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We recently identified three novel thioredoxin-like genes in the genome of the protozoan
parasite Plasmodium that belong to the Phosducin-like family of proteins (PhLP). PhLPs are
small cytosolic proteins hypothesized to function in G-protein signaling and protein folding.
Although PhLPs are highly conserved in eukaryotes from yeast to mammals, only a few representatives have been experimentally characterized to date. In addition, while PhLPs contain a thioredoxin domain, they lack a CXXC motif, a strong indicator for redox activity, and it
is unclear whether members of the PhLP family are enzymatically active. Here, we describe
PbPhLP-3 as the first phosducin-like protein of a protozoan organism, Plasmodium berghei.
Initial transcription analysis revealed continuous low-level expression of pbphlp-3 throughout the complex Plasmodium life cycle. Attempts to knockout pbphlp-3 in P. berghei did not
yield live parasites, suggesting an essential role for the gene in Plasmodium. We cloned,
expressed and purified PbPhLP-3 and determined that the recombinant protein is redox
active in vitro in a thioredoxin-coupled redox assay. It also has the capacity to reduce the
organic compound tert-Butyl hydroperoxide (TBHP) in vitro, albeit at low efficiency. Sequence analysis, structural modeling, and site-directed mutagenesis revealed a conserved
cysteine in the thioredoxin domain to be the redox active residue. Lastly, we provide evidence that recombinant human PhLP-3 exhibits redox activity similar to that of PbPhLP-3
and suggest that redox activity may be conserved in PhLP-3 homologs of other species.
Our data provide new insight into the function of PhLP-3, which is hypothesized to act as cochaperones in the folding and regulation of cytoskeletal proteins. We discuss the potential
implications of PhLP-3 as a thioredoxin-target protein and possible links between the cellular
redox network and the eukaryotic protein folding machinery.
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Introduction
Thioredoxins (Trx) and thioredoxin-like proteins (Tlp) are small ubiquitous proteins present
throughout the tree of life. The members of the Trx-superfamily contain at least one Trxdomain, which forms a characteristic compact 3D structure known as the Trx-fold with a central twisted beta-sheet sandwiched by at least three alpha helices [1–3]. Some Trx and Tlps
exhibit thiol-based redox activity facilitated by a [-CXXC-] active site motif located in the Trxdomain. A prominent example is the canonical Trx-1, a highly conserved cytosolic protein
that contains a [-CGPC-] active site motif and functions as a cellular master redox regulator
[3]. As such, Trx-1 has multiple target proteins in a variety of cellular pathways, such as antioxidant defense, nucleotide biosynthesis, transcription factors, and protein folding. For Trx-1 to
be active it needs to be in its reduced state (Trx(SH)2). Trx-1 is supplied with reducing equivalents by NADPH via the flavoenzyme thioredoxin reductase (TrxR). Together TrxR and Trx-1
form the Trx-system of a cell (Fig 1).
The protozoan parasite Plasmodium belongs to the phylum Apicomplexa and is the causative agent of the infectious disease Malaria. The parasite is transmitted between people by
Anopheles mosquitoes. Initial studies of the Trx-system in Plasmodium focused on its role in
antioxidant defense and parasite survival [4, 5]. One goal of these studies was to identify potential anti-malarial drug targets [6, 7]. Over time, new roles for the Trx-system were described as
more Trx and Tlps were identified in the genomes of various Plasmodium species [7]. Studies
have now expanded from the disease causing blood stages of Plasmodium in the human host
to the developmental stages of the parasite inside the mosquito vector. Yet, our understanding
of Plasmodium cell biology in the mosquito is still very limited. Plasmodium berghei is a prominent model organism for the study of malaria in mice and in mosquitoes [8].
More than fifty genes in the P. berghei genome are currently annotated as putative Trx or
Tlp due to the presence of a predicted Trx-domain. Those that have been experimentally
characterized [6, 7] are implemented in diverse cellular pathways, including nucleotide metabolism, antioxidant defense, redox signaling and red blood cell invasion [9]. We recently determined that three of the predicted Trx-domain containing genes belong to the phosducin
family of proteins (PhLP) [10]. PhLPs are highly conserved from yeast to mammals [11, 12]
and these Plasmodium genes represent the first identified in a protozoan organism [10].
PhLPs represent a family of small Trx-domain containing proteins that exhibit the same
basic structural organization consisting of an N-terminal helix domain followed by a Trxdomain and a short C-terminus [11]. Unlike Trx-1, however, PhLPs do not possess the characteristic [CXXC] active site and are therefore considered not to be redox active [13, 14]. The
increasing number of PhLPs described in diverse organisms led to the formation of three
PhLP-subfamilies organized with respect to sequence homology and putative cell function

