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Characterization of Plasmodium
falciparum NEDDS8

and identification of cullins as its
substrates

Manish Bhattacharjeel, Navin Adhikari'*, Renu Sudhakar?!, Zeba Rizvi', Divya Das?,
R. Palanimurugan®? & Puran Singh Sijwalil**

A variety of post-translational modifications of Plasmodium falciparum proteins, including
phosphorylation and ubiquitination, are shown to have key regulatory roles during parasite
development. NEDD8 is a ubiquitin-like modifier of cullin-RING E3 ubiquitin ligases, which

regulates diverse cellular processes. Although neddylation is conserved in eukaryotes, it is yet to be
characterized in Plasmodium and related apicomplexan parasites. We characterized P. falciparum
NEDD8 (PfNEDD8) and identified cullins as its physiological substrates. PNEDD8 is a 76 amino acid
residue protein without the C-terminal tail, indicating that it can be readily conjugated. The wild type
and mutant (Gly75Ala/Gly76Ala) PFNEDD8 were expressed in P. falciparum. Western blot of wild type
PfNEDD8-expressing parasites indicated multiple high molecular weight conjugates, which were
absent in the parasites expressing the mutant, indicating conjugation of NEDD8 through Gly76.
Immunoprecipitation followed by mass spectrometry of wild type PFNEDD8-expressing parasites
identified two putative cullins. Furthermore, we expressed PFNEDD8 in mutant S. cerevisiae strains
that lacked endogenous NEDD8 (rub1A) or NEDD8 conjugating E2 enzyme (ubc12A). The PFNEDD8
immunoprecipitate also contained S. cerevisiae cullin cdc53, further substantiating cullins as
physiological substrates of PNEDDS8. Our findings lay ground for investigation of specific roles and
drug target potential of neddylation in malaria parasites.

Post-translational modifications (PTMs) of proteins such as phosphorylation, methylation, acetylation, glycosyla-
tion, ubiquitylation, etc. are key regulators of a plethora of cellular processes in eukaryotes, as these modifications
cause rapid and dynamic changes to the functions of proteins. Ubiquitin is a major post-translational modifier of
proteins in eukaryotes. Mature ubiquitin has 76 amino acid residues arranged into a "beta-grasp" fold, which con-
sists of an a-helix surrounded by a five-strand antiparallel beta sheet'. Several protein modifiers are structurally
similar to ubiquitin, and are collectively known as ubiquitin-like modifiers (ULMs). Some widely studied ULMs
include NEDD8, SUMO, ISG15 and Atg82. ULMs are major post-translational regulator of protein function in
a variety of ways, including protein stability, cellular location, interaction with other proteins, transcriptional
regulation, DNA repair and RNA splicing®™. ULMs undergo covalent conjugation onto the substrate proteins
through a highly regulated cascade of enzymatic reactions, which involves enzymes specific to each ULM.
Plasmodium falciparum is the most virulent malaria parasite of humans; the other Plasmodium species caus-
ing human malaria are Plasmodium vivax, Plasmodium malariae, Plasmodium ovale and Plasmodium knowlesi.
Despite ongoing efforts and advancements to reduce the global burden of malaria, 228 million people were
infected, with 405,000 deaths worldwide in 2018°. With increasing resistance of the parasite to most of the com-
monly used drugs and lack of an effective vaccine, malaria elimination appears to be an elusive goal®. Hence,
there is a need to develop next generation of antimalarials, preferably against novel drug targets. The pathways
of ULMs could be promising targets, as each pathway involves multiple enzymes to conjugate the ULM to target
proteins, which could be part of multiple cellular processes’. Genome-wide analysis of human malaria parasites
have revealed the presence of multiple putative ULMs and the associated pathway proteins®. The ubiquitin
proteasome system (UPS) of malaria parasites has been proposed as an attractive drug target, as inhibitors
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of the proteasome have been shown to cause parasite death at multiple stages®'°. Recent studies demonstrate
feasibility of selective inhibition of parasite proteasome, which also had potent effect on artemisinin resistant
parasites'!. Plasmodium sumoylation has been shown to be an important regulator of oxidative stress response
during erythrocytic stages'?. Plasmodium Atg8 has been shown to be associated with punctate structures and is
required for apicoplast biogenesis'*~'¢. Most of our knowledge on NEDD8 comes from higher eukaryotes and
S. cerevisiae, whereas the NEDDS of eukaryotic pathogens like malaria parasites has not been characterized yet.

NEDDS is synthesized as a precursor, requiring processing by a C-terminal hydrolase, which results in the
generation of Gly76 at the C-terminus'’~?". The S. cerevisiae deletion mutant of NEDD8-processing enzyme Yuhl
did not show neddylation, whereas there seems to be redundancy in NEDD8-processing enzymes in S. pombe'>,
indicating that processing of NEDD8 precursor is essential but could be mediated by multiple enzymes depend-
ing on the organism. The conjugation of NEDDS to substrate proteins is known as neddylation in which Gly76
is conjugated to the €-amino group of a specific Lys residue in the substrate protein via an iso-peptide bond.
Like ubiquitylation, it involves activation of NEDDS by an activating enzyme E1 called the NEDD8-activating
enzyme (NAE), transfer of NEDD8 from E1 to the active site cysteine of the conjugating enzyme E2, and finally
conjugation of NEDD8 from the charged E2 to the substrate protein®>*. It is not clear if E2 can directly conjugate
NEDDS to the substrate without involvement of an E3 ligase. However, several ubiquitin E3 ligases have been
shown to facilitate self-neddylation or neddylation of other proteins, thereby potentially acting as NEDD8 E3
ligases?*?*. For example, mdm?2 has been shown to not only mediate neddylation of p53 and p73 but also medi-
ates self-neddylation®®. Human NAE is a hetero-dimer of ubiquitin-activating enzyme 3 (UBA3) and amyloid
precursor protein-binding protein 1 (APPBP1). UBA3 functions as a catalytic subunit and APPBP1 functions as
aregulatory subunit. Human and S. cerevisiae NEDD8 E2 is called ubiquitin-conjugating enzyme 12 (Ubc12). In
spite of the high sequence identity between human NEDDS8 and ubiquitin (60%), certain unique residues in ubig-
uitin and NEDDS ensure their specific recognition and conjugation by their respective enzymatic machineries”.

Neddylation has been found to be an essential process in A. thaliana, D. melanogaster, C. elegans, mammalian
cells and S. pombe?®-**. However, it is dispensable in S. cerevisiae®®. The outcome of neddylation can vary from
changes in sub-cellular localization®, interactions, and activation®® to conformational changes®. The majority
of reports related to NEDD8 and the associated processes indicate that the best defined and conserved function
of neddylation is activation of Cullin-RING E3 ubiquitin ligases (CRLs)*, including SCF (Skp1, Cullins, F-box
proteins) and APC (Anaphase-promoting complex), which play crucial roles in cell-cycle regulation®*, hypoxia
signaling*' and DNA damage repair*’. Neddylation of cullin in CRLs enhances ubiquitin ligase activity>>*>*,
Neddylation of histone H4 at DNA damage sites serves as a signal to recruit the ubiquitylation machinery for
repair of the damaged DNA?*. Neddylation of epidermal growth factor receptor (EGFR) has been shown to be
an important upstream signal leading to increased ubiquitylation and endocytic internalization*’. Many forms
of malignancies have also been shown to have chronic dependence on neddylation to thrive, as cancer cells are
heavily dependent on signals that promote cell-cycle progression, and many of these regulatory proteins are ned-
dylation substrates*!. In case of breast cancer, neddylation of breast cancer-associated protein 3 has been shown
to recruit a class I1I histone deacetylase that represses NFkB-dependent transcription®. It has also been dem-
onstrated that higher neddylated forms of key oncogenic hallmarks LKB1 and Akt stabilize them, which in turn
induces metabolic disruptions, progressively leading to liver cancer*®. Hence, NAE has been explored as a target
for development of anti-cancer drugs, and its inhibitor MLN4924 has shown promise as an anti-cancer drug*”*.

Bioinformatic analysis of the genomes of protozoan parasites has predicted the presence of NEDD8 and
some components of the neddylation pathway’. The only experimental report on the neddylation pathway
of a protozoan parasite is of Trypanosoma brucei, which highlighted a few atypical features of its NEDDS8 in
comparison to NEDD8 from higher eukaryotes®. Plasmodium neddylation has only been explored from the
point of de-neddylation, and PFUCHL3 and PfUCH37 were demonstrated to have de-ubiquitylase as well as
de-neddylase activities. Interestingly, these studies also revealed that among its homologs in higher eukaryotes,
only PfUCH37 has de-neddylase and de-ubiquitylase activities. However, PFUCHL3, the essential one among
the two, was unable to de-neddylate cullin, suggesting the presence of other de-neddylase(s) in Plasmodium®->3.
As neddylation is a very well acknowledged critical regulator of fundamental cellular processes like cell-cycle in
higher eukaryotes?>*>*, it is likely to have important roles during parasite development.

We report that malaria parasites encode a NEDD8 protein with or without a C-terminal tail beyond the Gly76.
The P, falciparum NEDD8 (PINEDDS) lacks a C-terminal tail, gets conjugated to several high molecular proteins,
including two putative cullins. PEINEDDS functionally complemented the S. cerevisiae rubIA, substantiating
its functional conservation across the two species. This work lays the foundation for understanding the role of
protein neddylation in malaria parasites.

