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A B S T R A C T

One of the pathways by which proteins are targeted for degradation by the proteasome involve transport by
shuttle proteins to proteasomal receptors. The malaria parasite Plasmodium falciparum has recently been found to
possess a similar pathway, with the shuttle protein PfDsk2 being the major player. In this study, we have de-
monstrated how PfDsk2 and its recognition by proteasomal receptors differ from the mammalian system. Our
crystal structure of unbound PfDsk2 UBL domain at 1.30 Å revealed an additional 310-helix compared to the
human homolog, as well as a few significant differences in its putative binding interface with the proteasome
receptors, PfRpn10 and PfRpn13. Moreover, the non-binding face of UBL showed a reversal of surface charge
compared to HsDsk2 shuttle protein, instead resembling HOIL-like E3 ligase UBL domain. The affinity of the
interaction with the proteasomal receptors remained similar to the human system, and dissociation constants of
the same order of magnitude. On the other hand, we have found evidence of a novel interaction between
PfRpn13DEUBAD with the PfDsk2UBL suggesting that PfDsk2 may work in cooperation with deubiquitinating
enzymes for proofreading ubiquitinated substrates. Our study provides the first molecular look at shuttle pro-
teins in Apicomplexan parasites and hints at how their interaction landscape might be broader than what we
may expect.

1. Introduction

Shuttle proteins target proteins for degradation to the proteasome
via interacting with proteasome receptors [1,2]. In Plasmodium, protein
degradation is crucial for high replication rate, rapid progression of a
complex life cycle in human host and mosquito vector and accumula-
tion of thermal stress proteins in the host [3,4]. In eukaryotes, a similar
regulation of protein degradation is essential to maintain cellular
homeostasis [5,6]. Shuttle proteins are known to facilitate the timely
degradation of mislocalized mitochondria membrane proteins and
transmembrane domain proteins [7,8]. One of the first identified
shuttle proteins in parasites, Dsk2, has been shown to interact with
early transmembrane protein 5 (ETRAMP-5) by using yeast two hybrid
screens [9]. The ETRAMP proteins are essential for parasite blood stage
virulence, theorized to be the major protein component of the para-
sitophorous vacuolar membrane [10,11]. However, the nature of plas-
modial shuttle proteins themselves, their interaction with the parasite
proteasome as well as their role in regulating crucial virulence factors is

still unknown.
Drawing from our existing knowledge in humans and yeast, shuttle

proteins are known to interact with proteasome receptors for the de-
gradation of ubiquitin-tagged proteins. Shuttle proteins such as Dsk2
are composed of ubiquitin-like and ubiquitin-associated domains (UBL-
UBA) at the N and C-termini, respectively [12]. The STI (Stress Induced
Phosphoprotein) domain present in the middle is responsible for
binding to chaperone proteins and assist in degradation of misfolded
proteins [13]. Dsk2 works in association with the proteasome receptors
Rpn10/S5a, Rpn13/Adrm1 and Rpn1, with its UBL domain being the
main player mediating recognition [14–16] and the UBA domain re-
sponsible to interact with the ubiquitinated substrate protein [22].

Shuttle proteins play roles in cell cycle control, spindle body du-
plication and DNA repair [17–19]. The functions of these proteins have
been well characterized in humans and Saccharomyces cerevisiae
[19–23]. Among Apicomplexans, shuttle proteins have been putatively
identified by a computational approach, in Plasmodium falciparum [24].
In Drosophila, Dsk2 protein deletion is known to cause impaired
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proteolysis while in yeast, accumulation of ubiquitinated proteins oc-
curs [25–27]. In humans, Dsk2 is referred to as UBQLN (Ubiquilin) and
is responsible for targeting aggregation-prone and mislocalized mem-
brane proteins to the proteasome, protecting cells from stress and da-
mage [7,13,28]. The above points broadly indicate the importance of
Dsk2 in the maintenance of cellular homeostasis and also indirectly in
the control of parasite pathogenicity by regulating the turnover of
virulence proteins such as ETRAMP-5. Prior to understanding specific
substrate recognition mechanisms, we have attempted to delineate the
general mechanism by which plasmodial shuttle proteins recognize
proteasomal receptors as well as the structural features of the shuttle
proteins that allow recognition, using our existing knowledge in the
human system as a reference.

Here, our crystal structure of the unbound form of N-terminal UBL
domain of PfDsk2 at 1.30 Å shows how Dsk2 differs from the human
ortholog and how these differences affect the affinity of its interaction
with corresponding domains of proteasome receptors PfRpn10 and
PfRpn13. We have further tested the universality of these differences in
PfRad23, a second shuttle protein identified in P. falciparum, by se-
quence comparisons and affinity measurements.

2. Materials and methods

2.1. Construction of plasmids

Codon optimized cDNA for E. coli expression of PfDsk2, PfRad23,
PfRpn13, and PfRpn10 were obtained from GeneArt. Different domains
of the above clones were amplified by polymerase chain reaction and
subcloned into a pETM11 vector, downstream of a TEV protease-clea-
vable N-terminal 6xHis-tag for E. coli expression. Primers used for
amplification are listed in Supplementary Table 1. The clonings were
confirmed by DNA sequencing (Macrogen).