Fig 1. The central role of the thioredoxin system and its target proteins. The flavoenzyme thioredoxin reductase (TrxR) and the small redox-active
thioredoxin (Trx-1) constitute the Trx-system, which supplies reducing equivalents to Trx-target proteins that are involved in various cellular
processes.
https://doi.org/10.1371/journal.pone.0209699.g001
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[13]. Members of the PhLP-1 subfamily are closely related to the canonical phosducins (or
PDCs), which were originally identified in mammalian retina rod photoreceptor cells where
they function in trimeric G-protein signaling [12]. Members of the PhLP-2 and PhLP-3 subfamilies are both hypothesized to play roles as co-chaperones via the formation of a ternary
complex with the chaperonin-containing t-complex polypeptide 1 (CCT) [15]. However, the
biochemical properties of these highly conserved proteins remain unclear.
Here we report on the characterization of PbPhLP-3, of the protozoan parasite P. berghei.
We first determined the transcription profile of pbphlp-3 during parasite development in the
mouse host and during early development in the mosquito. We then made an attempt to disrupt
the gene in P. berghei. We cloned, expressed and purified PbPhLP-3 for initial biochemical characterization and tested its potential redox activity in vitro. Lastly, based on the high sequence
and structural homology between Plasmodium and human PhLP-3 (HsPhLP-3; thioredoxindomain containing protein 9 (TXNDC9)) we cloned, expressed and purified the HsPhLP-3 and
investigated the potential conservation of redox activity within the PhLP-3 subfamily.

Results
Organization of the P. berghei PhLP family
We previously identified three putative Trx-like genes in the genome of the rodent malaria
parasite P. berghei as members of the phosducin-like family of proteins (PhLP), specifically
PBANKA_1204800, PBANKA_0519700, and PBANKA_1231200 [10, 16]. PBANKA_1204800
was designated as PhLP-1 as it was the first PhLP we identified in a Plasmodium species [10].
However, re-analysis of sequence data from multiple organisms suggests that PBANKA_1204800
belongs to the PhLP-3 subgroup, while PBANKA_1231200 is more closely related to the PhLP-1
subgroup [S1 Fig]. The annotation of PBANKA_0519700 as PhLP-2 was confirmed. Consequently, for the remainder of this report, we will refer to the members of the P. berghei PhLP
family as follows: PBANKA_1231200 as PbPhLP-1, PBANKA_0519700 as PbPhLP-2, and
PBANKA_1204800 as PbPhLP-3 (Table 1). Here we report on the characterization of PbPhLP-3,
which shows the highest conservation among eukaryotes.

pbphlp-3 is constitutively expressed
Analysis of transcriptome and proteome data sets on PlasmoDB revealed that phlp-3 is actively
transcribed by P. berghei and other Plasmodium species, including the human pathogens
Table 1. PhLP in P. berghei.
P. berghei PhLP family
NCBI Accession #
PlasmoDB Gene ID
Genomic Location (chr:position)
# of Exons
Length (AA)
P. falciparum ortholog identity

PbPhLP-1

PbPhLP-2

PbPhLP-3

CDS49513.1

CDS45324.1

SCO63514.1

PBANKA_1231200

PBANKA_0519700

PBANKA_1204800

12: 1204764–1205699

5: 707940–709565

12: 201652–202233

1

8

1

311

213

193
75.13%

64.1%

68.57%

# of Trx Domains

2

1

1

Previous Alias/ID

PbPhLP-3

PbPhLP-2

PbPhLP-1

Transcriptome [17, 18]

all stages�

blood stages�

all stages�

Proteome [17, 19]

gametocytes

N/A

sporozoites, gametocytes

Putative function

N/A

N/A

cell redox homeostasis

Phenotype

N/A

non-essential [20]