Results and discussion

Malaria parasites encode a NEDD8 protein. Searches of the Plasmodium genome databases using
human and S. cerevisiae NEDD8 sequences identified several sequences, which were analyzed for the presence of
conserved motifs and amino acid residues unique to the characterized NEDDS proteins of model organisms®*-.
The top 3 hits (XP_001350369.1, e-value=7e-29; XP_001350526.1, e-value=3e—-26; XP_001349866.1,
e-value =3.6e-24) were used in reverse BLAST of the UniProt database, which revealed that XP_001350369.1
and XP_001350526.1 are ubiquitin-ribosomal protein eL40 and polyubiquitin, respectively (Fig. S1), hence,
these were excluded in further analysis. XP_001349866.1 is likely to be a PEINEDDS8 homolog, and it showed
46%-52% sequence identity with NEDD8 proteins of model organisms (Fig. 1A). Like ubiquitin, NEDDS is
synthesized as a precursor that requires processing of its C-terminal tail to free the 76th Gly residue at the
C-terminus for conjugation'”!?-2!. S. cerevisiae lacking the NEDD8-processing enzyme Yuhl did not show
neddylation, whereas more than one enzyme has been shown to process the S. pombe NEDD8'?%, indicating

Scientific Reports |

(2020) 10:20220 https://doi.org/10.1038/s41598-020-77001-5 nature research



www.nature.com/scientificreports/

A
HsNEDDS

ALNEDDS8
DrNEDDS8
DmNEDDS8
CeNEDDS8
ScNEDDS
PfNEDDS
Cons

HsNEDDS
ALNEDDS
DrNEDDS8
DmNEDDS8
CeNEDDS8
ScNEDDS
PfNEDDS
Cons

1 12 16 28 3132 3839 42 54
MLIKVKTLTGKEIEIDIEPTDKVERIKERVEEKEGIPPOQOORLIYSGKOMNDEKTAADYK

M-IKVKTLTGKEIEIDIEPTDTIDRIKERVEEKEGIPPVOQORLIYAGKQLADDKTAKDYN
MLIKVKTLTGKEIEIDIEPTDKVERIKERVEEKEGIPPQOORLIYSGKOMNDEKTAADYK
MLIKVKTLTGKEIEIDIEPTDKVDRIKERVEEKEGIPPOQOORLIFSGKOMNDDKTAADYK
MLIKVKTLTGKEIELDIEPNDRVERIKEKVEEKEGIPPPOQORLI FAGKOMNDDKTAADYK
MIVKVKTLTGKEISVELKESDLVYHIKELLEEKEGIPPSOQORLIFQGKQIDDKLTVTDAH
MOILVKTLTGKROSFNFEPSSSVFQIKMATEEREGIDAKQIRLIYSGKOMHDDMKLSDYR
M-IKVKTLTGKE-E-D-EP---V-—-IKE--EEKEGIPP-QQRLI--GKQM-D-KT--DY-

* %
69 72 4
ILGGSVLHLVLALRGGGGLRQ-——————— 81
IEGGSVLHLVLALRGGFGLL-—-——————— 80
IQGGSVLHLVLALRGGOIHQKPDRLLLNM 89
VOGGSVLHLVLALRGGDSILTPCV————— 84
VLGGSVLHLVLALRGGF-——————-—————— 77
LVEGMQLHLVLTLRGGN————-———————— 77
VVPGSTVHMILQLRGG————————————— 76

———GS-LHLVLALRGG

@
3
=
2
5

o

Figure 1. (A) Sequence alignment of PAINEDDS. The amino acid sequences of 160 NEDD8 proteins from various organisms
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representing protozoans, metazoans, plants and fungi were aligned. Shown is the alignment of P, falciparum NEDDS8 (PINEDDS) with
homologs from the indicated model organisms (H. sapiens: HINEDDS, A. thaliana: AANEDDS, D. rerio: DrNEDDS, D. melanogaster:
DmNEDDS, C. elegans: CeNEDDS, S. cerevisiae: SCNEDDS8). Also shown is the consensus (Cons) sequence for at least 75% of the

160 NEDD8 proteins, with hyphens representing variation at these positions. The conserved residues are yellow shaded, and grey
shaded are physicochemically similar residues in at least 5 of the 7 sequences. The PEINEDD8 amino acid residues that are different
from the consensus in physicochemical properties are in bold blue font. Amino acid residues marked with asterisks differentiate
ubiquitin and NEDD8 for being correctly recognized by their respective enzymatic machinery. Numbers on the top of the alignment
indicate position of that amino acid residue in PANEDDS. The black arrow represents the processing site to remove the C-terminal tail.
(B) Phylogenetic analysis of NEDD8 homologs. 160 NEDDS protein sequences of the indicated organisms representing metazoans,
plants, fungi and protozoans were aligned using the MUSCLE algorithm, and subjected to phylogenetic analysis using the maximum
likelihood method. The NEDD8 homologs of apicomplexans are in red, non-apicomplexan protists and fungi are in blue, plants are in
green, invertebrates are in yellow and vertebrates are in black. The outlier NEDD8 homologs are underlined.
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that processing of NEDD8 precursor is essential but could be mediated by multiple enzymes depending on the
organism. Interestingly, PAINEDD8 contains 76 amino acid residues only, with Gly as the 76th residue, suggest-
ing that it is readily available for conjugation (Fig. 1A). Human and P. falciparum ubiquitins are 58% and 51%
identical to their respective NEDDS8 proteins. As expected for ubiquitin-family proteins, human NEDD8 and
ubiquitin have similar secondary structure®*. Amino acid residues at 31st, 32nd and 72nd positions are unique
to ubiquitin and NEDD8%, which have been demonstrated to be critical in discrimination of ubiquitin and
NEDDS by their respective enzymatic machinery. For example, ubiquitin has an Arg residue in the 72nd posi-
tion, whereas NEDDS8 contains a non-positively charged residue in the same position, which dictate specific acti-
vation by their respective E1 enzymes*. The 72nd residue in PEINEDDS8 and other Plasmodium NEDDS proteins
is Gln, whereas Plasmodium ubiquitin, which is likely to be derived from the processing of XP_001350369.1 and
XP_001350526.1, has Arg at the corresponding position (Fig. S1). Residues 31st and 32nd in all characterized
NEDDS are Glu-Glu, which have been shown to be pivotal for cullin-1 neddylation. Interestingly, substituting
the corresponding residues of ubiquitin with Glu-Glu caused ubiquitylation of cullin-1%.

NEDDS is highly conserved across Plasmodium species (>89% identity). However, sequence alignment of
Plasmodium NEDDS proteins revealed two types of NEDD8 (Fig. S2). The majority of human and primate
malaria parasite NEDDS proteins lack C-terminal tails, whereas the NEDDB8 proteins of rodent and avian malaria
parasites contain C-terminal tails. The NEDDS8 proteins of human malaria parasites P. ovale and P. malariae have
C-terminal tails. The presence of C-terminal tail in NEDD8 proteins of rodent and other malaria parasites sug-
gests requirement for processing by a C-terminal hydrolase, which may represent an additional layer of regulation
compared to the Plasmodium species containing tail-less NEDD8 proteins, which would bypass the processing
step. We compared Plasmodium NEDD8 proteins with homologs from a diverse range of eukaryotes representing
metazoans, plants, fungi and protozoans. Notably, 11 amino acid residues in the Plasmodium NEDD8 proteins
are strikingly different in physicochemical properties from those present in the majority of NEDD8 homologs at
corresponding positions (Fig. S2), which may represent specificity for Plasmodium neddylation pathway enzymes.
Many of these residues are also conserved in other apicomplexan NEDD8 homologs. One such notable feature is
the presence of Gln at the 72nd position in apicomplexan NEDD8 homologs, the key specificity determinant of
NEDDS for NAE, whereas Ala/Thr occupies the corresponding position in other NEDDS8 proteins analyzed in
this study. The residues 31st and 32nd in NEDD8 homologs of some apicomplexan parasites like T. gondii and C.
parvum are Gln-Glu as opposed to Glu-Glu in the majority of NEDDS proteins analyzed, including Plasmodium.
Given the importance of two residues for cullin neddylation, it may indicate organism specific tuning for ned-
dylation. As mentioned above, certain Plasmodium species among all apicomplexan parasites did not have the
C-terminal tail. Among the non-Plasmodium NEDD8 homologs, only Nematocida, H. vulgaris and Amphiamblys
encode NEDD8 proteins without C-terminal tails. Interestingly, the Atg8 proteins of Plasmodium parasites also
lack C-terminal tails'?. It is required to investigate whether tail-less NEDD8 and Atg8 offer any advantage. Con-
sistent with the conservation of several unique amino acid residues, all apicomplexan NEDD8 proteins share a
common node in the phylogenetic tree (Fig. 1B). The apicomplexan NEDD8 proteins are more closely related to
the NEDDS proteins of other unicellular protists and fungi compared to those of other organisms, as they have
a common ancestor. Baring few outliers, the plant, vertebrate and invertebrate NEDD8 proteins came together
with the respective group of organisms in the phylogenetic tree.

