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SUMMARY

During red-blood-cell-stage infection of Plasmodium
falciparum, the parasite undergoes repeated rounds
of replication, egress, and invasion. Erythrocyte inva-
sion involves specific interactions between host cell
receptors and parasite ligands and coordinated
expression of genes specific to this step of the life cy-
cle. We show that a parasite-specific bromodomain
protein, PfBDP1, binds to chromatin at transcriptional
start sites of invasion-related genes and directly con-
trols their expression. Conditional PfBDP1 knock-
down causes a dramatic defect in parasite invasion
and growth and results in transcriptional downregula-
tion of multiple invasion-related genes at a time point
critical for invasion. Conversely, PfBDP1 overexpres-
sion enhances expression of these same invasion-
related genes. PfBDP1 binds to acetylated histone
H3anda secondbromodomain protein, PfBDP2, sug-
gesting a potential mechanism for gene recognition
and control. Collectively, these findings show that
PfBDP1 critically coordinates expression of invasion
genes and indicate that targeting PfBDP1 could be
an invaluable tool in malaria eradication.

INTRODUCTION

Plasmodium falciparum is the organism responsible for the most

lethal form of malaria. Despite the complexity of its life cycle, the
Cell H
symptoms of disease are associated only with the red blood cell

stage of the infection (Miller et al., 2002). During this intraerythro-

cytic developmental cycle (IDC), parasites go through repeated

rounds of replication, egress, and reinvasion of red blood cells.

Invasion of erythrocytes is thus an essential part of the IDC

and is a highly complex process involving multiple steps

(Cowman et al., 2012). Though the mechanisms underlying inva-

sion have been well studied, to date little is known about how

genes involved in invasion are regulated and how coordinate

expression of these genes is achieved.

Chromatin-based regulation of gene expression is known to

be important in regulating key pathogenic processes in

P. falciparum (Duffy et al., 2014). This has been best studied in

the var multigene family of immunodominant variant antigens

(Duraisingh et al., 2005; Freitas-Junior et al., 2005; Petter et al.,

2011; Volz et al., 2012). Differences in histone modifications

that contribute to chromatin structure are also associated with

the transcriptional activity of several invasion genes (Comeaux

et al., 2011; Cortés et al., 2007; Crowley et al., 2011; Jiang

et al., 2010). Many histone modifications have been mapped

across the P. falciparum genome (Bártfai et al., 2010; Cui et al.,

2007; Gupta et al., 2013; Jiang et al., 2013; Lopez-Rubio et al.,

2009; Salcedo-Amaya et al., 2009), and many proteins with pre-

dicted histone-binding domains have been identified bio-

informatically (Bischoff and Vaquero, 2010). However, very few

factors which bind tomodified histones have been characterized

(Dastidar et al., 2013; Flueck et al., 2009; Pérez-Toledo et al.,

2009).

The proteins that bind to histone modifications are essential

for creating the functional chromatin state. In P. falciparum the

H3K9me3 binding chromodomain protein PfHP1 maintains het-

erochromatin and thus variegated expression of var genes and
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Figure 1. PfBDP1 Is Essential for Parasite

Proliferation

(A) The PfBDP1 protein. ANK, Ankyrin repeat;

BRD, bromodomain.

(B) Immunofluorescence detection of PfBDP1HA

in the nucleus across the asexual life cycle of

P. falciparum.

(C) Western blot of ring (R, 14 ± 5 hpi),

trophozoite (T, 26 ± 5 hpi), and schizont

(S, 38 ± 5 hpi) stage PfBDP1DD par-

asites grown with (+) or without (�) Shld1.

Shld1 was removed at 6 ± 5 hpi. See also

Figure S1.

(D) Flow cytometry-monitored growth + or

� Shld1 of PfBDP1DD parasites expressing

GFP (n = 3, bars are SD). Two-way ANOVA

(****p < 0.0001). Giemsa-stained blood smears

and cumulative parasite stage counts demon-

strate normal development of parasites. See also

Figure S1.

(E) Effect of Shld1 removal at different time points

on growth. MFI, mean fluorescence intensity of IE at 40 hpi. Ring-stage parasitemia was monitored by FACS 12 hpi in the next cycle (n = 3, bars are SD).

Student’s t test on log10-transformed data (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05).
also genes critical for regulating gametocytogenesis (Brancucci

et al., 2014; Flueck et al., 2009; Pérez-Toledo et al., 2009). In

contrast to the silencing role of H3K9me3 and its recruitment

of PfHP1, nothing is known about recruitment of activating

proteins to P. falciparum euchromatin. Acetylated lysines are en-

riched in histones in transcriptionally inducible euchromatin and

are more abundant in P. falciparum than in human cells (Trelle

et al., 2009). Bromodomain proteins bind acetylated lysines in

histones in other eukaryotes and can play a role in gene activa-

tion (Josling et al., 2012). P. falciparum has seven predicted

bromodomain proteins that could potentially bind histone acety-

lations, but only the conserved histone acetyltransferase GCN5

(Fan et al., 2004) has been characterized.