Essential [this report]

https://doi.org/10.1371/journal.pone.0209699.t001
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P. falciparum and P. vivax (Table 1). We first confirmed expression of pbphlp-3 in P. berghei
utilizing quantitative real time-RT PCR (RT-qPCR). Transcript abundance was determined
for pbphlp-3 (S1 Fig and S2 Fig) and two control genes of the Trx-superfamily, thioredoxindependent peroxiredoxin-1 (tpx-1; PBANKA_1302800) and 1-cysteine peroxiredoxin (1-cys prx;
PBANKA_122800) [21]. pbphlp-3 expression in P. berghei was confirmed in samples taken
from infected mouse blood containing mixed asexual stages (Fig 2A). The level of pbphlp-3
transcription was low and comparable to that of the control gene 1-cys prx. In comparison, the
RNA level of tpx-1 was significantly higher (10.6 fold), which is due to its antioxidant function
during blood stage development of the parasite. The expression of both control genes during
parasite development in mammalian blood is consistent with recent reports [21–23].
We next investigated whether pbphlp-3 expression was maintained during parasite development in the mosquito. To this end, we dissected bloodfed midguts from mosquitoes 12 hours
after they were allowed to feed on P. berghei-infected mice. Our data show that low pbphlp-3
expression persisted during parasite development in the mosquito (Fig 2B) as both control
genes showed significantly higher expression levels, with pbtpx-1 16-fold higher, and 1-cys prx
20-fold higher than the pbphlp-3 transcript (Fig 2B). The increased expression of the control
genes was expected as the parasites responds to the hostile conditions in the mosquito bloodmeal [21]. Consequently, when mosquito-stage parasites were allowed to develop under culture conditions, in the absence of the bloodmeal environment, the control genes were not
upregulated and expression levels of all three genes showed no significant differences (Fig 2B).
This indicates that the midgut environment in the blood meal has no impact on pbphlp-3
expression. To test this, we determined pbphlp-3 transcription profiles in parasites developing
within mosquito midguts or in culture. No significant modulation of pbphlp-3 expression was
detected in blood meal derived or in culture-derived parasites of the recorded time (Fig 2C).
This indicates that pbphlp-3 expression is largely independent of external challenges in the
mosquito midgut. Taken together, our data suggest continuous but low-level pbphlp-3 expression in parasites from the mouse blood as well as from bloodfed mosquitoes. No stage-specific
or environmentally induced upregulation was observed during the investigated parasite stages.

Fig 2. Relative expression of pbphlp-3 in different parasite stages. Relative transcript abundance of pbphlp-3 and the control genes thioredoxin-dependent peroxidase-1
(tpx-1) and 1-cys peroxiredoxin (1-cys prx) in A. asexual P. berghei parasites from mouse blood B. mosquito stage parasites developing either in the mosquito midgut or
under culture condition. Indicated fold changes specify the difference to pbphlp-3 expression. �� signify statistical significance with a p-value <0.05. C. Temporal
transcription profile of pbphlp-3 in developing mosquito-stage parasites during the first 24 hours in mosquito midguts or under culture conditions, respectively. For the
investigation of mosquito stage parasites female mosquitoes were allowed to feed on infected mice and blood fed midguts were subsequently dissected at 3, 6, 12, and 24
hours post blood meal. For ookinete cultures, samples were taken at the same time points as the midgut dissections. Error bars represent standard deviation of three
independent experiments.
https://doi.org/10.1371/journal.pone.0209699.g002
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pbphlp-3 is essential for Plasmodium
Our next goal was to knock out pbphlp-3 in the rodent parasite. pbphlp-3 is a single-copy,
single-exon gene located on chromosome 12 in the P. berghei genome (Table 1). The open
reading frame (orf) spans 582 base pairs and codes for a 193 amino acid protein (S1 Fig). A
targeting plasmid was constructed to replace the protein-coding region of pbphlp-3 with a T.
gondii dhfr/ts selection cassette, which confers to transfected parasites resistance to the antimalarial drug pyrimethamine (pyr) (Fig 3 and S2 Fig). Following transfection of the plasmid into
isolated blood stages of wild-type (WT) P. berghei the parasites were immediately injected into
the tail-veins of naïve mice [24]. Mice were provided with pyr treated drinking water and their
blood was frequently checked for drug resistant parasites. A total of four successive trials was
conducted. Following each transfection, neither viable pyr–resistant integrated parasites, nor
viable parasites maintaining episomes could be obtained. Positive control transfections performed in parallel successfully generated viable drug-resistant parasites [25]. Based on these
results we conclude that pbphlp-3 is likely to be essential for P. berghei blood stages.