Recombinant PFNEDD8 gets conjugated in an ATP-dependent manner. To experimentally vali-
date if the predicted PINEDDS is a functional protein, we produced it as a C-terminal fusion of His-tagged
SUMO (SN8) using E. coli expression system (Fig. S3). Since NAE and Ubc12 homologs of Plasmodium remain
to be identified and characterized, we used P. falciparum erythrocytic stage parasite lysate as a source of neddylat-
ing enzymes and substrates for in vitro neddylation experiment in the presence or absence of ATP. The western
blot of ATP-containing reaction samples showed the presence of higher molecular weight bands, which were
absent in the reaction samples without ATP, indicating that SN8 was conjugated to parasite proteins in an ATP-
dependent manner (Fig. 2). This is consistent with previous reports of ATP-dependent conjugation of ULMs**%.
To identify SN8-conjugates, we purified the reaction samples and the eluates were subjected to mass spectromet-
ric analysis. Several proteins were identified in the ATP-containing reaction, which were absent in the reaction
sample without ATP (Table 1). The important candidates are two putative cullins and the suppressor of kine-
tochore protein 1 (Skp-1). Since cullins are the bonafide neddylation substrates, the conjugation of SN8 to cullins
indicates that the predicted PENEDDS is a true NEDD8 and Plasmodium has a functional neddylation pathway.
Skp-1 is an indispensable component of the Skp1-Cullin-F-box protein E3 ubiquitin ligase complex (SCF) in
which it serves as an adapter protein that links F-box proteins to cullin-1%. In addition to cullin and Skp-1, SCF
also contains Rbx-1 and F-box proteins. Rbx-1 is a RING-type zinc finger domain protein that recruits charged
E2-ubiquitin to SCF complex. Rbx-1 has also been demonstrated to function as an E3 for neddylation of cullin
in humans®*!. F-box proteins are responsible for recruitment of the substrate to be ubiquitylated. However, P.
falciparum Rbx-1 and F-box proteins were not present in the mass spectrometry analysis, which could be due to
dissociation of the SCF complex under our experimental conditions. In addition to cullins, phosphatidylinositol
3-kinase, ER lumen protein retaining receptor 1, and coatomer subunit delta were also identified in the mass
spectrometry analysis. These molecules have not been reported to be neddylation substrates yet. It is possible
that these proteins are associated with cullins or the neddylation pathway. We could not identify homologs of P
falciparum neddylating enzymes, which might be due to transient nature of neddylation reactions.

PfNEDD8 complemented S. cerevisiae Rubl. As neddylation pathway is conserved across eukary-
otes, we investigated if PINEDD8 complements the S. cerevisisee NEDD8 homolog, Rubl. First, we individu-
ally knocked-out rubl and ubcl2 in S. cerevisiae wild type strain BY4741, and PCR of the genomic DNAs of
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Figure 2. Western blot analysis of in vitro neddylation. Conjugation of recombinant SUMO-PfNEDD8 (SN8)

was carried out using parasite lysate and ATP at 37 °C for 1 h. The reactions were stopped and subjected to

immunoblotting using anti-His antibody. The presence (+) or absence (—) of reaction component is indicated.
The arrowhead indicates signal corresponding to unconjugated SN8. B-actin was used as a loading control for
reactions containing the parasite lysate. The positions of proteins size markers are shown in kDa (M).

Experiment 1 Experiment 2 Experiment 3

D Protein Sc Co UpP Sc Co Up Sc Co Up

QS8IAUS5 (PF3D7_0811000) Cullin-1 43.2 26.3 15.0 15.7 15.6 6.0 32.3 17.3 10.0
C6KTD3 (PF3D7_0629800) Cullin-like protein 7.1 11.3 2.0 17.8 14.5 6.0 - - -
Q813V5 (PF3D7_0515300) Phosphatidylinositol 3-kinase 11.5 11.1 3.0 61.1 11.3 12.0 - - -
Q8ID38 (PF3D7_1367000) Suppressor of kinetochore protein 1 7.0 14.8 2.0 - - - 5.9 14.8 2.0
A0A143ZVV1 (PF3D7_1330400.2) ER lumen protein retaining receptor 1 5.2 18.8 2.0 - - - 4.4 14.3 2.0
Q81116 (PF11_0359) Coatomer subunit delta 8.0 8.8 4.0 - - - 1.8 6.0 1.0

Table 1. Proteins identified in the in vitro neddylation assay: the proteins listed are exclusive to ATP-

containing reaction and common in at least 2 of the three independent experiments. Shown above are the score
(Sc), coverage (Co) and number of unique peptides (UP) for each protein. Compiled raw mass spectrometry
proteomics data is provided in data file S1.

mutants (rublA and ubc12A) confirmed the replacement of target genes by kanamycin cassette (Fig. 3A,B). The
growth rates of mutants were similar to that of wild type strain (Fig. S4), which is in agreement with a previous
report showing dispensability of neddylation pathway for normal growth of S. cerevisiae®. Next, in the mutants,
we episomally expressed HA-tagged PEINEDDS (rublA[HA-PfN8] and ubc12A[HA-P{N8]) or HA-tagged rubl
(rublA[HA-rubl] and ubc12A[HA-rubl]), and confirmed the expression of HA-tagged proteins by western blot
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Figure 3. Complementation of ScRub1 by PANEDDS. (A) Schematic for generation of rubIA or ubc12A. The
wild type locus (WT locus) was replaced with a linear kanamycin cassette flanked by the homology regions

of target locus (T cassette) via a double crossover homologous recombination, resulting in the integration

locus (Int locus). The kanamycin coding sequence (kanR) is under the control of translation elongation factor
promoter (TEF pro) and terminator (TEF ter). The horizontal arrows indicate positions of primers used in the
analysis of knockout strains. (B) Confirmation of knockout. The knockout was confirmed by PCR of the gDNAs
of wild type (WT), rublA and ubcl2A strains using locus-specific primers (5' Int for 5" integration locus, 3 Int
for 3’ integration locus, WTsp for wild type locus and Con for ScAtgl8). The ethidium bromide stained agarose
gel shows PCR products, with DNA markers in kbp (M). (C) Western blot analysis of complemented strains.
HA-PINEDDS8 (HA-P{N8) or HA-ScRub1 (HA-rubl) were episomally expressed in rublA and ubcl2A strains.
The lysates of wild type (WT), rubIA, ubc12A, HA-PINEDD8-complemented rublA or ubc12A (HA-P{NS),
and HA-ScNEDD8-complemented rublA or ubc12A (HA-rubl) strains were processed for western blotting
using anti-HA antibodies (ab-HA). The lanes containing lysates of complemented strains show free NEDD8/
Rub1 protein (marked with an asterisk), whereas the lanes with rubIA[HA-PfN8] and rubl A[HA-rub1] strains
also contain a high molecular weight band (marked with an arrowhead) and some lower molecular weight
conjugates, which are absent in other lanes. Phosphoglycerate kinase (anti-PGK) was used as a loading control.
The protein size markers are in kDa (M).

(Fig. 3C). The blots of rublA-complemented strains (rublA[HA-PfN8] and rublA[HA-rubl]) had a promi-
nent band above the 91 kDa marker, which was absent in the wild type, knockouts (rubIA and ubc12A) and
the ubc12A-complemented (ubc12A[HA-PIN8] and ubcl2A[HA-rubl]) strains, indicating that conjugation of
both PENEDDS8 and Rubl involved the neddylation pathway. The prominent bands could be S. cerevisiae cullins
(cdc53:93.95 kDa, CUL3: 87.1 kDa). Several other bands were also observed in the rublA-complemented strains
only, which may be conjugates of Rubl/NEDDS in addition to cullins.

We used the lysates of rublA-complemented strains (rublA[HA-PfN8] and rublA[HA-rubl]) and wild
type strain for immunoprecipitation using anti-HA antibody. The western blot confirmed the presence of free
NEDDS8/Rubl and its conjugates of different sizes, which were present in the eluates from rublA-complemented
strains only (Fig. 4). Mass spectrometry of the eluates from rublA-complemented strains identified five unique
proteins (Tables 2, 3 and 4), including cdc53. The other relevant proteins included NEDDS activating enzyme
catalytic subunit Uba3, NEDDS activating enzyme regulatory subunit Ulal and SCF subunits. Although cdc53
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Figure 4. Immunoprecipitation of PAINEDD8 and Rubl from complemented strains. The lysates of rubIA[HA-
PfN8], rublA[HA-rubl] and wild type (WT) strains were immunoprecipitated with mouse anti-HA antibody.
The eluates (Eluate) along with the extract (Input), flow-through (FT) and wash (Wash) were analyzed by
western blotting using rabbit anti-HA antibodies. The eluate lanes contain the respective target protein
(indicated by an asterisk) and two prominent high molecular weight bands (indicated by arrowheads). The sizes
of protein size markers are in kDa (M).

