dr. Praveen Balabaskaran Nina) using cDD-F/cDD-R primers, and cloned into the pGT-GFPbsc
plasmid at Kpnl/Xhol sites to obtain pGT-cDDna plasmid. The PfDDIwuyc coding sequence was
amplified from HB-PfDDIKI plasmid using the PfDdi-reF/PfDdi-cDDR primers and cloned into the
pGT-cDDHa plasmid at Bglll-BamHI site to obtain the pGT-PfDDI-cDDHa plasmid. The pGT-
PfDDImyc/cDDHa plasmid was digested with Bglll-Xhol to release the PfDDImyc/cDDHa insert,
which was cloned into the similarly digested HB-DDKI plasmid to obtain HB-pbDDIKD vector.
All the flanks and coding regions were sequenced to ensure that they were free of undesired
mutations, and the presence of different regions was confirmed by digestion with region-specific
restriction enzymes. The HB-pbDDIKO and HB-pbDDIKD plasmids were purified using the
NucleoBond® Xtra Midi plasmid DNA purification kit (MACHEREY-NAGEL), linearized with
Notl-Kasl, gel purified to obtain ppDDIKO and pbDDIKD transfection constructs, and used for
transfection of P. berghei.

The flank 1 of HB-pbDDIKD was excised with Notl-Bglll, the ends of plasmid backbone
were filled and ligated. The flank 2 of this plasmid was excised with Avrll-Kasl, and the plasmid
backbone was ligated with the similarly digested PfDDI1-3'UTR, which was amplified from P.
falciparum genomic DNA using PfDDi3’U-F/PfDDi3’U-R primers. The final plasmid was called
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HF-pfDDIKD, which contains PfDDI1myc/cDDna coding region as fankl and PfDDI1-3'UTR as
flank2. HF-pfDDIKD was digested with region-specific restriction enzymes to ensure the presence
of different regions, purified using the NucleoBond® Midi plasmid DNA purification Kit
(MACHEREY-NAGEL), and used for transfection of P. falciparum.

Generation of PbKD parasites. A frozen stock of P. berghei ANKA was injected
intraperitoneally into a naive BALB/c mouse. Infection was monitored and blood was collected as
has been described in the parasite culture section. The cells were washed with FBS-RPMI medium
(RPMI11640, 20% FBS, 2 g/l Glucose, 2 g/l, Sodium bicarbonate, 41.1 mg/ml Hypoxanthine, pH-
7.5), resuspended in FBS-RPMI medium at 2% hematocrit, gassed (5% CO2, 5% O, 90% N>), and
incubated at 37°C for 12-14 hours with shaking of 55 rpm. Parasites were purified on a 65%
Nycodenz gradient cushion when the majority of the parasites reached schizont stage. The cells
were washed with FBS-RPMI medium and aliquoted, each with 15-20 pl of packed cell volume.
An aliquot was mixed with 100 pl of Amaxa T cell nucleofactor and 2.5-5 pg of pbDDIKO or
pbDDIKD transfection constructs, pulsed using the Amaxa Nucleofector (U303 program), and
injected intravenously into a naive mouse. One day after the transfection, the infected mouse was
given drinking water with 70 pg/ml pyrimethamine (for knock-out) or 70 pg/ml pyrimethamine +
40 pg/ml trimethoprim (for knock-down) for 7-10 days to selected resistant parasites. Blood
Smears were checked for the presence of parasites on day 7 post-transfection and then every other
day. The genomic DNA and lysates of resistant parasites were checked for integration and
expression of desired protein by PCR and western blotting, respectively. Cloned lines of P. berghei
knock-down parasites (PbKD) were obtained infecting 15 naive BALB/c mice intravenously with
200 pl of diluted parasite suspension (0.5 parasite/mouse). Mice were given pyrimethamine +
trimethoprim in drinking water and infection was monitored by making blood smears. Blood was
collected from infected mice as has been described in the parasite culture section. Part of the blood
was used for making frozen stocks for later use, and the remaining blood was processed for
isolation of genomic DNA and preparation of parasite lysate to check for desired integration and

expression of the desired protein by PCR and western blotting, respectively.

The genomic DNAs of wild type parasites and two PbKD clonal lines were assessed for
the presence of recombinant locus by PCR with primers specific for 5 specific integration
(CONS5’-F/Pvac-R), 3’ integration (Hrp2-F/CON3’-R), knocked-in gene (Pfspec-F/DDimyc Rep-
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R), wild type locus (Pbspec-F/PbDdiexpRm) and a control target (a6FL2—F/a6FL2-R). The PCR
products were separated by agarose gel electrophoresis. The erythrocytic stage parasite lysates of
wild type P. berghei ANKA and two PbKD clones were processed for western blotting using
appropriate antibodies (mouse anti-Myc, mouse anti-HA and mouse anti-p actin for loading
control), followed by HRP-conjugated goat anti-mouse IgG as described in the western blotting

section.

Evaluation of PbKD parasites. The PbKD parasites were assessed for the effect of knock-down
on PfDDImyc/cDDHa protein level, erythrocytic growth and virulence. For the effect on
PfDDImyc/cDDna protein level, a 2-3 months old naive BALB/c mouse was infected
intraperitoneally with a fresh stock of PbKD parasites, maintained under 70 pg/ml pyrimethamine
+ 40 pg/ml trimethoprim in drinking water, and the blood collected at 8-10% parasitemia. The
blood was washed with FBS-RPMI medium, resuspended in FBS-RPMI medium at 2%
haematocrit without or with 50 uM trimethoprim, gassed, and incubated for 12 hours at 37°C.
Parasites were purified by saponin lysis and processed for western blotting using mouse anti-HA
and mouse anti-p actin (as a loading control), followed by HRP-conjugated goat anti-mouse 1gG

as described in the western blotting section.

For the effect of growth and virulence, 2-3 months old female BALB/c mice were infected
intraperitoneally (2x10° parasites/mouse) with wild type P. berghei ANKA (5 mice) or PbKD
parasites (10 mice). The PbKD-infected mice were divided into 2 groups of 5 mice each; one group
was given 70 pg/ml pyrimethamine in drinking water (-TMP) and another group was given 70
pg/ml pyrimethamine + 40 pg/ml trimethoprim in drinking water (+TMP). Blood was collected
from each mouse one day before the infection (pre-immune sera) and during later time points (days
14 and 28 of post-infection). Each mouse was monitored for infection by making Giemsa stained
blood smears, parasitemia was determined by counting a minimum of 1000 cells per smear, and
the data was plotted against days post-infection using the GraphPad Prism software. To determine
the effect of delayed knock-down, nine female BALB/c mice were infected intraperitoneally
(2x10° parasites/mouse) with PbKD parasites and given 70 pg/ml pyrimethamine + 40 pg/ml
trimethoprim in drinking water. Trimethoprim was withdrawn from the drinking water of 6 mice
at 5% parasitemia (-TMP), while the remaining 3 mice were given 70 pug/ml pyrimethamine + 40

pg/ml trimethoprim in drinking water (+TMP). Infection was monitored regularly by making
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Giemsa stained blood smears, parasitemia was determined by counting a minimum of 1000 cells

per smear, and the data was plotted against days post-infection using the GraphPad Prism software.

Challenge of recovered mice. The PbKD parasite-infected BALB/c that were never given
trimethoprim (-TMP) or trimethoprim was withdrawn from the drinking water at 5% parasitemia
(delayed —TMP) cleared infection. These were called recovered mice, which were monitored for
almost 3 months and then challenged with wild type P. berghei ANKA (2x10° parasites/mouse,
intraperitoneally). A group of age-matched naive mice was also challenged similarly. Infection
was monitored regularly by observing Giemsa stained blood smears, the parasitemia was
determined by counting at least 1000 cells, and plotted against days post-infection using the
GraphPad Prism software. 25-50 ul blood was collected from each mouse one day before the
challenge (pre-challenge sera) and assessed for reactivity with parasite proteins. A group of
recovered mice (4 mice) and age-matched naive mice (5 mice) were infected with P. yoelii 17XNL
strain (2 x 10° parasites/mouse, intra-peritoneally). Infection was monitored and data was analyzed
as described above for challenge with P. berghei ANKA.