Conservation of PhLP-3 sequence, organization, and structure
Our failed knockout attempts suggest an important role for pbphlp-3 in the parasite. We therefore turned our attention to the characterization of the PbPhLP-3 protein. Previous phylogenetic analyses indicates high conservation of PhLP-3 among diverse eukaryotic organisms [10,
28]. Alignment of recently characterized PhLP-3 homologues, ranging from fungi to mammals, coupled with secondary structure prediction, revealed that PbPhLP-3 consists of an Nterminal helix domain, followed by a thioredoxin-domain and a short C-terminus, an overall
organization characteristic for members of the PhLP family (Fig 4A and 4B) [11]. Notably, the

Fig 3. Knockout strategy for the P. berghei phlp-3 locus. To achieve double-crossover target gene disruption a targeting plasmid was constructed in the parent plasmid
pBS-DHFR [26]. Two fragments, a 512 bp fragment covering the pbphlp-3 5’UTR and a 348 bp fragment corresponding to the 3’UTR were amplified from P. berghei
genomic DNA. The fragments were inserted on each side of the Toxoplasma gondii dhfr/ts selection cassette. The linearized plasmid was transfected into purified P.
berghei schizonts following the procedure described in [26, 27].
https://doi.org/10.1371/journal.pone.0209699.g003
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Fig 4. Conservation and organization of PhLP-3 in eukaryotes. A. Alignment of P. berghei with recently characterized PhLP-3 homologs of different species using the
MUSCLE algorithm [29]. Amino acids conserved with P. berghei are highlighted in gray. Predicted domains are indicated above the sequence. The asterisk marks the
single conserved cysteine residue. B. Comparison of structural PhLP-3 organization between different eukaryotes. Inset table shows percent AA identities within
thioredoxin domains. C. Maximum likelihood tree of PhLP-3 sequences with bootstrap replication.
https://doi.org/10.1371/journal.pone.0209699.g004

highest degree of conservation resides within the Trx-domain (Fig 4B). A phylogenetic tree
based on the Trx-domains of characterized PhLP homologues revealed a higher degree of conservation between the protozoan parasite and the human PhLP-3 (51%) (HsPhLP-3; alias TrxContaining Protein 9 (TXNDC9); Gene ID: 10190) than with those of other lower eukaryotes,
such as Saccharomyces (33%) and Dictyostelium (37%) (Fig 4C).

PbPhLP-3 cloning, expression, purification and redox activity
PbPhLP-3 is a 193 AA protein with a calculated molecular weight of 22.9 kDa (Table 1). We
generated recombinant PbPhLP-3 with an N-terminal 6xHIS tag (Fig 5A). The recombinant
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Fig 5. Cloning, recombinant expression and purification of PbPhLP-3. A. Agarose gel show amplified pbphlp-3 orf from P. berghei cDNA (Lane 1). B. SDS Page
electrophoresis following recombinant PbPhLP-3 purification over a Ni-NTA column. Samples remained either untreated (UT = untreated) or were pretreated with
reducing agents 2-mercaptoethanol (BM) or dithiothretiol (DTT). Solid arrow indicates the recombinant PbPhLP-3 protein incl. HIS-tag. Weak bands in the UT lane
(dashed arrows) designate potential multimers of PbPhLP-3. C. Insulin-based reduction assay [32] shows precipitation of insulin precipitation in the presence of
dithiothreitol (DTT) alone (ctlr) and in the presence of PbTrx-1 or indicated concentrations of PbPhLP-3.
https://doi.org/10.1371/journal.pone.0209699.g005

protein was purified using Ni-NTA resin. SDS gel electrophoresis revealed a prominent 24
kDa band, which corresponds to the calculated molecular mass of the tagged PbPhLP-3 (Fig
5B). Additional weaker bands were observed at ~ 50 kDa and ~ 80 kDa, which we hypothesize
to represent disulfide-based multimers of PbPhLP-3 as they collapsed in the presence of reducing agents dithiothreitol (DTT) and 2-mercaptoethanol (BM), respectively (Fig 5B).
The absence of a discernable [-CXXC-] active site motif in PhLPs gave rise to the assumption that members of the PhLP-family lack redox activity [13]. Yet, several members of the
Trx-superfamily exhibit thiol-based redox activity facilitated by a single cysteine in their
respective active sites (monothiol mechanism), e.g. glutaredoxin 5 (Grx5) in yeast [30, 31]. The
Trx-domain in PbPhLP-3 contains six cysteines (Fig 4A) raising the possibility that the protein
may be redox active. We initially utilized the insulin-reduction assay, which was originally
developed as a simple test for investigating the thiol-based redox activity of thioredoxins [32]
and serves as an indicator for the presence of redox-active cysteines in Trx and Tlps [6, 33]. It
is based on the thiol-dependent reduction of the intermolecular disulfide bridges in insulin by
the small electron donor dithiothreitol (DTT), which leads to the precipitation of the insulin Bchain. This can be spectrophotometrically measured at 650 nm as an increase in turbidity over
time [34]. We used PbTrx-1 as a positive control and show that it effectively catalyzes insulin
reduction (Figs 5C and S3A) [32, 35]. Recombinant PbPhLP-3 (6 μM) catalyzed insulin reduction by DTT at an initial rate of 0.0038A min-1. Increasing the PbPhLP-3 concentration to
10 μM resulted in a corresponding increase in the insulin reduction-rate by 1.8 fold demonstrating that PbPhLP-3 possesses at least one redox-active cysteine. No significant reduction of
insulin by DTT was observed in the absence of enzyme (Fig 5C).