Experiment 1 Experiment 2 Experiment 3

ID Protein Sc Co up Sc Co up Sc Co Up
Q8IEI4 (PF3D7_1313000) Ubiquitin-like protein NEDD8 homologue 39.8 45.1 3 13.7 319 2 1.9 16.5 1
Q12018 (CDC53_YEAST) Cell division control protein 53 613.4 59.3 48 22.4 8.6 5 144.4 35.2 26
P05694 (METE_YEAST) Homocysteine methyltransferase 239.9 48.8 32 120.0 42.5 28 44.6 19.3 13
P34760 (TSA1_YEAST Peroxiredoxin TSA1 15.5 18.4 4 2.1 7.7 1 20.4 32.1 5
P08536 (MET3_YEAST) Sulfate adenylyl transferase 4.1 2.0 1 26.9 14.1 7 69.5 227 11
P07262 (DHE4_YEAST) NADP-specific glutamate dehydrogenase 1 43.8 34.6 11 208.5 66.7 23 0.0 2.0 1

Table 2. Proteins identified in the immunoprecipitate of rublA[HA-PfN8]. Shown are score (Sc), coverage
(Co) and unique peptides (UP) for each protein. Compiled raw mass spectrometry proteomics data is provided

in data file S2.
Experiment 1 Experiment 2 Experiment 3

ID Protein Sc Co UP Sc Co UpP Sc Co Up
Q03919 (RUB1_YEAST) NEDDS8-like protein RUB1 139.5 74.0 6 60.3 35.1 3 36.0 40.3 5
Q12018 (CDC53_YEAST) Cell division control protein 53 594.7 62.0 47 259.6 49.7 47 403.6 56.8 47
P05694 (METE_YEAST) homocysteine methyltransferase 37.7 13.7 8 33.1 13.4 9 130.8 40.2 24
P34760 (TSA1_YEAST) Peroxiredoxin TSA1 1.9 9.2 2 12.5 25.0 4 43.7 38.3 7
P08536 (MET3_YEAST) Sulfate adenylyl transferase 5.1 6.1 2 5.6 9.2 3 91.8 34.3 16
P07262 (DHE4_YEAST) NADP-specific glutamate dehydrogenase 1 12.2 13.4 4 8.7 115 4 283 212 8

Table 3. Proteins identified in the mass spectrometry of immunoprecipitate of rublA[HA-rublI]. Shown
are score (Sc), coverage (Co) and unique peptides (UP) for each protein. Compiled raw mass spectrometry
proteomics data is provided in data file S3.
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rublA [HA-PNS] rublA [HA-rubl]

Experiment 1 Experiment 1 Experiment 2 Experiment 3
ID Protein Sc Co UP Sc Co UP Sc Co UP Sc Co UP
P52286 (SKP1_YEAST) | Suppressor of kinetochore protein 1 18.1 325 6 17.2 23.7 5 3.9 26.3 3 38.3 289 6
Q99344 (UBA3_ NEDDS8-activating enzyme E1 catalytic
YEAST) subunit 4.2 3.7 1 17.0 14.0 4 0.0 5.7 2 8.7 5.0 1
Q08273 (RBX1_YEAST) | RING-box protein HRT1 18.7 31.4 2 15.0 11.6 1 28.9 24.0 3 7.3 11.6 1
P24814 (GRRI_YEAST) | SCF E3 ubiquitin ligase complex F-box 61.8 |182 |20 48.8 99 |9 15.2 77 |8 21 07 |1

protein GRR1

Q12059 (ULA1_ NEDDS—activating enzyme E1 regulatory 24 26 1 123 32 4 16.0 14.1 7 12.2 12.8 5
YEAST) subunit
P47005 (DAS1_YEAST) | F-box protein DAS1 71.7 31.7 19 15.8 6.8 4 0.0 6.3 3 25.3 12.5 9
P38352 (SAF1_YEAST) | SCF-associated factor 1 48.0 26.7 13 6.8 5.0 3 0.0 11.8 5 127.7 433 19

Table 4. Neddylation pathway and substrate proteins common in the mass spectrometry of
immunoprecipitates of rublA[HA-rubl] (all three experiments) and rubIA[HA-PfN8] (at least once). Shown
are score (Sc), coverage (Co) and unique peptides (UP) for each protein. Compiled raw mass spectrometry
proteomics data are provided in data files S2 and S3.

was identified in the rubIA[HA-PfN8] immunoprecipitate in three independent experiments, the reproducibility
of neddylation enzymes was less as compared to that of rublA[HA-rubl] immunoprecipitate. This could be due
to different enzyme kinetics of PAINEDDS8 and ScRubl conjugation with the substrates, which may be attributed
to differences in the efficacy of S. cerevisiae NAE and Ubc12 to conjugate PAINEDDS8 compared to Rubl. It may
be interesting to reiterate here that PENEDDS differs from the majority of NEDD8 proteins at 11 positions,
and some of these residues might play important roles in determining neddylation efficiency and specificity of
PfNEDDS. This also suggests that subtle differences in NEDD8 bring about organism-specific tuning of the ned-
dylation pathway. Taken together, conjugation of PENEDDS to S. cerevisiae cdc53 demonstrates that PINEDDS is
a genuine NEDDS8 of P, falciparum. This also highlights functional conservation of NEDD8 between Plasmodium
and S. cerevisiae, and provides the proof of concept for the utility of S. cerevisiae to study Plasmodium NEDDS.

Parasite proteins undergo neddylation. To investigate if neddylation is operational in malaria par-
asites, we episomally expressed HA-tagged PINEDDS8 (HNS) in P. falciparum. Western blot of the wild type
and HNB8-expressing parasites with anti-HA antibodies showed both free (~ 12 kDa) and conjugated forms of
PfNEDDS in HN8-expressing parasites only (Fig. 5A), including two prominent bands around 91 kDa and
124 kDa.

To confirm if the conjugation of PENEDDS is through its C-terminal Gly residue, we generated P. falciparum
parasites episomally-expressing HA-tagged PANEDD8 mutant (HN8GGm) that contains G75A/G76A substi-
tution, which would render HN8GGm non-conjugatable. The western blot of HN8GGm-expressing parasites
showed free HN8GGm but not any conjugated forms (Fig. 5B), confirming that PEINEDD8 undergoes conjugation
through its C-terminus Gly residue and that the high molecular weight bands observed in the western blot of
HNB8-expressing parasites are indeed covalent conjugates of PEINEDD8. Western blot of different stages of HN8-
expressing parasites showed PINEDD8 conjugates, indicating that neddylation pathway is operational in these
stages (Fig. 5C). Immunofluorescence assay of different stages of HN8-expressing parasites showed PEINEDD8
throughout the cytosol, except the food vacuole (Fig. 5D).

The neddylation inhibitor MLN4924 did not affect neddylation in Plasmodium.  Pevonedistat or
MLN4924 is a general neddylation inhibitor, which has been shown to be a potent and cell-permeable inhibi-
tor of NAE®% It is an AMP mimetic and preferentially binds the adenylate site of NAE that already has NEDD8
conjugated to its active site cysteine. In the MLN4924-NAE-NEDD8 complex, MLN4924 attacks the NEDDS,
forming a sulfamate adduct, which renders NAE non-functional. It inhibits neddylation in mammalian cells at
nanomolar concentration without affecting conjugation of other ULMs®. Given that neddylation pathway is
implicated in cancer prognosis and progression®®>, MLN4924 has also been shown to have potent anti-cancer
activity in human/mouse cell culture models and pre-clinical studies®**”. MLN4924 has recently been shown to
be toxic for P. falciparum erythrocytic stage development, and the anti-parasitic effect was attributed to inhibi-
tion of neddylation®®. To check if the toxicity of MLN4924 is through inhibition of neddylation, we assessed P
falciparum erythrocytic stage development in the presence of MLN4924. The parasite growth was inhibited with
the ICs, concentration of 14.4+ 1.9 uM (Fig. 6A), which is over 2900-fold higher than the IC5, concentration
reported for mammalian cells (4.7 nM)®%. However, MLN4924 even at 12 x IC;, concentration did not notice-
ably affect conjugation of PEINEDDS8 (Fig. 6B), indicating that it inhibits parasite growth by targeting some other
process. This also suggests that Plasmodium NAE is significantly different from its human homolog and it should
be possible to make specific inhibitors of Plasmodium NAE.

PfNEDDS substrates are Plasmodium cullins. Our in vitro neddylation assay and complementation
experiments in S. cerevisiae demonstrated that cullins are the major substrates of PAINEDDS. To substantiate
that cullins are conjugated to PAINEDDS in the parasite, we carried out immunoprecipitation of HN8-expressing
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and wild type parasite lysates using anti-HA antibodies and the immunoprecipitates were subjected to mass
spectrometry. Two putative P. falciparum cullins (PF3D7_0811000 and PF3D7_0629800) were consistently iden-
tified in the HN8 immunoprecipitate, but not that of wild type parasites (Table 5, Fig. 7), confirming that Plas-
modium cullins are biologically relevant substrates of PANEDDS. The putative cullins are annotated as culin-1
(PF3D7_0811000) and cullin-like protein (PF3D7_0629800) in PlasmoDB. We have renamed the cullin-like
protein as cullin-2. P, falciparum cullin-1 (Pfullin-1) is of the predicted size of 100 kDa and P. falciparum cullin-2
(Pfcullin-2) is of the predicated size of 137 kDa. The two prominent high molecular weight conjugated forms
of PINEDDS are close to the neddylated Pfcullin-1 and Pfcullin-2 (Figs. 5A and 7). Apart from cullins, HN8
immunoprecipitate also contained ADP-ribosyl factor-1 (ARF1), which is an essential component of vesicular
trafficking®®. ARF1 does not seem to contain a putative neddylation motif and it is difficult to conclude at this
point whether it is a direct NEDDS substrate. It may be associated with some of the neddylation substrates.