Immunization of mice with recombinant PbDDI1. 2-3 months old 5 female BALB/c mice were
immunized intraperitoneally with emulsion of recombinant mPbDDlmyc (25 pg/immunization) in
Freund’s complete (day 0) or incomplete (days 15, 45, 75 and 105) adjuvant. A group of 5 mice
was kept as a naive control and another group of 5 mice was immunized with adjuvant only. Blood
was collected from each mouse for obtaining preimmune sera (day -1) and immune sera (day 30,
60, 90 and 120). The sera were assessed for reactivity against recombinant mPbDDImyc by enzyme-
linked immunosorbent assay (ELISA). The day 120 immune sera were pooled for each group, and
assessed for the titer of anti-mPbDDIwmyc antibodies by ELISA. Three months after the final serum
collection, the immunized, naive control and adjuvant control mice were infected intraperitoneally
with wild type P. berghei ANKA (2 x 10° parasites/mouse), infection was monitored and data was

analyzed as described above for recovered mice.

Measurement of antibody titers. The sera collected from recovered mice and immunized mice
were tested for antibody titers against the soluble P. berghei ANKA parasite extract and
recombinant mPbDDIwyc by ELISA, respectively. Recombinant mPbDDImyc was coated on the
wells of 96-well Microwell™ MaxiSorp™ flat bottom plates (1 pg/well in 100 pl of 0.2 M
bicarbonate buffer, pH 9.2) at 4°C for overnight. The plate was washed with PBS-T (PBS with
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0.05% Tween 20) to remove the unbound protein, blocked (blocking solution: 2% BSA in PBS-
T), and incubated with serial two-fold dilutions (in blocking solution) of sera (immune sera,
adjuvant control sera and pre-immune sera) for 2 hours at room temperature. The plate was washed
with PBS-T, incubated with HRP-conjugated horse anti-mouse IgG (at 1/2000 dilution in blocking
solution) for 1 hour at room temperature, washed with PBS-T, and incubated with 100 pl of TMB
ELISA substrate for 30 min. The reaction was stopped with 1N HCI and absorbance was measured
at 450 nm using the BioTecPowerWave XS2 spectrophotometer. The absorbance values were
adjusted for the background absorbance and absorbance values of the pre-immune sera. The data
was plotted against the sera dilutions using the GraphPad Prism software. For antibody titers in
the sera of recovered mice, a pellet of the wild type P. berghei ANKA erythrocytic parasites was
resuspended in 5x pellet volume of the lysis buffer (PBS with 0.1% NP-40), subjected to 5 cycles
of freeze-thaw, followed by 5 cycles of passage through a 27 G needle. The lysate was incubated
in ice for 30 minutes and centrifuged at 250009 for 30 minutes at 4°C. The supernatant that contains
the soluble parasite extract was separated and the protein amount was estimated by BCA. The
soluble parasite extract was coated on the wells of the 96-well Microwell™ MaxiSorp™ flat bottom
plates (2 pg protein/well in 0.2 M bicarbonate buffer, pH 9.2) and assessed for reactivity with the

pre-challenge sera of recovered mice as described for recombinant mPbDDIlmyc.

Generation of DDI1 knock-down P. falciparum parasites. Ring stage P. falciparum D10
parasites were transfected with HF-pfDDIKD plasmid by electroporation as has been described
earlier (74, 75). Briefly, a frozen stock of P. falciparum D10 was cultured to obtain ~10% early
ring stage parasites. The culture was harvested, ~100 pl packed cell volume (PCV) was washed
with cytomix (120 mM KCI, 0.15 mM CaCl;, 2 mM EGTA, 5 mM MgCl;, 10 mM
K2HPO4/KH2PO4, 25 mM HEPES, pH 7.6) and mixed with 320 ul of cytomix containing 100 pg
HF-pfDDIKD plasmid DNA. The suspension was transferred to a chilled 0.2 cm electroporation
cuvette and pulsed (950 pF, 310 mV, and infinite resistance) using the Bio-Rad gene pulser
Xcell™, The transfected parasites were maintained and selected with 0.5 nM WR99210 till the
emergence of resistant parasites. Trimethoprim was added to the culture at 10 uM when WR99210
resistant parasites reached to 5% parasitemia. The culture was harvested for isolation of genomic
DNA at 3-4 weeks interval, which was used to check for plasmid integration into the target site by
PCR. Primer sets specific for 5'-integration (DDi-con5U/cDD-R), 3'-integration (HRP2seg-
F/DDi3’int-R), wild type locus (DDi-con5U/ DDi3’int-R) and a positive control target (Pf'VMP1-
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Fep/PfFVMP1-R) were used to determine integration at the target site. Once plasmid integration at
the target site was observed, parasites were cloned by dilution cloning (76), and the clonal lines
were again evaluated for plasmid DNA integration by PCR and expression of PfDDIwyc/cDDHa
protein by western blotting. For western blotting, erythrocytic stage lysates of wild type and
PfDDI1 knock-down (PfKD) parasites were processed using rabbit anti-HA (at 1/1000 dilution in
blocking buffer) and anti-p actin antibodies as a loading control, followed by appropriate
secondary antibodies (HRP-conjugated goat anti-rabbit 1gG and HRP-conjugated goat anti-mouse

IgG, at 1/1000 dilution in blocking buffer) as has been described in the western blotting section.

The effect of PfDDI1 knock-down on parasite growth. The PfKD parasites were cultured in the
presence of 10 uM trimethoprim and synchronized as has been described in the cell culture section.
A 50 ml synchronized culture with ~10% rings was washed with RPMI11640-albumax medium,
resuspended in 50 ml RPMI1640-albumax medium, and divided into two 25 ml portions. One
portion was supplemented with trimethoprim and the other portion was supplemented with DMSO
(0.02%). Both the portions were gassed and incubated at 37°C. After 30 hours of incubation, 20
ml of the culture was harvested from each portion (30 hour time point) and the remaining culture
was expanded to 20 ml with additional medium, fresh RBCs and trimethoprim or DMSO. The
cultures were gassed, incubated for 30 hours and harvested (60 hour time point). The harvested
cultures were processed for isolation of parasites, which were assessed for the level of
PfDDImyc/cDDHA by western blotting using antibodies to mouse anti-Myc and mouse anti-p actin,

followed by HRP-conjugated goat anti-mouse 1gG as described in the western blotting section. .

For assessment of PfDDI knock-down on erythrocytic growth, synchronized PfKD
parasites were cultured for three consecutive cycles (with or without 10 uM trimethoprim),
beginning with 3% parasitemia. The cultures were diluted 3-fold at the end of each cycle and fresh
medium and RBCs maintain 2-3% parasitemia. Giemsa stained smears were made at various time
points, total parasitemia and stages were counted in at least 1000 RBCs. The parasitemia was
normalized to initial parasitemia, and plotted as fold multiplication over growth cycles using the
GraphPad Prism. The percentage of ring and trophozoite/schizont stages was normalized to the

total parasitemia of the respective time points, and plotted using the GraphPad Prism.

To assess the effect of DDI1 knock-down on ubiquitinated proteome of PfKD parasites, a

synchronized 80 ml ring stage PfKD culture (~15% parasitemia) was divided into two halves. One
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half was grown with trimethoprim and the other without trimethoprim. 30 ml of each culture was
harvested at 30 hour stage (30 hour time point) and parasites were purified. Each of the remaining
10 ml cultures was expanded to 30 ml with fresh medium and RBCs, grown under the same
trimethroprim condition for another 48 hours, and parasites were purified (78 hour time point).
The parasite pellets were resuspended in 10x pellet volume of the lysis buffer (25 mM Tris-Cl, 10
mM KCI, 0.1 MM EDTA, 0.1 mMEGTA, 1 mM DTT, pH 7.4, 0.25% NP-40 and protease inhibitor
cocktail) and incubated on ice for 30 minutes. The lysate was passed twice through a 25G needle
and centrifuged at 2300g for 20 minutes at 4°C. The supernatants were processed for western
blotting using mouse anti-ubiquitin (P4D1) antibodies, followed by HRP-conjugated goat anti-

mouse 1gG antibodies as has been described in the western blotting section.

