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Abstract: Caseinolytic chaperones and proteases (Clp) belong to the AAA1 protein superfamily and

are part of the protein quality control machinery in cells. The eukaryotic parasite Plasmodium
falciparum, the causative agent of malaria, has evolved an elaborate network of Clp proteins

including two distinct ClpB ATPases. ClpB1 and ClpB2 are involved in different aspects of parasitic

proteostasis. ClpB1 is present in the apicoplast, a parasite-specific and plastid-like organelle
hosting various metabolic pathways necessary for parasite growth. ClpB2 localizes to the parasito-

phorous vacuole membrane where it drives protein export as core subunit of a parasite-derived

protein secretion complex, the Plasmodium Translocon of Exported proteins (PTEX); this process
is central to parasite virulence and survival in the human host. The functional associations of these

two chaperones with parasite-specific metabolism and protein secretion make them prime drug

targets. ClpB proteins function as unfoldases and disaggregases and share a common architecture
consisting of four domains—a variable N-terminal domain that binds different protein substrates,

followed by two highly conserved catalytic ATPase domains, and a C-terminal domain. Here, we

report and compare the first crystal structures of the N terminal domains of ClpB1 and ClpB2 from
Plasmodium and analyze their molecular surfaces. Solution scattering analysis of the N domain of

ClpB2 shows that the average solution conformation is similar to the crystalline structure. These
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structures represent the first step towards the characterization of these two malarial chaperones

and the reconstitution of the entire PTEX to aid structure-based design of novel anti-malarial
drugs.

Keywords: malaria; ClpB AAA1 proteins; Plasmodium translocon of exported proteins; protein

export and trafficking; chaperone; apicoplast; drug target; antimalarial design; SAXS; hybrid
methods

Introduction
Malaria is a mosquito-borne parasitosis caused by

the obligate intracellular protozoan Plasmodium.

Efforts to eradicate this devastating disease include

drug-based therapies, mosquito control, and develop-

ment of a vaccine. Emergence of drug resistance to

existing anti-malarial therapies among parasites

constitutes a serious threat to the current disease

control efforts. Plasmodium falciparum (Pfal) is

responsible for its most severe and fatal form.

Modern research on malaria seeks to identify and

understand biological processes that are unique to

the parasite. Once characterized, such processes can

be targeted for drug design.

All living cells have evolved sophisticated mech-

anisms of protein homeostasis. Proteostasis includes

the elimination of misfolded proteins or otherwise

abnormal proteins, maintenance of aminoacid pools

and the refolding/reactivation of salvageable pro-

teins in cells subjected to stresses such as heat

shock or starvation. Caseinolytic proteases and

chaperones (Clp) constitute one large group of pro-

teins involved in protein quality control; they belong

to the superfamily of AAA1 proteins (ATPases asso-

ciated with diverse cellular activities) and are found

in bacteria, fungi, but also in the mitochondria of

eukaryotes or the chloroplast of plants.1

They are several subgroups of Clp chaperones.

ClpA, ClpC and ClpX belong to the Clp/HSP100 fam-

ily of AAA1 proteins2 that also includes the molecular

chaperones ClpB/HSP104.3 The hexameric chaper-

ones ClpA, ClpC and ClpX bind and unfold specific

substrate proteins before translocating the unfolded

polypeptide to the protease ClpP for its final degrada-

tion.4,5 In contrast, ClpB/HSP104 proteins are essen-

tial for the survival of bacteria, fungi and plants

where they act as ‘disaggregases’ assisting resolubili-

zation and reactivation of aggregated proteins6 in

response to stress. These chaperones support infectiv-

ity and host survival in a number of pathogens.7–9

Bacterial Clp proteases are bona fide targets for the

screening and development of novel antibacterials.10

Sequence analyses indicate that the genome of

Plasmodium falciparum encodes six Clp proteins.11

ClpP and ClpR12 are two proteases while ClpB1,

ClpB2/HSP101, ClpC and ClpM are ATPases. Interest-

ingly, despite the plethora of Clp AAA1 proteins iden-

tified in Pfal, no ClpA has been detected. Plasmodium

belongs to the phylum of Apicomplexa, characterized

by the presence of a peculiar organelle, the apicoplast.

Apicomplexans are thought to have originated from

Dinoflaggellates, a large group of photosynthetic proto-

zoa. As such, the apicoplast is distantly related to the

chloroplast of higher plants. Some 500 proteins of Plas-

modium have been predicted to localize to this organ-

elle where several prokaryotic biochemical pathways

have been annotated.13 Chemical rescue experiments

performed on malaria parasites lacking an apicoplast

have helped define the function of this organelle and

suggest that isoprenoid precursor biosynthesis is the

main essential function of the apicoplast during blood

stage growth.14 Other crucial biosynthetic pathways

include fatty acid, heme and aminoacid synthesis.

Because the apicoplast is vital to parasite survival15

and is an organelle unique to apicomplexans, it pro-

vides an enticing target for the design of novel antima-

larial drugs aimed at disrupting biological pathways

essential to the parasite.

In Plasmodium, all Clp proteins, except ClpB2/

HSP101, are localized in the apicoplast [Fig. 1(A)].