PbPhLP-3 is reduced by the Trx-system
In biological systems, including the malaria parasite, some members of the Trx-superfamily
serve as target-proteins for the cellular Trx-system [36, 37]. To assess whether PbPhLP-3 could
be a potential target for the Trx-system we conducted in vitro Trx-reduction assays utilizing
the endogenous P. berghei Trx-system, which consists of the P. berghei thioredoxin reductase
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Fig 6. PbPhLP-3 reacts with Trx-system in a Michaelis-Menten type kinetics. A. Outline of the Trx reduction assay which measures the oxidation rate of NADPH at
340 nm. B. Redox activity was detected only in the presence of all three components. C. Graphing initial velocities as a function of varying PbTrx-1 concentrations
shows Michaelis-Menten type kinetics between PbTrx-1 and PbPhLP-3. D. Initial velocities as a function of TBHP concentrations show a linear relationship between
PbPhLP-3 and TBHP. No significant NADPH oxidation was observed in the absence of either PhLP-3 or TBHP OH. E. NADPH oxidation assay over time show that
PbPhLP-3 is reduced by the Trx system (closed circles) but not by the GSH system (open circles). The slope observed in the PbGR/GSH reaction is comparable to the
auto-oxidation rate of NADPH (not shown).
https://doi.org/10.1371/journal.pone.0209699.g006

(PbTrxR) and PbTrx-1 as previously described [38]. PbPhLP-3 was added to a reaction containing NADPH, and the P. berghei Trx-system. Oxidation of NADPH was followed in a spectrophotometer at 340 nm (Fig 6A). NADPH oxidation was observed in the presence of
PbPhLP-3 at an initial rate of 6.5 μM min-1 indicating electron flow from the Trx-system to
PbPhLP-3 (S1A Fig). Following this result, we tested whether PbPhLP-3 accepts electrons
from the flavoenzyme PbTrxR or PbTrx-1, respectively. The experiment was repeated in the
absence of PbTrx-1 and no significant NADPH oxidation was observed. Subsequent addition
of PbTrx-1 to the assay resulted in rapid NADPH oxidation signifying that PbPhLP-3 can
serve as target protein for PbTrx-1 and that it is not a substrate for PbTrxR (Figs 6B and S3A
Fig).
We next determined basic kinetic parameters for the redox reaction between PbTrx-1 and
PbPhLP-3 (Fig 6C). Measurement of initial velocities at varying PbTrx-1 concentrations (0.5–
50 μM) resulted in a hyperbolic curve characteristic for Michaelis-Menten type saturation
kinetics (Fig 6C and Table 2). The KM for PbTrx-1was determined to be 5.82 μM with a kcat of
1.0 min-1. The rate constant for this reaction was calculated as 1.7 x 105 M-1 min-1.
As some Trx-like proteins of Plasmodium, such as thioredoxin-dependent peroxidase-1
(TPx-1), exhibit antioxidant activity [39], we next determined whether recombinant PbPhLP3 has the capacity to reduce the reactive oxygen compound tert butyl hydroperoxide (TBHP).
TBHP was added to the Trx-reduction assay and reduction of the compound was observed in
Table 2. Comparison between the kinetic parameters of PbPhLP-3 and HsPhLP-3.
PbPhLP-3

HsPhLP-3

Length (AA)

193

226

Mw (kDa)

22.9

26.5

IP

6.5

5.4

KM [μM]

5.82

6.53

Vmax [μM min-1]

10.05

12.61

kcat [min-1]
kcat/KM [M-1 min-1]