Effect of inhibitors on PfKD parasites. The wild type P. falciparum D10 and PfKD parasites
were compared for susceptibility to HIV protease inhibitors (lopinavir, nelfinavir and saquinavir),
artemisinin, E64 and epoxomicin. For PfKD parasites, trimethoprim was maintained at 10 uM
during the assay cycle (+T) or excluded during the assay cycle (-T1) or excluded in the previous
cycle and during the assay cycle (-T2). For each compound, the stock was serially diluted 2-fold
in 50 ul of RPMI11640-albumax medium across the wells of a 96-well tissue-culture plate. Control
wells contained DMSO (0.5%) or chloroquine (500 nM). 50 pl of parasite suspension (1% ring-
infected erythrocytes at 4% haematocrit) was added to each well, the plate was incubated in a
modular incubator chamber (Billups-Rothenberg, Inc.) filled with the gas mixture at 37°C for 48-
50 hours. At the end of incubation, the cells were fixed with 2% formaldehyde (in PBS), stained
with YOYO-1 (PBS with 0.1% Triton X-100 and 10 nM YOYO-1), and the number of infected
cells was determined by counting 10,000 cells using the BD Fortesa FACS Analyzer (Aex 491 nm
and Aem 509 nm). The parasitemia of chloroquine control was subtracted from those of DMSO
control and test samples to adjust for background. The adjusted parasitemias of test samples were
normalized as % of the DMSO control and plotted against the concentrations of compounds to

determine ICso concentrations using the GraphPad Prism.

Immunoprecipitation of PfDDI1 and mass spectrometry. Asynchronous cultures of wild type
P. falciparum D10 and PfKD (with 10 uM trimethoprim) parasites were grown and parasites were
isolated at 10-15% parasitemia as has been described in the parasite culture section. The parasite

pellets were resuspended in 10x pellet volume of the lysis buffer (10 mM Tris-Cl, 10 mM HEPES,
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150 mm NaCl, 0.5 mM EDTA, 0.5% TritonX-100, pH 7.5; MERCK protease inhibitor cocktail),
and subjected to 2 cycles of freeze-thaw, followed by passing through the 26.5 G needle. The
lysates were centrifuged at 20000g for 30 min at 4°C, and the supernatant was transferred into a
fresh tube. The pellet was re-extracted with 3x pellet volume of the lysis buffer as described above,
and the supernatant was combined with the first supernatant. The supernatant was incubated with
Myc-Trap magnetic beads (ChromoTek, 5 pl slurry/mg protein) for 2 hours at 4°C with gentle
mixing. The flow through was removed and the beads were washed (10 mM Tris-Cl, 10 mM
HEPES, 150 mm NaCl, 0.5 mM EDTA, pH 7.5; protease inhibitor cocktail). The beads were boiled
in 100 pl of 2x SDS-PAGE sample buffer for 15 min, and the eluate was processed for western
blotting and mass spectrometry. 20 ul of the eluate along with appropriate controls (input, flow
through and washes) was assessed for the presence of PFDDImyc/cDDHa by western blotting using
mouse anti-Myc antibody, followed by appropriate secondary antibody as described in the western

blotting section.

80 ul of the eluate was run on a 10% SDS-PAGE gel until the protein ladder completely
entered into the resolving gel. The protein band was excised, cut into small pieces, treated with
trypsin, peptides were extracted, vacuum dried, and resuspended in 11 pl of 2% formic acid as has
been described in detail previously (77, 78). 10 ul of the peptide sample was run on the Q-Exactive
HF (Thermo Fischer Scientific) for HCD mode fragmentation and LC-MS/MS analysis. The raw
data files were acquired on the proteome discoverer v2.2 (Thermo Fischer Scientific), analysed
and searched against the Uniprot databases of P. falciparum 3D7 using the HTSequest algorithm.
The analysis parameters included trypsin specificity, maximum two missed cleavages and some
variable modifications (carbamidomethylation of cysteine, oxidation of methionine, deamidation
of asparagine/glutamine). Other parameters included: precursor tolerance of 5 ppm, fragmentation
tolerance of 0.05 Da and 1% peptide FDR threshold. The protein hits from the PfKD samples were
compared with those from the wild type parasites. Proteins exclusively present in the PfKD sample
with at least 5 times higher peptide spectrum matches (PSMs) than in the wild type sample were
selected. The selected proteins were considered if present in at least 3 biological replicates with a

minimum of 1 unique peptide.

Production of recombinant P. falciparum pre-mRNA processing factor 19 and interaction

with recombinant PfDDI1. The complete coding region of P. falciparum pre-mRNA processing
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factor 19 (PfPRP19) was amplified from P. falciparum genomic DNA using primers PfPPF19-
Fexp/PfPPF19-Rexp and cloned into the pGEX-6P-1 plasmid at BamHI-Xhol to obtain pGEX-
PfPRP19, which was sequenced to confirm the coding region and transformed into BL21(DE3) E.
coli cells. pGEX-PfPRP19 would express PfPRP19 as an N-terminal GST-tagged protein,
facilitating purification of the recombinant csTPfPRP19 protein using the glutathione agarose
resin. A pGEX-PfPRP19 expression clone was induced with IPTG (1.0 mM) at ODseoo of 0.6 for
12 hours at 25°C. The induced cell pellet of was resuspended in lysis buffer (PBS with 1 mg/ml
lysozyme, at 5 ml/g weight of the pellet), incubated for 30 min at 4°C, sonicated using the SONICS
vibra-cell Ultrasonic (5 secs pulses at 20% amplitude for 5-30 min), and centrifuged 39191g for 1
hrat 4°C. The supernatant was applied ona 1.0 ml GSTrap 4B column (GE healthcare), the column
was washed with PBS, and bound proteins were eluted (50 mM Tris-Cl, 20 mM GSH, pH 8). The
elutes were run on 12% SDS-PAGE, the fractions enriched with csTPfPRP19 were concentrated
(Amicon Ultra centricon: 50 kDa cut off), quantitated using BCA and used for overlay assay.
Different amounts of recombinant PfDD Imycmis Were immobilized on nitrocellulose membrane, the
membrane was blocked (3% BSA in PBST), overlaid with recombinant GST or cstTPfPRP19 (2.5
pg/ml in blocking buffer) for overnight at 4°C, and washed with blocking buffer. The membrane
was incubated with mouse anti-GST antibodies, followed by HRP-conjugated goat anti-Mouse

IgG as described in the western blotting section.

Effect of DNA damaging chemicals on PfDDI1 knock-down parasites and chromatin
association of PfDDI. Synchronized PfKD parasites was grown with or without trimethoprim till
mid trophozoite stage, supplemented with DMSO (0.005%) or DNA damaging chemicals (0.1 mM
hydroxyurea and 0.0005% MMS) and grown for 6 more hours. The parasites were washed with
cell culture medium, grown in fresh culture medium under the initial trimethoprim conditions for

12 hours, and total parasitemia was determined by observing Giemsa smears.

We carried out chromatin enrichment for proteomics (ChEP) to investigate association of
PfDDI1 with chromatin as has been reported earlier (79, 80). A 50 ml synchronous culture of PfKD
parasites (~10% parasitemia) was grown in the presence of 10 uM trimethoprim till 30 hour stage.
The culture was divided into two equal parts, one part was grown with MMS (0.005%
volume/volume) and the other part was grown with DMSO (0.05% volume/volume) for 6 hours.