2.2. Protein expression and purification

E. coli B834 cells were transformed with the expression vector and
grown in LB medium containing 50 μg/ml kanamycin. Protein expres-
sion was induced at OD600 of 0.8 with 0.5 mM IPTG and cells were
collected after 18 h incubation at 18 °C. Cells were lysed by sonication
in lysis buffer (50mM Tris-HCL pH 8.0, 300mM NaCl, 15mM imida-
zole and 5mm β-mercaptoethanol) in the presence of protease in-
hibitor. The proteins were purified by affinity chromatography using
Ni-NTA beads (Qiagen) and eluted with 100mM or 250mM imidazole
buffer. The His tag of the proteins was cleaved with His-tagged TEV
protease at 16 °C overnight followed by dialysis into 50mM Tris-HCL
pH 7.0 buffer, containing 300mM NaCl and 15mM imidazole for
18−20 h at 4 °C. The His-tagged TEV protease was subsequently re-
moved by nickel affinity chromatography. Proteins were concentrated
using Amicon centrifugal filters (3 kDa MWCO, Millipore) and loaded
onto a Superdex 75 10/300 G L column (GE Healthcare) equilibrated
with 10mM Hepes pH 7.5 buffer, containing 150mM NaCl and 1mM
DTT, after which the positive fractions were concentrated. For pur-
ification of PfRpn13Pru (1–141) and PfRpn13DEUBAD (143–253),
PfRpn10UIM2 (227–296), an additional step of anion exchange using
HiTrap Q HP column (GE Healthcare) was carried out before loading to
Superdex 75 10/300 G L column. The His-tagged proteins for surface
plasmon resonance studies were purified using nickel affinity, anion
exchange and size-exclusion chromatography.

2.3. Protein crystallization and Data collection

Crystals were grown by vapor diffusion in hanging drops at 20 °C.
PfDsk2UBL at a concentration of 6mg/ml was mixed with an equal
volume of reservoir solution containing 0.1 M Bis-Tris pH 6.5 and 2M
ammonium sulfate. Crystals suitable for X-ray diffraction appeared
within 24−48 h. Crystals were mounted and cryocooled in liquid

nitrogen. Data were collected at a resolution of 1.30 Å on the ID23-1
beamline at European Synchrotron Radiation Facility [29–31].

2.4. Structure solution and refinement

Diffracted data collected on the PfDsk2UBL crystal was processed
with XDS and scaled with Aimless from the CCP4 suite [32,33]. The
structure was solved by molecular replacement with Phaser-MR
(Phenix) using the 1.15 Å resolution structure of Dsk2UBL domain of
Saccharomyces cerevisiae (PDB ID-2BWF) [34,35]. Model building and
refinement of the structure was performed through rounds of refine-
ment using Coot and Phenix-Refine [36,37]. Translation/libration/
screw (TLS) parameters generated from the TLSMD server were used
during the refinement. Water molecules were added at the end of re-
finement. The final Rwork and Rfree values were 0.156 and 0.168, re-
spectively. The crystal data and structure refinement parameters are
listed in Table 1. The atomic coordinates and structure factors have
been deposited in Protein Data Bank with accession code 6JL3. All the
structures were analyzed and their images generated using Chimera
1.11.2 and Pymol v2.x [38,39]. Surface electrostatics were computed
using APBS after protonating with the Amber forcefield at a simulated
pH of 7.0. Interface analysis of HsDsk2UBL complex with HsRpn13Pru

was performed using PDBe PISA web server [40].

2.5. Homology modeling

PfRpn13Pru sequence was obtained from UniProt database (ID:
Q8ILV5), and was subjected to the BLASTp search to find a suitable
template from Protein Data Bank. The protein template retrieved was
Human Rpn13 structure (PDB ID-2NBV, UniProt ID: Q16186) with se-
quence identity of 33.6 % and submitted to the SWISS-MODEL
homology modelling server [41], to obtain a three-dimensional model
of PfRpn13Pru. Further, PSVS was used to validate the stereochemistry
of the modeled structure [42].

Table 1
X-ray data collection and refinement statistics. Values in parenthesis are for the
highest resolution shell.

PDB ID 6JL3
Data collection
Wavelength (Å) 0.968622
Resolution Range (Å) (outermost shell) 35.46–1.303 (1.35–1.303)
Space Group P 41 21 2
Unit cell Parameters
a, b, c (Å) 70.927 70.927 28.122
α = β = γ (°) 90
Total Reflections 146637 (12428)
Unique Reflections 18009 (1711)
Completeness (%) 99.45 (95.89)
Average I/sigma(I) 24.47 (2.65)
Multiplicity 8.1 (7.3)
R merge 0.04347 (0.6308)
R pim 0.01616 (0.2466)
CC1/2 0.999 (0.934)
Refinement
Reflections used in Refinement 17994 (1701)
Reflections used for R free 1799 (170)
R work 0.156
R free 0.168
Protein residues 74
No. of non-hydrogen atom 667
RMS deviation
Bond Length (Å) 0.005
Bond Angles (°) 0.838
Ramachandran plot (%)
Most favoured 98.61
Allowed 1.39
Outliers 0

