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The immune mapped protein 1 (IMP1) was first identified as a protective antigen in Eimeria maxima and de-
scribed as vaccine candidate and invasion factor in Toxoplasma gondii. We show here that TgIMP1 localizes to
the inner leaflet of plasmamembrane (PM) via dual acylation.Mutations either in the N-terminalmyristoylation
or palmitoylation sites (G2 and C5) cause relocalization of TgIMP1 to the cytosol. The first 11 amino acids are suf-
ficient for PM targeting and the presence of lysine (K7) is critical. Disruption of TgIMP1 gene by double homolo-
gous recombination revealed no invasion defect or any measurable alteration in the lytic cycle of tachyzoites.
Following immunization with TgIMP1 DNA vaccine, mice challenged with either wild type or IMP1-ko parasites
showed no significant difference in protection. The sequence analysis identified a structured C-terminal domain
that is present in a broader family of IMP1-like proteins conserved across themembers of Apicomplexa.Wepres-
ent the solution structure of this domain determined from NMR data and describe a new protein fold not seen
before.
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1. Introduction

The phylum of Apicomplexa comprises important medical and veteri-
nary protozoan parasites including Plasmodium, Toxoplasma, Eimeria,
Neospora, Scarcocystis, Babesia, Theileria and Cryptosporidium species. The
limited repertoire of efficacious drugs and the emergence of drug resis-
tance have considerably hampered the control of these parasites and
boosted the research towards the development of vaccines [1]. In this con-
text, an immune mapped protein 1 (IMP1) was identified as an antigen
eliciting protective immunity against chicken coccidian E. maxima, by
combining parasite genetics and selective barriers with population-based
genetic fingerprinting [2]. More recent studies in Toxoplasma gondii and
Neospora caninum reported that TgIMP1 and NcIMP1 provided protection
following immunization with DNA vaccine in the mouse model [3,4]. An-
tibodies raised against NcIMP1 localized it to the plasmamembrane (PM)
and were shown to have inhibitory effects on host cell invasion [4].

IMP1 lacks conserved domains with known function except for the
predicted myristoylation and palmitoylation sites at the N-terminus,
which are presumed to confer membrane association to the protein.
Protein myristoylation is a process of co-translational attachment of

myristic acid through an amide bond (C14:0) to N-terminal glycine res-
idues and palmitoylation is the reversible posttranslational attachment
of palmitate (C16:0) via a thioester linkage to cysteine. The lipid acyla-
tion of proteins, especially those implicated in invasion or as structural
components of inner membrane complexes, contribute to pathogenesis
in T. gondii and Plasmodium species [5–7].

In this study, we show that the acylation siteswithin theN-terminus
of TgIMP1 are involved in anchoring the protein to the cytoplasmic face
of the parasite plasmamembrane (PM). Given this internal localization,
we have revisited the reported roles of IMP1 in invasion and as a vaccine
candidate by generating amutant parasite lacking TgIMP1. Furthermore,
we have identified a conserved globular domain at the C-terminus of
TgIMP2.1, which represents a broader protein family present in all
Apicomplexa. We also elucidate the high resolution structure of the
Plasmodium falciparum IMP1-like homologue (PfIMP2) by solution
state NMR and reveal a new protein fold.

2. Results

2.1. IMP1 possesses a globular C-terminal domain conserved across the
Apicomplexa

Bioinformatic analysis indicate that IMP1 is restricted to the mem-
bers of the coccidian-subgroup of the Apicomplexa. It also reveals that
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IMP1 belongs to a broader family of proteins, including closely related
IMP1-like proteins that group into six distinct phylogenetic clusters
(IMP1 to IMP6 Fig. 1). The protein sequence alignment of all IMP1 and
IMP1-like proteins used for the phylogeny is presented in Supplemental
Fig. S1. TgIMP1 and other members of the IMP1 cluster possess putative
N-terminal myristoylation and palmitoylation sites followed by an ex-
tended linker region and a conserved C-terminal domain (termed the
IMP1-like domain). In contrast, members in other groups lack the resi-
dues predicted for N-terminal acylation. While the proteins clustering
in IMP1, IMP5 and IMP6 are found restricted to the coccidians, themem-
bers of IMP4 are present in all Apicomplexa except Cryptosporidium spe-
cies. The conservation of this globular domain across the phylumdefines

this broader family of IMP1-like proteins that may share conserved or
similar functions.

2.2. IMP1 is localized to the inner leaflet of the plasma membrane in
T. gondii

In eukaryotic cells, protein post-translational modification by dual
acylation such asmyristoylation and palmitoylation, confers membrane
association for those proteins lacking a transmembrane domain. The
conserved glycine followed by cysteine residues (MGXXCS/T) at the
N-terminus of IMP1 implies that this protein is membrane-bound
through such dual acylation. To determine the subcellular distribution

Fig. 1. Phylogenetic analysis of IMP1 homologues across all apicomplexan parasites. Phylogenetic tree based on sequences of Apicomplexan IMP related proteins cluster into six different
groups, named IMP1-6. The treewas constructed using PhyML using LGmodel of amino acids substitutionwith NNI topology search, based on an amino acid alignment byMUSCLE. Values
at tree nodes represent confidence values supporting nodal placement. The sequences are labeled with their accession numbers in EuPathDB.
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