ClpB2/HSP101 instead localizes exclusively to the

encasing parasitophorous vacuole (PV) where it func-

tions as a core subunit of a protein secretion complex,

the Plasmodium Translocon of Exported proteins

(PTEX) [Fig. 1(B)].16 The intracellular survival of

Plasmodium within the infected red blood cells is

dependent on its ability to export several hundreds of

its proteins (�7% of its proteome) that hijack and

remodel the infected host cells to support its viru-

lence and parasitic lifestyle.17–20 Parasitic proteins

destined for export through the PTEX harbor a signal

sequence to reach the vacuole by entering the endo-

plasmic reticulum (the regular secretory pathway)

and a specific Plasmodium Export Element sequence

(PEXEL)21–23 for their vacuolar translocation. Thus,

to access the host erythrocyte cytosol, exported pro-

teins must cross two membranes, first the parasite

plasma membrane, and then the PV membrane

(PVM) [Fig. 1(A,B)].

PTEX is a large membrane-associated complex

composed of five subunits: EXP2, ClpB2/HSP101,

PTEX150, TRX2 and PTEX88 [Fig. 1(B)]. A stable

detergent-resistant core composed of subunits EXP2,

PTEX150 and ClpB2/HSP101 has been character-

ized.24 The PVM-associated Exported protein-2

(EXP2)25,26 is a possible candidate for the trans-

membrane protein-conducting conduit and may

structurally resemble the bacterial pore-forming
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cytolytic a-helical toxin hemolysins.27–29 In Plasmo-

dium, ClpB2/HSP101 actively drives the export pro-

cess by harnessing the energy from ATP hydrolysis

to unfold and thread the diverse cargos through the

trans-membrane conduit EXP2. While ClpB2/

HSP101 seems to be the primary ‘engine’ driving

protein export, the malarial thioredoxin-2 (TRX2)

auxiliary protein assists protein unfolding by reduc-

ing the disulfide bonds present in some cargo pro-

teins, thus facilitating the ATP-driven export

process. Protein unfolding is required for export

across the PVM as it was shown that proteins must

pass into the erythrocyte cytosol in an unfolded

state.30 Molecular chaperones appear to play impor-

tant roles in keeping parasite proteins in a ‘translo-

cation competent’ state prior to crossing the PVM.

Attempts to generate gene complete knockouts

of any of the three PTEX components EXP2, PTEX150

and ClpB2/HSP101, initially failed16 suggesting their

essential functions. Mutant parasites lacking TRX2 or

PTEX88 are severely impaired with considerably

slower rates of development during the blood stage.31

These studies have led to the conclusions that while

EXP2, HSP101, and PTEX150 play central roles dur-

ing the blood infection in Plasmodium, PTEX88 and

TRX2 are auxiliary yet important regulators of PTEX-

mediated protein export and required for maintaining

normal blood-stage growth.32 The integrity of the

PTEX complex is required for efficient protein export.

Ablation or inactivation of HSP101/ClpB2 in parasites

results in the nearly complete block in export with sub-

strates accumulating in the vacuole;33 furthermore

this blockade affects all classes of exported proteins,

whether they harbor a PEXEL motif or not.34 As a cen-

tral and parasite-specific portal, PTEX appears as a

weak point in the parasitic life cycle and hence an

attractive drug target.

Like all class 1 Clp AAA1 proteins, Pfal- ClpB1

and ClpB2/HSP101 are modular proteins composed

of a N-terminal domain involved in the binding of

substrate proteins, followed by the two ATPase

catalytic domains (D1 and D2) responsible for the

Figure 1. The Clp proteases and chaperones in Plasmodium and the Plasmodium translocon of exported proteins. (A) Simpli-

fied diagram showing a red blood cell (RBC) infected by a parasite encased in the parasitophorous vacuole. The nomenclature

and localization of all Plasmodium Clp chaperones and proteases are show. There are two ClpB proteins, ClpB1 and ClpB2/

HSP101. All Clp proteins are localized in the apicoplast except the vacuolar ClpB2/HSP101. (B) ClpB2/HSP101 is a subunit of

the parasite-derived Plasmodium translocon of exported proteins (PTEX). Plasmodium proteins are translocated across the par-

asitophorous vacuole membrane (PVM) into the red blood cell cytoplasm through a translocation pore composed of Exported

protein-2 (EXP2). Prior to their transport, exported proteins are unfolded by the hexameric AAA1 protein ClpB2/HSP101. For

some cargos, unfolding also necessitates reduction of disulfide bonds by the accessory subunit thioredoxin-2 (TRX2). The other

subunits, PTEX150 and PTEX88, have unknown functions. The arrows indicate the directionality of transport from the parasito-

phorous vacuole (yellow) towards the erythrocyte cytoplasm (red). The relative positions of the different subunits within the

complex are unknown. (C) Domain organization of the two ClpB proteins present in Plasmodium falciparum: the apicoplastic

ClpB1 and the vacuolar ClpB2/HSP101. The signal sequence (SS in black) targets proteins to the general secretory pathway

and the transit peptide (in magenta) is a specific signal that specifies subcellular localization to the apicoplast. The N-terminal

domain (in green) is linked to the two catalytic nucleotide-binding domains (NBD) D1 (in red) and D2 (in blue) by a short basic

linker (lk in grey). The D1 domains of ClpB and ClpC chaperones are characterized by the presence of a coiled-coil insertion,

the middle domain also named “arm” (CC in yellow). The D2 domains usually contain a C-terminal module (in light blue). Each

NBD contains two signature Walker (A and B) motifs.
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ATP-driven unfolding of polypeptides and a short