16.26

I. Gupta and S. Khan Molecular & Biochemical Parasitology 236 (2020) 111266

2



2.6. Surface plasmon resonance binding

Surface Plasmon Resonance experiments were carried out on a
Biacore T200 instrument (GE Healthcare) at 25 °C. The binding ex-
periments were performed in buffer HBS-P+buffer (10mM HEPES pH
7.4, 150mM NaCl, and 0.005 % P20). The flow system was primed with
the running buffer before the initiation of the experiment. Different
coupling methods were optimized on different sensor surfaces for each
interaction, as the proteins showed non-specific binding to the re-
ference surface due to their hydrophobic nature. PfDsk2UBL and
PfRad23UBL were captured on an NTA sensor chip (GE Healthcare) via
its His-tag to an immobilization level of approximately 1500 RU. The
binding experiments were carried out in a single cycle kinetics mode.
PfRpn13Pru was serially diluted in running buffer, and injected at a flow
rate of 30 μl/min across both surfaces for 120 s, while dissociation was
set up for 60 s. PfRpn13DEUBAD was serially diluted in running buffer,
and injected at a flow rate of 30 μl/min across both surface for 60 s,
with dissociation for 60 s. PfRpn10UIM2 (238–283) was directly im-
mobilized on a CM5 sensor chip (GE Healthcare) by standard amine
coupling chemistry using N-hydroxysuccinimide (NHS) and ethyl(di-
methylaminopropyl) carbodiimide (EDC), to an immobilization level of
approximately 1500 RU on Fc2. Unreacted NHS-esters were blocked by
ethanolamine HCl. PfDsk2UBL and PfRad23UBL were serially diluted in
running buffer, and injected at a flow rate of 30 μl/min across both
surface for 60 s and dissociation were set up for 60 s. The analysis was
done using Biaevaluation (GE Healthcare) and GraphPad Prism 7 soft-
ware (GraphPad Software Inc, USA). The reference flow cell was left
unmodified and the data from the reference flow cell were subtracted
for all runs. The equilibrium dissociation constants (KD) were de-
termined by plotting the measured response (Req) as a function of the
analyte concentration. The data was further fitted to a 1:1 binding
model of nonlinear regression (specific binding) using Graph Pad Prism
[43,44]. The experiments were performed in duplicates.

3. Results

Prior to determining the mechanism underlying recognition of
proteasomal receptors by the UBL domain of PfDsk2, a pairwise se-
quence alignment performed using ESPript software [45] provided
valuable information regarding the domain architecture of PfDsk2 and
how its sequence differs from the human ortholog. The sequence
alignment analysis reveals HsDsk2 to be double length (624 residues)
compared to PfDsk2 (388 residues) (Fig. 1A and B). PfDsk2 possesses a
UBL domain at the N-terminus, connected by a short linker to the STI
domain, followed by the UBA domain at the C-terminus (Fig. 1A). The
UBL domain was found to possess two major binding sites for protea-
somal receptors that are mostly conserved (Fig. 1C), barring a few di-
vergent residues such as Lys50, Asp69, Met71, Arg75 and Ser76.
Moreover, loops and secondary structures surmised to be a part of the
interface with proteasomal receptors were also found to possess a few
differences. These indicated a partial divergence in the structural fea-
tures of the UBL domain, which would ultimately affect the recognition
of proteasomal receptors. Another distinct feature is absence of 30
amino acid residues at the N-terminus in PfDsk2 before the presence of
the UBL domain which is prominently present in HsDsk2. While un-
related to proteasomal recognition, it was also interesting to note that
there was just a single STI domain in P. falciparum compared to four in
humans (Fig. 1A and B). Other variations could also be seen within the
linker region between the two domains (UBL and STI), which is shorter
by 74 amino acids in P. falciparum (Fig. 1A and B).

Interestingly, PfDsk2 crucial domain UBL responsible to mediate
interaction with proteasome receptor shows sequence similarity about
33.8 % with human homolog suggesting it to share similar conserved
function such as regulating intracellular protein degradation, thereby
affecting diverse cellular functions, including removing misfolded and
regulatory proteins. Comparison of UBL as well as full-length Dsk2

among the different species of Plasmodium highlighted the sequence
conservation in the domains across the plasmodia, with the only ob-
servable difference being the linkers connecting the domains
(Supplementary Fig. S1A).

3.1. Crystal structure of Dsk2-UBL reveals a conserved Ub β-grasp fold

Sequence differences with the human UBL domain indicated
changes in surface chemistry and space-filling properties of PfDsk2UBL.
To have a better understanding of the binding site of the UBL domain of
Dsk2, we have crystallized Dsk2UBL in the apo form and collected high-
resolution X-ray diffraction data at 1.30 Å resolution (Supplementary
Fig. S2A and B). The crystals belonged to space group P4212, with one
molecule in the asymmetric unit and a solvent content of 39.68 %. The
crystal structure revealed that the PfDsk2UBL has a compact ubiquitin β-
grasp fold (Fig. 2A) with a five stranded β-sheet and one α-helix of 3.5
turns placed perpendicular to it and two 310-helices. The first and last β-
strand are oriented parallel to each other and other β-strands are an-
tiparallel to each other.

