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Abstract
The present research reports a detailed in silico analysis of chromatin assembly factor-1 (CAF-1) family in human malaria 
parasite Plasmodium falciparum. Our analysis revealed five chromatin assembly factor-1 genes in P. falciparum (PfCAF-1) 
and the PfCAF-1 family was divided into two classes where, Class A belongs to the CAF-1 complex and others are kept in 
Class B. For comparative studies, orthologs of PfCAF-1 family were identified across 53 eukaryotic species and evolutionary 
relationships were drawn for different CAF-1 subfamilies. The phylogenetic analysis revealed grouping of evolutionary-
related species together, although, divergence was observed in branching pattern. A detailed analysis of domain composition 
highlighted species-specific features viz. species-specific KDDS repeats of 84 amino acids were identified in PfCAF-1A 
whereas, members of CAF-1C/RbAp48 and RbAp46 subfamily exhibited least variation in size and domain composition. 
The qRT-PCR analysis revealed upregulation of PfCAF-1 members in trophozoite or schizont stage. Furthermore, a com-
parative expression analysis of the available transcriptome and proteome data along with qRT-PCR analysis revealed mixed 
expression patterns (coordination as well as non-coordination between different studies). Protein–protein interaction network 
analyses of PfCAF-1 family were carried out highlighting important complexes based on interologs. The PfRbAp48 was 
found to be highly connected with a total of 108 PPIs followed by PfRbAp46. The results unravel insights into the PfCAF-1 
family and identify unique features, thus opening new perspectives for further targeted developments to understand and 
combat malaria menace.
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Introduction

In eukaryotic cells, the nuclear DNA is wrapped around a 
histone octamer comprising two H2A–H2B dimers and one 
tetramer (H3–H4)2 and packaged into a highly ordered struc-
ture called nucleosome (Luger et al. 1997). The important 
role of nucleosome formation is mediated by various histone 

chaperones such as chromatin assembly factor 1 (CAF-1) 
and HIRA (Burgess and Zhang 2013). CAF-1 is one of 
the histone chaperones that promote nucleosome synthesis 
during DNA replication (Sauer et al. 2018). It is a diverse 
family which consists of some members involved in CAF-1 
complex, while others, RbAp46 (retinoblastoma associated 
proteins p46) and GRWD1 (glutamate-rich WD40 repeat 
containing 1), are exclusively found in chromatin remodeling 
complexes like NuRD (nucleosome remodeling deacetylase), 
NuRF (nucleosome remodeling factor), Sin3 (histone dea-
cetylation complex), PRC2 (polycomb repressive complex) 
and pre-replication complex (Sugimoto et al. 2015a, b).

The CAF-1 complex is a highly conserved heterotrimeric 
protein complex responsible for normal S-phase progres-
sion and chromatin reassembly (Volk and Crispino 2015). 
It specifically deposits newly acetylated H3 and H4 on to the 
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replication fork during DNA replication (Huang and Jiao 
2012). The CAF-1 complex consists of three subunits i.e. 
p150, p60 and p48 in Homo sapiens, Cac1, Cac2 and Cac3 
in Saccharomyces cerevisiae, p180, p105 and p55 in Dros-
ophila melanogaster and FAS1, FAS2 and MSI in Arabi-
dopsis thaliana (Verreault et al. 1996; Sauer et al. 2017). 
The largest subunit of the CAF-1 complex, CAF-1A (p150/
CAC1/p180/Fas1) acts as a scaffold for binding of CAF-
1B, CAF-1C, histones, PCNA and various DNA polymer-
ases (Shibahara and Stillman 1999; Kim et al. 2016). The 
CAF-1B (p60/CAC2/p105/Fas2) subunit preferentially binds 
with the Asf-1, thereby recruiting Asf-1-H3/H4 complex 
to CAF-1 for nucleosome assembly (English et al. 2006; 
Takami et al. 2007; Volk and Crispino 2015). The smallest 
subunit CAF-1C (p48 (RbAp48-retinoblastoma-associated 
protein p48)/Cac3/p55/ MSI) of the complex interacts with 
H3 and H4, and helps in histone deposition during nucleo-
some assembly (Sauer et al. 2018).

Another member of CAF-1 family, RbAp46, shares 90% 
homology to the RbAp48 at the amino acid level in human. 
Both RbAp46 and 48 are the WD40 repeat proteins that were 
first identified in retinoblastoma-associated proteins (RbAp) 
(Qian et al. 1993). RbAp46 and RbAp48 are found together 
in HDAC (histone deacetylase complex), Sin3, NuRD and 
PRC2 complexes. However, only RbAp46 is found in the 
HAT-1 (histone acetyl transferase) complexes that promote 
acetylation of newly synthesized histones, whereas RbAp48 
is the exclusively smallest subunit of CAF-1 complex (Mur-
zina et al. 2008). The CAF-1 complex is also involved in 
various other cellular processes like cell cycle control, het-
erochromatin regulation and epigenetic gene silencing (Chen 
et al. 2008; Huang et al. 2010; Roelens et al. 2017). The 
loss of CAF-1 in humans results in cell cycle arrest high-
lighting its role in checkpoint activation (Hoek and Stillman 
2003). Recently, CAF-1 is found to deposit Cse4 (CENH3) 
on non-centromeric nucleosomes affecting the growth and 
gene expression in budding yeast (Hewawasam et al. 2018). 
Another member of CAF-1 family is GRWD1 that binds to 
Cdt1 and involved in MCM loading by its histone chaperone 
activity. GRWD1 downregulates p53 by inducing RPL23 
proteolysis and promotes tumor formation. GRWD1 yeast 
ortholog-RRB1 is involved in ribosome assembly (Sugimoto 
et al. 2015a, b; Watanable et al. 2018).

The CAF-1 family members are part of chromatin assem-
bly and various chromatin-remodeling complexes, thus 
involved in regulation of many cellular and molecular pro-
cesses. However, characterization of CAF-1 family in human 
malaria parasite P. falciparum (PfCAF-1) remains elusive 
except a recent study illustrating the interaction PfCAF-1A 
with a number of proteins involved in nucleosome forma-
tion and var gene regulation through immunoprecipitation 
experiments (Gupta et al. 2018). In the present study, an 
extensive in silico analysis of CAF-1 family in P. falciparum 

(PfCAF-1) was carried out revealing phylogenetic relation-
ships, domain architecture and protein–protein interaction 
(PPI) networks. Subsequently, the comparative expression 
profiling along with qRT-PCR studies of all PfCAF-1 genes 
was also carried out in three different erythrocytic stages 
(ring, trophozoite and schizont).

Material and methods

Identification and analysis of PfCAF‑1 family genes

The CAF-1 family in P. falciparum was extracted through 
BLASTp search using human and yeast CAF-1 sequences 
against the PlasmoDB database, gene text search in Plas-
moDB and HMM search with Pfam seeds (PF12253, 
PF12265) of CAF-1 in the HMMER web server (https ://
www.ebi.ac.uk/Tools /hmmer /) (Eddy 1998). Each hit was 
further verified by SMART and Pfam databases to confirm 
the presence of characteristic domains (Letunic et al. 2018; 
El-Gebali et al. 2019). The CDS lengths and the physico-
chemical properties of the proteins were extracted from Plas-
moDB database. The subcellular localization of PfCAF-1 
genes was predicted using different online prediction algo-
rithms—MitoProt II-v1.101 (Claros and Vincens 1996), 
Euk-mPLoc 2.0 server (Chou and Shen 2010), PATS (Zue-
gge et al. 2001), PlasmoAP (Foth et al. 2003) and NetNES 
(La Cour et al. 2004).