The cultures were harvested and parasites were purified as mentioned in the parasite culture
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section. The parasite pellets were resuspended in 1% formaldehyde (in PBS), incubated for 10
minutes with shaking at 55 rpm and 37°C, and centrifuged 2300g. The parasite pellet was
resuspended in 0.125 M glycine and incubated for 5 minutes at room temperature. The suspension
was centrifuged at 2300g for 5 minutes at room temperature, the cells were washed with PBS, the
parasite pellet was resuspended in 500 pl of nuclear extraction buffer (25 mM Tris-Cl, 10 mM
KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, pH 7.4; supplemented with protease inhibitor
cocktail and 0.25% NP-40), and incubated for 30 minutes in ice. The lysate was passed twice
through a 25G needle, centrifuged at 23009 for 20 minutes at 4°C, and the supernatant (cytoplasm)
was transferred to a microcentrifuge tube. The pellet, which contains nuclei, was resuspended in
500 pl of nuclear extraction buffer containing RNAse A (200 pg/ml) and incubated for 15 minutes
at 37°C. The suspension was centrifuged at 2300g for 10 minutes at 4°C, the supernatant was
discarded, and the pellet was washed twice with PBS to remove non cross-linked proteins. The
pellet was resuspended in 500 pl of Tris-SDS buffer (50 mM Tris-Cl, 10 mM EDTA, pH 7.4, 4%
SDS, protease inhibitor cocktail) using a hydrophobic pipette tip, and incubated for 10 minutes at
room temperature. 1.5 ml of urea buffer (10 mM Tris-Cl, 1 mM EDTA, 8 M urea, pH 7.4) was
added to the suspension and the sample was centrifuged at 150009 for 30 minutes at room
temperature. The supernatant was discarded and the pellet was resuspended in 500 ul of Tris-SDS
buffer, mixed with 1.5 ml urea buffer, and centrifuged at 15000g for 25 minutes at room
temperature. The supernatant was discarded, the pellet was resuspended in 2 ml of Tris-SDS
buffer, centrifuged at 15000g for 25 minutes at room temperature. The supernatant was discarded,
the pellet was resuspended in 500 pl of storage buffer (10 mM Tris-Cl, 1 mM EDTA, 25 mM
NaCl, 10% glycerol, pH 7.4, and protease inhibitor cocktail), and the suspension was sonicated
(Diagenode Bioruptor UCD-200) at 4°C for 5 minutes to solubilize chromatin completely. The
sonicated sample was centrifuged at 150009 for 30 minutes at 4°C, the supernatant containing the
solubilized chromatin was transferred to a microcentrifuge tube, mixed with equal volume of SDS-
PAGE sample buffer, and incubated at 98°C for 30 minutes to reverse the cross-links. The
chromatin and the cytoplasmic samples were assessed for purity by western blotting using rabbit
anti-Histone 2B (1/1000 diluted in blocking buffer) and rabbit anti-a2 subunit of 20S proteasome
(at 1/1000 dilution in blocking buffer) antibodies, followed by appropriate secondary antibodies.

Both chromatin and cytoplasmic samples were assessed for the presence of DDI1yyc/CDDna
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protein by western blot using mouse anti-Myc antibodies, followed by HRP-conjugated goat anti-

mouse IgG as described in the western blotting section.

Isolation and assays with DNA-protein crosslinks. DPCs were generated and isolated from
human embryonic kidney cells (HEK293T), wild type P. falciparum 3D7 and PfKD parasites as
has been previously reported (49). HEK293T cells were cultured in DMEM (supplemented with
10% FBS, penicillin and streptomycin) at 37°C in a CO2 incubator. The cells were treated at 70-
80% confluency with 50 uM etoposide or DMSO (0.001%) and grown further for 12 hours at 37°C
in a COz incubator. The culture medium was aspirated, 3 ml of the lysis buffer (5.6 M guanidine
thiocyanate, 10 mM Tris-Cl, 20 mM EDTA, 4% Triton X-100, 1% sarkosyl, 1% DTT, pH 6.5)
was added over the HEK293T cells (~8x10°), and the cells were scraped off the flask. The cell
suspension was mixed by pipetting using a 1 ml pipette tip and passed 6-8 times through a 24G
needle. 3 ml of the chilled ethanol (-20°C) was added to the lysate and centrifuged at 21,0009 for
20 minutes at 4°C. The pellet was washed twice with cold wash buffer (20 mM Tris-Cl, 150 mM
NaCl, pH 6.5, 50% ethanol), solubilized in 1 ml of pre-warmed solution 1 (1% SDS, 20 mM Tris-
Cl, pH 7.5) at 42°C for 6 minutes, sheared by passing 5-6 times through a 26G needle, and mixed
with 1 ml of the precipitation buffer (200 mM KCI, 20 mM Tris-Cl, pH 7.5). The sample was
incubated on ice for 6 min and centrifuged at 21,0009 for 5 min at 4°C. The DPC pellet was washed
twice with the low-salt buffer (100 mM KCI, 20 mM Tris-Cl, pH 7.5), each time by incubating at
55°C for 10 min, followed by on ice for 6 min, and centrifuged at 21,0009 for 5 min at 4°C. The
DPC pellet was resuspended in PBS and incubated at 37°C to solubilize. The amount of DPC-
associated DNA was estimated at ODz¢0. For isolation of DPCs from the parasite, a synchronized
100 ml ring stage culture of P. falciparum 3D7 (~10% parasitemia) was divided into two equal
parts and grown till 24 hour stage. One part was supplemented with 50 uM etoposide and another
part with DMSO (0.001%). Both the cultures were grown for another 10 hours, parasites were
purified and processed for isolation of DPCs as has been described for HEK293T cells.

We assessed PfKD parasites for the presence of DPCs and the association of PfDDI1 with
DPCs. A synchronized 140 ml ring stage culture of PfKD parasites (~15% parasitemia) was
divided into two equal parts. One part was grown with trimethoprim (10 uM) and another without
trimethoprim. 50 ml of each culture was harvested at 30 hour stage (30 hour time point) and

parasites were purified. The remaining 20 ml culture was expanded to 50 ml with fresh medium
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and RBCs, grown under the same trimethoprim condition for another 48 hours, and the parasites
were purified (78 hour time point). The parasite pellets were processed for isolation of DPCs and
DPC-associated DNA. DPCs were isolated as has been described for HEK293T cells. For DPC-
associated DNA, parasites were processed upto the precipitation step (precipitation with 200 mM
KCI, 20 mM Tris-Cl, pH 7.5) as has been described for HEK293T cells. After precipitation, the
supernatant was processed for isolation of free DNA and the pellet was processed for isolation of
DPC-associated DNA. The DPC pellet was washed twice, each time with 1.5 ml of the low-salt
buffer (100 mM KCI, 20 mM Tris-Cl, pH 7.5) by incubating at 55°C for 10 min, followed by on
ice for 6 min, and centrifuged at 21,0009 at 4°C for 5 min. The washes were pooled with the
supernatant from the precipitation step. The DPC pellet was resuspended in 1 ml of proteinase K
buffer (100 mM KCI, 20 mM Tris-Cl, pH 7.5 and 10 mM EDTA, proteinase K at 0.2 mg/ml),
incubated at 55°C for 45 min, followed by on ice for 6 min. The sample was centrifuged at 21000g
for 10 min at 4°C, the pellet (debris and proteins released from the digestion of DPCs) was
discarded and the supernatant that contains the DPC-associated DNA was retained. The amount of
DNA in DPC-associated DNA sample (supernatant of the proteinase K digested sample) and DPC-
free DNA sample (pooled supernatant and washes) was quantitated using the SYBR green dye as
per the manufacturer’s instructions. The amount of DPC-associated DNA was expressed as the
percentage of total DNA (DNA present in the DPC sample and DPC-free DNA sample). For
detection of DPC-associated PfDDI1, the 78 hour time point DPC preparations were spotted on a
nitrocellulose membrane. The membrane was blocked (3% BSA in TBST), incubated with mouse
anti-HA antibodies, followed by HRP-conjugated goat anti-mouse 1gG antibodies, and signal was
developed as has been described in the western blotting section.