Secondary structural elements and hydrophobic residues are listed
in Supplementary Table S2. The electron densities of two additional
amino acids Met1 and Ala2 from the tag at N terminus and last three
amino acids Ala77, Met78, Ala79 at C terminus was missing from the
structure and are excluded. A composite omit map was calculated using
the Phenix autobuild program with simulated annealing showing a
well-defined electron density of the binding sites (Supplementary Fig.
S2C, D and E).

3.2. Structural differences of PfDsk2 UBL with human Dsk2 UBL

The structure of human and Plasmodium UBL domain of Dsk2 su-
perimposed with a root mean square deviation of 1.93 Å over 73
aligned Cα positions (Fig. 2B). For comparison with human Dsk2 UBL
(HsDsk2UBL), model 4, the centroid structure of the NMR ensemble
(PDB ID-1J8C) was used for comparison [16]. The deviations of Cα
atom per residue upon superimposition of these structures is provided
(Supplementary Fig. S2F), which indicated that the backbone of Dsk2
UBL domain of Plasmodium is organized into a ubiquitin-like β grasp
fold similar to the human counterpart, with the slight tilt of α helix,
deviation of the β3 strand and the loop regions in PfDsk2 compared to
HsDsk2 (Fig. 2B).

The first core binding surface is made out of β3, β3-β4 loop and β4
of HsDsk2UBL formed by amino acids Ile75, Phe76, Ala77, Gly78, Lys79,
Ile80 and Leu81 (Fig. 3B), corresponding to Ile48, Phe49, Lys50, Gly51,
Lys52, Ile53 and Leu54 in PfDsk2UBL (Fig. 3A) [40–42]. The second
contact surface is on the β5 of HsDsk2UBL formed by amino acids Leu96,
Thr97, Val98, His99 and, Val101 (Fig. 3B), corresponding to Asp69,
Thr70, Met71, His72 and Val74 in PfDsk2UBL (Fig. 3A). These residues
form the binding site for interaction with the proteasome receptors,
with a total binding area of 718 Å2 in PfDsk2UBL (Fig. 3A). The amino
acids on the binding surface of PfDsk2UBL form a similar mixed hy-
drophobic/charged surface as of HsDsk2UBL for mediating the interac-
tion with the proteasome receptors (Fig. 3C and D). The surface elec-
trostatics of the proteasome receptor binding site on the PfDsk2UBL also
indicated a partially positively charged binding surface, similar to that
seen for HsDsk2UBL (Fig. 3E and F). This similarity in binding surface
might also imply it has similar substrate proteins such as cell cycle
regulators which would affect parasite life cycle. This influence on
parasite life cycle would further govern survival and pathogenicity of
parasite which could be further confirmed by identification of substrate
protein partners.

A distinct feature was observed when the surface electrostatic po-
tential of the α-helix from both PfDsk2UBL and HsDsk2UBL was com-
pared. The solvent exposed surface of the α-helix is formed by acidic
residues in PfDsk2UBL, creating a net negative surface charge (Fig. 4A).
The same region is composed of basic residues in HsDsk2 UBL (Fig. 4B),
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creating a net positive charge. Most notably, Asp39 and Glu36 in
PfDsk2UBL are located where Lys63 and Lys66 are in HsDsk2 UBL, re-
sulting in an opposite electrostatic potential. The α- helix is not in-
volved in the interaction with the proteasome receptors, but in other
UBLs such as HOIL E3 ligase, the role is well illustrated [47]. Com-
paring surface electrostatics of the HOILUBL (Fig. 4C) α- helix with
PfDsk2UBL showed similar charge distribution (Fig. 4A). This holds the
possibility of unique interactions of PfDsk2UBL with additional partners
in Plasmodium. Comparing with known interfacial amino acids of
HOILUBL, Lys32 and Glu36 on the solvent exposed surface of PfDsk2UBL

could aid the interaction with such binding partners (Fig. 4D).

3.3. Comparison of modeled PfRpn13 Pru domain with HsRpn13 Pru
domain

Rpn13 is the proteasome receptor protein and one of its domain Pru

is involved in interaction with the UBL domain of Dsk2. A preliminary
model of the Pru domain of PfRpn13 was calculated by using the
HsRpn13 structure as a template in the SWISS-MODEL server. The
summary of structure factors for validation of model is listed in
Supplementary Table S3. The model was used to confirm whether a
complementary, negative surface on the proteasomal receptor is present
for interaction with the Dsk2 protein. HsRpn13Pru (PDB ID:5IRS) was
found to have a negative binding surface for interaction with the
HsDsk2UBL (Fig. 5B), however PfRpn13Pru showed a less negative
binding surface (Fig. 4A), indicating that electrostatic interactions
possibly do not dominate binding process in PfDsk2UBL. Hydrophobic
surface comparison of HsRpn13Pru and PfRpn13Pru showed HsRpn13Pru

(Fig. 5D) to be more hydrophobic than PfRpn13Pru (Fig. 5C). As seen in
the structure of HsDsk2UBL and HsRpn13Pru complex, hydrophobic and
electrostatic interactions play a major role and these interactions seem
to be weakened in Plasmodium.