In this study, we demonstrate for the first time that P. falciparum has a functional neddylation pathway. Given
that neddylation is crucial for cell survival, particularly as a regulator of SCF E3 ubiquitin ligase that is critical
for cell cycle, the characterization of Plasmodium falciparum NEDD8 and the identification of cullins as ned-
dylation substrates lay down ground for investigation of specific roles and drug target potential of neddylation
pathway in apicomplexan parasites.

Methods

P, falciparum D10 strain was obtained from the Malaria Research and Reference Reagent Resource Centre (MR4).
MLN4924 was from Adooq Bioscience, and all other biochemicals were from Sigma or Serva unless otherwise
mentioned. Plasmid and genomic DNA isolation kits were from MACHEREY-NAGEL, cell culture reagents
were from Lonza and Invitrogen, restriction enzymes and DNA modifying enzymes were from New England
Biolabs and Thermo scientific. Antibodies were from Cell Signaling Technologies, Santacruz Biotechnology and
Thermo Fisher Scientific. PCR reagents were from Thermo Fisher Scientific or New England Biolabs. Ni-NTA
resin was from Thermo Fisher Scientific. Informed consent has been taken from the healthy human volunteers
for collection of blood under medical supervision at the medical dispensary of the institute according to the
protocols approved by the Institutional Ethical Committee of Centre for Cellular and Molecular Biology, India.
Yeast extract, peptone, agar and yeast nitrogen base were from HiMedia. Glucose, galactose and amino acids
(arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan) were from
Sigma. Geneticin (G418) was from Calbiochem. Lithium acetate and PEG were from Sigma and the carrier
DNA was from Gibco. S. cerevisiae strain BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0; Source EUROSCARFE:
FY1769) and plasmid pLE124 were kind gifts from Dr. R Palanimurugan. All experiments were performed in
accordance with relevant guidelines and regulations.

Sequence analysis. For identification of Plasmodium NEDDS proteins, human NEDD8 (UniProt ID:
Q15843) and S. cerevisiae NEDD8 (UniProt ID: Q03919) sequences were used as queries in BLAST searches
of the genomes of malaria parasites at PlasmoDB (https://plasmodb.org) and the non-redundant protein
sequence database at National Centre for Biotechnology Information (https://www.ncbi.nlm.nih.gov)**”°. The
BLAST search was performed using the BlastP algorithm, with BLOSUMS62 as the scoring matrix. The top P
falciparum hits were used as queries in reverse BLAST searches against the UniProt database (https://www.
uniprot.org/). The hits were analyzed to identify conserved domains and substantiate their authenticity to be
NEDDS8 proteins using the conserved domain database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb
.cgi). Sequence alignments were performed using the Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clust
alo/) or MULTALIN (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_multalin.html)
programs, and alignment was edited manually”’. The sequences of NEDD8 homologs from a diverse range of
eukaryotes representing metazoans, plants, fungi and protozoans were obtained from the UniProt database.
Since many of the NEDD8 homologs retrieved were c-terminal fusion proteins of ubiquitin or other proteins,
only the sequences corresponding to NEDD8 were taken for further analysis. To perform phylogenetic analy-
sis of NEDD8 homologs, we aligned them using the MUSCLE algorithm (https://www.ebi.ac.uk/Tools/msa/
muscle/), and phylogenetic tree was constructed using the maximum likelihood statistical method of MEGA-X
software”>74,

Parasite culture. Invitro culture of P. falciparum was done according to the protocols approved by the Insti-
tutional Biosafety Committee (IBSC) and Institutional Ethics Committee of Centre for Cellular and Molecular
Biology. P. falciparum D10 strain was cultured in human erythrocytes at 2% haematocrit in the presence of a gas
mixture (5% CO,, 5% O, and 90% N,) in RPMI1640-albumax medium (RPMI1640 with 25 mM HEPES, 2 g/l
sodium bicarbonate, 2 g/1 glucose, 25 pg/ml gentamicin, 300 mg/1 L-glutamine, 0.5% albumax IT)”>. Synchronous
cultures were obtained by treating parasites with 5% D-sorbitol’®. For isolation of parasites, asynchronous para-
site culture or parasite cultures of desired stages were harvested at 5-10% parasitemia by centrifugation at 453xg
for 5 min at room temperature. The cell pellet was incubated with 5 x pellet volume of ice-cold 0.05% saponin (in
PBS) for 5 min'?, the lysate was centrifuged at 2465xg for 8 min at 4 °C, the supernatant was discarded, the pellet
was washed twice with ice-cold PBS to remove erythrocyte membranes, and the final parasite pellet was stored at
-80 °C until further use. For total RNA, the pellet of trophozoite/schizont stage parasites was processed using the
Nucleospin RNA kit (Macherey-Nagel) as instructed by the manufacturer. 5 ug of genomic DNA-free total RNA
was used for cDNA synthesis using the Invitrogen Superscript-III first-strand synthesis system as described by
the manufacturer. Genomic DNA was isolated from the pellet of trophozoite/schizont stage parasites using the
Nucleospin tissue kit (Macherey—Nagel) as instructed by the manufacturer.
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« Figure 5. Expression, conjugation and localization of P. falciparum NEDDS. (A) Lysates of the wild type
(WT) and HA-PINEDD8-expressing (HN8) P. falciparum parasites were processed for western blotting using
anti-HA antibodies (ab-HA). B-actin was used as a loading control (ab-Ac). The blot shows a prominent
band close to the predicted size of HA-PfHANEDDS (indicated with an asterisk) and two high molecular
bands (indicated with arrowheads) in the HN8 lane only. (B) The HA-PINEDD8-expressing (HN8), mutant
HA-PfNEDD8 (HN8GGm) and wild type (WT) parasites were processed for western blotting using anti-HA
antibodies (ab-HA), and B-actin was used as a loading control (ab-Ac). Note that the prominent high molecular
bands (indicated with arrowheads) are present in HN8 lane only, whereas a band of the predicted size of
HA-PfHANEDDS or mutant HA-PfNEDDS (indicated with an asterisk) is present in both HN8 and HN8GGm
lanes. (C) A synchronized culture of HA-PfNEDD8-expressing P. falciparum parasites was harvested at ring (R),
early trophozoite (ET), late trophozoite (LT) and schizont/ring (SR) stages, and the parasites (1 x 10® parasites/
lane) were processed for western blotting using anti-HA antibodies (ab-HA). B-actin was used as a loading
control (ab-Ac). The blot shows two prominent high molecular weight bands (indicated by arrowheads) along
with the free HA-NEDDS8 (indicated by an asterisk), indicating neddylation throughout the erythrocytic cycle.
The double line in the top panel marks two different blots, which were developed separately to minimize over
saturation of the blot due to the band around 12 kDa. The protein size markers in A, B and C are in kDa (M).
(D) Fixed HA-NEDDS8-expressing P. falciparum parasites of the indicated stages were evaluated for localization
of HA-NEDDBS using anti-HA antibodies. The images show HA-NEDDS8 specific signal (HN8), nucleic acid
staining (DAPI), the parasite and the erythrocyte boundaries (DIC), and the merged of all three images
(Merged). The HA-NEDDS signal is present throughout the parasite in all the stages shown, except the food
vacuole. The scale bar shown is identical for all the images.

Transfection vectors and transfection of P. falciparum. The PINEDDS8 (PlasmoDB ID:
PF3D7_1313000) coding region was amplified from P. falciparum gDNA using Phusion DNA polymerase and
specific primers PfHN8-F/PfN8ex-R (Table S1). This fragment would code for HA-tagged PINEDDS8 (HNS).
A PNEDD8 mutant (HN8GGm), with Gly75-Gly76 substituted by Ala-Ala, was amplified from P. falciparum
gDNA using the primers PfHN8-F/P{N8ggM-R). The PCR fragments were A-tailed, cloned into the pGEMT
plasmid, and transformed into DH5a E. coli cells to obtain pPGEMT-HN8 and pGEMT-HN8GGm plasmids.
The plasmids were sequenced to confirm the insert sequence, excised with BgllI/Xhol, and subcloned into
the similarly digested pNC vector to obtain pNC-HN8 and pNC-HN8GGm plasmids. pNC was derived from
PfCENV3”7, which involved excision of the centromeric region with EcoRI, followed by ligation of the vec-
tor backbone. pPNC-HN8 and pNC-HN8GGm plasmids were digested with various combinations of restriction
enzymes to confirm the presence of different regions. Large quantities of plasmid DNAs for transfection were
prepared from the pellets of overnight cultures of pNC-HN8 and pNC-HN8GGm clones using the NucleoBond
Xtra Midi kit (Macherey-Nagel) as instructed by the manufacturer.