Here we show that a parasite-specific chromatin-associated

factor, bromodomain protein (PfBDP1), directly exerts positive

regulation of invasion genes and is required for normal erythro-

cyte invasion. We find that knockdown of PfBDP1 results in

dramatic growth inhibition caused by a defect in erythrocyte in-

vasion, which is accompanied by a significant downregulation of

several invasion-related genes in schizonts. We also show that

PfBDP1 is enriched at the transcriptional start sites of invasion-

related genes in schizonts and that overexpression of PfBDP1

results in their upregulation. These findings also provide a mech-

anism for coordinated regulation of invasion genes. Therapeutics

that inhibited PfBDP1 would disrupt expression of multiple inva-

sion proteins circumventing redundancy in the parasite’s reper-

toire of invasion pathways. Furthermore, PfBDP1 is conserved

across apicomplexans, suggesting it could be a therapeutic

target in other important apicomplexan parasites of humans

and animals.

RESULTS

P. falciparum BDP1 Is an Essential Bromodomain
Protein
The bromodomain is the best-known acetyl-lysine binding

module, and P. falciparum has seven predicted bromodomain
742 Cell Host & Microbe 17, 741–751, June 10, 2015 ª2015 Elsevier
proteins, of which five have no known orthologs in higher

eukaryotes (Aurrecoechea et al., 2009). One of them, PfBDP1

(PF3D7_1033700), is a 55 kDa protein with an N-terminal ankyrin

repeat domain and a single C-terminal bromodomain (Figure 1A),

an architecture that is unique to alveolates (Iyer et al., 2008).

PfBDP1 is a nuclear protein (Oehring et al., 2012) and is ex-

pressed throughout differentiation (Figure 1Band see Figure S4C

available online).

In order to investigate the role of PfBDP1 in parasite biology,

we created a parasite line in which PfBDP1was fused at its C ter-

minus to the haemagglutinin (HA) tag and the ligand-regulated

FK506-binding protein (FKBP) destabilization domain (DD) to

allow for conditional knockdown of the protein (Figure S1).

Removing the stabilizing ligand Shld1 resulted in almost com-

plete depletion of PfBDP1DD within 6 hr (Figure 1C). PfBDP1

knockdown parasites had a significantly reduced multiplication

rate (2.6 ± 0.7 SD) compared to control parasites (7.1 ± 0.6

SD), although the cells appeared morphologically normal

throughout the IDC and no significant difference in staging was

apparent for at least the first two cycles (Figures 1D and S1C).

Moreover, removal of Shld1 at different time points (TPs) during

the IDC resulted in similar nucleic acid content at 40 ± 2 hr

postinvasion (hpi) (Figure 1E). PfBDP1 knockdown as late as

36–40 hpi had a significant effect on multiplication, although

the phenotype was stronger when the knockdown was induced

early in the IDC (Figure 1E).

Depletion of PfBDP1 Impairs Erythrocyte Invasion
Parasites grown in the presence and absence of Shld1 pro-

duced equal numbers of merozoites, further suggesting that a

defect in schizogony was unlikely to account for the defect in

proliferation (Figure 2A). To examine whether the growth

phenotype was caused by inhibition of merozoite egress or a

block in erythrocyte invasion, we used a fluorescence-activated

cell sorting (FACS)-based assay to monitor progression through

egress and invasion of PfBDP1 knockdown parasites that

were manipulated to also express GFP (Wilson et al., 2013).
Inc.



Figure 2. Knockdown of PfBDP1 Results in an Invasion Defect

(A) Number of merozoites per schizont in PfBDP1DD parasites grown + or �
Shld1 (duplicate experiments; n = 50 cells for each condition; bars are SD).

(Inset) Example fluorescence images of DAPI-stained schizonts.

(B) Flow cytometry growth assay of GFP-expressing PfBDP1DD parasites

following removal of Shld1 at 30 hpi. (n = 3, bars are SD). **p < 0.01;

****p < 0.0001, two-way ANOVA. See also Figure S2.

(C) Number of invasions per schizont of PfBDP1DD parasites grown + or �
Shld1, determined by video microscopy. Boxes, IQR; whiskers, range;