Fig. 1. Sequence analysis of Plasmodium falciparum Dsk2 (PfDsk2) protein. (A) Domain architecture of PfDsk2, showing the UBL, STI1 and UBA domain. The UBL
domain construct is used in the study. (B) Domain architecture of HsDsk2 protein, showing UBL, STI1 and UBA domain. (C) ClustalW sequence alignment of PfDsk2
with Human Dsk2 (HsDsk2). The N-terminal stretch of 28 residues is absent in Plasmodium. The numbering at the top corresponds to the amino acid numbers of
HsDsk2. Two boxed regions in black correspond to the binding site present in Dsk2 for binding to proteasome receptors.
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Despite the similarity of the two contact surfaces there are some
noteworthy changes to be highlighted. One of them is the substitution
of Ala77 with Lys50 at the first binding surface in PfDsk2UBL.
Interestingly, Ala77 forms a hydrogen bond with Lys103 of HsRpn13Pru

(Fig. 3F). Its substitution with Lys50 in PfDsk2UBL (Fig. 3E), creates a
positive surface on the β3-β4 loop which would potentially alter the
interaction with PfRpn13Pru [48]. A sequence comparison between
PfRpn13 and HsRpn13 was carried out to determine whether there was
any corresponding substitution on the receptor. Notably, in the
PfRpn13Pru domain, Lys103 was substituted by Glu86 indicating that
the mode of interaction for the UBL β3-β4 loop with PfRpn10 was
possibly altered from hydrogen bonding to salt bridges, providing a
long-range, stronger binding (Supplementary Fig. S3A).

The analysis of the complex of HsDsk2 UBL with HsRpn13Pru (PDBID-
2NBV) shows amino acid residues Leu96 and Val98 on the second
binding site participate as the interfacing residues while mediating in-
teraction with the HsRpn13Pru. These residues are substituted with
Asn69 and Met71 respectively in PfDsk2UBL. These changes were re-
flected in a more favorable hydrophobic surface in HsDsk2UBL (Fig. 3D)
compared to PfDsk2UBL (Fig. 3C).

Another crucial residue is His99 in HsDsk2UBL which is observed to
be conserved across species for Dsk2 and also in ubiquitin
(Supplementary Fig. S3B). His99 in HsDsk2UBL is responsible for hy-
drogen bond interaction with Asp78 and Asp79 of proteasome
HsRpn13Pru. In PfDsk2UBL it is conserved as His72. The corresponding
amino acids on PfRpn13Pru are Lys61 and Ser62. This substitution of
amino acid resulted in a striking change in surface electrostatic

potential, with a change of negative charge in the HsRpn13Pru (Fig. 5B)
to a positive charge in the modeled PfRpn13Pru (Fig. 5A). While hy-
drogen bonding between histidine and lysine is not uncommon, the
interaction would possibly be weaker owing to the electrostatic repul-
sion.

The positions of amino acids Lys79 and Ile80 in HsDsk2UBL are
crucial as they are responsible to form the core contact surface and also
bring the β4 strand near the HsRpn13Pru for additional hydrogen
bonding [48]. Structural comparison of the same residues in PfDsk2UBL

shows a slight change in the side chain orientations of Lys52 and Ile53.
Given that NMR ensembles often show several side-chain orientations,
we confirmed the difference against all models (data not shown), while
displaying the comparison with model 4 only, for clarity (Fig. 5E and
F). Lys79 mediates hydrogen bonding with Asp72 of HsRpn13Pru.
PfRpn13Pru shows Asn56 at a similar position with Asp55 as its
neighbor, which could possibly interact with Lys52 of PfDsk2UBL. The
shift in side chain of Lys52 could confer the ability of the PfDsk2UBL to
form similar core contacts but with a slightly distant amino acid
(Asp55) in the PfRpn13Pru.

The above-mentioned detail analysis of the published complex
structure of HsRpn13Pru with HsDsk2UBL in comparison with modeled
structure of PfRpn13Pru, highlights some similar and some distinct re-
sidues which influence the affinity of interactions and the preference to
different proteasome receptors due to redundant role. An experimen-
tally determined structure of the complex could help to further validate
this possibility.

Fig. 2. Crystal structure of PfDsk2UBL and structural comparison with HsDsk2UBL. (A) Crystal structure of PfDsk2UBL showing the ubiquitin β-grasp fold (PDB ID-
6JL3). Secondary structure elements are labelled. (B) Ribbon representation of the overlay of PfDsk2UBL (sky blue) with HsDsk2UBL (pink).
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3.4. Comparison of binding surface formed on Dsk2 for interaction with
another proteasome receptor Rpn10 UIMs domain

Similar conserved residues in the Dsk2UBL mediate the interaction
with the UIM domain of the other proteasome receptor, Rpn10.
However, Lys103 on β5 of HsDsk2UBL (Fig. 3B), which forms salt
bridges with Asp213 and Glu283 of UIM1 and UIM2 respectively, is
replaced with Ser76 (Fig. 3A) [46]. Sequence alignment reveals the
presence of Asp202 and Asn261 in UIM1 and UIM2 respectively in
plasmodia but the subsequent lysine to form salt bridges is absent,
pointing towards the possibility of weaker interaction with the UIMs
(Supplementary Fig. S3D and E). This is corroborated by the completely
opposite surface electrostatic surface of PfDsk2UBL (negative) as

compared to HsDsk2UBL (positive) (Fig. 3E and F).