C-terminal domain [Fig. 1(C)]. They likely function

as homo-hexamers where the N-domains are con-

nected to the D1D2 ATPase catalytic core via flexible

linkers and are structurally mobile, which may facil-

itate binding to target proteins35–37 and enhance

chaperone activity.38 Switching N-domains between

different HSP100 proteins alters substrate specific-

ity accordingly, indicating that N-domains function

as independent units in substrate selection.39,40

N-domains can contact substrates directly41,42 or via

adaptor proteins.43 The hexameric association state

and ATPase-dependent chaperone activity of the api-

coplastic ClpB1 have been demonstrated in vitro;

however nothing is known about its roles in vivo; it

might be involved in maintaining a functional apico-

plastic proteome during red blood cell infection.44

To aid design novel anti-malarials using compu-

tational tools and combinatorial screening of libra-

ries, knowledge of the three-dimensional structure

of the targeted component is a prerequisite. For

ClpB1 and ClpB2, identification of the protein surfa-

ces and structural features involved in the essential

steps of cargo recognition/delivery, unfolding and/or

translocation can help define and identify novel

pharmacophores. PTEX appears a prime drug target

and there is considerable interest in targeting the

components involved in cargo unfolding such as

ClpB2/HSP101 and the thioredoxin TRX2 to block

protein export. The structures of malarial TRX245,46

provided valuable templates for rational structure-

based drug design. Our current efforts focus on the

characterization of ClpB2/HSP101 and EXP2 pro-

teins at the core of PTEX. To this end, we describe

here the first crystal structures of the N-terminal

domain of ClpB1 and ClpB2/HSP101 proteins from

Plasmodium and also characterize the conformation

of its vacuolar ATPase N domain using solution

small-angle X-ray scattering (SAXS). We analyze and

compare the surface properties of the N domains

from the two parasitic ClpB chaperones in terms of

substrate and partner protein binding sites.

Results

Structures of the N-terminal domains of the

ClpB1 and ClpB2/hsp101 ATPases from the

eukaryotic pathogen plasmodium falciparum
We solved the crystal structures of the N domains

from ClpB1 and ClpB2/HSP101 of Pfal at resolutions

ranging from 1.7 to 2.0 Å by molecular replacement

using the structures of the N domain from the ClpB

proteins from Thermus thermophilus47 and Esche-

richia coli48 as best search models (Table I and

Material and Methods). Despite relatively weak

sequence identities ranging from �12 to 24%, the

corresponding N-domains of ClpA, ClpB, ClpC and

ClpV from bacteria such as Escherichia, Thermus,

Bacillus and Vibrio can be superimposed with a root

mean square deviation (RMSD) ranging from �1.5

to 2.4 Å for corresponding Ca atoms [Fig. 2(A) and

Supporting Information Table S1]. The fold of the N

domain is composed of eight a-helices (a1-a8) folding

into a compact globular domain characteristic of all

Clp chaperones belonging to the A, B and C sub-

groups [Fig. 2(B)]. It can be divided into two four

a-helix bundles (a1-a4 and a5-a8) connected by a

�15 residue-long loop. The excellent quality of the

electron density (Supporting Information Figure

S1A) enabled us to trace the entire domain of

N-ClpB2/HSP101 in each of the two crystal struc-

tures reported here; the loop of N-ClpB1 showed

some disorder in one of the two chains constituting

the asymmetric unit.

We initially tried to solve the structure of

N-ClpB1 by itself (Material and Methods). Bacterial

expression and purification yielded homogenous pro-

tein and crystals of N-ClpB1 appeared in a single

condition. However they were twinned and although

a molecular replacement solution could be identified,

we sought to find a way to prevent twinning. To

overcome this problem, we applied carrier-driven

crystallization and selected Green Fluorescent Pro-

tein (GFP)49 over Maltose Binding Protein (MBP)50

as fusion partner. We were able to crystallize a

fusion protein between N-ClpB1 and a superfolder

variant of GFP51 (Material and Methods). The

resulting crystals were not twinned and diffracted to

2.0 Å resolution with two copies of the fusion protein

in the asymmetric unit [Fig. 2(C)].

Superposition of the two copies using the GFP

as reference structure reveals that the two ClpB1

adopt strikingly different orientations within the

asymmetric unit [Supporting Information Fig.

S2(A)]. In one copy (chain B), the C-terminal helix

a8 of ClpB1 and the N-terminal a-helix of GFP align

to form a single continuous helix including the

G149G150 sequence linking the C-terminus of

N-ClpB1 to the N-terminus of GFP. In the second

copy (chain A), this linker forms a sharp break/turn

resulting in a 908 angle between the two helices.

This results in a local breakage of the two-fold non-

crystallographic symmetry that relates the two GFP

units [Fig. 2(C)]. Although the linker displays

remarkable conformational plasticity, it is well

resolved in the experimental electron density maps

[Supporting Information Fig. S1(B)]. Most impor-

tantly, the two ClpB1 N domain copies are superim-

posable, thus showing that fusion to the GFP using

a very short linker did not distort the structure of

the N-terminal domain [Supporting Information

Figure S2(B)]. These are the first structures of

N domains from eukaryotic ClpBs and in particular

of a fragment of the vacuolar ATPase ClpB2/

HSP101, an essential core subunit of the PTEX.
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Surface properties of the two ClpB N domain
proteins in plasmodium

Within the N domains, the two four-helix bundles

are related to each other by a pseudo two-fold sym-

metry axis [Fig. 3(A)]. This topology results in the

most salient feature of these structures: a solvent-

accessible grove that is delineated by helices a1/a2

and their pseudo-symmetry related counterparts a5/

a6. This surface is composed of hydrophobic residues

[Fig. 3(B)] and can be referred to as a “hydrophobic

patch.” The �15 residue-long loops connecting the

two halves are slightly basic in contrast with the so-

called “acidic loop” present in all N domains of ClpA

ATPases;52 it is well ordered and adopts the same

conformation in the two different crystal forms of N-

ClpB2/HSP101 we obtained (Material and Methods).