A freshly thawed culture of P, falciparum at ~ 10% early ring stage parasitemia was used for transfection as has
been described earlier’s-* The required volume of culture (5 ml/transfection) was centrifuged at 453xg for 5 min
at room temperature, the pellet (~ 100 pl packed cell volume) was washed with cytomix (120 mM KCl, 0.15 mM
CaCl,, 2 mM EGTA, 5 mM MgCl,, 10 mM K,HPO,/KH,PO,, 25 mM HEPES, pH 7.6)**2, mixed with 320 pl of
cytomix containing 50-100 ug plasmid DNA (pNC-HN8 or pNC-HN8GGm), the suspension was transferred
to a chilled 0.2 cm electroporation cuvette, and pulsed (950 pF, 310 mV, and e resistance) using the Bio Rad
GenePulser XCELL. The cuvette content was immediately transferred to a flask with 3 ml culture medium, the
flask was gassed and incubated at 37 °C for 3 h. Three hours post-transfection, the culture was centrifuged, super-
natant was discarded, and the pellet was resuspended in 5 ml fresh culture medium. On day 2, the culture was
expanded with fresh RBCs to adjust parasitemia to ~ 5%, and selection was started with 1 pg blasticidin/ml. The
culture medium was changed every day for 7 days and then after every other day till resistant parasites emerged
(2-3 weeks). 25 pl of fresh blood (50% haematocrit) was added every week to the culture until the culture had
sufficient resistant parasites to be expanded. Upon emergence of resistant parasites, the cultures were maintained
in the presence of 0.5 pg blasticidin/ml, which was withdrawn during experiments.

Expression and localization of PFNEDD8. To determine expression of wild type PANEDDS, an asynchro-
nous culture of HN8-expressing parasites was harvested at 10-15% parasitemia as described in the parasite cul-
ture section. To determine expression of wild type PENEDDS8 in different stages, a synchronized culture of HN8-
expressing parasites was harvested at ring, trophozoite, and schizont stages. To check the expression of mutant
PfNEDDS, an asynchronous culture of HN8GGm-expressing parasites was harvested at 10-15% parasitemia.
The parasite pellets were resuspended in 3 x pellet volume of 10 mM Tris, pH 7.5 and 1 xvolume of 4 x SDS-
PAGE sample buffer (1 x buffer contains 50 mM Tris—HCI, 20% glycerol, 2% SDS, 1% B-mercaptoethanol, 0.01%
(w/v) bromophenol blue, pH 6.8). The resuspension was incubated at 99 °C for 10 min, centrifuged at 24,000xg
for 15 min, and supernatant was transferred to a fresh tube. Equal amounts of supernatants (~ 1 x 10% parasites/
lane) were resolved on a 12% SDS-PAGE gel and transferred onto the Immobilon-P membrane. The membrane
was incubated with blocking buffer (3% skimmed milk in 10 mM Tris-Cl, 150 mM NacCl, 0.1% Tween-20, pH
7.4) for one hour at room temperature, followed by with primary antibodies (rabbit anti-HA antibodies at 1/1000
or mouse anti-p-actin antibodies at 1/1000 in blocking buffer) for 1 h at room temperature. The membranes
were washed with TBST (10 mM Tris-Cl, 150 mM NaCl, 0.1%Tween-20, pH 7.4), incubated with appropriate
secondary antibodies (HRP-conjugated goat anti-rabbit or HRP-conjugated goat anti-mouse IgG at a dilution
of 1/20,000 in blocking buffer) for 1 h at room temperature. The blots were washed, and signal was developed
using the SuperSignal West Pico or Femto Chemiluminescent kit (Thermo Fisher Scientific), and recorded on
the BioRad ChemiDoc MP imaging system.
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Figure 6. The effect of MLN4924 on neddylation. (A) Wild type P. falciparum D10 ring stage parasites

were incubated with various concentrations of MLN4924 for 48-50 h, and the % growth (y-axis) at different
MLN4924 concentrations (x-axis) was plotted to determine 50% inhibitory concentration (ICs,) as described in
the method section. The graph shows data from three independent experiments, with each point representing
mean of two replicates. The IC, value is average of three experiments with SD. (B) The HA-PINEDDS§-
expressing P. falciparum trophozoite stage parasites were grown with MLN4924 (+) or DMSO (-) for 4 or

8 h, and then processed for western blotting using anti-HA antibodies (ab-HA). -actin was used as a loading
control (ab-Ac). The blot shows multiple high molecular weight bands along a band of the predicted size of free
HA-PfNEDDS (indicated with an asterisk). The intensity of high molecular weight bands in MNL4924-treated
parasites for both the time points appears to be comparable to that of DMSO-treated ones. The protein size
markers are in kDa (M).

Experiment 1 Experiment 2 Experiment 3
ID Protein Sc Co UpP Sc Co UP Sc Co Up
Q8IEI4 (PF3D7_1313000) Ubiquitin-like protein nedd8 homologue 3.53 19.74 1 2.62 35.53 1 3.27 51.32 1
QS8IAUS (PF3D7_0811000) Cullin-1 13.92 8.44 7 14.32 21.95 9 14 22.8
C6KTD3 (PF3D7_0629800) Cullin-like protein 15.42 7.53 7 4.67 10.89 3 291 20.11 4
Q7KQL3 (PF3D7_1020900) ADP-ribosylation factor 1 3.29 14.36 2 12.04 6.08 1 7.09 27.07

Table 5. Proteins identified in the HN8 immunoprecipitate from parasites. HN8 and WT P, falciparum
lysates were immunoprecipitated and the eluates were subjected to mass spectrometry. The proteins listed are
exclusively identified in the HN8 immunoprecipitate at least three of the 4 biological replicates. Shown above
are the score (Sc), coverage (Co), and number of unique peptides (UP) for each protein. Compiled raw mass
spectrometry proteomics data is provided in data file S4.

For localization of wild type PENEDDS, 200 pl of an asynchronous culture of HN8-expressing parasites was
centrifuged at 11,000xg for 10 s, the pellet was washed with PBS, layered on a poly L-Lysine coated slide for
20 min, unbound cells were washed off with PBS, and the immobilized cells were fixed (3% paraformaldehyde
and 0.01% glutaraldehyde) for 45 min. The cells were permeabilized with 0.1% (v/v) Triton X-100 (in PBS) for
30 min, blocked with blocking buffer (3% BSA in PBS) for overnight at 4 °C, and incubated with rabbit anti-
HA antibodies (1/100 in blocking buffer) for 1 h. The cells were washed with blocking buffer, incubated with
secondary antibody (Alexa Fluor 594-conjugated donkey anti-rabbit IgG (at 1/1000 dilution in blocking buffer)
for 1 h, and then incubated with the nuclear stain DAPI for 20 min (10 pg/ml in PBS). The slides were air-dried,
mounted with ProLong Gold anti-fade reagent, the sample area was covered with a coverslip, and the edges
were sealed with nail polish". The slide was observed under 100 x objective of the Axiolmager.Z1, images were
captured with AxioCam, and analysed using the AxioVision LE software.

Effect of MLN4924 and mutation of PFNEDD8 on neddylation. To assess the effect of a general
neddylation inhibitor MLN4924 on P. falciparum growth, the wild type P. falciparum was cultured with differ-
ent concentrations of MLN4924. The MLN4924 stock (45.1 mM) was serially diluted twofold in 50 pl of culture
medium across rows of a 96-well tissue-culture plate. DMSO (0.5%) or 200 nM chloroquine (CQ) was added
to the control wells. 50 pl parasite suspension (1-2% ring-infected erythrocytes at 4% haematocrit) was added
to each well. The plate was incubated in a modular incubator chamber (Billups-Rothenberg, Inc.) along with
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Figure 7. Western blot of parasite immunoprecipitates. The lysates of HA-PfNEDD8-expressing (HN8) and
wild type (WT) parasites were immunoprecipitated with rabbit anti-HA antibodies. The eluates (Eluate) along
with the extract (Input), flow-through (FT) and wash (Wash) were analyzed by western blotting using mouse
anti-HA antibodies. The HN8 blot shows bands corresponding to free HA-PINEDDS (indicated with an
asterisk) and high molecular weight conjugates (indicated with arrows). The arrowheads indicate non-specific
signal in both the blots. The protein size markers are in kDa (M).

the gas mixture at 37 °C for 48-50 h. Post-incubation, the culture medium was aspirated and the cells were
resuspended in 100 ul of 2% formaldehyde (in PBS) for 48 h in the dark. 20 pl from each well was transferred
to a new plate, mixed with 100 pl of labelling solution (0.1% Triton X-100 in PBS with 10 nM YOYO-1; Thermo
Fisher Scientific), and analysed on BD Fortessa FACS Analyzer (Aex 491 nm and Aem 509 nm). 10,000 cells were
counted, and the percent of infected cells was determined. The parasitemia of CQ sample was subtracted from
those of DMSO and MLN4924 samples to adjust for the background, and the parasitemias of MLN4924 samples
were normalized with that of DMSO sample to calculate % inhibition, which was plotted against MLN4924 con-
centrations and analysed using nonlinear regression curve fit (GraphPad Prism) to calculate the ICs, concentra-
tion of MLN4924 for the parasite growth inhibition.

To determine if mutation of the PEINEDD8 C-terminal Gly75Gly76 to Ala-Ala affects neddylation, 20 ml
culture aliquots (10% parasitemia) of synchronized HN8-expressing P. falciparum parasites and HN8GGm-
expressing P. falciparum parasites at trophozoite stage (30 h post-synchronization) were purified and processed
for western blotting with anti-HA antibodies as mentioned in the western blotting section.

To determine if MLN4924 affects neddylation, 10 ml aliquots (10% parasitemia) of synchronized HN8-
expressing P. falciparum parasites at early trophozoite stage (24 h post-synchronization) were cultured in the
presence of 175 uM MLN-4924 or 0.4% DMSO for 4 or 8 h. At the end of treatment, the parasite morphology was
monitored by bright-field microscopy, parasites were purified and processed for western blotting with anti-HA
antibodies as mentioned in the western blotting section.