We assessed DPCs for interaction with recombinant PfDDI1. DPC preparations from the
DMSO-treated and etoposide-treated wild type P. falciparum 3D7 parasites and HEK293T cells
were spotted on a nitrocellulose membrane, and the membrane was blocked (3% BSA in TBST).
The membranes with HEK293T DPC spots were assessed for the presence of DPCs of
topoisomerase Il and histone 2B (as a chromatin control) using antibodies to rabbit human
topoisomerase 1l and rabbit anti-H2B, followed by HRP-conjugated goat anti-rabbit 1gG. For
interaction of recombinant PfDDI1 with DPCs, pure parasite genomic DNA was also spotted as a
control along with the wild type P. falciparum DPC preparations. These membranes were overlaid
with purified recombinant PfDDI1mycmhis (2.5 pg/ml in blocking buffer) for 12-14 hours at 4°C,
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washed with blocking buffer, incubated with rabbit anti-His antibodies, washed with blocking
buffer and then with HRP-conjugated goat anti-rabbit 1gG antibodies. The blots were developed

as has been described in the western blotting section.

Complementation of S. cerevisiae DDI1. The ScDDI1 coding region of S. cerevisiae
BY4741strain was replaced with kanamycin cassette (for knock-out) or the GFP-PfDDI1myc
cassette containing the wild type or mutant PfDDI1 coding sequence (knock-in). The kanamycin
cassette was amplified from pFA6a-kanMX6 plasmid using ScDDi-Fko/PfDDi-RKki primers. For
wild type PfDDI transfection cassette, the pGEX-synPfDDImyc plasmid was digested with Xhol,
ends were filled with Klenow, and again digested with BamHI to excise the PfDDI1wyc region,
which was cloned into the pFA6a-GFP plasmid at BamHI/Smal site to obtain the pFAG6-
GFP/PfDDImyc plasmid. The plasmid was used as a template for PCR amplification of the wild
type PFfDDI1 transfection cassette (GFP/wPfDDlwyc) using PfDDi-Fki/PfDDi-RKki primers. The
mutant PfDDI transfection cassette (GFP/wPfDDIlwyc) was generated by recombination PCR using
the pFA6-GFP/PfDDImyc plasmid as a template with PfDDi-Fki/PRPsynD-A-R and PRPsynD-A-
F/PfDDi-Rki primer sets as described for recombinant mPbDDI1lmyc in the production of
recombinant proteins section. The kanamycin cassette, GFP/WPfDDImy. and GFP/mPfDDlmyc
PCR products were gel purified and transformed into the BY4741 cells by lithium acetate method
(81). Briefly, the BY4741 strain was grown in complete YPD medium at 25°C and 250 rpm till
ODegoo 0f 1.0. The culture was centrifuged (3000g for 5 minutes at 25°C), the cell pellet was washed
with autoclaved Milli-Q water, followed by with lithium acetate/Tris EDTA (LTE) buffer (100
mM lithium acetate, 10 mM Tris-Cl, 4 mM EDTA, pH 7.5). The cell pellet was resuspended in
100 pl of transformation mix (LTE, 34.7% PEG, 10 pg of calf thymus DNA, 4 pg of desired PCR
product), incubated at 30°C for one hour, followed by at 42°C for 15 minutes, and then in ice for
10 minutes. The transformation reaction was centrifuged at 3300g for 2 minutes at room
temperature, the cell pellet was resuspended in YPD medium, and grown at 25°C with shaking at
250 rpm for overnight. The culture was centrifuged at 3000g for 5 minutes at room temperature,
the cell pellet was washed with autoclaved Milli-Q water, resuspended in autoclaved Milli-Q
water, spread on YPD agarose plates containing G418 (350 pg/ml), and the plates were incubated
at 25°C. The resistant colonies along with the BY4741strain as a control were grown overnight in
5 ml of YPD medium at 25°C and 250 rpm. The cultures were harvested at 3000g for 5 minutes at

25°C, and the cell pellets were used for western blot analysis and gDNA isolation as has been
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described earlier (78). The integration of transfection cassette was checked by PCR using primers
specific for the complete cassette (Sc/PfDDi-5con, Sc/PfDDi-3con), 5’-integration (Sc/PfDDi-
5con and PfDDIUDI-R) and 3’-integration (RVP/UBA-F and Sc/pfDDi 3con) loci. The lysates of
complemented (AScddi :: wPfDDI1myc and AScDDII :: mPfDDI1myc) Strains and BY4741 as a
control were evaluated for expression of GFP/WPfDDImyc or GFP/mPfDDImyc proteins by western
blotting using anti-GFP antibodies and anti-triose phosphate isomerase antibodies, followed by
appropriate secondary antibodies as has been described in western blotting section.

The BY4741, AScDDI1 and complemented (AScddi :: wPfDDIlmyc and AScDDII ::
mPfDDI1myc) strains were compared for growth on YPD agarose plate containing various
inhibitors. In brief, overnight cultures were initiated with single colonies in complete YPD with
G418 (for complemented strains) at 25°C and 250 rpm. The overnight culture was added to fresh
complete YPD medium (at 1%) without G418, and grown till the ODeoo of 1-2. The cultures were
normalized to ODeoo of 1.0, serial 10-fold dilutions were made in YPD, and 5 ul of each dilution
of all the strains was spotted on YPD agarose plates without or with a test chemical (0.005% MMS,
100 pg/ml etoposide, 100 mM hydroxyurea, 0.1% glyoxal, 100 uM artemisnin, 100 pM
chloroquine, 100 uM pepstatin A, 100 uM bestatin, 100 uM lopinavir and 100 uM nelfinavir). The
plates were incubated at 30°C for 2-3 days.

The BY4741, AScDDI1 and complemented (AScddi :: wPfDDIlmyc) strains were
compared for protein secretion into the culture medium. For each strain, a single colony was
inoculated into 5 ml SD medium, incubated at 30°C for 48 hours with shaking at 180 rpm, and the
culture was centrifuged at 3000g for 15 minutes at 25°C. The cell pellet was dried at 100°C for
overnight and the pellet weight was measured. The supernatant was dialysed against PBS at 4°C
using a 3.5 kDa cut off dialysis membrane and the protein amount was estimated using BCA
method. The total protein amount present in the supernatant was normalized with dry weight of
the cell pellet from the same culture and plotted as pg/mg dry weight of the pellet using GraphPad