Identification of PfCAF‑1 family orthologs 
across eukaryotes

For the identification of orthologs, PfCAF-1 sequences 
were used as query for NCBI BLASTp search against 
non-redundant protein sequence database. Orthologs were 
confirmed after manual inspection of blast parameters (e 
value, score, sequence coverage, percent identity) and com-
parative analysis of length, domain attributes, annotation 
of the query and the hits. The PfCAF-1 family orthologs 
were identified across 53 eukaryotic species covering evo-
lutionary important taxonomic groups—Choanoflagellata 
(Monosiga brevicollis (Mb) and Salpingoeca rosetta (Sr), 
Metazoa (Trichoplax adhaerens (Tra), Homo sapiens (Hs), 
Danio rerio (Dr), Branchiostoma floridae (Bf), Drosophila 
melanogaster (Dm), Apis mellifera (Am), Caenorhabditis 
elegans (Ce), Brugia malayi (Bm), Nematostella vectensis 
(Nv), Helobdella robusta (Hr) and Daphnia pulex (Dp), 
Capsaspora (Capsaspora owczarzaki (Co)), Fungi (Crypto-
coccus neoformans (Cn), Ustilago maydis (Um), Aspergillus 
fumigates (Af), Schizosaccharomyces pombe (Sp), Saccha-
romyces cerevisiae (Sc), Neurospora crassa (Nc), Encepha-
litozoon cuniculi (Ec), Batrachochytrium dendrobatidis (Bd) 
and Spizellomyces punctatus (Spp), Apusozoa (Thecamonas 
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trahens (Tht), Amoebozoa (Dictyostelium discoideum (Dd), 
Euglenozoa (Leishmania major (Lm), Leishmania infantum 
(Li), Trypanosoma cruzi (Tc) and Trypanosoma brucei (Tb), 
Ciliata (Tetrahymena thermophila (Tt) and Oxytricha trifal-
lax (Oxt)), Apicomplexa (Plasmodium yoelii (Py), Plasmo-
dium chabaudi (Pc), Plasmodium knowlesi (Pk), Plasmo-
dium vivax (Pv), Plasmodium falciparum (Pf) Plasmodium 
berghei (Pb), Cryptosporidium parvum (Cp), Babesia bovis 
(Bb) and Theileria annulata (Ta), Phaeophyceae (Ectocar-
pus siliculosus (Es), Bacillariophyta (Thalassiosira pseudo-
nana (Thp), Phaeodactylum tricornutum (Pht) and Aureo-
coccus anophagefferens (Aa)), Viridiplantae (Oryza sativa 
(Os), Arabidopsis thaliana (At), Chlamydomonas reinhardtii 
(Cr), Ostreococcus tauri (Ot), Physcomitrella patens (Pp), 
Chlorella variabilis (Cv), Micromonas pusilla (Mp) and 
Selaginella moellendorffii (Sm) and Rhodophyta (Cyanidi-
oschyzon merolae (Cm) and Galdieria sulphuraria (Gs)).

Multiple sequence alignment and phylogenetic 
analysis

To identify conserved features, motifs and generation of phy-
logenetic tree, the complete protein sequences of PfCAF-1 
proteins were aligned with their homolog proteins using 
Clustal Omega (https ://www.ebi.ac.uk/Tools /msa/clust 
alo/) and the phylogenetic trees were generated using Phylip 
v3.625 by neighbor-joining (NJ) or maximum likelihood 
(ML) method with 500 bootstrap replicates (Felsenstein 
2009). The trees were visualized by MEGA v5.0 (Tamura 
et al. 2011).

Transcriptome and proteome analysis

Microarray gene expression profile and RNA-seq data of P. 
falciparum at various developmental stages were obtained 
from Llinás et al. (2006), Le Roch et al. (2003), Otto et al. 
(2010), Bártfai et al. (2010) and Bunnik et al. (2013). Based 
on mean expression value, the expression data were normal-
ized for each gene in all stages. Protein expression data were 
taken from Florens et al. (2002), Lasonder et al. (2002), 
Le Roch et al. (2004), Khan et al. (2005), Silvestrini et al. 
(2010), Solyakov et al. (2011), Treeck et al. (2011), Oehring 
et al. (2012), Lindner et al. (2013) and Pease et al. (2013). 
The heat maps for gene expression level were constructed 
using MeV software version 4.9.

Quantitative real time PCR validation 
of transcriptome data

Quantitative real-time PCR (qRT-PCR) analysis was done 
to validate the RNA-seq and microarray data and to check 
the expression patterns of PfCAF-1 genes during P. falcipa-
rum intraerythrocytic development stages (IDC)-ring (R-12 

to 16 hpi (hours post invasion), trophozoite (T-30 hpi) and 
schizont (S-40 hpi). The expression profiles of five genes 
were evaluated by extracting the total RNA from R, T and S 
using direct-zol RNA miniprep (Zymo research) Kit accord-
ing to the manufacturer’s instructions. First-strand cDNA 
was synthesized from 4.0 µg total RNA using thermofisher 
cDNA kit as per the manufacturer’s instructions. The gene-
specific primers for all CAF-1 genes were designed using 
Primer3 software. The PCR reactions were performed using 
1 µL of cDNA, 10 µL SYBER green master mix, 10 pmol 
each of the forward and reverse primers and 7.8 µL sterile 
water for a total volume of 20 µL. The PCR conditions were: 
holding at 50 °C for 2 min, initial denaturation at 95 °C for 
10 min, followed by 35 cycles of denaturation at 95 °C for 
15 s and primer annealing at 60 °C for 1 min. The seryl 
t-RNA synthetase gene was used as an internal control. All 
reactions were performed in triplicate in each experiment. 
Relative expression level for each gene was analyzed using 
 2−ΔΔCT method. Based on the transcript abundance value of 
five CAF-1 genes of P. falciparum in three different stages: 
R, T and S heat maps were constructed using MeV software.

Interaction network

Interaction network of all CAF-1 family was constructed 
using STRING (https ://strin g-db.org/), BioGRID (https 
://thebi ogrid .org/) and experimental interaction data of 
PfCAF-1A obtained from the literature (Gupta et al. 2018). 
STRING interactions based on experiment, text mining and 
database evidences with score between 0.150 and 0.999 
were included. Protein–protein interactions of human CAF-1 
genes were extracted from BIOGRID database and P. fal-
ciparum interologs were searched by BLASTp. Further, P. 
falciparum interologs of reported complexes of CAF-1 fam-
ily in various model organisms were also traced. The graphic 
view of interactions was generated using Cytoscape (https ://
www.cytos cape.org).