1.00

1.26

1.7 x 105

1.9 x 105

https://doi.org/10.1371/journal.pone.0209699.t002
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the presence of PbPhLP-3, demonstrating that PbPhLP-3 has the capacity to reduce TBHP
(Fig 6D). No significant TBHP reduction was observed in the absence of PbPhLP-3. Increasing
TBHP concentrations resulted in a corresponding linear increase of PbPhLP-3 activity suggesting a non-enzymatic reaction mechanism. It should be noted, that significant NADPH oxidation was only detectable at TBHP concentrations in the millimolar range. In comparison,
the antioxidant protein TPx-1 in P. falciparum effectively reduces TBHP in the micromolar
range [7].
The oxidoreductase glutathione reductase (GR) and the tripeptide glutathione (GSH), constitutes the cellular GSH-system, a second major thiol-based redox system present in most
organisms, including Plasmodium [5]. Cross talk between the Trx- and the GSH-systems
occurs frequently [4, 40] and we therefore assessed whether PbPhLP-3 could also serve as target for the GSH system. The thiol-reduction assay was repeated utilizing recombinant PbGR/
GSH in place of PbTrxR/PbTrx-1 (Fig 6E). No significant oxidation of NADPH in the presence or absence of PbPhLP-3 was observed indicating that PbPhLP-3 is not a target for the
GSH-system.

Hypothetical 3D model and site-directed mutagenesis
This is the first report demonstrating redox activity of a PhLP despite the lack of a characteristic active site motif, such as [CXXC]. Examination of the primary sequence shows that
PbPhLP-3 contains six cysteines within its predicted Trx-domain (Fig 7A). Alignment of the
Trx-domains of PbTrx-1 with that of PbPhLP-3 shows that C106 of PbPhLP-3 aligns with the
redox active C33 of PbTrx-1 (Fig 7B). A hypothetical 3D-model using the recently resolved
crystal structure of the Trx-domain of human phosducin-like protein 2 (hPDCL2) [41]) as a
template shows the characteristic Trx-fold, consisting of a central twisted 5-stranded β-pleated
sheet sandwiched by four α-helices (Fig 7C). Notably, the model placed C106 in a position
similar to that of C33 in the active site motif of Plasmodium Trx-1 (PDB ID#2MMN; [42]). We
therefore hypothesized that C106 may facilitate the observed redox activity of PbPhLP-3. To
test this we performed site-directed mutagenesis (Fig 7B) and replaced C106 with serine. The
resulting mutated recombinant protein (PbPhLP-3C106S) expressed and purified as described
for the wild-type protein (PbPhPL-3wt). Repeating the insulin-reduction assay with PbPhLP3wt or PbPhLP-3C106S resulted in a significantly reduced insulin reduction rate in the presense of the mutagenized PbPhLP-3 (S3B Fig). Subsequent testing of PbPhLP-3C106C and
PbPhPL-3wt in the Trx-reduction assay also showed significantly reduced redox-activity with
the mutant PhLP-3C106C (Fig 7D) supporting our hypothesis that C106 plays a significant role
in the redox activity of PbPhLP-3. Notably, this redox active cysteine in the protozoan protein
is conserved throughout the PhLP-3 family (see Fig 4A).

Redox activity is conserved in human PhLP-3
The human and the protozoan PhLP-3 share over 50% sequence identity in the Trx-domain
(Fig 4B), which includes the cysteine identified as redox active in P. berghei. Amino acid alignment indicates that the [TWRC] motif identified in PbPhLP-3 is 75% conserved in the human
homolog with tryptophan (W) in the protozoan sequence replaced by phenylalanine (F) in the
human sequence, resulting in a [TFRC] site (Fig 8A). This raised the hypothesis that HsPhLP3 may also exhibit redox activity. To test this, we cloned, expressed, and purified HsPhLP-3 following the same protocol described above for PbPhLP-3. HsPhLP-3 is located on chromosome
2 in the human genome and codes for a 226 amino acid protein with a calculated molecular
mass of 27 kDa [15]. The size difference of 5 kDa to the protozoan PhLP-3 is due to a longer
C-terminus (30 amino acids) (see Fig 3A and 3B). An SDS gel of the purified HIS-tagged
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Fig 7. Sequence alignment, 3D modeling and site-directed mutagenesis locates redoxactive cysteine in PbPhLP-3. A.
Schematics of PbPhLP-3 showing the predicted domains. The sequence of the thioredoxin domain is shown with all cysteines
underlined. The yellow bar indicates the putative redox active cysteine. Secondary structure prediction within the thioredoxin
domain are also shown. B. Alignment of the PbTrx-1 active site (PDB ID: 2MMN; [42] with the corresponding PbPhLP-3 wt
and mutagenized sequences, respectively. The SDM site is indicated by an arrow. C. Hypothetical model of the Trx-domain of
PbPhLP-3. The recently crystallized Trx-domain of the human phosducin-like protein 2 (hPDCL2) (PDB ID: 3EVI) served as
template [41]. Amino acids of a hypothetical active site are indicated as ball-and-stick representation. D. Trx-reduction assays
comparing redox activities of PbPhLP-3wt and PbPhLP-3C106S.
https://doi.org/10.1371/journal.pone.0209699.g007