Prism.
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PfDDI1

Ta-UBA Cf-UBA

Figure S1. Domain structures of PfDDI1 and other apicomplexan DDI1 proteins. The AlphaFold structure of
PfDDI1 (AF-Q8IMO03-F1) shows putative UBL (cyan) and RVP (blue)) domains that are superimposed with the
reported structures of ScDDI1 UBL (magenta) and RVP (red) domains. The Gregarina niphandrodes UBL (Gn-UBL,
2-70), Theileria annulata UBA (Ta-UBA, 367-403) and Cytauxzoon felis UBA (Cf-UBA, 354-393) domains were
predicted by homology modeling. The modelled structures of Gn-UBL (cyan) was superimposed on the reported
structure of ScDDI1 UBL (magenta). The modelled structures of Ta-UBA (pink) and Cf-UBA (purple) were
superimposed on the reported structure of Schizosaccharomyces pombe DDI1 UBA domain (green). N and C are for
N- and C-termini, respectively.
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Figure S2. Production of recombinant PfDDI1. The native PfDDI1 coding region was expressed as a N-terminal
His-tagged protein in E. coli M15(pREP4) cells using the pQE30 plasmid. The recombinant protein was purified from
IPTG-induced cells by Ni-NTA chromatography under denaturing conditions and refolded. The lysates of uninduced
(Un) and induced (In) cells, soluble (Sol) and insoluble (Ins) fractions of induced cells, and refolded protein (Pur)
were run on SDS-PAGE gel and visualized by coomassie staining. The sizes of proteins markers (M) are indicated in
kDa.
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Figure S3. Generation of DDI1 knock-down P. berghei parasites. The endogenous PbDDI1 coding region was
replaced with PfDDI1myc/cDDwa coding sequence, and cloned parasites were assessed for the presence of knock-down
locus by PCR and expression of PfDDI1yvy/cDDwa protein by westen blotting. A. The schematic represents integration
of linear transfection construct (Trn cons) into the endogenous PbDDI1 locus (WT locus), resulting into the generation
of integration locus (Int locus). Rectangular boxes represent the coding regions for PbDDI1 (PbDDI), PfDDI1 (PfDDI)
cDDya and hDHFR (HD). The flanking untranslated regions (5'U and 3'U), the location and orientation of primers
(horizontal arrows), the restriction endonuclease sites (vertical arrows), and regulatory regions in the linear
transfection construct (3'U of PvAC, 5'U of PyaTb, 3'U of PfHrp2) are indicated. Locus specific primers (5’
integration, 5’-Int (1/2); 3’ integration, 3’-Int (3/4); wild type locus, WTsp (1/4); proteasome a-6 gene as a control,
Con) were used to differentiate the integration and wild type loci by PCR. B. The ethidium bromide stained agarose
gel shows PCR products for the indicated regions from the genomic DNAs of wild type (WT) and knock-down (KD5
and KD6) parasites. C. The western blot of WT and knock-down (KD5 and KD6) parasite lysates was probed with
antibodies to Myc (ab-Myc), HA (ab-HA) or B-actin (ab-Ac).
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Figure S4. Generation of DDI1 knock-down P. falciparum parasites. The wild type PfDDI1 coding region was
replaced with PfDDI1wy./cDDna coding sequence, and the recombinant parasites were assessed for the presence of
knock-down locus by PCR and expression of PfDDI1uy/cDDna protein by western blotting. A. The schematic
represents integration of transfection construct (Trn cons) into the endogenous PfDDI1 locus (WT locus) via double
homologous crossover, resulting into the generation of integration locus (Int locus). Rectangular boxes represent the
coding regions for PfDDI1 (PfDDI), PfDDI1pyc (PfDDlmyc), cDDra and hDHFR (HD). The flanking untranslated
regions (5'U and 3'U), the location and orientation of primers (horizontal arrows), the restriction endonuclease sites
(vertical arrows), and regulatory regions in the transfection construct (3'U of PvAC, 5'U of PyaTb, 3'U of PfHrp2) are
indicated. B. Primers specific for different regions (5’ integration, 5’-Int (1/2); 3’ integration, 3’-Int (3/4); wild type
locus, WTsp (1/4); vacuole membrane protein 1 gene as a control, Con) were used in PCR to differentiate the wild
type and integration loci. PCR products for the indicated regions were amplified from the genomic DNAs of wild type
(WT) and cloned knock-down (KD11 and KD9) parasites, and are shown in the ethidium bromide stained agarose gel.
The lane M has DNA markers in kbps. C. The western blot of WT and knock-down (KD9 and KD11) parasite lysates
was probed with antibodies to HA (ab-HA) or B-actin (ab-Ac).
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Figure S5. Production of recombinant PbDDI1.  Wild type P. berghei DDI1 (wPbDDI) and its catalytic mutant
(mPbDDI) were expressed as N-terminal His-taged proteins in BL21-CodonPlus (DE3) E. coli cells using the pRSET-
A plasmid. The recombinant proteins were purified by Ni-NTA chromatography from IPTG-induced cells. The
coomassie stained SDS PAGE gels show lysates of uninduced (Un) and induced (In) cells, soluble (Sol) and insoluble
(Ins) fractions of induced cells, and Ni-NTA purified protein (Pur). The sizes of proteins markers (M) are indicated in
kDa.
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Figure S6. DPC preparation from HEK293T cells. DPCs were isolated from HEK293T cells treated with DMSO
or etoposode (Etop). The indicated amounts of DPCs were spotted on a nitrocellulose membrane, and the presence of
topoisomerase 11-DPC was probed using anti-topoisomerase Il antibodies (ab-Topo) antibodies. Antibodies to histone
2B were used as a control to ensure the presence of chromatin.
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Figure S7. Protease activity of recombinant PfDDI. A. The reaction sample containing BSA and recombinant
PfDDI1mycnis (DDI+BSA) was incubated at 37°C, equal aliquots of the reaction sample were collected at the start and
at the indicated time points, and the reaction was stopped with SDS-PAGE sample buffer. Control reaction samples
contained BSA or DDI, incubated under identical conditions for 10 hours, and the reaction was stopped with SDS-
PAGE sample buffer. The DDI+BSA aliquots, BSA and DDI1 samples were run in a 12% SDS PAGE and visualized
by staining with coomassie blue. The intensity of BSA is similar across the incubation time points, indicating no
degradation. The sizes of proteins markers (M) are in kDa. B. PfKD parasites were grown in the presence (+T) or
absence (-T) of trimethoprim, harvested at 30 hr and 78 hr time points, and processed for the presence of ubiquiti-
nated proteins by western blotting using anti-ubiquitin antibodies (ab-Ub). The membrane was stained with Ponceau
before incubation with the blocking buffer, and shows similar loading of parasite lysates for the corresponding time
point. The sizes of proteins markers (M) on the left margin of the blot are in kDa.
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Figure S8. Production of recombinant PfPRP19. The PfPRP19 coding sequence was expressed with an N-terminal
GST-tag in BL21-(DE3) E. coli cells using the pGEX-6P-1 plasmid and purified from the IPTG-induced cells. The
coomassie stained SDS-PAGE gel show lysates of uninduced (Un) and induced (In) cells, soluble (Sol) and insoluble
(Ins) fractions of the induced cells, and the GST-PfPRP19 enriched eluate (Elute). The arrow head indicates predicted
size of GST-PfPRP19 (~87.7 kDa) and the sizes of proteins markers are indicated in kDa (M).
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Figure S9. PfDDI1 reversed the hypersecretion phenotype of S. cerevisiae DDI1 mutant. The endogenous ScDDI
was knocked-out (KO) by replacing the ScDDI1 coding region with a kanamycin cassette. For generation of
complemented strains, the ScDDI1 coding region was replaced with GFP-wPfDDI/kanamycin cassette coding for wild
type (Klw) or catalytic mutant (KIm) of PfDDI1. The replacement of ScDDI1 was confirmed by PCR of the gDNAs
of wild type (WT), knockout (KO1 and KO2) and knock-in (Klwl, Kiw2, KIml and KIm2) strains using locus-
specific primers. A and B. The ethidium bromide stained agarose gels contains PCR products for the wild type (WT),
knock-out (KO) and wild type PfDDI1-complemented (KIw) loci. C. The ethidium bromide stained agarose gel
contains PCR products corresponding to the 5 integration (5’-Int), 3’ Integration (3’-Int) and wild type-specific
(WTsp) loci of WT and mutant PfDDI1-complemented (KIw) strains. The positions of DNA markers are in kbp (M).
D. Western blot analysis of complemented strains. The lysates of WT, Klw and KlIm strains were processed for
western blott using anti-GFP antibodies (ab-GFP), and antibodies to triose phosphate isomerase antibodies (ab-TPI)
were used as a loading control. The numbers indicate sizes of protein markers in kDa (M). E. Comparative growth
assay. The overnight cultures of WT, KO, Klw and KIm strains were normalized to ODeggo 0of 1.0, and the indicated
dilutions of each culture were spotted on an YPD agar plate, which was incubated at 30°C till the colonies appeared.
F. Reversal of hypersecretion phenotype. A single colony of each of the WT, KO and Klw strains was inoculated
into SD medium and the cultures were grown for 48 hours at 30°C. The supernatant was dialyzed against PBS and the
protein amount was estimated. The cell pellet was dried and weighted. The plot shows amount of protein in the
supernatant normalized to the dry weight of cell pellet. The data is mean of three independent experiments with SD
error bar.
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Table S1. Primers used in m@ilgﬂfdvlder aCC-BY-NC-ND 4.0 International license.