**p < 0.01, Mann-Whitney test. See also Movie S1 and Movie S2.
Parasites grown in the presence or absence of Shld1 were

monitored in 2 hr intervals from schizont to ring stage (42–

54 hpi; Figures 2B and S2). No accumulation of PfBDP1 knock-

down schizonts was observed at any TP, in contrast to control

parasites, in which egress was blocked by the cysteine prote-

ase inhibitor E64 (Salmon et al., 2001). However, PfBDP1

knockdown parasites did produce significantly fewer ring-stage

parasites than parasites grown in the presence of Shld1; the R1

peptide was used as a control to completely block invasion by

binding the invasion protein AMA1 (Harris et al., 2005). These

experiments demonstrated that PfBDP1 knockdown affects

parasite growth primarily by inhibiting invasion while egress

occurs normally. Live-cell imaging of rupturing PfBDP1DD

schizonts ± Shld1 confirmed that PfBDP1DD schizonts grown

in the absence of Shld1 ruptured normally (Movie S1 and Movie

S2). However, the number of merozoites per ruptured schizont

that invaded successfully was less in the absence of Shld1

(median = 2, n = 8 schizonts) than in the presence of Shld1

(median = 5, n = 16 schizonts) (Figure 2C). Most of the PfBDP1

knockdown merozoites that contacted erythrocytes were able

to adhere and deform erythrocytes but were seemingly unable

to orientate, penetrate, and trigger echinocytosis (Movie S1).

This phenotype suggested defects in a range of mechanisms

that could include multiple invasion ligands, the actomyosin

motor, and/or signal transduction pathways (Gilson and Crabb,

2009; Sharma and Chitnis, 2013).
Cell H
PfBDP1 Depletion Results in Deregulation of Invasion
Gene Expression
To study the effect of PfBDP1 depletion on gene expression, we

performed microarray experiments using RNA harvested at six

TPs (8 hr intervals) during the IDC of synchronized PfBDP1DD

parasites grown in the presence or absence of Shld1. Global

transcription patterns at each TP were similar overall (Figure 3A),

but 186 genes were more than 3-fold up- or downregulated at

one or more TPs following PfBDP1 depletion (Figure 3B; Table

S1). Genes were predominantly upregulated in ring stages and

trophozoites (TPs 1–4) and predominantly downregulated during

schizogony (TPs 5 and 6) (Figure 3C). Functional enrichment

analysis revealed that genes upregulated at TPs 4 (28 ± 4 hpi)

and 5 (36 ± 4 hpi) mainly belonged to exported and variant

gene families including rifins and pfmc-2tms that are regulated

through heterochromatin (Rovira-Graells et al., 2012) (Figures

3D and S3; Table S2). Strikingly, genes strongly downregulated

at TPs 5 and 6 (36 ± 4 and 44 ± 4 hpi) included mainly genes

associated with invasion and motility during invasion (Figures

3D and S3; Table S2). In fact, nearly all of the 75 loci annotated

as genes encoding merozoite-invasion-related proteins had

some level of downregulation at TP 5 (Figure 3E), and 23 showed

more than 3-fold downregulation in at least one TP in the IDC.

These data strongly support a role for PfBDP1 in transcriptional

regulation, particularly of invasion-related genes, and suggest

that the invasion defect observed in PfBDP1 knockdown para-

sites is caused by the disturbed expression of invasion ligands.

Overexpression of PfBDP1 Supports a Role in Invasion
Gene Regulation
To validate the effect of PfBDP1 on gene expression, we per-

formedmicroarrays using RNA isolated from a parasite line over-

expressing a PfBDP1-3xHA fusion protein (PfBDP1 OE) (Oehring

et al., 2012) and a control line (3D7/cam) (Witmer et al., 2012).

RNA was prepared at four TPs during the IDC to identify genes

that showed altered expression in response to PfBDP1 overex-

pression. We confirmed pfbdp1 overexpression at all four TPs

(Figure 4A). In addition, we found that 205 other genes were

more than three fold up- or downregulated at any stage

compared to the control parasites (Figure 4B; Table S3). In line

with our previous findings, invasion-related genes were signifi-

cantly overrepresented among the genes upregulated in para-

sites overexpressing PfBDP1 (Figure 4C; Table S4). Strikingly,

the majority of invasion-related genes that were downregulated

in PfBDP1 knockdown schizonts were upregulated in PfBDP1-

overexpressing schizonts (Figure 4D). In general, the changes

in gene expression in PfBDP1-overexpressing schizonts were

the inverse of those observed in PfBDP1 knockdown schizonts

(Figure 4E). Together, these data strongly suggest that PfBDP1

positively regulates genes involved in invasion and explain why

PfBDP1 knockdown results in a dramatic invasion defect.

PfBDP1 Acts at the Promoter of Invasion Genes
To address whether PfBDP1 directly regulates invasion genes,

we generated the transgenic parasite line PfBDP1HA that

expresses PfBDP1 as a HA-tagged fusion protein from the

endogeneous promoter (Figure S4) for use in chromatin immuno-

precipitation (ChIP). Chromatin was immunoprecipitated from

synchronized trophozoite- and schizont-stage parasites and
ost & Microbe 17, 741–751, June 10, 2015 ª2015 Elsevier Inc. 743



Figure 3. PfBDP1 Knockdown Affects the Expression of Genes Involved in Invasion

(A) Expression-phase-sorted microarrays of PfBDP1DD parasites grown + or � Shld1 across six time points (TPs). Shld1 was removed at 30 hpi in the previous

cycle. See also Table S1.