In Plasmodium ClpB2/HSP101, the correspond-

ing surface is wider and flatter and seems more

suited to the promiscuous binding of unfolded and/or

hydrophobic polypeptides. In ClpA, the same hydro-

phobic patch was shown to bind to peptides with low

affinity and loose specificity.52 This particular sur-

face also overlaps partially with the cargo-specific

binding site revealed in the structure of the ClpV-

VipB peptide53 (Supporting Information Fig. S3).

However, the ClpV protein N domain contains a

short extra N-terminal helix appended to the eight

a-helical bundle common to all N domains of ClpA,

ClpB and ClpC HSP100 AAA1 proteins; this archi-

tecture results in an hydrophobic groove that specifi-

cally accommodates the a-helical VipB peptide

(Supporting Information Fig. S3).

The specificity of individual AAA1 proteins is

achieved by their direct or adaptor-mediated associa-

tion with their proteinaceous substrates. ClpA and

ClpC ATPases have been shown to recognize some of

their substrates through adaptor proteins that dock

to their N-terminal domains and deliver their cargo

for subsequent unfolding by the D1 and D2 catalytic

domains. Only a few AAA1 Clp proteins have been

crystallized with their adaptor or their specific cargo

proteins. These include the N-ClpA/ClpS adaptor

Table I. X-Ray Data Collection and Structure Refinement Statistics

Data set APS 060612 24-ID-E APS 120912 24-ID-C APS 10162014 24-ID-C

Protein Pfal N ClpB2/HSP101 Pfal N ClpB2/HSP101 Pfal N ClpB1-sfGFP
Data collection statistics PDB ID 4IOD PDB ID 4IRF PDB ID 4XBI

Wavelength 0.97918 Å 0.97918 Å 0.97918 Å
Space group C2221 P22121 P65

a 5 89.1 Å b 5 141.88 Å c 5 91.8 Å a 5 31.8 Å b 5 92.1 Å c 5 97.0 Å a 5 127.5 Å, c 5 92.6 Å
AU content Three molecules Two molecules Two molecules
Solvent content 58% 45% 52%
Resolution (last shell) 44.6–1.80 Å (1.85–1.80 Å) 66–1.65 Å (1.67–1.65 Å) 50–2.01 Å (2.07–2.01 Å)
Unique reflections 53,488 (3,809) 35,522 (2,439) 55,948 (3,785)
Completeness 99.7% (96.7%) 99.1% (94.9%) 98.6% (90.4%)
I/r(I) 21.6 (3.2) 15.0 (2.7) 10.9 (2.7)
Redundancy 9.9 (8.9) 8.2 (8.1) 5.0 (4.3)
Rsym 7.1% (74.3%) 6.3% (47.8%) 7.9% (48.8%)
Rmeas 7.5% (78.6%) 6.8% (50.9%) 8.9% (55.4%)
CC(1/2) 99.9% (82.6%) 99.8% (96.0%) 99.6% (85.6%)

Refinement statistics
Resolution 44.6–1.8 Å 66.78–1.65 Å 70.95–2.01 Å
Reflections 53,476 35,144 55,908
Work set/test set 48,142/5,334 31,631/3,513 53,104/2,804
Rfree/Rcryst 21.2%/17.0% 23.4%/21.4% 20.1%/16.4%
Bwilson 21.2 Å2 28.2 Å2 36.5 Å2

Protein atoms, ADP 3,524, 29.2 Å2 2,249, 35.6 Å2 5,832, 41.1 Å2

Solvent atoms, ADP 371, 34.6 Å2 223, 43.0 Å2 383, 44.9 Å2

Others atoms, ADP 3 sulfates, 53.6 Å2 – 5 sulfates, 79.0 Å2

RMSD bonds 0.014 Å 0.018 Å 0.007 Å
RMSD angles 1.2098 1.9048 1.0358

Ramachandran analysis
Allowed regions 99.6% 99.0% 98.2%
Generously allowed 0.4% 0.7% 1.6%
Outliers 0% 0.3% 0.2%

Rsym 5
P

hkl

P
i |Ihkl,I 2<Ihkl,i>|/

P
hkl

P
i |Ihkl,i| where <Ihkl,i> is the average intensity of the multiple hkl, i observations

for symmetry-related reflections.
Rmeas is the redundancy independent R-factor.70

CC(1/2) percentage of correlation between intensities from random half-datasets.71

Rcryst 5
P

|Fobs 2 Fcalc|/
P

|Fobs|. Fobs and Fcalc are observed and calculated structure factors, Rfree is calculated from a set
of randomly chosen reflections, and Rcryst is calculated over the remaining reflections.
ADP is the atomic displacement parameter.
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complex from Escherichia,54,55 the ClpC/MecA adap-

tor complex56 from Bacillus (Fig. 4) and the N-ClpV/

VipB cargo peptide complex from Vibrio.53 ClpA,

ClpB, ClpC, and ClpV share structurally similar N-

terminal domains. Although structurally unrelated,

the bacterial adaptors ClpS and MecA primarily use

a single a-helix to interact with a common binding

site at the surface of the N domains of ClpA and

ClpC. Strikingly, in both cases a glutamate residue

from the adaptor (E64 in ClpS and E184 in MecA)

interacts with this pocket of the Clp protein. This

“hot-spot” for adaptor binding is delineated by the

connecting loop and helices a2, a4, a5, and a7 [Fig.