Results and discussion

Extraction of CAF‑1 genes in P. falciparum

A total of five CAF-1 genes were identified in P. falciparum 
(Table 1). All the PfCAF-1 proteins possess CAF-1 domain 
(CAF-1A/CAF-1C) along with WD40 repeats as identi-
fied by Pfam and SMART databases (Fig. 1). However, the 
CAF-1 domain (CAF-1A) in PF3D7_0501800 was identi-
fied through manual inspection using multiple sequence 
alignment (Supplementary Fig. 1). All the five genes were 
distributed on different chromosomes as shown in Table 1. 
The protein length and molecular weight of PfCAF-1 fam-
ily ranged from 428 aa and 50,174 Da (PF3D7_1433300) 

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://string-db.org/
https://thebiogrid.org/
https://thebiogrid.org/
https://www.cytoscape.org
https://www.cytoscape.org
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to 1076 aa and 125,355 Da (PF3D7_0501800), while pI of 
the PfCAF-1 proteins ranged from 4.4 to 5.6 with all the 
members being highly acidic, specifying their interactions 
with histones which are basic (pI H2A-10.77, H2B-9.76, 
H3-11.02, H4-11.3) (Table 1). As predicted through vari-
ous online softwares, all the proteins were predicted to be 
localized in the nucleus. Only one protein was exclusively 
present in nucleus (PF3D7_0501800), while others were pre-
dicted to be localized in cytoplasm also along with nucleus. 
Notably, only three proteins comprised the nuclear export 
signal as predicted by NetNES server. Out of five PfCAF-1 

genes, only one gene contained introns i.e. PF3D7_1433300 
(Table 1). Further, number of CAF-1 genes was found to be 
constant at five in all the explored strains of P. falciparum 
available at PlasmoDB (Supplementary Table 1).

Based on the human orthologs, the genes were classified 
into two different classes: Class A and Class B (Fig. 1). Class 
A includes proteins which belong to CAF-1 complex i.e. 
PF3D7_0501800, PF3D7_1329300 and PF3D7_0110700 
named as PfCAF-1A, PfCAF-IB and PfCAF-1C/ PfRbAP48, 
respectively, whereas Class B includes two proteins that are 
not the part of the CAF-1 complex, PF3D7_1433300 and 

Fig. 1  a Domain architecture analysis of PfCAF-1 family. The protein 
length (aa) and domain size of all the proteins was scaled as per the 
bar given at the top. Specific regions are abbreviated as: AD-acidic 
domain, KER-highly charged domain comprising lysine (K), glutamic 
acid (E) and arginine (R) residues, CC-coiled coil, KDDS repeats. b 
The multiple sequence alignment of PfCAF-1A (PF3D7_0501800) 

with its orthologs in other organisms highlighting PfCAF-1A specific 
KDDS repeats. (Bb: B. bovis, Tt: T. thermophila, Pf: P. falciparum, 
Pc: P. chaubadi, Pb: P. berghei, Py: P. yoelli, Pk: P. knowlesi, Pv: P. 
vivax, Sc: S. cerevisiae, Ce: C. elegans, At: A. thaliana, Dm: D. mela-
nogaster)
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PF3D7_0816000, named as PfRbAP46 and PfGRWD1, 
respectively (Table 1). Notably, we were able to re-anno-
tate two genes PF3D7_0110700 and PF3D7_1433300 as 
PfCAF-1C/ PfRbAP48 and PfRbAP46, respectively. For 
intergenomic analysis of abundance of CAF-1 genes, we 
extracted the total number of CAF-1 genes across 17 spe-
cies namely C. parvum, P. vivax, P. berghei, P. knowlesi, T. 
thermophila, L. infantum, N. crassa, B. bovis, T. brucei, D. 
discoideum, S. cerevisae, C. elegans, D. melanogaster, O. 
sativa, A. thaliana, D. rerio and H. sapiens (Fig. 2, Sup-
plementary Table 2). The number of CAF-1 genes varied 
from a minimum of four to a maximum of eight (arabidopsis 
and rice). Tripathi et al. (2015) showed that Arabidopsis 
possesses multiple copies of AtCAF-1C and rice harbors 
multiple copies of OsCAF-1A and OsCAF-1C genes, high-
lighting gene duplication events in CAF-1 family. Further, 
orthologs of PfCAF-1 family were retrieved across 53 
eukaryotes by BLASTp and compiled in Table 2 and Sup-
plementary Table 3. The members of CAF-1 complex were 
found to be well conserved throughout evolution (Table 2). 
Further, in 30 out of 53 organisms, there was found to be 
only 1 ortholog of either PfCAF-1C/RbAP48 or RbAP46. 
It has been reported that one protein can be orthologous to 
many (Tatusov et al. 1997). For example in D. melanogaster, 
p55 is the only ortholog of both RbAp48 and 46 (Murzina 
et al. 2008). It was difficult to assign orthologs to PfCAF1-
C/RbAp48 and RbAp46 of an organism as both the proteins 
were significant hits against either RbAp48 or RbAp46 with 
very slight variations in blast parameters. However, the first 
hit confirmed by reciprocal blast was compiled as ortholog 
to a particular protein in Table 2.

Further, to access the evolutionary relationships of CAF-1 
complex proteins in apicomplexan and model organisms a 
combined phylogenetic tree was constructed (Supplemen-
tary Fig. 2). For this, aligned protein sequences were used 
to generate a NJ tree. The tree was broadly classified into 
three groups: CAF-1A, CAF-1B and CAF-1C. Plasmodium 
species CAF-1B did not cluster with CAF-IB of other organ-
isms, but shared the sister clade with CAF-1C members.

Chromatin assembly factor‑1 subunit A (CAF‑1A)

CAF-1A mediates chromatin assembly during S-phase DNA 
replication, nucleotide excision repair (NER), double strand 
break (DSB) pathways (Volk and Crispino 2015). In P. fal-
ciparum, the largest subunit of CAF-1 complex, PfCAF-1A 
consists of 4 × WD repeats, a highly charged KER region 
that facilitates interaction with histones, two coiled coil (CC) 
domains and a conserved CAF-1A domain (Fig. 1a). After 
the CAF-1 domain, PfCAF-1A also possesses 84 amino 
acid long stretches of KDDS repeats, not found in any other 
organism (Fig. 1b). Its human homolog CHAF1A/p150 
revealed the presence of CAF-1A domain, coiled coil, KER 
region and CAF1-p150 domains. PfCAF-1A protein is larger 
in size as compared to its human homologue (1076 aa vs. 
956 aa) and the presence of WD repeats in CAF-1A subu-
nit is unique to P. falciparum (Fig. 3b). PfCAF-1A inter-
acts with a number of proteins involved in heterochromatin 
maintenance, chromatin assembly and DNA damage repair 
processes (Gupta et al. 2018).