Production of recombinant PFNEDD8. The PINEDDS coding region was amplified from P. falciparum
cDNA using Phusion DNA polymerase and primers SN8-F/SN8-R. A SUMO-fusion vector (pSMO) was con-
structed for expression of PANEDDS as a C-terminal fusion of SUMO. The S. cerevisiae SUMO/SMT-3 (Uni-
Prot ID: Q12306) coding region was amplified from the gDNA using Phusion DNA polymerase and primers
SMT3-F/SMT3-R. The PCR product was cloned into the NdeI-HindIII site of pET32a vector, replacing the
thioredoxin/His/polylinker region. The PINEDD8 PCR product was cloned into the Stul-HindIII digested
pSMO plasmid using in-Fusion HD Cloning Plus kit (Takara) and transformed into DH5a E. coli cells to obtain
pSMO-PfNEDDS plasmid. The clones were sequenced to ensure that there were no errors in the PAINEDDS gene.
The sequence confirmed pSMO-PfNEDDS8 plasmid was transformed into Rosetta-origammi E. coli cells, which
would express PENEDDS as a C-terminal fusion of His-SUMO (SN8). A culture of pSMO-P{NEDDS expression
clone was induced with IPTG (1 mM) at ODy, of 0.6 for 4 h at 25 °C with shaking at 150 rpm. The culture was
harvested and, the pellet was resuspended in lysis buffer (50 mM Tris—Cl, 150 mM NaCl, 10 mM imidazole, pH
8.0; 5 ml/g pellet weight) with lysozyme (1 mg/ml) at 4 °C for 30 min, the lysate was sonicated for 4 min (pulses
of 9 s ON and OFF at maximum amplitude). The lysate was centrifuged at 20,000xg for 15 min at 4 °C, the
supernatant was transferred to a new tube and centrifuged again at 35,000xg for 30 min at 4 °C. The supernatant
was incubated with Ni-NTA resin (pre-equilibrated with lysis buffer; 0.25 ml resin slurry/1.0 g pellet weight) for
30 min at 4 °C. The suspension was transferred to a column, unbound proteins were allowed to pass through,
the resin was washed with 50 x column volume of the lysis buffer (containing 20-50 mM imidazole), and the
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protein was eluted with 250 mM imidazole (in lysis buffer). Elution fractions were run on 12% SDS-PAGE, the
fractions containing pure protein were pooled and dialysed against 100-fold excess of dialysis buffer (20 mM
Tris-Cl, 50 mM NaCl, pH 7.5) using a 3 kDa cut-off dialysis tubing at 4 °C for 16 h, including one change of the
buffer after 10 h. The dialysed sample was concentrated to 1 mg/ml using Ultracel-3 k (Millipore) at 4 °C, and
stored at -30 °C till further use.

In vitro neddylation assay. Neddylation assay requires NEDD8, NAE, Ubc12, neddylation substrates,
ATP and mild reducing conditions®*®. Purified recombinant SN8 was used for in vitro neddylation assay using
soluble extract of wild type P. falciparum parasites as a source of enzymes and substrates. For preparing parasite
extract, a pellet of asynchronous parasites was resuspended in the lysis buffer (20 mM Tris-Cl, pH 7.5) and
subjected to 2 cycles of lysis using the Diagenode Bioruptor for 5 min (each cycle involves pulses of 30 s ON
and 30 s OFF). The lysate was centrifuged at 25,000xg for 30 min at 4 °C, the supernatant that contained soluble
parasite extract was transferred into a fresh tube, and the protein amount in the extract was estimated using
BCA method. The parasite extract was passed twice through fresh Ni-NTA resin to remove any interacting
proteins. The in vitro neddylation assay reaction contained 200 pl of reaction buffer (50 mM Tris-Cl, 0.5 mM
DTT, MgCl,, pH 7.5) containing 100 pg of parasite extract, 1 pg of recombinant SN8 and 5 mM ATP. In paral-
lel, three control reactions were set up: no ATP, parasite extract with ATP but without SN8, SN8 with ATP but
without parasite extract. The activation of NEDD8 by NAE is an ATP-dependent reaction, hence, absence of
ATP in a neddylation reaction would not result in the formation of NEDD8-conjugates, which served as a nega-
tive control. Similarly, reactions lacking recombinant SN8 or parasite extract would not support neddylation,
hence, also served as negative controls. All the reactions were incubated at 37 °C for 1 h with mild shaking. The
reactions were either stopped by adding 50 pl of 5x SDS-PAGE sample buffer and used for western blot analysis
or directly used for isolation of SN8-conjugates using Ni-NTA resin. Aliquots of reaction samples were pro-
cessed for western blot analysis using rabbit anti-His antibodies (1:1000 dilution in blocking buffer) and mouse
anti-B-actin antibodies (1:1000 dilution in blocking buffer), followed by appropriate secondary antibodies. For
isolation of SN8-conjugates, the reaction samples were incubated with Ni-NTA resin (pre-equilibrated with
50 mM Tris-Cl, pH 7.5) for 1 h, the resin was washed thrice with wash buffer (50 mM Tris-Cl, 150 mM NaCl,
10-50 mM imidazole, pH 7.5), and bound proteins were eluted by boiling the resin in 60 ul of 2 x SDS-PAGE
sample buffer for 15 min at 99 °C. The eluates were processed for mass spectrometry as described below in the
mass spectrometry section.

Identification of PFNEDD8-conjugates in the parasite. Asynchronous cultures of HN8-expressing
and wild type parasites at 10-15% parasitemia were harvested and processed for the isolation of parasites as
described in the parasite culture section. The parasite pellets were resuspended in 10 x pellet volume of the lysis
buffer (100 mM Tris-Cl, 150 mm NaCl, 0.5 mM EDTA, 0.5% TritonX-100, pH 7.5, protease inhibitor cocktail
(MERCK, 11873580001)), subjected to 2 cycles of lysis using the Diagenode Bioruptor (each cycle involved 30 s
ON and 30 s OFF pulses for 5 min). The samples were centrifuged at 25000xg for 30 min at 4 °C, supernatants
were transferred into a fresh micro centrifuge tube. The pellet was re-extracted with 3 x pellet volume of the lysis
buffer as described above, and the supernatant was pooled with the first supernatant. The protein amount in the
supernatant was estimated using BCA method. The supernatant containing about 1.5 mg protein was incubated
with rabbit anti-HA antibodies (10 ul slurry/mg protein) for overnight at 4 °C with gentle shaking. The suspen-
sion was incubated with pre-equilibrated protein A/G magnetic beads (Thermo Fisher Scientific; 20 pl slurry/mg
protein) for 1 h at 4 °C with gentle shaking. The flow-through was separated and the beads were washed three
times, each time with 1 ml of wash buffer (100 mM Tris-Cl, 150 mm NaCl, 0.5 mM EDTA, pH 7.5; protease
inhibitor cocktails). The beads were resuspended in 100 pl of 2 x SDS-PAGE sample buffer, boiled for 15 min,
centrifuged and the supernatant was collected as eluate. A 20 pl aliquot of the eluate was assessed for the pres-
ence of HN8 along with appropriate controls (input, eluate, flow-through, washes, and beads after elution) by
western blotting using mouse anti-HA antibodies, followed by appropriate secondary antibodies as described in
the western blotting section. The remaining 80 ul eluate was processed for mass spectrometry.

Mass spectrometry. The eluates from immunoprecipitation and in vitro neddylation assay were run on
a 12% SDS-PAGE gel until the protein marker completely entered into the resolving gel. The gel was stained
with coomassie blue and destained. The gel slice containing the protein band was excised, washed with 800 pl of
50 mM ammonium bicarbonate-acetonitrile solution (7:3 v/v), followed by sequential washing with 300-800 ul
of 50 mM Ammonium bicarbonate and 800 pl of acetonitrile. The gel piece was vacuum dried, resuspended in
200 ul of 10 mM DT'T for 45 min at 56 °C, and incubated in 200 pl of 50 mM ammonium bicarbonate-55 mM
iodoacetamide solution for 30 min at room temperature. The gel piece was washed with 700 pul of 50 mM ammo-
nium bicarbonate, followed by with 700 pl of acetonitrile for 10 min. The gel piece was vacuum dried and treated
with trypsin (15 ng/pl in 25 mM ammonium bicarbonate, 1 mM CaCl,; Promega or Roche sequencing grade)
at 37 °C for 16 h. The peptides were extracted with 5% formic acid-30% acetonitrile solution, the extract was
vacuum dried, dissolved in 20 pl of 0.1% TFA, desalted using C18 Ziptips (Merck, ZTC18M960), and eluted
with 40 pl of 50% acetonitrile-5% formic acid solution. The eluate was vacuum dried and resuspended in 11 pl
of 2% formic acid. 10 pl of the sample was run on the Q Exactive HF (Thermo Fischer Scientific) to perform
HCD mode fragmentation and LC-MS/MS analysis. Raw data files were imported into the proteome discoverer
v2.2 (Thermo Fischer Scientific), analysed and searched against the UniProt databases of P. falciparum 3D7
using the SEQUEST HT algorithm. The analysis parameters included enzyme specificity for trypsin, maximum
two missed cleavages, carbidomethylation of cysteine, oxidation of methionine, deamidation of asparagine/glu-
tamine as variable modifications. The precursor tolerance was set to 5 ppm and fragmentation tolerance was set
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t0 0.05 Da. The peptide spectral matches (PSM) and peptide identifications grouped into proteins were validated
using Percolator algorithm of proteome discoverer and filtered to 1% false discovery rate (FDR). The immu-
noprecipitate from wild type parasites was used as a control to exclude non-specific proteins, and the protein
hits from the HN8 immunoprecipitate were compared with those from the wild type P. falciparum. For in vitro
neddylation, the sample without ATP was used as a control to exclude non-specific proteins. The protein hits
identified in test eluate sample (with ATP) were compared with those in the control sample (without ATP).
Common proteins or proteins with a difference of at least 5 times lower peptide spectrum matches (PSMs) in the
controls compared to the test samples were excluded, and proteins common to at least three biological replicates
with minimum 1 unique peptide were considered. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD020952.