3.5. Rpn13 domains Pru and Deubad show binding with PfDsk2UBL

Dsk2 is shown to work in cooperation with the proteasome receptor
Rpn13 to target proteins for degradation. Rpn13 comprises of an N-
terminal Pru domain and a C-terminal Deubad domain. The Pru domain
in humans plays a role to interact with the UBL domain of Dsk2 while
the Deubad domain interacts with the deubiquitinating enzyme UCHL5
associated with the proteasome [48,49,51]. To interrogate the same
interaction in Plasmodium, surface plasmon resonance was performed.

PfDsk2UBL was captured on the NTA chip and Pru domain flowed
over the chip at different concentrations. Interactions between the Pru

Fig. 3. Comparison between (A) PfDsk2 UBL (B)
HsDsk2UBL. Residues identical are highlighted
in green and similar are highlighted in dark
green. Residues which are different are high-
lighted and labeled in red. (C) Hydrophobic
surface representation of PfDsk2UBL and (D)
HsDsk2UBL hydrophobic surface is represented
by using the Kyle-Doolittle scale in the range of
−4.5 to +4.5, with cyan for most hydrophilic
to maroon for most hydrophobic residues. The
interfacial residue on second binding site of the
Dsk2 UBL domain for interaction with protea-
some receptor (Rpn13Pru) is Leu96 on HsDsk2
UBL and is substituted with Asn69 on
PfDsk2UBL. (E) APBS-derived surface electro-
statics of PfDsk2UBL and (F) HsDsk2UBL with
locations of two binding-site residues high-
lighted. The binding site is a positive surface
formed by the β3 strand, β3- β4 loop, β4 and
β5 strand. The color scale is in units of kT/e
ranging from −5 (red) to +5 (blue).
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domain and UBL of PfDsk2 could be clearly seen from the binding
profile at different concentration (Fig. 6A, Supplementary Fig. 4A). We
observed that the Pru domain of Rpn13 shows a binding affinity (KD) of
more than 50 μM with Dsk2. Unfortunately, exact value of KD was not
being determined due to non-specific binding of protein at higher
concentration on reference surface resulting in negative binding. This
result correlates well with the affinity observed for UBL interactions in
other systems, where the weak affinity allows for transient and readily
reversible interactions. Our data is within the same order of magnitude,
comparatively weaker, as that for humans as shown by NMR studies,
wherein the Pru domain interacts with 9.3 μM affinity to HsDsk2 [48].
To ascertain whether a similar binding affinity is observed across all
shuttle proteins in plasmodia, we also obtained dissociation constants
for the interaction of another shuttle protein Rad23, with Pru. In this
case also, the binding was found to occur in a similar order of magni-
tude, with a KD of 42.8 μM (Supplementary Fig. S4D and E).

The C-terminal Deubad domain of Rpn13, on the other hand, has no
report of interaction with shuttle proteins, instead providing a binding
platform for the UCHL5 deubiquitinating enzyme. As the UCHL5 or-
tholog is absent in plasmodium, it is likely to bind to another deubi-
qutinating enzyme or play moonlighting roles. The structure of
PfDsk2UBL and its marginally weaker binding affinity to Pru domain
indicated that the reaction between PfDsk2 and Rpn13 was overall
bound to be weaker than the human ortholog. In such a case, it would
be possible that PfDsk2 would form contacts with other sections of
Rpn13, to ensure a similar affinity to the mammalian system. We pro-
posed to study its interaction with the Deubad domain of PfRpn13.
Surprisingly, the Deubad domain showed a positive interaction with a
binding affinity (KD) of 18.7 μM with PfDsk2UBL (Fig. 6B, Supplemen-
tary Fig. 4B). This prompted us to look at the sequence of
PfRpn13DEUBAD to check for apparent differences with the human
counterpart. The sequence alignment of the Deubad domain of the
plasmodium and humans features the presence of conserved and non-
conserved residues (Supplementary Fig. S3C). Some of the core helix
residues responsible for interaction with UCHL5 are conserved, im-
plying potential interaction with other deubiquitinating enzymes in
plasmodia that are still not identified.