To investigate the evolutionary relationships of CAF-1A 
subunit, NJ tree was constructed from the alignment of full-
length protein sequences of 53 different eukaryotic species 
as mentioned in the methods (Fig. 3). Broadly, CAF-1A 
family was clustered into nine different clades: euglenozoa, 
apicomplexa, fungi, metazoans, choanoflagellates, plantae 
(three clades), and bacillariophyta. Notably, some clades are 
grouped as per eukaryotic phylogenetic classification (Mor-
gan et al. 2008). For example, choanoflagellates shared the 
sister branch with metazoans. Fungi separated as monophy-
letic group before metazoans. However, apicomplexa shared 
the sister clade with ophisthokonts. Euglenozoa separated as 
outgroup before bacillariophyta. In eukaryotic phylogenetic 
classification, C. owczarzaki has been shown to share the 
sister group to choanoflagellates and metazoans. It is the 
closest unicellular relative of metazoans besides choanoflag-
ellates and thus occupies an important phylogenetic position 
(Shalchian-Tabrizi et al. 2008). However, in CAF-1A sub-
family phylogenetic analysis, Capsaspora shared the sister 
clade with chlorophytes.

Further, we explored the domain organization across 
53 eukaryotic species as per SMART and Pfam databases 
(Fig. 3b, Supplementary Fig. S3). Importantly, 9 differ-
ent domain combinations of CAF-1A subunit were found 
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Table 2  Orthologs of PfCAF-1

Class Organism CAF1-A CAF-1B CAF-1C RbAp46 GRWD1 Protein 
length 
range 
(aa)

Opisthokonta
 Choanoflag-

ellata
Monosiga brevi-

collis
XP_001745494.1 XP_001750962.1 XP_001743305.1 XP_001749859.1 365–

1103
Salpingoeca 

rosetta
XP_004990010.1 XP_004989405.1 XP_004996358.1 XP_004995845.1 429–

1423
 Metazoa Trichoplax 

adhaerens
XP_002116359.1 XP_002113071.1 XP_002116930.1 XP_002117780.1 403–896

Homo sapiens NP_005474.2 NP_005432.1 NP_005601.1 NP_002884.1 NP_113673.3 425–956
Danio rerio NP_001038478.2 NP_001315058.1 NP_997760.1 NP_997775.1 NP_001003509.1 424–863
Branchiostoma 

floridae
XP_002602050.1 XP_002611795.1 XP_002585852.1 XP_002595509.1 343–

1159
Drosophila mela-

nogaster
NP_572495.1 NP_610589.2 NP_524354.1 NP_610182.3 430–

1183
Apis mellifera XP_016768339.1 XP_624307.2 XP_624580.1 XP_026294822.1 427–966
Caenorhabditis 

elegans
NP_492440.1 NP_490902.2 NP_492552.1 NP_498091.1 417–487

Brugia malayi XP_001901196.1 XP_001898725.1 CTP81500.1 XP_001896461.1 369–523
Nematostella 

vectensis
XP_001629294.1 XP_001630755.1 XP_001634121.1 XP_001627080.1 140–417

Helobdella 
robusta

XP_009009374.1 XP_009016419.1 XP_009023728.1 XP_009031529.1 407–852

Daphnia pulex EFX65892.1 EFX66596.1 EFX76181.1 EFX88418.1 427–672
 Capsaspora Capsaspora 

owczarzaki
XP_004349050.2 XP_004345671.1 XP_004363406.1 XP_004343052.1 435–

1155
 Fungi Cryptococcus 

neoformans
XP_569397.1 XP_012046406.1 XP_571944.1 XP_012051157.1 XP_012052382.1 435–811

Ustilago maydis XP_011386750.1 XP_011388699.1 XP_011391769.1 XP_011386573.1 433–951
Aspergillus 

fumigatus
XP_747972.1 KMK57768.1 XP_748030.1 XP_750920.1 436–736

Schizosaccharo-
myces pombe

NP_596048.2 NP_594450.1 NP_587881.1 NP_595880.1 430–544

Saccharomyces 
cerevisiae

NP_015343.1 NP_013605.1 NP_009754.1 NP_010858.3 NP_013850.1 401–606

Neurospora 
crassa

XP_961158.1 XP_965260.3 XP_960994.2 XP_958516.1 446–732

Encephalitozoon 
cuniculi

NP_586334.1 XP_003073418.1 XP_003073193.1 XP_003073193.1 355–384

Batra-
chochytrium 
dendrobatidis

OAJ45085.1 XP_006678301.1 XP_006682433.1 XP_006681968.1 412–938

Spizellomyces 
punctatus

XP_016605676.1 XP_016610375.1 XP_016612570.1 XP_016605650.1 432–
1179

Apusozoa Thecamonas 
trahens

XP_013759757.1 XP_013753557.1 XP_013759970.1 XP_013754442.1 442–
1181

Amoebozoa Dictyostelium 
discoideum

XP_637076.1 XP_646299.1 XP_640105.1 XP_635306.1 423–732

Euglenozoa Leishmania 
major

XP_001681391.1 XP_001686827.1 XP_001683541.1 XP_001684690.1 XP_001685952.1 584–807

Leishmania 
infantum

XP_001463711.1 XP_001469425.1 XP_003392536.1 XP_001466945.1 XP_001468272.1 467–770

Trypanosoma 
cruzi

K2LVE8 XP_812435.1 EKF39381.1 XP_819241.1 466–614

Trypanosoma 
brucei

XP_847229.1 XP_822940.1 XP_828572.1 XP_828389.1 467–705

Alveolata
 Ciliata Tetrahymena 

thermophila
XP_001021065.2 XP_001020614.1 XP_001026968.2 XP_012651772.1 XP_001025086.1 425–

1029
Oxytricha trifal-

lax
EJY64274.1 EJY75723.1 EJY87245.1 EJY77984.1 EJY87041.1 415–

1275
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List of orthologs of CAF-1 proteins in 53 eukaryotic organisms i.e. Monosiga brevicollis (Mb), Salpingoeca rosetta (Sr), Trichoplax adhaerens 
(Tra), Homo sapiens (Hs), Danio rerio (Dr), Branchiostoma floridae (Bf), Drosophila melanogaster (Dm), Apis mellifera (Am), Caenorhabditis 
elegans (Ce), Brugia malayi (Bm), Nematostella vectensis (Nv), Helobdella robusta (Hr), Daphnia pulex (Dp), Capsaspora owczarzaki (Co), Cryp-
tococcus neoformans (Cn), Ustilago maydis (Um), Aspergillus fumigates (Af), Schizosaccharomyces pombe (Sp), Saccharomyces cerevisiae (Sc), 
Neurospora crassa (Nc), Encephalitozoon cuniculi (Ec), Batrachochytrium dendrobatidis (Bd), Spizellomyces punctatus (Spp), Thecamonas trahens 
(Tht), Dictyostelium discoideum (Dd), Leishmania major (Lm), Leishmania infantum (Li), Trypanosoma cruzi (Tc), Trypanosoma brucei (Tb), Tet-
rahymena thermophila (Tt), Oxytricha trifallax (Oxt), Plasmodium yoelii (Py), Plasmodium chabaudi (Pc), Plasmodium knowlesi (Pk), Plasmodium 
vivax (Pv), Plasmodium falciparum (Pf), Plasmodium berghei (Pb), Cryptosporidium parvum (Cp), Babesia bovis (Bb), Theileria annulata (Ta), 
Ectocarpus siliculosus (Es), Thalassiosira pseudonana (Thp), Phaeodactylum tricornutum (Pht), Aureococcus anophagefferens (Aa), Oryza sativa 
(Os), Arabidopsis thaliana (At), Chlamydomonas reinhardtii (Cr), Ostreococcus tauri (Ot), Physcomitrella patens (Pp), Chlorella variabilis (Cv), 
Micromonas pusilla (Mp), Selaginella moellendorffii (Sm), Cyanidioschyzon merolae (Cm) and Galdieria sulphuraria (Gs)