4(A)]. We compared the electrostatic features of the

N domains from Clp proteins representative of the

three subgroups (i.e., ClpA/B/C): the bacterial ClpA

and ClpC and our two malarial ClpB structures. For

each of these proteins representing three subclasses

of Clp proteins, a shallow pocket is present. How-

ever, the electrostatic potential of malarial ClpB2/

HSP101 shows a remarkable charge distribution

asymmetry on this specific face of the protein [Fig.

4(B)] that sets it apart from its homologues.

Unlike ClpA and ClpC, ClpB proteins do not

seem to require adaptors to bind their substrates.

The two ClpB chaperones from Plasmodium are local-

ized in two distinct cellular compartments and thus

interact with different subsets of substrates, in differ-

ent subcellular contexts. ClpB1 most likely functions

as a ‘house-keeping’ chaperone in the apicoplast. On

the other hand, the vacuolar ClpB2/HSP101 is a

quite specialized chaperone involved in the specific

export across the vacuolar membrane of a subset of

malarial proteins; the molecular mechanisms govern-

ing cargo selection and triage are not presently

understood and it is likely that some other PTEX

subunit, namely the core subunit PTEX150 that

tightly associates with ClpB2/HSP101 and EXP2,

Figure 2. General architecture of the N-terminal cargo-binding domain of the Plasmodium AAA1 proteins ClpB1 and ClpB2/

HSP101. (A) Structure-based sequence alignments of N domains from ClpA, ClpB and ClpC AAA1 proteins of known struc-

tures; the position of the secondary structure elements correspond to our ClpB2/HSP101 and ClpB1 N domain structures. The

N domain structures from E. coli ClpA (PDB 1K6K), E. coli ClpB (PDB 1KHY), T. thermophilus ClpB (PDB 1QVR) and B. subtilis

ClpC (PDB 2Y1Q) were used. (B) Crystal structures of the two ClpB N terminal domains from Plasmodium falciparum. Second-

ary structure elements are labeled and colored using a rainbow pattern for the N domain. (C) Two views showing the two

chains (A and B) of the N domain of ClpB1 fused to superfolder GFP (in grey) present in the asymmetric unit. The magenta star

highlights the different conformations adopted at the Gly-Gly linkage (in black) connecting the N domain to the sfGFP used to

assist crystallization. The two-fold non-crystallographic symmetry axis that relates the two GFP chains but not the two N

domains is indicated. (D) Stereo view of the two malarial ClpB N domains superposed.
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might play this role of delivering the diverse cargos

to the chaperone for their translocation.

Conformation of the N-terminal domain of the

plasmodium ClpB2/hsp101 ATPase in solution
ClpA/B/C proteins function as homo-hexamers. Puri-

fied N-terminal domains of ClpB1 and ClpB2,

together with the N-ClpB1-GFP fusion protein [Fig.

5(A)] were analyzed by size exclusion chromatogra-

phy (SEC). The three proteins behaved as monomers

[Fig. 5(B)]. We further characterized the association

state and conformation of the N domain of ClpB2/

HSP101 in solution using SAXS57 (Material and

Methods). Kratky plots indicate that the protein is

folded in solution and is overall compact [Fig. 5(C)].

We derived the experimental values of radius of

gyration (RG) values by Guinier analysis of scattered

intensities at very small angles [Table II and Fig.

5(D)]. Experimental scattering curves were fitted

against theoretical curves calculated using our crys-

tal structures [Fig. 5(E)]. The pair distance distribu-

tion function (P(r)) estimated by Fourier inversion of

the experimental intensities was compared to those

calculated from our crystal structures model and

used to estimate Dmax (the longest intra-molecular

distance) and RG values independent of the Guinier

analysis [Table II and Fig. 5(F)]. The experimental

RG value of 16.3 Å measured for N-ClpB2/HSP101 is

similar to the value calculated from the X-ray struc-

ture. The excellent agreement between theoretical

and experimental scattering curves (as quantified by

a discrepancy factor of v2 5 1.008) and the overlap of

the associated P(r) distributions indicate that the

average conformation sampled by the N domain of

ClpB2/HSP101 in solution is similar to our crystal

structures and the monomeric state observed by

SEC. It also suggests that the N-terminal domain of

ClpB2/HSP101 is a rather rigid structure where the

loop adopts the conformation observed in the crystal

structures and does not sample a wide range of

conformations.

Conclusion
This study describes the first high-resolution crystal

structures of the N-terminal domain from the two

ClpB chaperones from the eukaryotic pathogen caus-

ing malaria, the parasite Plasmodium falciparum. The

two Plasmodium ClpB chaperones are prime drug tar-

gets. Because of their ubiquitous distribution and the

conserved architecture of their catalytic core, AAA1

proteins are challenging targets for the design of

selective inhibitors. Nevertheless, such small mole-

cules inhibitors have been described. A di-benzyl-

quinazoline-diamine was the first reported reversible

inhibitor for the p97/VCP ATPase58 offering a promis-

ing new therapeutic avenue in the treatment of

cancer. More recently, small compounds named cilio-

brevins were characterized as specific inhibitors of the

motor cytoplasmic dynein.59 Disrupting cargo recogni-

tion, either through direct binding or via adaptors,

might prove another viable strategy. Using these crys-

tal structures as templates, future analyses of their

protein surfaces might reveal potential binding sites

that can be targeted for inhibitor design using

fragment-based and computational screening of

chemical libraries. The characterization of the other

Figure 3. Pseudo two-fold internal symmetry creates a hydrophobic patch at the surface of the N terminal domains of the two

ClpB chaperones from Plasmodium. (A) Two four-a-helical bundles related by a pseudo two-fold axis perpendicular to the plane

of the figure (red symbol) constitute the N domain (left). The first bundle (a1– a4) is colored in green; the second (a5–a8) is

colored in blue. This arrangement, shown here for N-ClpB2 creates a cleft. The two bundles are shown superposed (right).