HsPhLP-3 revealed two prominent bands under non-reducing conditions, one at about 30
kDa and a second at ~ 80 kDa (Fig 8B). The smaller band corresponded to the HIS-tagged
HsPhLP-3. Running the sample in the presence of DTT or 2-mercaptoethanol caused the 80
kDa band to collapse to the 30 kDa, band suggesting that the larger band represents a thiolbased multimer of recombinant HsPhLP-3.
Following confirmation that recombinant HsPhLP-3 is redox active in the insulin assay
(S3A Fig) we repeated the Trx-reduction assay as described earlier with human Trx-1 (HsTrx1) replacing PbTrx-1 and HsPhLP-3 replacing PbPhLP-3, respectively (Fig 8C). We used
PbTrxR as oxidoreductase, since effective reduction of HsTrx-1 by Plasmodium TrxR had
been described previously [4]. Addition of recombinant HsPhLP-3 to a NADPH/PbTrxR/
HsTrx-1 reaction resulted in rapid oxidation of NADPH comparable to the data we collected
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Fig 8. Redox activity is conserved between Plasmodium and human PhLP-3. A. Sequence alignment around the putative active site (red box) indicates high
conservation, the redoxactive cysteine is highlighted in yellow. Comparison between the hypothetical models of the Plasmodium (red) and the human (blue) PhLP-3
Trx-domains show high structural conservation. Putative active site residues are depicted in Van der Waals mode threonine (green), tryptophan (turquoise),
phenylalanine (purple), arginine (orange), cysteine (yellow). B. SDS Page of PbPhLP-3 purification over a Ni-NTA column. Samples remained either untreated
(UT = untreated) or were pretreated with reducing agents 2-mercaptoethanol (BM) or dithiothretiol (DTT). Solid arrow indicates the size of recombinant HsPhLP-3
protein incl. HIS-tag. The distinct band in the UT lane (dashed arrows) designates a potential multimer of HsPhLP-3. C. Thioredoxin reduction assays show that activity
was detectable only in the presence of all three components.
https://doi.org/10.1371/journal.pone.0209699.g008

for PbPhLP-3, confirming redox activity of HsPhLP-3 (Fig 8C). In a follow-up assay, we
reversed the order of the substrates by starting with an NADPH/HsPhLP-3 mix. The addition
of PbTrxR did not result in significant NADPH oxidation. Subsequent addition of hTrx-1
caused a rapid drop in absorption verifying electron flow from NADPH to PbTrxR to HsTrx-1
to HsPhLP-3 (S3B Fig). We subsequently determined the KM for the reaction between HsTrx1 and HsPhLP-3 to be 6.53 μM with a kcat of 1.26 min-1 and a rate constant of 1.9 x 105 M-1
min-1 (Table 2). These data were consistent with those detected in the PbTrx-1/PbPhLP-3
assay and demonstrate not only that redox activity is conserved between protozoan and
human PhLP-3 but also that either protein can serve as a Trx-1 target protein.
Based on our results we propose the following general reaction scheme for PhLP-3:
1. NADPH + H+ + TrxS2 ⇆ NADP+ + Trx(SH)2 (TrxR catalyzed)
2. Trx(SH)2 + PhLP-3ox ⇆ TrxS2 + PhLP-3red