Table 2  (continued)

Class Organism CAF1-A CAF-1B CAF-1C RbAp46 GRWD1 Protein 
length 
range 
(aa)

 Apicompl-
exa

Plasmodium 
yoelii

PY03920 PY01043 PY02400 PY05679 PY00572 441–935

Plasmodium 
chabaudi

PCHAS_1101300 PCHAS_1348900 PCHAS_0201400 PCHAS_1012400 PCHAS_0201400 446–889

Plasmodium 
knowlesi

PKNH_1032100 PKNH_1271100 PKNH_0203200 PKNH_0419900 PKNH_0504400 447–978

Plasmodium 
vivax

PVX_097595 PVX_082410 PVX_081265 PVX_084870 PVX_089605 447–944

Plasmodium 
falciparum

PF3D7_0501800 PF3D7_1329300 PF3D7_0110700 PF3D7_1433300 PF3D7_0816000 428–
1076

Plasmodium 
berghei

PBANKA_1101600 PBANKA_1344300 PBANKA_0203000 PBANKA_1011600 PBANKA_0714800 444–917

Cryptosporidium 
parvum

XP_628023.1 XP_001388368.1 XP_628031.1 XP_626028.1 XP_625913.1 470–932

Babesia bovis XP_001610069.1 XP_001610629.1 XP_001609281.1 XP_001611025.1 XP_001610215.1 400–750

Theileria annu-
lata

XP_952216.1 XP_954900.1 XP_954005.1 XP_954574.1 XP_952045.1 371–898

Phaeophy-
ceae

Ectocarpus 
siliculosus

CBJ33518.1 CBJ29095.1 CBN80226.1 CBN76255.1 294–
1519

Bacillari-
ophyta

Thalassiosira 
pseudonana

XP_002286881.1 XP_002287132.1 XP_002294229.1 XP_002286071.1 466–
1458

Phaeodactylum 
tricornutum

XP_002182657.1 XP_002178749.1 XP_002177516.1 XP_002182244.1 411–
1435

Aureococcus 
anophagef-
ferens

XP_009033375.1 XP_009036843.1 XP_009040058.1 XP_009041991.1 XP_009040819.1 297–
1624

Plantae
 Viridiplan-

tae
Oryza sativa XP_025882577.1 XP_015648431.1 XP_015632366.1 XP_015621920.2 XP_015619858.1 428–698
Arabidopsis 

thaliana
NP_176725.1 NP_974991.1 NP_200631.1 NP_565456.2 NP_179544.1 424–815

Chlamydomonas 
reinhardtii

PNW76041.1 XP_001697802.1 XP_001696907.1 XP_001697148.1 293–
1894

Ostreococcus 
tauri

XP_022838299.1 XP_003075193.1 XP_003082166.1 XP_003080234.1 XP_003079692.2 428–949

Physcomitrella 
patens

XP_024369555.1 XP_024390989.1 XP_001776478.1 \ XP_024390083.1 422–606

Chlorella vari-
abilis

XP_005850036.1 XP_005847079.1 XP_005846967.1 XP_005850900.1 XP_005846433.1 387–
1567

Micromonas 
pusilla

XP_003061578.1 XP_003056968.1 XP_003060701.1 XP_003058120.1 XP_003059108.1 425–
1252

Selaginella moe-
llendorffii

XP_024525004.1 XP_024524120.1 XP_024541971.1 XP_024516579.1 389–495

 Rhodophyta Cyanidioschyzon 
merolae

XP_005536491.1 XP_005537733.1 XP_005539475.1 XP_005535173.1 475–936

Galdieria sul-
phuraria

XP_005708106.1 XP_005704916.1 XP_005704183.1 XP_005704182.1 XP_005706283.1 401–939
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across 53 eukaryotic species. There  found large variation 
in length of CAF-1A i.e. 140–1894 aas (Supplementary 
Fig. S3, Supplementary Table 3). CAF-1A domain was 
found to be well conserved in all the explored organisms. 
The domain may exist alone or in combination with other 
domains. Based on type of domain composition, CAF-1A 
family was divided into ten subclasses. Subclass i has only 
CAF-1A domain with eight organisms. Subclass ii has 29 
members having a combination of CAF-1A domain with 
coiled coils (CC). L. major CAF-1A has a combination of 
CAF-1A, coiled coil and a transmembrane domain (TM) 
(Subclass iii). This domain combination is not present in 
any other organism. H. robusta and B. floridae CAF-1A 
possess CAF-1_p150+CAF-1A+CAF-1p150_C2+CC 

domain combination (Subclass iv). Subclass v has two 
organisms having a combination of CAF-1_p150_N, 
CAF-1_p150, CAF-1A, CAF-1p150_C2 along with coiled 
coils (CC). Subclass vi has five organisms which contain 
WD40 repeats and coiled coil domains. Subclass vii has 
two organisms having a combination of CAF-1A, WW 
and coiled coils domains. D. melanogaster and A. mel-
lifera CAF-1A belong to subclass viii that contains CAF-
1A, CAF-1p150_C2 and coiled coil domains. The CAF-
1p150_N, CAF-1_p150 and CAF-1p150_C2 domains are 
specific features found only in some metazoans and are 
absent in P. falciparum. T. trahens CAF-1A has a combi-
nation of CAF-1A and SANT domain (Subclass ix), and 

Fig. 3  Phylogenetic and 
domain architecture analysis of 
PfCAF-1A with its orthologs 
in 53 eukaryotic species. a 
The unrooted NJ tree. The 
full-length protein sequences 
of CAF-1A family were used 
to perform multiple sequence 
alignment by Clustal omega 
software. Subsequently, an 
unrooted NJ tree was con-
structed using Phylip v3.695 
and visualized by MEGA v5. 
The numbers on the nodes 
are the percentage bootstrap 
values based on 500 iterations. 
Different colour codes were 
used for different taxonomic 
divisions: cyan; choanoflagel-
lata, magenta; metazoa, yellow; 
capsaspora, bright blue; fungi, 
mustard; amoebozoa, blue; 
euglenozoa, dark red; ciliata, 
bright red; apicomplexa, black; 
phaeophyceae, grey; bacillari-
ophyta, light green; viridiplan-
tae, dark green; rhodophyta. b 
Domain architecture. Domain 
organization of the representa-
tive CAF-1A members from 
different subclasses based on 
possession of different domains. 
Various domains are abbrevi-
ated as TM transmembrane 
domain, WW WWP repeating 
motif
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C. variabilis CAF-1A has a combination of CAF-1A and 
Homeobox domain (Subclass x).