(B) Expression fold change (log2) (� versus + Shld1) across the six TPs for genes induced or repressed more than 3-fold in at least one TP.

(C) Number of genes up- or downregulated more than 3-fold at each TP (q value < 0.05) determined by significance analysis of microarrays (SAM).

(D) Proportions of genes in gene families or malaria parasite metabolic pathways (MPMP) that were more than 3-fold deregulated. See also Table S2.

(E) Gene expression (log2 ratio) in PfBDP1DD schizonts grown + or � Shld1 (TP5). All invasion-related genes are red dots. See also Figure S3.
analyzed by genome-wide sequencing, and specificity was

confirmed by qPCR (Figures 5, S4G, and S4H).

Across the genome, 573 genes in schizonts and 95 genes in

trophozoites were identified as being PfBDP1 enriched, i.e.,

they overlapped, or were the closest gene to, PfBDP1 peaks

(Table S5). In both stages, PfBDP1-enriched genes were sig-

nificantly downregulated in response to PfBDP1 knockdown

(schizont p < 0.0001, trophozoites p < 0.0184, Wilcoxon

matched-pairs signed rank test) (Figures 5A, 5F, and S4D).

Several functional classes of genes were enriched in PfBDP1;

importantly, these included 50 genes annotated as playing a

role in invasion which were enriched upstream in PfBDP1 (Fig-

ures 5C and 5E; Table S5), thus confirming that PfBDP1 directly

regulates invasion genes. By contrast, PfBDP1 was not enriched

upstream of genes that were upregulated in response to PfBDP1

knockdown (Figures 5F and S4F). These genesmay be regulated

indirectly by PfBDP1; consistent with this, PfBDP1 was found

upstream of seven genes encoding ApiAP2 putative transcrip-

tion factors (Table S5). In general, genes which were down-

stream of a PfBDP1 peak were expressed at higher levels than

those which were not (p < 0.0001 schizonts, p = 0.0016 tropho-
744 Cell Host & Microbe 17, 741–751, June 10, 2015 ª2015 Elsevier
zites, Mann Whitney) (Figures 5B, 5D, S4E, and S4F), providing

further evidence that PfBDP1 positively regulates transcription.

The expression-associated upstream enrichment of PfBDP1 in

schizonts (Figure 5D) was also stage specific, as it was much

reduced at the same genes in trophozoites (Figures 5C and

S4F). Intriguingly, peaks found upstream of genes in schizonts

were enriched in a motif (p = 2.2e–27, Fisher’s exact test,

DREME) with homology to predicted binding sites for two

ApiAP2 putative specific transcription factors (STFs), including

one which has previously been identified upstream of genes en-

coding rhoptry proteins and merozoite surface proteins involved

in invasion (Figure 5G) (Young et al., 2008).

PfBDP1 Binds to Acetylated Histone H3
The association of PfBDP1 with chromatin, its nuclear distribu-

tion, and its predicted bromodomain suggested that it regulates

gene expression by binding to histones. To test this, we per-

formed a far-western experiment and probed acid-extracted

parasite histones with a recombinant glutathione S-transferase

(GST)-tagged PfBDP1 bromodomain protein. As a control, we

used PfHP1GST, which is known to bind histone 3 trimethylated
Inc.



Figure 4. Microarray Analysis Shows that PfBDP1 Overexpression Also Affects Genes Involved in Invasion

(A) PfBDP1 OE overexpresses pfbdp1 across the IDC relative to control parasites (two-way ANOVA, p = 0.0043). See also Table S3.

(B) Expression fold change (log2) at four TPs for genes induced or repressed more than 3-fold in at least one TP in PfBDP1 OE parasites compared to 3D7/cam

control parasites.

(C) Gene function analysis of genes deregulated after PfBDP1 knockdown (KD) or overexpression (OE). See also Table S4.

(D) Expression fold changes (log2) of all genes at schizont stage in PfBDP1 KD (�) Shld1 versus (+) Shld1 are plotted against PfBDP1 OE versus 3D7/cam. Red

dots, invasion genes; green dots, replication-related genes as unaffected control.

(E) Expression fold change (log2) (PfBDP1 KD (�) Shld1 versus (+) Shld1 and PfBDP1 OE versus 3D7/cam) of genes (bars) more than 3-fold deregulated in

schizonts after either PfBDP1 KD or OE (paired t test).
at lysine 9 (H3K9me3) (Flueck et al., 2009). The bromodomain of