3.6. Interaction of PfDsk2UBL with the UIM motifs of PfRpn10

The UIM motifs in the Rpn10 proteasome receptor are defined by
the consensus sequence L/I-XX-A-φ-XX-S, where X can be any amino
acid and φ is a hydrophobic residue [49]. These motifs are present as
LALALRVS in UIM1 and IAYAMQMS in UIM2 in HsRpn10 and are re-
placed by similar consensus sequences LLNAMQLS in UIM1 and LKE-
ALILS in UIM2 in PfRpn10 as seen in sequence alignment (Supple-
mentary Fig. S3D and E). Prior literature related to proteasome receptor
interaction with the UBL domain of HsDsk2UBL has revealed the role of
Leu216, Ala219, Leu220 and Ser223 in UIM1 and Ile287, Ala290,
Met291 and Ser294 in UIM2 in binding to UBL [49]. Similarly, the core
motifs for providing a hydrophobic interaction with PfDsk2UBL have
been conserved in PfRpn10 UIM1 as Leu205, Ala208, Met209, and
Ser212 and as Leu263, Ala266, Leu267, Ser270 in UIM2. However, it
was interesting to note the substitution of Tyr289 with Glu265 in
plasmodial UIM2. Tyr289 in human UIM2 provides a more compact
binding when interacting with ubiquitin and another shuttle protein
Rad23 [49,53]. It was observed to form a van der Waal’s interaction
with leucine residues in both ubiquitin (Leu8) and Rad23 (Leu10) [53].
The replacement of Tyr289 with the Glu265 shows the possible absence
of such compact interaction with ubiquitin. Similarly, other divergent
substitutions such as Ala288 to Lys264, as well as Gln292 to Ile268
prompted us to check whether the interaction between UBL and UIM2
was affected in terms of affinity, in Plasmodium.

For studying the interaction of Rpn10 UIM2 domain with Dsk2UBL,
UIM2 was covalently coupled by amine coupling on CM5 chip and Dsk2
UBL was injected over the sensor chip surface. Dsk2 UBL domain was
found to interact with a dissociation constant of 20.1 μM (Fig. 6C,
Supplementary Fig. 4C). Compared to the human ortholog, this inter-
action was found to be within the same order of magnitude, with
HsDsk2UBL interacting with UIM2 with a binding affinity of 24.8 μM. A
similar order of magnitude was also observed for Rad23, with a KD

value of more than 100 μM (Supplementary Fig. S4F and G).
Despite multiple attempts, we were not able to purify UIM1 in

sufficient quantity to do SPR binding experiments. We attempted to
purify with GST-tag UIM1 and subsequently used it for binding ex-
periments, but the UBL domains showed non-specific binding to GST-

Fig. 4. APBS-derived surface electrostatics of α-helix region of (A) PfDsk2UBL (B) HsDsk2UBL (C) HsHOILUBL (PDB ID-2LGY). (D) Solvent exposed residues Lys32 and
Glu36 present on α-helix of PfDsk2UBL.
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tag itself. Therefore, it was not possible to conclude for the preference
of UBL for UIM motifs. In humans Dsk2UBL have a higher affinity for
UIM1 due to additional contacts via longer helix as compared to UIM2.

4. Discussion

The role of the proteasome machinery in Plasmodium falciparum has
garnered great attention since the development of proteasome in-
hibitors targeting the parasite [54–56]. The functions of shuttle proteins
and the proteasome receptors associated with the proteasome have
been putatively identified by bioinformatic approaches [24]. A recent
protein-protein interaction study using yeast two hybrid assay has led
to the identification of the interaction of a crucial virulence factor
ETRAMP, with the shuttle protein Dsk2 [9]. This indicates that al-
though our knowledge of parasite shuttle proteins is limited, it does

potentially bear importance in the regulation of proteins related to
parasite pathogenicity. Barring the proteasome however, there is very
little information as to how protein turnover is regulated in parasites.
One possible reason is that the fundamental mechanisms underlying the
communication of turnover pathways with the proteasome remains
unclear. In this study, we have performed a structural analysis of the
UBL domain of the shuttle protein PfDsk2 and assessed the affinity of its
binding to proteasomal receptors.

Prior to analyzing the interaction of the shuttle protein with the
proteasome receptor, we have determined how the unbound structure
of the UBL domain of the shuttle protein Dsk2 differs from its human
ortholog. The UBL domain plays a key role in interaction with the
proteasome receptors, Rpn10 and Rpn13 [14,57]. Subsequently, we
have compared the binding site of the proteasome receptor on the UBL
domain with the human ortholog and identified that the area of the

Fig. 5. APBS-derived surface electrostatics of
(A) Modeled PfRpn13Pru and (B)
HsRpn13Pru.The electrostatic comparison
shows a more negative surface on HsRpn13Pru