Chromatin assembly factor‑1 subunit B (CAF‑IB)

CAF-1B, the second subunit of CAF-1 complex, along 
with CAF-1A is responsible for the deposition of H3, H4 

heterodimer on newly synthesized DNA (Cheloufi et al. 
2015). The PfCAF-1B consists of CAF-1C_H4bd domain 
and WD repeats, whereas its human homologue in addition 
to WD repeats contains a C-terminal CAF-1_p60C domain 
required for direct binding to Asf-1 (Fig. 4). PfCAF-1B 
is shorter in length as compared to its human counterpart 
(582 aa vs 956 aa).

Fig. 4  Phylogenetic and 
domain architecture analysis 
of PfCAF-1B and its orthologs 
in eukaryotic organisms. a 
The maximum likelihood tree. 
The tree was constructed by 
Phylip v3.695 using the align-
ment of full-length protein 
sequences and visualized in 
MEGA v5. The numbers on 
the nodes are the percentage 
bootstrap values based on 100 
iterations. b Domain archi-
tecture. Domain architecture 
of the representative CAF-1B 
members from each subclass 
and model organisms. CAF-1B 
members were classified into 
different subclasses based on 
domain composition. Various 
domains are abbreviated as 
PD40 WD40-like beta propel-
ler repeat, HIRA_B HIRA B 
motif, Ima1_N Ima1 N-terminal 
domain, ANAPC4_WD40 
anaphase promoting complex 
subunit 4 WD40 domain
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To study phylogeny of CAF-1B, both ML (Fig. 4a) and 
NJ (Supplementary Fig. S4) trees were constructed with 
the bootstrap percentages at the node of each branch. We 
observed better evolutionary relationships in ML tree and 
are explained by the same. The CAF-1B members were clus-
tered into six different groups: metazoa, fungi and choano-
flagellata, alveolata (apicomplexa and ciliate), euglenozoa, 
plantae (rhodophyta and viridiplantae), stramenopiles (bacil-
lariophyta and phaeophyceae). Notably, Plasmodium species 
did not cluster with other apicomplexans and separated as 
outgroup before metazoans, thus exhibit distant relation-
ships. Choanoflagellates CAF-1B is more closely related to 
fungi (shared sister clade) instead of metazoans. Straemeno-
piles shared sister clade with viridiplantae and euglenozoa. 
The apicomplexans along with ciliates separated as mono-
phylectic group excluding Plasmodium species.

Domain architecture analysis revealed ten different 
domain combinations in CAF-1B family (Fig. 4b, Supple-
mentary Fig. S4). WD 40 repeats are the conserved feature 
of CAF-1B family. First, 34 organisms contain only WD40 
domain (Subclass i). Subclass ii has two organisms having 
a combination of WD40 domain with coiled coils (CC). D. 
discoideum CAF-1B has a combination of WD40, coiled 
coil and ANAPC4_WD40 (Subclass iii). This domain com-
bination is not present in any other organism. Subclass iv 
has six organisms having a combination of WD40 domain 
with ANAPC4_WD40. A. fumigatus CAF-1B possesses 
ANAPC4_WD40+WD40+HIRA_B domain combina-
tion (Subclass v). U. maydis CAF-1B has a combination 
of WD40, ANAPC4_WD40 and PD40 domains (Subclass 
vi). Subclass vii has two organisms having a combination of 
CAF-1_p60_C and WD40 domains. Subclass viii has four 
organisms exhibiting a combination of WD40 repeats and 
CAF-1C_H4-bd domains. G. sulphuraria CAF-1B has a 
combination of WD40, Ima1_N and transmembrane domain 
(Subclass ix) and T. annulata CAF1-B has a combination of 
WD40, DNA_pol_alpha_N domain with a transmembrane 
domain (Subclass x). The protein length of CAF-1B mem-
bers was found to vary from 293 to 951 aas.

Chromatin assembly factor‑1 subunit C (CAF‑IC)/
RbAp48 and RbAP46

CAF-1C/RbAP48 and 46 are WD40-containing proteins 
involved in maintenance and regulation of chromatin struc-
ture (Lejon et al. 2011). These proteins are exclusive mem-
bers of different chromatin complexes. RbAp48/CAF-1C is 
the smallest subunit of CAF-1 complex, whereas RbAP46 
is the member of HAT complex. Both RbAp48 and 46 are 
found together in HDAC, NuRD and SIN3 complexes (Mur-
zina et al. 2008). Further, Human RbAp48 and 46 proteins 
are highly homologous sharing 89% identity, whereas P. 

falciparum RbAp48 and 46 showed 30% identity. The per-
centage identity of RbAp48 and 46 across 53 eukaryotic 
organisms is compiled in Supplementary Table 4.

The phylogenetic tree of RbAp48 is divided into eight 
groups: i.e. viridiplantae, metazoa, ciliata, bacillariophyta, 
rhodophyta, fungi, apicomplexa and euglenozoa (Fig. 5a). 
Evolutionary-related species are grouped together in the 
CAF-1C NJ tree. However, there is a divergence in branch-
ing as compared to the evolutionary history of eukaryotes 
(Fig. 5a). Based on type of domain composition, CAF1-C 
family is divided into three subclasses. First, 50 organisms 
comprise CAF1C_H4-bd domain along with WD40 repeats 
(Subclass i). Subclass ii has two organisms having a combi-
nation of CAF1C_H4-bd, WD40 and coiled coils (CC). O. 
tauri CAF-1C has a combination of CAF1C_H4-bd, WD40 
and ANAPC4_WD40 domain (Subclass iii). The CAF-1C 
members exhibited least variation in size as compared to 
other CAF-1 members. Most of CAF-1C members are of 
same size i.e. around 400 aas.

The phylogenetic analysis classified RbAp46 into five 
distinct groups (Fig. 5b). Members of plantae are grouped 
together in cluster 1 followed by euglenozoa, fungi, meta-
zoa and apicomplexa. C. owczarzaki, the closest unicellular 
relative of metazoans, shared the sister branch with meta-
zoans. Fungi separated before metazoans as per eukaryotic 
evolutionary history. The length of RbAp46 was found to 
vary from 297 to 648 aa. Based on domain architecture, 
RbAp46 family is divided into four subclasses. Subclass i 
has two members possessing only WD40 repeats. Subclass 
ii has 20 organisms having a combination of CAF1C_H4-bd 
along with WD40 domain. S. cerevisiae RbAp46 contains 
CAF1C_H4-bd+WD40+eIF2A domain combination (Sub-
class iii). T. thermophila RbAp46 has a combination of 
CAF1C_H4-bd, WD40 and coiled coil (Subclass iv).

Glutamate rich WD40 repeat protein 1 (GRWD1)

GRWD1 is an evolutionary conserved cdt1-binding pro-
tein that functions in MCM loading, ribosome biogenesis; 
histone binding and nucleosome assembly processes (Sugi-
moto et al. 2015a, b). PfGRWD1 is 491 aa long and possess 
N-terminal CAF-1C domain, an acidic-rich region involved 
in protein–protein binding, a coiled-coil domain and 
C-terminal WD40 repeats (Fig. 1). Its human homologue 
HsGRWD1 is comparatively shorter (446 aas) in length and 
possesses fewer WD40 repeats (Fig. 6).