PfBDP1 bound to multiple histones, but was predominantly

associated with H3 (Figure 6A). Microscale Thermophoresis

(MST) experiments further demonstrated that the PfBDP1 bro-

modomain binds to H3K9ac (Kd = 110.79 ± 10.31 mM [R2 =

0.995]) and H3K14ac (Kd = 126.17 ± 14.39 mM [R2 = 0.993]) pref-

erentially over unmodified H3 and H3K16ac, and does not

interact with H3K4me2 and H3K9me2 (Figure 6B). Importantly,

the binding affinities for H3K9ac and H3K14ac are well within

the range of those reported for other bromodomain-histone tail

interactions (Filippakopoulos and Knapp, 2012; Filippakopoulos

et al., 2012). By ChIPseq we observed partial colocalization be-

tween PfBDP1 and H3K9ac at genes enriched upstream in

PfBDP1 (Figure S5D). However, the enrichment was no greater

than for all other genes, and H3K9ac would be expected at these

highly expressed genes independent of PfBDP1 (Salcedo-

Amaya et al., 2009). This suggests that H3K9ac is not the sole

target of PfBDP1 but might contribute to a multiacetylated bind-

ing target (Filippakopoulos et al., 2012).
Cell H
PfBDP1 Interacts with a Second Bromodomain Protein
Bromodomain proteins generally function as part of larger

complexes, where they act to recruit factors that can influence

chromatin structure (Josling et al., 2012). To identify PfBDP1-in-

teracting proteins, we immunoprecipitated native PfBDP1-3xHA

complexes from PfBDP1 OE parasite nuclear extracts and iden-

tified binding partners by liquid chromatography-tandem mass

spectrometry (LC-MS/MS) (Table 1; Figure S5; Table S6). Inter-

estingly, another bromodomain protein (Pf3D7_1212900,

PfBDP2) was identified with high confidence. Among the other

proteins also identified were three previously experimentally

localized in the nucleus including a nuclear peroxiredoxin and

the RNA/DNA binding protein PfAlba4 (Chêne et al., 2012; Oehr-

ing et al., 2012; Richard et al., 2011), and four ribosomal proteins

(Table 1). To validate the association of the two bromodomain

proteins, we performed coimmunoprecipitation experiments in

a double-transfected cell line expressing PfBDP1-3xHA and

PfBDP2-2xTy simultaneously. This experiment confirmed the

association of PfBDP1 and PfBDP2 (Figure 6C).
ost & Microbe 17, 741–751, June 10, 2015 ª2015 Elsevier Inc. 745



Figure 5. Genome-wide ChIPseq Shows PfBDP1 Binds to Nucleosomes Upstream of Invasion Genes

(A) Scatterplot of schizont stage (TP5) expression microarray data of PfBDP1DD parasites grown + or � Shld1. All genes, all genes closest to (with) PfBDP1, or

closest to and downstream (ds) of PfBDP1 peaks are indicated.

(B)MAplotof two replicate schizontRNaseq libraries.All genes, all genesclosest to (with)PfBDP1,orclosest toanddownstream (ds)ofPfBDP1peaksare indicated.

(C) Normalized read coverage plot of reads mapped to a region of chromosome 7 highlighting a PfBDP1 peak upstream of the invasion-related gene ralp1.

(D) Average profile of PfBDP1HAenrichment in schizonts (log2 [PfBDP1ChIP-normalized read coverage/input-normalized read coverage]) relative to gene coding

sequences (CDS) for all genes (all); or genes in the top (top 25%, n = 143) or bottom (bottom 25%, n = 143) expression quartile of PfBDP1-enriched genes in

schizonts. Shaded regions indicate SEM.

(E) Average profile of PfBDP1HA enrichment in schizonts relative to gene CDS for all genes (all), or genes functionally related to invasion (invasion), n = 119.

(F) Average profile of PfBDP1HA enrichment in schizonts relative to gene CDS for all genes (all); or PfBDP1 enriched genes showing at least 1.5 fold down-

regulation (1.53 down, n = 110) or upregulation (1.5-fold up, n = 33) after PfBDP1 knockdown.

(G) DREME logos for a motif enriched within schizont-stage PfBDP1 peaks upstream of genes and the matching published ApiAP2 binding sites identified

by Tomtom.

See also Figure S4.
DISCUSSION

Our data strongly support a model in which PfBDP1 directly reg-

ulates correct expression of invasion genes. Video microscopy
746 Cell Host & Microbe 17, 741–751, June 10, 2015 ª2015 Elsevier
of invading merozoites demonstrated that knockdown of

PfBDP1 leads to an invasion defect, explaining the decreased

growth observed. A role of PfBDP1 in the transcriptional regula-

tion of invasion genes was confirmed by microarray analysis of
Inc.



Figure 6. PfBDP1 Interacts with Acetylated

Histone 3 and a Protein Complex Including

Another Bromodomain Protein

(A) Parasite histones probed with antibodies

against histones (western blot) or with recombi-

nant GST-PfBDP1-bromodomain (BRD) or GST-

PfHP1 and then anti-GST (far-western blot). GST

served as negative control.

(B) MST shows preferential binding of 6xHIS-

PfBDP1 to H3K9ac and H3K14ac. Error bars are

SD, n = 3.