Primer Sequence (5°-3°)
PfDdi-expF ATGGGATCCGTTTTTATTACAATATCAGACGAT
PfDdi-expR AATTAAAGCTTATAAATCATTGTTTGCATCAATGTC
PbDdiexpF TATGGGATCCGTGTTCATAACAATATCTGATGAT
PbDdiexpRm TAATAAGCTTCTACAGGTCTTCTTCAGAAATCAGCTTTTGTTCTAGTGTGTCTAAGTTTA
TGTTTTC
Pbddimut-R GTTTGTGCCCCTGAAGCGACAAATGCATG
PbDdimut-F CATGCATTTGTCGCTTCAGGGGCACAAAC
PbDdiexpRm TAATAAGCTTCTACAGGTCTTCTTCAGAAATCAGCTTTTGTTCTAGTGTGTCTAAGTTTA

TGTTTTC

PRPsyn-Fchis

ATCGTACATATGGTGTTTATTACCATTAGCG

PRPsyn-Rchis

GAATTACTCGAGCAGATCCTCTTCGCTAATCAG

PbDdil-FI1F AATTGCGGCCGCAAAAATTTCAATCATAGAGTATATATAC

PbDdil-FI1IR ATATGGTACCAGATCTCATTTTGGTCAAATCTTGTGATATTC

PbDdil-FI2F ATAGCCTAGGGGCCCATAAAAATATACTATCCG

PbDdil-FI2R AATTGGCGCCGGTTATTATTATCTTAAGTTTGTGACCATAC

DDiexp-F ATGGGATCCGTTTTTATTACAATATCAGACGAT

DDimyc Rep-R TAATCTCGAGTTACAGGTCTTCTTCAGAAATAAGCTTTTGTTCTAAATCATTGTTTGCAT
CAATGTC

cDD-F AATGGGATCCGGAGGCGGTGGAGGAATCAGTCTGATTGCGGCGTTA

cDD-R CTAACTCGAGTCAAGCGTAATCTGGAACATCGTATGG

PfDdi-reF AATGAGATCTGTTTTTATTACAATATCAGACGAT

PfDdi-cDDR CCAAGGATCCCAGGTCTTCTTCAGAAATAAGCTTTTG

CONS’-F GACAACATGATGCCCTTATGGAATATG

Pvac-R CGGTCTGCAGCCCTGGAAAACAGGCGAT

Hrp2-F ATCAGGCGCCATATCGAATTCCCGCGATCGATCCTAGGAACATATGTTTAAAAGAAAA
ATTTAAGATTTACATGATTAGG

CON3’-R CACTAAAATTCATAAGTGAAAAGTTGTCAC

Pbspec-F CACATCAGCTACTAATGTTAGTACATCC

PFspec-F TCTCTTAAATAATCCAGCTTTCAAAACA

a6FL2-F ATAACCTAGGAGACGTGAAAGTTATATCGACC

a6FL2-R AATTGATATCGAATTCCAAACACAAGCAAGCACTTGTGC

PfDDi3’U-F TTATAGTCGACCGTAAATATTATTATCACTATCAATATATATGTAC

P{DDi3’U-R AGCTTCTGCAGTTATTATTCATCTATTAACATAAGGGAAA

DDi-con5U CTAACATTTTAACATTTTAATAATTAAGCATTAAAAATG

cDD-R CTAACTGAGTCAAGGGTAATCTGGAACTCGTATGG

HRP2seq-F CTTTTACAATATGAACATAAAGTACAAC

DDi3’int-R CAACAGAATGTGCTCAGATCATAC

PTVMP1-Fep TAGCTTAGATCTATGGATTCATATGAAGCTAAGAAGAAG

PfVMP1-R CATTAGGTACCTTTTTTTATTTTTCTTGGTGTCATTTCGTTC

PfPPF19-Fexp

TAACGCAGATCTGGATCCATGTCAATAATATGCACCATAAGTGGC

PfPPF19-Rexp

GACTCTCGAGTTAGGTACCATTCCAAAGTTTTATTGTTTTATCCATTGA

ScDDi-Fko GTATACTTAACGTAGTTAACAAAGTACATACCAAACATAACAGCAAAAATATACGTAA
AGAGCGACATGGAGGCCCAGAATA

PfDDi-RKki ACTTATCTATTTGTGTTATGGGCTACATACGTAGAGGCCGATCACAATATCAGTGGTTG
CTCACAGTATAGCGACCAGCA

PRPsynD-A-F GTGCATGCATTTGTTGCCAGCGGTGCACAGAGC

PfDDi-RKi GCTCTGTGCACCGCTGGCAACAAATGCATGCAC

PfDDi-Fki GTATACTTAACGTAGTTAACAAAGTACATACCAAACATAACAGCAAAAATATACGTAA

AGATGAGTAAAGGAGAAGAACTTTTCAC

Sc/PfDDi-5con,

ATTCATCGCCACCGAAAAGATA

Sc/PfDDi-3con

TATACTTAACAGAAGTACAATC

RVP/UBA-F

TAAGTCAGCATATGGTTGTGTTCATGCTGTATATTCCGGTGGAA

PfDDIUbI-R

TACACTCACTCGAGTTAGTGATGGTGATGGTGATGTGCGCTGATTTTTTTGCGAACAAA

62



https://doi.org/10.1101/2021.10.29.466443
http://creativecommons.org/licenses/by-nc-nd/4.0/

Table S2. Proteins identified in mass spectrometry analysis of the PFDDI1 immunoprecipitate. Shown are the score (Sc), coverage (Co), and
number of unique peptides (UP) for each protein. The proteins shown were consistently identified in three independent biological replicates. The
predicted pathway is based on homologs in other organisms.

Accession 1D

Protein

Experiment 1

Experiment 2

Experiment 3

Pathway

Sc Co UP | Sc Co UP | Sc Co | UP

Q8IM03 (PF3D7_1409300) DNA damage-inducible protein 1 205.1 35.6 21 | 169.4 | 31.0 21 | 835.1 | 51.9 | 34 | Bait protein
Q812Z8 (PF3D7_0915400) Probable ATP-dependent 6-phosphofructokinase 144.1 24.6 26 | 121 | 2.7 4 158 |51 |6 Glycolysis pathway
Q8I3T1 (PF3D7_0517700) Eukaryotic translation initiation factor 3 subunit B | 123.6 36.5 22 199 4.3 3 5.7 14 |1 Protein synthesis
077325 (PF3D7_0308600) Pre-mRNA-processing factor 19 60.8 20.3 8 102 | 6.4 3 121 |77 |2 DNA repair, mRNA splicing
Q8IKH8 (PF3D7_1465900) 40S ribosomal protein S3 46.4 41.2 8 207 | 276 7 736 |380 19 Translation
000806 (PF3D7_0309600) 60S acidic ribosomal protein P2 42.2 49.1 5 40.7 | 52.7 4 76.2 | 52.7 | 4 Translation
Q8IIA2 (PF3D7_1126200) 40S ribosomal protein S18 333 37.2 6 6.0 19.9 2 335 | 33|4 Translation
Q814Y9 (PF3D7_1244100) N-alpha-acetyltransferase 15, NatA auxiliary 31.8 8.2 8 3.4 1.2 1 1.7 18 |1 -