The orthologs of PfGRWD1 were identified in a vari-
ety of different species using BLASTp and phylogenetic 
relationships were drawn (Fig. 6a). Intriguing evolutionary 
relationships were observed in GRWD1 family. Phyloge-
netic tree of GRWD1 family was divided into eight clusters: 
apicomplexa, bacillariophyta, euglenozoa, plantae, meta-
zoa, choanoflagellata, fungi and ciliata. This clustering is 
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in accordance with evolutionary grouping of the eukary-
otes. The fungi separated as monophylectic group before 
choanoflagellates and metazoans. Importantly, capsaspora 
was positioned between fungi and chanoflagellates; how-
ever, it shared the sister clade with fungi. In plantae, chlo-
rophyta shared sister clade with streptophyta. Apicomplex-
ans are separated before bacillariophyta as per eukaryotic 

phylogeny. Further, baccilariophyta and euglenozoa shared 
the sister groups. Overall, phylogenetic-related species 
group together in GRWD1 family NJ tree.

The final sub-grouping in phylogenetic analysis is in 
accordance with domain composition (Supplementary 
Fig. S5). We observed six different domain combinations 
in GRWD1 family (Fig. 6b). The combination of CAF-1C 

Fig. 6  Phylogenetic and 
domain architecture analy-
sis of PfGRWD1 with its 
orthologs in other organisms. 
a The alignment of full-length 
protein sequences of GRWD1 
family was used to generate an 
unrooted NJ tree The numbers 
on the nodes are the percentage 
bootstrap values based on 500 
iterations. b Domain archi-
tecture. Domain architecture 
of the representative GRWD1 
members from each subclass. 
Various domains are abbrevi-
ated as TM transmembrane 
domain, adh_short short chain 
dehydrogenase
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Fig. 7  Expression profiling of PfCAF-1 genes. a Transcriptome 
analysis. Heat map of PfCAF-1 from microarray data (Llinas et  al. 
2006; Le Roch et  al. 2003) and RNA-seq data (Otto et  al. 2010; 
Barfai et  al. 2010; Bunnik et  al. 2013). Calorimetric representation 
used for heat maps of transcriptome data is green–red (green, low 
expression; black, medium expression; red, high expression). b RT-
PCR analysis. Relative gene expression of five PfCAF-1 genes was 
analysed by qRT-PCR. Seryl t-RNA synthetase was used as internal 
control. The Y-axis indicates the relative expression level and error 
bars represent standard deviation calculated based on three technical 
replicates. c Proteome expression profiling. Heat map proteome and 
phosphoproteome data obtained from Florens et al. (2002), Lasonder 

et  al. (2002), Le Roch et  al. (2004), Khan et  al. (2005), Silvestrini 
et  al. (2010), Solyakov et  al. (2011), Treeck et  al. (2011), Oehring 
et al. (2012), Lidner et al. (2013), Pease et al. (2013). X-axis (Fig. 4a, 
c) represents different developmental stages of Plasmodium life cycle 
abbreviated as: ER and LR early and late rings, ET and LT early and 
late trophozoites, ES and LS early and late schizonts, M merozoites, 
G gametocytes, Sp sporozoites, Gt gamete, EG early gametocyte, MG 
mature gametocyte, OOC oocyst, ODS oocyst-derived sporozoites, 
SGS salivary gland sporozoites, phosEnr phospho-enriched, phosDep 
phospho-depleted, Nuc nuclear, cyt cytoplasmic. Numerals on X-axis 
represents 0–48 h post invasion (hpi)
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domain and WD repeats is conserved in all species except 
one, i.e. A. anophagefferens where DEXDc+HELICc is pre-
sent along with WD repeats (Subclass vi). The length of 
this protein is the longest (974 aa) in the analyzed GRWD1 
members. GRWD1 of D. pulex harbors a combination of 
the transmembrane domain and CAF-1C on N-terminal 
and WD40 repeats on its C-terminal (Subclass iv). Five 
organisms belonging to ciliata and euglenozoa groups con-
tained coiled coil along with CAF-1C and WD40 repeats 
(Subclass-iii). However, the function of coiled coil domain 
in GRWD1 is unknown. T. trahens contained an additional 
domain besides CAF-1C and WD40, i.e. adh_short-a short 
chain dehydrogenase (Subclass v) involved in oxidoreduc-
tase activity. The length of GRWD1 varied from 365 to 
974 aas (Supplementary Fig. S5).

Expression analysis

To gain insight into the expression profiles of PfCAF-1 
family during different development stages, we investi-
gated the transcriptome and proteome data present at Plas-
moDB. A heat map was generated from the microarray 
data of Derisi (Llinás et al. 2006), Winzeler (Le Roch et al. 
2003) and RNA-seq data of Barfai (Bártfai et al. 2010), 
Otto (Otto et al. 2010), and Bunnik (Bunnik et al. 2013) 
(Fig. 7a). We used the  log2 ratios of RMA and FPKM 
value for microarray and RNA-seq data to generate the 
heat map. Further, to validate the available transcriptome 
data, we carried out the qRT-PCR experiments for all the 
five genes at different intraerythrocytic development stages 
(IDC): ring (R), trophozoite (T) and schizont (S) and the 
fold change in expression over ring stage are represented 
as bar graphs (Fig. 7b). The qRT-PCR primers are enlisted 
in Supplementary Table 5. In addition to this, proteome 
profile of the PfCAF-1 family (Fig. 7c) was examined 
from the data available at PlasmoDB-Florens et al. (2002), 
Lasonder et al. (2002), Le Roch et al. (2004), Khan et al. 
(2005), Silvestrini et al. (2010), Solyakov et al. (2011), 
Treeck et al. (2011), Oehring et al. (2012), Lidner et al. 
(2013), Pease et al. (2013) and compared with the tran-
scriptome data.

As per both microarray and RNA-seq studies, PfCAF-
1A was found to be upregulated at late T and S and down-
regulated at R. Expression of PfCAF-1A was also found to 
be upregulated at T and S by qRT-PCR with a significant 
higher expression at T (~ sixfold) as compared to R. As per 
proteome data, PfCAF-1A was found to be expressed in R, 
T, S, M, G and Gt. A quantitative proteome analysis of IDC 
by Pease et al. (2013) study showed relatively higher expres-
sion in R followed by T and S. This shows non-coordination 
between peak expression at mRNA and protein level.

Transcript of PfCAF-1B was downregulated in R and 
upregulated in T and S as per Derisi and RNA-seq studies. 

RT-PCR analysis also showed upregulation in T and S. 
PfCAF-1B protein was found to exist in R, T, S and G as 
per the compiled proteome datasets. However, discrepan-
cies were observed in detection of PfCAF-1B by different 
proteome studies.