(C) Input, supernatant (SN), wash, and proteins

coimmunoprecipitated with PfBDP1-3xHA (eluate)

from parasites coexpressing PfBDP1-3xHA and

PfBDP2-2xTY were probed with anti-HA and

anti-TY. Excess competing HA peptides blocked

binding of PfBDP1-3xHA (negative control).

See also Figure S5.
RNA from parasites in which PfBDP1 was either depleted or

overexpressed, which showed that invasion genes were strongly

dysregulated. Furthermore, ChIP of PfBDP1 indicated that

PfBDP1 is enriched upstream of invasion genes in schizonts,

suggesting that it directly regulates these genes. Many of the in-

vasion genes which PfBDP1 regulates are refractory to deletion

(Sanders et al., 2006; Triglia et al., 2000) and have been shown to

be essential for invasion and thus parasite growth. For example,

inhibiting binding of either MSP1 or AMA1 prevents invasion

(Harris et al., 2005; Richard et al., 2010; Woehlbier et al., 2010).

The dysregulation of some of these genes in response to PfBDP1

knockdown is thus the likely mechanism by which PfBDP1

knockdown results in a defect in invasion. PfBDP1 knockdown

also caused a slight delay in gene expression; however, this

did not detectably hinder parasite maturation, schizogony, or

egress and thus does not detract from the clear evidence that

PfBDP1 directly regulates the correct expression of invasion

genes.

The stage-specific enrichment of PfBDP1 near the transcrip-

tional start sites of invasion genes in schizonts, but not in tro-

phozoites, suggests that PfBDP1 positively regulates these

genes. This is similar to bromodomain proteins in other organ-

isms, which are generally involved in gene activation (Durant

and Pugh, 2007; Ng et al., 2002; Peterson and Workman,

2000). Interestingly, perturbation of PfBDP1 levels caused

genes to be both downregulated and upregulated. The latter,

which included many rif genes in trophozoites, were likely indi-

rectly affected by PfBDP1, as it was not enriched upstream of

these genes (Figure S4F). This indirect effect could be due

to PfBDP1 directly regulating transcriptional repressors. Our

data did not implicate a specific repressor, but PfBDP1 was en-

riched upstream of seven ApiAP2 putative STFs including

PfSIP2, which probably plays a role in heterochromatin forma-

tion (Flueck et al., 2010) and which was downregulated 2.9-fold

after PfBDP1 KD.

Bromodomain proteins often function as part of larger com-

plexes, where they can regulate transcription through a variety

of mechanisms. These include recruiting chromatin-remodeling

complexes which modify or evict nucleosomes to facilitate tran-

scription, as does Sth1 in S. cerevisiae (Parnell et al., 2008),

recruiting, or activating RNA polymerase II and general transcrip-

tion or elongation factors like mammalian Brd4 (Jang et al., 2005;
Cell H
Yang et al., 2005), or directly recruiting STFs like mammalian

CBP (Mujtaba et al., 2004). The coimmunoprecipitation of

PfBDP1 with several known nuclear proteins suggests that it,

too, may be part of a complex. Intriguingly, a second parasite-

specific bromodomain protein (PfBDP2) coimmunoprecipitated

with PfBDP1. Chromatin-remodeling complexes can contain

multiple bromodomain proteins, such as SAGA andRSC (Josling

et al., 2012), and our findings similarly suggest that PfBDP1 and

PfBDP2 may function within a complex, perhaps to facilitate tar-

geting to certain combinations of histone modifications. Though

the only predicted domain in the 125 kDa protein PfBDP2 is a

bromodomain, it is possible that it has other, as-yet-uncharac-

terized functional domains.

A long-standing conundrum of P. falciparum nuclear biology is

the parasite’s ability to tightly regulate the cyclical expression of

the majority of its genes despite its limited repertoire of STFs,

including the ApiAP2s (Balaji et al., 2005; Bozdech et al., 2003;

De Silva et al., 2008). The coordinate activation of multiple inva-

sion genes by PfBDP1 helps resolve this mystery. PfBDP1could

act at invasion gene promoters as a coactivator for STFs. For

example, the bromodomain protein coactivator ANCCA directly

binds the STF E2F1 and recruits it to different target promoters

by also bindingH3K14ac (Revenko et al., 2010). Indeed, we iden-

tified a motif in sites enriched for PfBDP1 in schizonts that

showed close resemblance to the ApiAP2 PF3D7_1007700/

PF10_0075 binding motif which has previously been identified

as enriched upstream of invasion genes (Campbell et al., 2010;

Young et al., 2008).