Generation of S. cerevisiae Rubl and Ubc12 knockout strains. S. cerevisiae NEDDS is known as
Related to ubiquitin 1(Rubl) and NEDD8 E2 is known as Ubc12. The Rubl and Ubc12 genes were individually
knocked out in BY4741 strain by replacement of the respective ORF with kanamycin expression cassette as has
been described earlier®. For Rubl, the kanamycin cassette was amplified from pFA6a-kanMX4 plasmid using
ScN8KO-F/ScN8KO-R primers. For Ubc12, the kanamycin cassette was PCR amplified from pFA6a-kanMX4
plasmid using ScU12KO-F/ScU12KO-R primers. The PCR products were gel extracted, and the purified PCR
products were transformed into the BY4741 cells by lithium acetate method®®. Briefly, the BY4741 strain was
grown in 5 ml of complete YPD medium at 25 °C and 250 rpm till ODg, of 1.0. The culture was centrifuged at
3000xg for 5 min at 25 °C, the pellet was washed twice with autoclaved milliQ water, and resuspended in 360 pl
of transformation mix (100 mM lithium acetate, 34.7% PEG and 5 pg of calf thymus DNA) containing 1 ug of
desired PCR product. The transformation reaction was vortexed for 30 s, incubated at room temperature for
30 min, incubated at 42 °C for 15 min, followed by incubation at room temperature for 15 min. The transformed
reaction was centrifuged at 3300xg for 2 min at 25 °C, the cell pellet was resuspended in 100 pl nuclease free
water, spread on YPD agarose plates containing G418 (350 pg/ml), and incubated at 25 °C till resistant colonies
appeared.

Confirmation of knockouts and assessment of the growth rates of knockout strains. The wild
type BY4741 strain and G418 resistant colonies were grown overnight in 5 ml of YPD medium at 25 °C and
250 rpm. The cultures were harvested at 3000xg for 5 min at 25 °C, and the cell pellets were used for gDNA
isolation by bead lysis method®”. Briefly, the cell pellet was mixed with 0.3 g of glass beads and 300 pl of lysis
buffer (10 mM Tris pH 8, 100 mM NaCl, 1 mM EDTA, 2% Triton X-100 and 1% SDS). The lysate was extracted
with equal volume of phenol-chloroform mixture (1:1), centrifuged at 15000xg for 5 min. The aqueous layer
was transferred to a fresh tube and genomic DNA was precipitated using 1 ml of absolute ethanol. The DNA
pellet was washed with 1 ml of 70% ethanol, air dried, and resuspended in 100 pl of nuclease free water. The
gDNAs from wild type and knockout lines were used in PCR with primers specific for wild type locus (rublA:
ScN8-Fcon/ScN8-Reon; ubcl2A: ScU12-Fcon/ScU12-Reon), 5 integration (rublA: SCN8-Fcon/kan2; ubcl2A:
ScU12-Fcon/kan2) and 3' integration (rublA: kan3/ScN8-Rcon; ubcl2A: kan3/ScU12-Rcon). Primers specific
for ScAtg18 (ScAtgl8-F/ScAtgl8-R) were used as a positive control.

For growth analysis, colonies of wild type, rubIA and ubcl2A strains were inoculated in 5 ml YPD broth
(with 350 pg/ml G418 for knockouts) and grown overnight at 25 °C and 250 rpm. The overnight cultures were
subcultured in triplicates with starting OD of 0.1, and their growth was monitored by measuring ODg, at every
two hours for 14 h. The OD values were plotted against time using the GraphPad Prism.

Complementation of rublA by PfNEDD8 and ScNEDD8. The PINEDDS coding sequence was
amplified from pSMO-PNEDDS8 plasmid using primers PIN8-FScepi/P{N8-Rsp, and cloned at EcoRI/BamHI
site of the pLE124 plasmid to obtain pLE124-PfN8, which would express it as an N-terminal 2xHA-tagged pro-
tein (HA-P{N8) under Cu™* inducible CUP1 promoter. This plasmid also contains LEU2 marker for selection of
transformed cells on minimal synthetic media without Leu. As a positive control, S. cerevisiae rubl (ScCRubl) was
also amplified from S. cerevisiae gDNA using the primers ScN8-Fepi/ScN8-Repi, and cloned at EcoRI/BamHI
site of the pLE124 plasmid to obtain pLE124-ScN8, which would express it as an N-terminal 2xHA-tagged
protein (HA-ScN8) under Cu** inducible CUPI promoter. The rublA and ubcI2A cells were transformed with
pLE124-PfN8 or pLE124-ScN8 as described above, and the transformants were selected on synthetic media
without Leu to obtain complemented cells.

Expression of HA-PfN8 and HA-rubI was checked in complemented strains by western blotting using anti-
HA antibodies. Briefly, BY4741 was grown in YPD medium; knock-out strains rublA and ubc12A were grown in
YPD media with G418 (350 pg/ml); the complemented strains rubIA[HA-PIN8], rublA[HA-rubl], ubc12A[HA-
PfN8] and ubc12A[HA-rubl] were grown in synthetic media without Leu, induced with 100 pM CuSO,. All
the cultures were grown to exponential phase and harvested at 3000xg for 5 min at 25 °C to obtain cell pellets
and processed as mentioned before®®. The cell pellets corresponding to 50Dy, were resuspended in 250 pl of
1.85 M NaOH, incubated on ice for 10 min, 250 ul of 50% trichloroacetic acid was added to the suspension, and
it was centrifuged at 18,000xg for 5 min at 4 °C. The supernatant was aspirated and the pellet was washed with
1 ml of 1 M Tris pH 7.5, resuspended in 120 pl of 2 x SDS-PAGE sample buffer, boiled for 10 min, centrifuged
at 18,000xg for 30 min, and supernatant was transferred to a fresh micro centrifuge tube. Identical volumes of
supernatants were processed for western blotting using rabbit anti-HA antibody, followed by HRP-conjugated
goat anti-rabbit antibody as described in the western blotting section. For loading control, the blot was stripped
using 0.2 N NaOH, and developed using mouse anti-phosphoglycerate kinase (PGK) antibodies, followed by
appropriate secondary antibody as described in the western blot section.
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Immunoprecipitation of HA-PfN8 and HA-rub1. Wild type, rubIA[HA-PfN8] and rublA[HA-rub1]
strains were grown in YPD broth for overnight at 25 °C and 250 rpm. The cultures were harvested at 3000xg for
5 min at 25 °C. Cell pellets corresponding to 600D, were resuspended in 360 pl of ice-cold lysis buffer (10 mM
Tris, 10 mM HEPES, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, pH 7.5 and 1 x protease inhibitor cocktail),
incubated in ice for 15 min, mixed with 0.5 g of glass beads, and the cells were disrupted by bead beating for
80 s. The samples were incubated in ice for 2 min and again subjected to bead beating two times. The sample was
incubated in ice for 10 min, centrifuged at 25,000xg for 20 min at 4 °C, and the supernatant was transferred to a
micro centrifuge tube. The pellet was re-extracted with 240 pl of the lysis buffer, and the supernatant was pooled
with the first supernatant. The protein amount in the supernatant was estimated using BCA method.

10 pg of mouse anti-HA antibody (Thermo Fisher Scientific) was coupled with 10 pl of protein A/G magnetic
beads pre-equilibrated with wash buffer (10 mM Tris, 10 mM HEPES, 150 mM NaCl, 0.5 mM EDTA, 0.1% NP-40,
pH 7.5) for 2 h at 4 °C in a tube rotator. 2 mg of the protein extract was added to the anti-HA antibody-coupled
beads, incubated overnight at 4 °C, washed with wash buffer five times, and bound proteins were eluted by boil-
ing the beads in 100 pul of 2 x SDS-PAGE sample buffer for 10 min. A 20 pl aliquot of the eluate was processed
for western blotting along with appropriate controls (input, flow-through and washes) using rabbit anti-HA
antibody, followed by HRP-conjugated goat anti-rabbit antibody as described in the western blotting section.
The remaining 80 pl of the eluate was processed for mass spectrometry as described in the mass spectrometry
section. The immunoprecipitate from wild type strain was used as a negative control to exclude non-specific
proteins. The protein hits in the rubIA[HA-PfN8] and rubIA[HA-rubl] immunoprecipitates were compared
with those from the control. Proteins common with the control or proteins with a difference of at least 5 times
lower peptide spectrum matches (PSMs) in the control compared to the test samples were excluded. The mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD020885.
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