The PfCAF-1C was observed to have high transcript 
abundance throughout IDC, G, Sp with peak expression in 
T followed by S by microarray and RNA-seq datasets. The 
qRT-PCR analysis also confirmed upregulation of CAF-1C 
expression in T and S. Accordingly, its protein was found 
through all the developmental stages of P. falciparum (R, 
T, S, M, G and SGS) except Sp. The PfRbAP46 transcript 
is down regulated in T and upregulated in S by Derisi and 
qRT-PCR analyses. RNA-seq datasets also showed upregu-
lation of RbAp46 in S. Accordingly, its protein was found 
to be more abundant in S. RbAP46 protein was detected in 
R, T, S, M and SGS. Out of the proteome studies involving 
different IDC stages, only four studies (Le Roch et al. 2004; 
Treeck et al. 2011; Lidner et al. 2013; Pease et al. 2013) 
detected RbAp46 highlighting discrepancies between differ-
ent datasets. This may be because of variations in method of 
sampling and sensitivity among different mass spectrometry 
methods.

The PfGRWD1 transcript was found to be downregulated 
in S by all the datasets (microarray, RNA seq and qRT-
PCR). Derisi dataset showed peak mRNA expression at R, 
whereas qRT-PCR showed peak expression at T. PfGRWD1 
protein and was detected in R, T and S by Pease et al. (2013), 
whereas other proteome studies detected PfGRWD1 only 
in S.

Out of five predicted PfCAF-1s, only three (PfCAF-1A, 
PfCAF-1B, PfCAF-1C) were detected to be nuclear by 
Oehring et al. 2012 (Fig. 7c). These three CAF-1 complex 
subunits were also found to be phosphorylated by Treeck 
et al. (2011) and Pease et al. (2013) (Fig. 7c), thus con-
firming their regulatory role. The CAF-1A, B and C were 
found to be co-expressed through most of the developmental 
stages with peak expression in R and G. This co-existence 
of all the subunits of CAF-1 complex ensures the forma-
tion of CAF-1 complex. None of the PfCAF-1 was found to 
be stage specific. Overall, we observed mixed relationships 
(linear as well as non-linear) between the PfCAF-1 family 
transcriptome and proteome datasets. Broadly, there was a 
good coordination between transcriptome datasets; however, 
discrepancies were observed between different proteome 
studies. The qRT-PCR data were found in well coordina-
tion with earlier transcriptome data except few variations 
discussed above.

Interaction network

To get further insight into the functional diversity of 
PfCAF-1 family, we constructed a network of all PfCAF-1 
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PPIs by mining string database, interologs datasets and 
experimental interaction evidence based on literature 
(Fig. 8). The interolog dataset was deduced based on the 
human interaction data for all CAF-1 family proteins from 
BIOGRID database as described in methods. We identified 
potential P. falciparum interologs by tracing the orthologs of 
the proteins of human CAF-1 family interactome in human 
malaria parasite. A total of 334 PPIs were identified for 
PfCAF-1 family (Supplementary Table 6). Out of these, 271 
PPIs were extracted from the string, 115 from the interolog 
datasets and ten from the immunoprecipitation data (Gupta 
et al. 2018) (Supplementary Table 5). There were 52 over-
laps i.e. 50 were common between STRING and interolog 
dataset and 2 were common between STRING and Co-IP. 
The extent of connectivity of PfCAF-1 proteins ranged from 
a minimum of 24 (GRWD1) to a maximum of 108 PPIs 
(CAF-1C) (Supplementary Table 5).We considered all the 
interactions from string based on experiment, text mining 
and database evidences ranging from low to high confidence 
scores. Out of 271 string interactions, 57 PPIs (21.033%) 
were having high confidence scores (S > 0.7), 196 associa-
tions (72.32%) of medium confidence scores (0.4 ≤ S < 0.7) 
and 18 associations (6.64%) having low confidence scores 
(S < 0.4).

Further, we tried to trace five important protein com-
plexes namely CAF-1 complex (Hoek and Stillman 2003), 
replication-dependent chromatin assembly complex 
(Shibahara and Stillman 1999), NuRD complex (Basta 
and Rauchman 2015), Sin3 complex (Kuzmichev et al. 
2002) and Pre-RC complex (Tsakraklides and Bell 2010) 
in the PPI network of PfCAF-1 family. We identified 
all the complexes in P. falciparum (Fig. 8). The CAF-1 
complex and replication-dependent chromatin assembly 
complex, both were found to be absolutely conserved in 
P. falciparum. However, NuRD complex, Sin3 complex 
and Pre-RC complex were found to be partially conserved 
as orthologs of one or more subunits which could not be 
identified (Fig. 8). These were P66, MBD and MTA1/2/3 
in NURD complex, SAP30, SDS and Sin3 in Sin3 com-
plex, and CDC6 in Pre-RC complex. We also observed 
that the PfCAF-1 family members, RbAp48 and 46, are 

part of multiple complexes and have high connectivity 
than other members, thus can be explored as drug target. 
All the PfCAFs harbored WD40 repeats justifying their 
high connectivity. WD40 repeats serve as a platform for 
the binding of other proteins; thus result in assembly of 
multi-protein complexes. Chahar et al. (2015) showed that 
the interaction network of PfWD40 proteins involved in 
chromatin-associated processes is composed of 203 PPIs. 
Overall, the PfCAF-1 proteins are highly interconnected 
and reside in multiple complexes.

Conclusion

In the present study, a comprehensive genome-wide analy-
sis of CAF-1 family in P. falciparum was performed to 
evaluate domain composition, evolutionary relationships, 
expression profile and protein–protein interactions net-
work. A total of five putative PfCAF-1 genes: three as a 
part of CAF-1 complex and two as part of chromatin modi-
fying complexes were identified in P. falciparum. Mining 
of CAF-1 genes across model organisms and apicomplexa 
disclosed a minimum of four and a maximum of eight 
CAF-1 genes (arabidopsis and rice). Further, a compara-
tive analysis of domain attributes of CAF-1 family across 
53 eukaryotic organisms highlighted species-specific fea-
tures. CAF-1 complex was found to be conserved through 
all the explored organisms. Phylogenetic analysis corrobo-
rated grouping of different CAF-1 genes as per evolution-
ary history. Broadly, closely related species are clustered 
together in same clade with retention of evolutionary his-
tory of branching. Clustering in different subgroups was 
also supported by domain features. A detailed transcrip-
tome and proteome profiling of PfCAF-1 genes showed 
mixed expression pattern coordination as well as discrep-
ancies. qRT-PCR analysis of PfCAF-1 genes confirmed 
differential expression in ring, trophozoite and schizont 
stages. Further, we mined PPIs of all PfCAF-1 genes and 
traced important complexes in P. falciparum. In nutshell, 
the present efforts delineate the specific features of the 
CAF-1 family in P. falciparum thus providing a platform 
for further studies.
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Fig. 8  Interaction network analysis of PfCAF-1 proteins. A PPI net-
work of five PfCAF-1 proteins with yellow nodes was constructed 
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STRING (light pink nodes, grey edges), co-IP (red nodes and edges) 
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degree of the node. Inset shows the level of conservation of different 
CAF-1 proteins complexes in P. falciparum-CAF-1 complex, replica-
tion-dependent chromatin assembly complex, NuRD complex (nucle-
osome remodeling deacetylase), Sin3 complex (histone deacetylation 
complex) and pre-RC complex (pre-replication complex)
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