The discovery of an essential parasite-specific bromodomain

protein is particularly exciting in light of the emergence of bromo-

domain proteins as credible drug targets. A bromodomain inhib-

itor was described in 2005 (Zeng et al., 2005), and recently the

therapeutic applications for bromodomain inhibitors have greatly

increased. For example, the small molecule JQ1 shows anti-

tumor activity in several cancer types (Delmore et al., 2011; Fili-

ppakopoulos et al., 2010; Mertz et al., 2011). Thoughmany of the

bromodomain inhibitors which have been developed target BET

bromodomains, a class not found in malaria parasites, there are

also a number of inhibitors that target other types of bromodo-

mains (Fedorov et al., 2014; Ferguson et al., 2013; Zeng et al.,

2005). Parasite-specific bromodomain proteins like PfBDP1

are thus promising drug targets.
ost & Microbe 17, 741–751, June 10, 2015 ª2015 Elsevier Inc. 747



Table 1. Potential PfBDP1-Interacting Proteins Identified by LC-MS/MS in CoIP Eluates from Two Independent Experiments

Gene ID Annotation

Reference

Confirmed Nuclear

Percent

Sequencecoverage

(1)

Percent

Sequencecoverage

(2)

Number

Unique

Peptides (1)

Number

Unique

Peptides (2)

PF3D7_1033700 bromodomain protein,

putative (BDP1) ( = bait)

Oehring et al., 2012 29.51 39.55 13 14

PF3D7_1212900 bromodomain protein,

putative (BDP2)

Oehring et al., 2012 1.1 15.26 1 17

PF3D7_0917900 heat shock protein 70

(HSP70-2)

10.43 5

PF3D7_1124300 conserved Plasmodium

protein, unknown function

Oehring et al., 2012 9.71 3

PF3D7_0517000 60S ribosomal protein L12,

putative

9.09 9.09 1 1

PF3D7_0422400 40S ribosomal protein S19,

putative

8.24 1

PF3D7_0507100 60S ribosomal protein L4,

putative

3.65 1

PF3D7_0613800 transcription factor with

AP2 domain(s) (ApiAP2)

0.63 1

PF3D7_0919100 DnaJ protein, putative 3.24 1

PF3D7_0929400 high molecular weight

rhoptry protein 2 (RhopH2)

1.38 1

PF3D7_1027300 peroxiredoxin (nPrx) Richard et al., 2011 3.82 1

PF3D7_1242700 40S ribosomal protein S17,

putative

8.76 1

PF3D7_1347500 DNA/RNA-binding protein

Alba 4 (ALBA4)

Chêne et al., 2012 3.49 1

See also Figure S5 and Table S6. Proteins were exclusively detected in the PfBDP1OE coIP and absent in the negative control. Numbers in parenthe-

ses indicate separate experiments.
In conclusion, this study identifies a chromatin protein that

plays a key role in the coordinate regulation of genes involved

in erythrocyte invasion and thus in the proliferation of malaria

parasites. Our data strongly indicate that PfBDP1 regulates

invasion-related gene expression through binding to acetylated

histones present in nucleosomes at regulatory sites. The impor-

tance of the bromodomain protein PfBDP1 in regulating parasite

growth and the feasibility of bromodomain inhibitors as thera-

peutics establish PfBDP1 as an exciting potential drug target.

EXPERIMENTAL PROCEDURES

Parasite Culture

Parasites were cultured as described previously (Trager and Jensen, 1976).

Transfection constructs are described in Supplemental Experimental Proce-

dures and in Figures S1 and S4. Transfected cell lines were grown in the

presence of 2.5 nM WR99210, 0.5 mM Shld1, and/or 1 mg/mL blasticidin, de-

pending on the parasite line. Clones were obtained by limiting dilution.

Flow Cytometry Growth Assays

PfBDP1DD GFP parasites were tightly synchronized to a 4 hr growth window,

and Shld1 was removed at 30 hpi and parasites monitored by flow cytometry

across three cycles (Figure 1) or across egress and invasion (42–54 hpi) in 2 hr

intervals (Figure 2). Parasites were stained with 5 mg/mL ethidium bromide (Life

Technologies) in PBS and then analyzed immediately using a CyAn flow cy-

tometer (Beckman Coulter). A 488 nm laser was used for excitation of GFP

fluorescent- and ethidium bromide (EtBr)-stained parasites, as appropriate.

At least 20,000 red blood cells were counted for each sample. Data were
748 Cell Host & Microbe 17, 741–751, June 10, 2015 ª2015 Elsevier
analyzed using Summit 4.3 (Beckman Coulter). Intact red blood cells were

gated for by forward scatter and side scatter, and then rings were defined

as GFPhigh/EtBrlow cells, trophozoites as GFPhigh/EtBrmedium, and schizonts

as GFPhigh/EtBrhigh cells (Wilson et al., 2013). Parasites not stained with

EtBr- and GFP-negative parasites were used as controls to establish appro-

priate compensation and gating. AMA1-blocking R1 peptide (Harris et al.,

2005) was used as control for a block in invasion and E64 (Salmon et al.,

2001) as a control for a block in egress. Data were analyzed by two-way

ANOVA in GraphPad Prism.

Time-Lapse Imaging

PfBDP1DD ring stage parasites were synchronized with 5% sorbitol two times

4 hr apart and then grown with or without Shld1 until they were late schizonts.