(B) Solvent accessible surface representation highlighting the hydrophobic nature of the cleft present in N-ClpB2 (left) and N-

ClpB1 (right). Residues delineating these putative binding sites are labeled. The same orientation is used in A and B.
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Plasmodium Clp ATPases and their yet to be discov-

ered effectors or adaptors will also identify novel tar-

gets for anti-malarial design. For ClpB2/HSP101, this

also represents a step towards the determination of

the structure of the full-length ATPase through a

hybrid approach combining SAXS, electron microscopy

and X-ray crystallography. Upon reconstitution of the

entire PTEX, our structures will facilitate future mod-

eling, biochemical and, biophysical studies aimed at

deciphering the mechanisms of cargo recognition,

unfolding, and delivery by ClpB2/HSP101 to the pre-

dicted protein-translocating channel in the vacuolar

membrane of Plasmodium.

Material and Methods

Protein expression and purification

A codon optimized synthetic gene (DNA2.0 Inc.) encod-

ing full-length Plasmodium falciparum ClpB2/HSP101

(Pfal-ClpB2/HSP101: PF3D7_1116800) was used as

starting material to construct several expression vec-

tors. Two expression constructs encompassing residues

A27-L188 (long-N101) or Q32-T177 (short-N101) were

cloned into a pJexp401 vector (DNA2.0 Inc.) (for long-

N101) or a pCDF vector (Novagen) (for short-N101) to

express the corresponding proteins as fusions harbor-

ing a cleavable deca-histidine tag at their C-terminus.

Both constructs lacked residues M1 through C26

corresponding to the signal sequence of Pfal-ClpB2/

HSP101.

A codon optimized synthetic gene (Invitrogen

Life Technologies) encoding residues G152-G298 cor-

responding to the N-terminal domain of Plasmodium

falciparum ClpB1 (Pfal-ClpB1: PF3D7_0816600) was

used as starting material to construct two expres-

sion vectors. Residues M1-I151 correspond to the

signal sequence and the apicoplast targeting transit

peptide. A first construct encoded the N-domain of

ClpB1 cloned in the pET28b vector (Novagen) to be

expressed as an N-terminal hexa-histidine-tagged

cleavable fusion protein. A second construct encod-

ing the N-ClpB1 gene fused to the superfolder GFP

gene with a single G residue linker connecting

residues G253 of ClpB1 and S2 of sfGFP; the

N-ClpB1-sfGFP fusion protein contained a cleavable

C-terminal octa-histidine tag.

Figure 4. Modalities of interaction between N domains from different AAA1 proteins of the Clp subfamily and their know adap-

tors. (A) The structures of the E. coli ClpS/ClpA N domain (PDB 1LZW) and the B. subtilis MecA/ClpC N domain (PDB 2Y1R)

complexes are displayed next to our Plasmodium ClpB1 and ClpB2/HSP101 N domain structures. In both complexes, the

structurally unrelated adaptors use a conserved glutamate residue to interact with the N-domain of their cognate Clp ATPase.

(B) Electrostatic potential properties as calculated using APBS72 for the binding interfaces of ClpA and ClpC with their respec-

tive adaptors; the structurally equivalent surface in the ClpB1 and ClpB2/HSP101 N domains are shown in the same orientation.

Red, blue and white surfaces correspond to negative, positive and neutral surface potential, respectively. The cross indicates

the binding pockets accommodating residues E64 (in ClpS bound to ClpA) and E184 (in MecA bound to ClpC) contributed by

the two adaptor proteins. The ‘hot-spot’ for adaptor binding is marked with an 3 symbol.
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All proteins were expressed using C43(DE3)

E. coli cells grown in LB media at 378C until they

reached OD600 5 0.6 and protein expression was

induced with 0.8 mM IPTG. Cells were harvested,

washed in 150 mM KCl and 20 mM Tris pH 5 7.8,

and stored at 2808C until processing. Thawed cell

pellets were resuspended in lysis buffer (500 mM

NaCl, 20 mM Tris pH 5 7.8, 15% glycerol) supple-

mented with 2.8 mM b-mercaptoethanol (b-ME),

0.2 mM of phenylmethylsulfonyl fluoride (PMSF),

and 1 tablet of EDTA-free protease inhibitor cocktail

(Roche). All subsequent steps were carried out at

48C or on ice. Cells were disrupted by three passes

through a C-3 Emulsiflex (Avestin) pressurized at

15,000 psi. The lysate was clarified by centrifugation

at 25,000 g for 1 hr, after which the resulting super-

natant corresponding to the total soluble extract was

applied onto a gravity-flow column (BioRad) packed

with 5-10 mL of Cobalt-NTA IMAC resin (Qiagen).