due to presence of acidic residues Asp78 and
Asp79 which are substituted with Lys61 and
Ser62 on PfRpn13Pru. The color scale is in units
of kT/e ranging from −5 (red) to + 5 (blue).
(C) Hydrophobic surface representation of
modeled PfRpn13Pru and (D) HsRpn13Pru.
Hydrophobic surface is represented by using
the Kyle-Doolittle scale in the range of −4.5 to
+4.5, with cyan for most hydrophilic to
maroon for most hydrophobic residues. (E)
Comparison of side chain orientation of residue
Lys52 in PfDsk2UBL (sky blue) and Lys79 in
HsDsk2UBL (pink) (F) Ile53 in PfDsk2UBL and
Ile80 in HsDsk2UBL (pink).
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binding interface as well as the solvent exposed residues are conserved.
However, a few unique features were observed for PfDsk2UBL. The first
is the substitution of Ala77 in humans, known to be responsible for
interaction with Rpn13Pru, with Lys50 in Plasmodium. The second dis-
tinct feature is the substitution of Ser76 in place of Lys103, which plays
a major role in forming the salt bridges with the acidic residues in
Rpn10UIMs motifs. These interactions, however, do not result in a loss or
weakening of binding, as Dsk2UBL shows binding with the corre-
sponding proteasome receptors Rpn13Pru and Rpn10UIM. The third
important feature is the substitution of Leu96 and Val98 with Asp69
and Met71 respectively at the second binding site, which create a less
hydrophobic binding surface on PfDsk2UBL. Also, the orientation of the
side chains of Lys52 and Ile53 was distinct from HsDsk2UBL, which
could provide distant and additional contacts with PfRpn13Pru. These
two amino acids are known to mediate a salt bridge and hydrophobic
interaction, respectively, bringing β4 of UBL in proximity to Rpn13Pru.
Future mechanistic studies of the shuttle proteins with the proteasome
receptors would help identify the residues responsible for additional
contacts and validate this possibility. Lastly, a striking feature was the
completely opposite electrostatic surface of the α-helix which re-
sembled non-shuttle UBL-containing proteins such as HsHOILUBL. These
proteins do not function as shuttle proteins; however, HsHOIL interacts
with other partners and plays a crucial role in other cellular functions,
indicating the probability of Plasmodium Dsk2 performing additional
functions.

The binding of PfRpn13DEUBAD with PfDsk2UBL is a unique feature
observed in plasmodia. UCHL5, which is known to interact with
HsRpn13DEUBAD in human is not present in Plasmodium [50,58].
Nevertheless, few of the residues responsible for interaction with
UCHL5 are conserved in PfRpn13DEUBAD. This could hold the possibility
of another deubiquitinating enzyme fulfilling the role of UCHL5 in
plasmodia. One may assume that PfDsk2 itself could moonlight as a
deubiquitinating enzyme but however, the residues responsible for
deubiquitination activity are absent. Thus, the positive interaction with
PfDsk2UBL demonstrates the possibility of PfDsk2 working in coopera-
tion with a deubiquitinating enzyme. Coupled with its HOIL-like

negative binding surface, PfDsk2 merits a proteome-wide study to un-
derstand the extent of its ancillary activities.

The other receptor PfRpn10 showed UIM motifs that possess con-
sensus sequences which are quite conserved in plasmodia. However,
one of the main distinguishing features was the presence of Glu265
instead of Tyr289 in the UIM2. The importance of this residue in the
interaction with human ortholog Dsk2 is not illustrated, but it plays a
crucial role in the interaction with ubiquitin and HsRad23. The binding
affinity of PfRpn10UIM2 with PfRad23UBL, was found to be similar,
however, to HsRad23UBL making it inconclusive about the role of this
substitution.

In conclusion, this study provides the first atomic resolution struc-
ture of the proteasome binding domain of a shuttle protein from api-
complexan parasites, along with how it relates to and differs from its
human counterpart. Through binding studies, we have also theorized
on how the structural features of PfDsk2UBL may contribute to the af-
finity of binding with cognate receptors on the proteasome. The role of
plasmodial shuttle proteins in degradation is one of their aspects which
we have studied here, with other roles in eukaryotes being related to
cell cycle and repair mechanism [20,22]. In yeast, the shuttle factors
are not critical for survival, but in mice, LOF mutants of shuttle factors
rarely survive till adulthood [19]. Broadly, this points towards the role
of these proteins in supplementary functions which still need to be
explored in Plasmodium falciparum. The shuttle protein PfDsk2 is known
to interact with ETRAMP-5, a key protein family responsible for pa-
thogenicity and virulence in parasite. However, whether the interaction
leads to the subsequent degradation of this protein is inconclusive [9].
We hypothesize that if this interaction is hampered then it could sub-
sequently lead to cellular stress in the parasite via accumulation of the
misfolded proteins and this would disturb the protein homoeostasis in
parasite. Building upon our present work, it could be possible to de-
termine how PfDsk2 and PfRad23 recognize substrates, mediate their
transport and facilitate their degradation through interaction with the
proteasomal receptors. Subsequently, this could pave the way towards
finding the role of plasmodial shuttle proteins as potential novel drug
targets, especially given the current emergence of resistance against

Fig. 6. Surface Plasmon resonance (SPR) assay
characterizing binding of PfRpn13 and
PfRpn10 domains with PfDsk2UBL. (A)
PfRpn13Pru (3.125, 6.25, 12.5, 25 and 50 μM)
over immobilized PfDsk2UBL. (B)
PfRpn13DEUBAD (3.125, 6.25, 12.5, 25 and
50 μM) over immobilized PfDsk2UBL. (C)
PfDsk2UBL (0.19, 0.39, 0.78, 1.56, 3.12, 6.25,
12.5, 25 and 50 μM) injected over immobilized
PfRpn10UIM2. The presented result is the re-
presentation of one of two independent re-
plicates. The KD value with the standard de-
viation is shown.
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anti-malaria drugs.
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