The parasites (2 mL) were settled onto a 35 mm Fluorodish (World Precision

Instruments) at 0.16% hematocrit and imaged on an inverted Zeiss AxioOb-

server microscope in brightfield. The sample chamber was heated to 37�C
and supplied with a humidified 5% O2, 5% CO2, and 94% N2 atmosphere.

Mature schizonts were selected for imaging based on their likelihood of

rupturing within several minutes according to the criteria of Crick et al. (2013).

Microarray Experiments

PfBDP1DD parasites synchronized to an 8 hr growth window were split into

two cultures at 30 hpi, and Shld1 was removed from one batch. RNA from

three biological replicates was harvested in the following cycle at 0–8 hpi

(TP1), 8–16 hpi (TP2), 16–24 hpi (TP3), 24–32 hpi (TP4), 32–40 hpi (TP5), and

40–48 hpi (TP6) by lysis in TRIzol (Life Technologies). Growth of PfBDP1 OE

and 3D7/cam control parasites was synchronized to a 10 hr window. Total

RNA was isolated at four TPs across the IDC at 4–14 hpi, 14–24 hpi, 24–

34 hpi, and 34–44 hpi by lysis of pelleted RBCs in TriReagent (Sigma). Total
Inc.



RNA extraction and cDNA synthesis were carried out as described (Bozdech

et al., 2003) and labeled cDNA hybridized to microarrays containing 5,402

50-mer intergenic oligonucleotide probes and 10,416 70-mer open reading

frame probes representing 5,343 coding genes (Hu et al., 2007). Data have

been deposited in NCBI’s Gene Expression Omnibus (GSE64691). Detailed

protocols of microarray hybridization and analysis are provided in Supple-

mental Experimental Procedures.

Genome-wide Chromatin Immunoprecipitation Assay

Crosslinked chromatin was prepared from PfBDP1HA and control 3D7

parasite cultures at trophozoite and schizont stage essentially as described

previously (Petter et al., 2013). Chromatin was precipitated with 1 mg of rat

mAb anti-HA 3F10 (Roche). Immunoprecipitated material from PfBDP1HA

and 3D7 control parasites was analyzed by qPCR to confirm specific enrich-

ment. PfBDP1HA ChIP and input sequencing libraries were analyzed on a

HiSeq2500 (Illumina) at the Melbourne Translational Genomics Platform.

Detailed protocols for data analysis are provided in Supplemental Experi-

mental Procedures.

Far Western Blot

Recombinant GST fusion proteins of the PfBDP1 bromodomain and full-length

PfHP1 were made and purified as described previously (Petter et al., 2011).

Far-western blot was conducted as described (Wu et al., 2007) with minor

modifications (see Supplemental Experimental Procedures).

Microscale Thermophoresis

Recombinant PfBDP1 bromodomain (aa 303–488) was expressed as a N-ter-

minal 6xHIS fusion protein. MST binding experiments were carried out

with varied concentrations of different modified histone tails (Eurogentec,

Germany) on a Monolith NT.labelfree at 25�C (NanoTemper Technologies,

Germany) (Seidel et al., 2013). H3K14ac and H3K9ac were tested in triplicate

(indicated by the error bars); the other ligands were tested in one biological

experiment. Detailed protocols for protein expression and MST are provided

in Supplemental Experimental Procedures.

Coimmunoprecipitation and Capillary Liquid Chromatography

Tandem Mass Spectrometry

Nuclear extract from PfBDP1 OE schizonts was incubated with agarose beads

coated with mAb anti-HA 3F10 (Roche Diagnostics). As negative control, spe-

cific competition using an excess of HA peptides (0.1mg/ml) was applied.

Bound proteins were eluted using RIPA buffer supplemented with 0.25 mg/ml

or 0.5 mg/ml HA-peptides. Coimmunoprecipitated proteins were analyzed by

LC-MS/MS as described (Flueck et al., 2009). MS/MS spectra were searched

against a combined P. falciparum (http://www.plasmodb.org/plasmo/; release

11.1)/human annotated protein database using Proteome Discoverer 1.4.0

(Thermo Scientific, Reinach, Switzerland) using the two search engines

Mascot and SequestHT (Table S5). For the search, oxidized methionine and

N-terminal protein acetylation were used as variable modifications. The iden-

tifications were filtered to a false discovery rate of 1%. Detailed protocols for

nuclear extracts and LC-MS/MS are provided in Supplemental Experimental

Procedures.

Coimmunoprecipitation in Double-Transfected Parasites

CoIPs of double-transfected cell lines were performed as above and eluted

using 2% SDS, 10 mM Tris-HCl (pH 7.5). Samples were analyzed by western

blot using anti-HA 3F10 and anti-Ty BB2 antibodies (kind gift from Keith Gull).
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The Gene Expression Omnibus accession number for the microarray expres-
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