Non-specifically bound bacterial proteins were sub-

sequently washed from the column using Cobalt-A

wash buffer (12.5 mM imidazole, 500 mM NaCl,

20 mM Tris pH 5 7.8, 10% glycerol, 2.8 mM b-ME

and 0.2 mM PMSF). The protein was eluted from

the column with Cobalt-B buffer (125 mM imidazole,

500 mM NaCl, 20 mM Tris pH 5 7.8, 10% glycerol,

2.8 mM b-ME, and 0.2 mM PMSF). The IMAC elu-

ate was concentrated to 0.5-1 mL using a 10 kDa

cutoff centricon, and desalted using a PD-10 desalt-

ing column (BioRad) equilibrated in 100 mM NaCl,

20 mM Tris pH 5 7.8, 2% glycerol, 2.8 mM b-ME

and 0.2 mM PMSF, to remove imidazole. Following

desalting, the protein was purified by ion exchange

chromatography (IEX) on a CaptoS (ClpB2) or a

CaptoQ (for ClpB1-sfGFP) HiTrap column (GE

Healthcare). The sample was then treated with

thrombin for 24 hr at 48C (0.25 units enzyme/mg of

protein) to remove the histidine purification tag. Fol-

lowing thrombin treatment, the sample was further

purified on a mixture of Nickel-NTA IMAC (Qiagen)

Figure 5. Homogeneity of the N domains of malarial ClpB1 and ClpB2 proteins purified from E. coli and solution analysis by

SAXS of the Plasmodium ClpB2/HSP101 N domain. (A) Coomassie-stained SDS-PAGE analysis of N-ClpB1 (17.2 kDa), N-ClpB2

(16.8 kDa) and the N-ClpB1sfGFP fusion (43.2 kDa) proteins. (B) Size exclusion chromatography analysis of the three purified

proteins used for structure determination on a Superdex S75 HR 10/30 column. The three proteins elute as monomers. Elution

volumes for three molecular mass standards are indicated with arrows. (C) Kratky plot showing that Pfal-ClpB2/HSP101 N domain

is folded in solution. (D) Guinier analysis. Guinier plot shown with the corresponding experimental value for the radius of gyration.

The angular range (expressed in QRG values) used for the regression is indicated. Guinier’s law is applied in its most conservative

form within a QRG range not exceeding 1.3. (E) Scattering curve fit. The experimental curve (in color) is fitted against the curves

calculated from the X-ray structures (in black) with CRYSOL, assuming a monomeric state of the N-domain in solution. The

discrepancy factor for the fit is indicated. (F) Pair distance distribution functions. Experimental curve (in color) and curve calculated

from the X-ray structures (in black) with GNOM. Dmax and RG experimental values inferred from the analysis are indicated.
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and Benzamidine Sepharose (GE Healthcare) resins

to simultaneously subtract unprocessed tagged-

proteins, tags, and thrombin. The final purification

step consisted in a size exclusion chromatography

(SEC) on a Superdex 200 HR16/60 or a Superdex 75

HR10/30 gel-filtration column (GE Healthcare) equi-

librated in 150 mM NaCl, 20 mM Tris pH 5 7.8, 2%

glycerol, and 7 mM b-ME to condition samples for

crystallization trials.

Crystallization

Crystals of the Pfal-N-ClpB1-sfGFP fusion protein

grew at room temperature in 2.0M Ammonium sul-

fate and 100 mM Hepes at pH 5 7.0 at a protein con-

centration of 13–17 mg/mL and belong to hexagonal

space group P65 with unit cells parameters a 5 127.5

Å, c 5 92.6 Å and a solvent content of 52% corre-

sponding to two molecules of fusion protein in the

asymmetric unit. The N-terminal domain of Pfal-

ClpB2/HSP101 was concentrated at 30 mg/mL and

yielded multiple crystallization conditions at 48C. A

first crystal form grew at 48C in 20% PEG 3350,

10% glycerol and 50 mM CAPSO buffer at pH 5 9.4

and belong to orthorhombic space group P22121 with

unit cell parameters a 5 31.8 Å b 5 92.1 Å and

c 5 97.0 Å for two copies in the asymmetric unit and

a solvent content of 45%. A second form of crystals

belonging to orthorhombic space group C2221 was

obtained in 2.2M ammonium sulfate with unit cell

parameters a 5 89.1 Å b 5 141.9 Å and c 5 91.8 Å for

three copies in the asymmetric unit and a solvent

content of 58%.

Structure determination and refinement
All diffraction data were collected on beamlines

24-ID-C or 24-ID-E at the Advanced Photon Source

in the Argonne National Laboratory using crystals

cryoprotected in mother liquor supplemented with

20–25% glycerol. Data were indexed, scaled and

reduced using XDS.60 For N-ClpB2, the C2221 1.8 Å

resolution structure was solved by molecular

replacement using the structures of E. coli CplB

(PDB ID 1KHY) and T. thermophilus ClpB (PDB ID

1QVR) N terminal domains as search probes. Molec-

ular replacement using Phaser61 combined with par-

tial automatic rebuilding in place with Phenix62

yielded a preliminary model that was manually

improved in Coot.63 ADP refinement was carried in

Phenix using TLS restraints combined with individ-

ual isotropic ADP refinement. This structure was

then used to determine the P22121 1.65 Å resolution

structure by molecular replacement using Phaser

and refined with Phenix using TLS restraints com-

bined with individual isotropic ADP refinement. For

N-ClpB1-sfGFP, the structure was solved at 2.0 Å

resolution by molecular replacement in Phaser using

the structures of the N domains from E. coli, T. ther-

mophilus ClpBs and our P. falciparum ClpB2 N

domain structure (PDB 4IRF and 4IOD, this work)

and the superfolder GFP structure (PDB 2B3P) as

search probes. The resulting maps enabled partial

automatic rebuilding of the model with further

rebuilding in Coot. Refinement was carried out in

Phenix using a strategy combining simulated anneal-

ing and individual ADP refinement. At the last stage

of refinement, TLS refinement was performed where

each chain was split into two TLS groups correspond-

ing to the ClpB1 N domain and the GFP. For each

structure, all molecules observed in the asymmetric

unit were refined independently without applying

non-crystallographic symmetry restraints.

Small angle X-ray scattering

Solution scattering data were collected at the SIB-

YLS high-throughput SAXS beamline 12.3.164 of the

Advanced Light Source at the Lawrence Berkeley

National Laboratory. Proteins and complexes were

first prepared as described in the above section.