subunit
Q8IAX6 (PF3D7_0814000) 60S ribosomal protein L13 30.6 24.7 6 16.3 | 195 4 518 | 228 |6 Translation
Q8IAL3 (PF3D7_0801500) Nucleolar protein 10 28.8 16.0 7 314 | 128 6 351 | 175 |8 -
Q8ILK3 (PF3D7_1426000) 60S ribosomal protein L21 26.1 385 5 4.1 10.6 1 440 | 354 |6 Translation
Q8IM23 (PF3D7_1407100) Fibrillarin 25.1 22.6 7 119 | 123 4 40.7 | 3188 rRNA processing
COH5C2 (PF3D7_1317800) 40S ribosomal protein S19 25.1 22.8 3 7.9 18.6 2 442 | 366 |5 Translation
Q8IHT2 (PF3D7_1143400) Translation initiation factor elF-4C 24.5 284 4 8.2 11.0 2 110 | 168 | 2 Translation
Q8IKS3 (PF3D7_1455500) AP-1 complex subunit gamma 229 7.2 6 2.2 1.3 1 148 |43 |3 -
Q8I0W8 (PF3D7_0513600 ) Deoxyribodipyrimidine photo-lyase 222 6.7 6 9.0 3.2 3 8.9 18 |2 -
Q7K6A0 (PF3D7_0934800) cAMP-dependent protein kinase catalytic subunit | 21.3 24.0 8 3.7 7.3 3 6.6 76 |2 Signal transduction
Q8I5C4 (PF3D7_1229500) T-complex protein 1 subunit gamma 21.1 155 8 22.8 12.9 6 411 | 149 |7 Protein folding
P50250 (PF3D7_0520900) Adenosylhomocysteinase 19.6 18.0 8 123 | 86 4 56.1 | 22.3 | 10 | Amino-acid biosynthesis
096220 (PF3D7_0214000) T-complex protein 1 subunit theta 195 11.8 7 133 | 96 5 331 | 137 |7 -
Q8I12B1 (PF3D7_0102900) Aspartate--tRNA ligase 19.4 7.4 5 183 | 6.7 4 233 | 104 |6 -
C6KT23 (PF3D7_0618300) 60S ribosomal protein L27a 18.7 31.8 5 4.8 6.8 1 8.6 230 |3 Translation
Q81577 (PF3D7_1234500) Uncharacterized protein 16.1 14.3 5 4.3 2.9 1 294 | 185 |6 -
Q8ILY9 (PF3D7_1410600) Eukaryotic translation initiation factor 2 gamma 16.1 9.0 4 164 | 120 5 191 | 105 |3 Translation

subunit, putative
Q8I3R6 (PF3D7_0519400) 40S ribosomal protein S24 154 31.6 5 5.7 18.1 2 240 | 158 | 4 Translation
077381 (PF3D7_0317600) 40S ribosomal protein S11 12.8 26.7 4 325 | 379 6 469 | 410 |7 Translation
Q8I3R0 (PF3D7_0520000) 40S ribosomal protein S9 11.6 16.9 4 13.3 185 4 424 | 280 |6 Translation
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Q8IDR9 (PF3D7_1342000) 40S ribosomal protein S6 10.6 16.3 3 4.9 10.8 2 389 (199 |6 Translation

C6KT56 (PF3D7_0621900) Signal recognition particle subunit SRP68 10.3 4.0 4 151 | 6.6 5 47.6 | 12.0 | 10 | Translation

Q8l1B4 (PF3D7_1124900) 60S ribosomal protein L35 10.2 27.4 4 6.7 6.5 2 236 |210 |4 Translation

Q8IBH7 (PF3D7_0728000) Eukaryotic translation initiation factor 2 subunit 9.1 11.6 4 125 14.3 4 6.2 37 |1 Translation
alpha

Q8IKUO (PF3D7_1453800) Bﬁ‘unctional glucose-6-phosphate 1- 9.1 5.3 5 170 | 6.3 5 335 |77 |6 -
dehydrogenase/6-phosphogluconolactonase

Q8I5X9 (PF3D7_1206600) DNA-directed RNA polymerase subunit beta 8.2 2.6 4 429 |94 12 | 544 | 9.2 | 11 | Transcription

Q81JT9 (PF3D7_1010600) Eukaryotic translation initiation factor 2 subunit 7.6 12.6 3 5.2 54 1 156 | 176 |4 Translation
beta

077364 (PF3D7_0312800) 60S ribosomal protein L26 7.1 7.1 1 3.6 7.1 1 7.8 71 |1 Translation

Q813X4 (PF3D7_0513300) Purine nucleoside phosphorylase 6.0 10.6 2 4.8 8.6 2 292 | 245 |4 -

Q81JV5 (PF3D7_1009000) Diphthine methyl ester synthase 5.3 9.1 2 1.7 2.6 1 1.7 26 |1 -

Q8IKQ7 (PF3D7_1457300) MAZ3 domain-containing protein 4.8 2.8 2 2.3 25 2 258 |58 |3 -

Q8ILW6 (PF3D7_1412800) Glycylpeptide N-tetradecanoyltransferase 4.8 39 1 4.8 4.9 2 0.0 17 |1 -

Q8ID96 (PF3D7_1361000) Protein arginine N-methyltransferase 4.7 19 1 21 19 1 110 |19 |1 -

COH5D7 (PF3D7_1326400) Translation initiation factor elF-2B subunit 4.0 19 1 1.7 5.7 3 8.2 34 |2 Translation

amma

Q8ID33 (PF3D7_1367500) gNADH-cytochrome b5 reductase 4.0 4.4 2 3.4 4.7 2 39 25 |1 -

C6KT96 (PF3D7_0626000) Uncharacterized protein 3.0 14 2 103 | 1.8 3 6.3 14 |2 -

Q8IEM3 (PF3D7_1309100) 60S ribosomal protein L24 3.0 6.8 1 3.8 11.7 2 6.6 111 2 Translation

Q8ILP6 (PF3D7_1420400) Glycine--tRNA ligase, dATP synthetase 2.8 1.6 1 21 0.9 1 0.0 08 |1 -

QB8IEP9 (PF3D7_1306600) V-type proton ATPase subunit H 2.7 29 1 1.6 15 1 51 31 |1 -

COH4Y0 (PF3D7_0826500) Ubiquitin conjugation factor E4 B 2.3 0.9 1 7.4 1.4 2 6.2 19 |2 UPS

Q8I5F9 (PF3D7_1225800) Ubiquitin-activating enzyme E1 22 13 1 2.8 22 2 3.9 37 |2 UPS

COH5B3 (PF3D7_1313800) Uncharacterized protein 22 0.4 1 1.9 0.5 2 0.0 03 |1 -

Q8l11U6 (PF3D7_1105700) tRNA-splicing ligase RtcB homolog 21 3.6 2 0.0 2.0 1 7.0 51 |2 -

COH4K8 (PF3D7_0705700) 40S ribosomal protein S29 21 13.0 1 1.8 13.0 1 5.4 148 |1 Translation

096185 (PFB0460c) Uncharacterized protein 2.0 0.4 1 2.8 0.5 1 157 |25 |4 -

Q81JV3 (PF3D7_1009200) Small subunit rRNA synthesis-associated protein 19 11 1 6.0 25 2 4.1 08 |1 -

077323 (PF3D7_0308200) T-complex protein 1 subunit eta 1.9 3.2 1 9.6 5.2 2 215 |85 |4 Protein folding

Q8IHYO0 (PF3D7_1138500) Protein phosphatase PPM2 1.9 1.0 1 4.6 1.0 1 3.2 15 |1 -

Q8IBB6 (PF3D7_0828500) Translation initiation factor elF-2B subunit alpha 19 2.9 1 3.0 4.1 1 185 | 149 |3 Translation

C6KTB3 (PF3D7_0627700) Transportin 1.7 1.0 1 2.0 0.8 1 3.1 10 |1 Protein import into nucleus

COH489 (PF3D7_0405100) Protein transport protein Sec24B 1.6 0.7 1 3.1 1.0 1 129 |33 |3 Protein transport
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Q8IHUO (PF3D7_1142500) 60S ribosomal protein L28 0.0 15.8 2 8.4 22.8 3 165 | 158 | 2 Translation
Q8IBI3 (PF3D7_0727400) Proteasome subunit alpha type 0.0 3.9 1 2.0 3.1 1 8.3 63 |1 UPS
C6KTEL1 (PF3D7_0630600) DUF4205 domain-containing protein 0.0 2.3 2 7.8 2.8 2 185 |72 |6 UPS
Q8I5E0 (PF3D7_1227800) Histone S-adenosyl methyltransferase 0.0 0.9 1 5.3 1.8 2 2.4 19 |1 -
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