Samples were further purified by gel filtration

(Superdex 75 HR 10/30) equilibrated in the SAXS

experimental buffer 200 mM NaCl, 20 mM Tris

pH 5 8.0, 2% glycerol, 0.5 mM EDTA and 5 mM

fresh DTT with concentrations ranging from 1 to

25 mg/mL as estimated by UV absorption spectros-

copy using the extinction coefficient values calcu-

lated from the amino-acid compositions. All intensity

curves were collected with a sample-to-detector dis-

tance of 1.5m and an X-ray wavelength of k 5 1 Å

and each contained about 500 data points. This cor-

responds to a Q ranging from 0.001 to 0.32 Å21,

with Q the scattering vector defined as Q 5 4psinu/k
where 2u and k are the scattering angle and X-ray

wavelength, respectively. For each sample several

exposures were sequentially recorded (0.5, 1, 2, and

Table II. Small Angle X-ray Scattering Analysis

X-ray structures
SAXS

SAXS

Sequence
Massa

Models
Guinier analysis

Fourier analysis

Protein RG Dmax RG RG Dmax

N ClpB2b 16,782 Da 16.3 Å 53 Å 16.9 6 0.1Å 16.9 6 0.1Å 55 6 3 Å

a Theoretical masses calculated for the monomer of the protein constructs described in this study.
b The theoretical RG and Dmax values correspond to the monomer of the X-ray structure reported in this study.
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4 sec). Corresponding to each protein sample, data

were collected on a buffer sample under identical

experimental conditions. A beamline-specific soft-

ware was used for radial averaging of images and

for subtracting buffer signal from protein signal.65

Each scattering profile was visually inspected to

check for aggregation, repulsive or attractive inter-

actions, X-ray induced damage, detector saturation

or anomalies in buffer subtraction. Following data

reduction, analysis of experimental scattering data

was performed using Scatter (http://bl1231.als.lbl.

gov/saxs_protocols/index.php and http://www.bioisis.

net/) to determine the radius of gyration (RG) by

Guinier analysis, P(r) and Dmax. Kratky plots

[Q2.I(Q) vs. Q] were used to assess the particle flex-

ibility and folded nature.66 Scattering curves corre-

sponding to the X-ray structures reported in this

study and fitted against the experimental scatter-

ing curves were calculated using CRYSOL67 or

FoXS68 with default parameters; the discrepancy

factor v2 was used to estimate the quality of the fits

between experimental and calculated scattering

curves. Pair distance distribution functions (P(r))

were derived by Fourier transform using GNOM69

to estimate Dmax, the longest distance occurring

within the particle, and RG, independently of Guin-

ier analysis.
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Table S1. RMSD deviation and sequence identity between the N domain structures of 

malarial ClpB proteins and other Clp proteins of known structure. 
 

N domains 

Clp proteins (PDB code) 

RMSD (Å) 

N-ClpB1 / N-ClpB2 

sequence identity (%) 

N-ClpB1 / N-ClpB2 

ClpA Escherichia (1K6K) 1.90 / 1.98 17.7 / 13.8 

ClpB Escherichia (1KHY) 1.45 / 1.54 22.7 / 19.2 

ClpB Thermus (1QVR) 1.78 / 2.44 24.3 / 20.1 

ClpC Bacillus (2Y1Q) 2.15 / 2.23 18.0 / 17.3 

ClpV Vibrio (3ZRI) 2.26 / 2.25 16.4 / 12.0 
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Figure S1. Electron density maps. Stereo views of representative 2mFo-DFc Fourier 
difference electron density maps contoured at 1.5 σ for the N-ClpB1-sfGFP (A) and the 
N-ClpB2/HSP101 (B) crystal structures. In (A) the Gly-Gly linker connecting the C-
terminus of the ClpB1 N domain (blue) to the N-terminus of the sfGFP protein (green) is 
highlighted in yellow. 
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Figure S2. Conformational plasticity of the linker in the N-ClpB1-GFP fusion. (A) 
Stereo views showing the two copies of N-ClpB1-GFP fusion protein present in the 
asymmetric unit. The two chains are displayed using the GFP carrier protein as 
reference point for superposition. The linker is colored in black and indicated with a 
magenta star. (B) The backbone of the two copies of N-ClpB1 are superposed showing 
that despite the different relative orientations adopted by each N-domain relative to the 
GFP carrier, this does not affect the N domain structures. The N-domain chains are 
colored using a rainbow pattern. 
  



AhYoung et al.   N Domain Structures of the two Malarial ClpB 

 4 

 
Figure S3. Comparative analysis of the protein surfaces in the N terminal domains 
of Plasmodium falciparum ClpB1 and ClpB2/HSP101 and in the Vibrio cholerae N-
ClpV/VipB cargo peptide complex. The putative binding sites of Plasmodium ClpB1 
and ClpB2 N domains corresponding to the ‘hydrophobic patches’ resulting from the 
internal pseudo twofold symmetry axis characteristic of the N domain fold are compared 
to the peptide binding site observed in the Vibrio N domain ClpV/VipB peptide complex 
(PDB 3ZRJ) 1. The cylindrical representation of helices highlights the presence of the 
extra N-terminal helix (α0) in ClpV. Surfaces in blue are shaded according to depth, 
based on a calculation of diffusion accessibility 2. Solvent accessible surfaces are 
colored in grey. The VipB cargo peptide bound to ClpV is colored in pink.  The cylindrical 
representations of the N-domains are colored using a rainbow pattern. All views 
correspond to the same orientation. 
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