Discussion
PhLPs are small Trx-domain containing proteins that are highly conserved in eukaryotes from
yeast to human [10, 11, 28, 43] where they interact with trimeric G-proteins [12] and function
as co-chaperones in the cytosolic protein folding machinery [43]. We recently identified three
novel Trx-like genes in the Plasmodium genome as members of the phosducin-like family of
proteins (PhLPs) [10].
In this study, we characterize the first PhLP of a protozoan organism, the rodent malaria
parasite P. berghei. The complex life cycle of Plasmodium spans two very different host organisms and can be generally divided into blood stages, which take place in the mammalian host,
and mosquito stages, which occur in the mosquito. Gene expression profiles for the parasite
can provide information about the significance of a particular gene for a particular
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developmental stage. Our transcription data does not indicate any stage-specific expression for
pbphlp-3. We observed constitutive, low-level expression in the blood- as well as in mosquito
stages of P. berghei. Furthermore, the expression profiles of pbphlp-3 in parasites from the
mosquito blood meal and from parasite cultures are comparable. This suggests that pbphlp-3
expression is largely independent of environmental changes, unlike other Trx-related genes,
such as 1-cys prx and tpx-1 [21]. Data from several Plasmodium transcriptome datasets complement these observations and confirm continuous low-level expression of the pbphlp-3 in all
asexual blood stages [16]. This trend continues during parasite development in the mosquito
bloodmeal. It is worth noting that spectra of PbPhLP-3 were detected in proteomics data sets
of Plasmodium sporozoites [19, 44] supporting our hypothesis that the protein is expressed
throughout the entire parasite life cycle.
Our inability to generate pbphlp-3 deficient P. berghei parasites suggests that pbphlp-3 plays
an essential role in this protozoan organism. This is at least the case for the blood stages of the
parasite as those are the principal developmental stages on which genetic manipulation of Plasmodium is typically performed [26]. Notably, the database for genetically modified rodent
malaria parasites (RMgmDB), which contains information on successful gene disruption in P.
berghei, has no record on a pbphlp-3 knock out parasite [20]. It does, however, contain an
entry describing the successful disruption of pbphlp-2, which does not seem to have any significant effect on blood stage P. berghei [20].
Low-level phlp expression and lack of response to external stimuli have been reported previously in other unicellular organisms, including yeast (plp1). Disruption of the plp1 locus in
Saccharomyces (plp1Δ) does not have any effect on the organism [45]. A similar result was
reported for the phlp-3 gene in the ameba Dictyostelium [13]. Interestingly, in contrast to the
results reported here for pbphlp-3 disruption of the phlp-2 gene in either of these organisms
results in a lethal phenotype [13, 45].
Recombinant PbPhLP-3 is the first member of the PhLP family shown to exhibit redox
activity. It was assumed that PhLPs are not redox active due to the lack of a discernable
[CXXC] active site motif that is characteristic for many redox active Trx and Trx-like proteins
[2, 14, 28]. Furthermore, PbPhLP-3 exhibits thiol-based redox activity facilitated in part by a
cysteine located within the highly conserved Trx-domain. Sequence alignment of PbPhLP-3
with the canonical PbTrx-1 aligns the PbTrx-1 [CGPC] active site motif with the sequence
[TWRC] in PbPhLP-3 [10], which includes the redox active cysteine. It is possible that a second, distant cysteine is involved in the redox mechanism. The hypothetical 3D model of
PhLP-3 and the VMD graphics analysis suggests that C137 could be surface exposed and in a
close enough proximity to C106 to allow for the formation of a disulfide bridge (S6 Fig).
Although this cysteine seems to be conserved in the mammalian homologues it does not occur
in any of the other analyzed species. We are currently investigating their potential roles in the
redox mechanism. The possible involvement of the other amino acids in the [TWRC]
sequence has yet to be investigated. Alternatively, a monothiol mechanism could be employed
by PhLP-3s as has been described for other members of the Trx-superfamily, e.g. certain glutaredoxins [46].
PbPhLP-3 and HsPhLP-3 are reduced by the Trx-system in vitro and exhibit enzyme kinetics similar to those of other recently characterized Trx-like proteins in Plasmodium [7, 38, 47].
This interaction raises the possibility of PhLP-3 being a Trx-target protein in vivo. Supporting
this hypothesis is the lack of activity with the glutathione (GHS) system, which indicates a certain degree of specificty of PbPhLP-3 for Trx-1. It is, however, possible that the GSH-dependent glutaredoxin (Grx), a Trx-1 relative, has the capacity of reducing PhLP-3 as has been
reported for the Trx-like antioxidant protein (AOP) in Plasmodium [7, 48]. AOP, however, is
not reduced by the Trx-system. Two studies investigated potential Trx-target proteins in
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Fig 9. Model showing PhLP-3 as a possible link between the thioredoxin system and the CCT.
https://doi.org/10.1371/journal.pone.0209699.g009

Plasmodium using an affinity pull-down approach [36, 37]. Neither of the reports detected
PhLPs in their assays. This may be due to low cellular PhLP expression levels, or the fact that
PhLP may be complexed with a cellular chaperonin (see below). Nevertheless, the activity with
the Trx-system introduces the means for PhLP-3 to receive reducing equivalents and thus may
represent a link with the cellular redox system (Fig 9).
Redox active Trx and Tlps have been implemented in antioxidant activity against endogenous and exogenous reactive oxygen (ROS) and reactive nitrogen species (RNS) [49].
Although both PhLP-3 proteins investigated here reduce the oxidative compound TBHP, their
efficiencies were several orders of magnitude lower than that of known antioxidant Tlps, such
as TPx-1 [7]. The fact that it requires TBHP concentrations in the millimolar range to detect a
significant flow of electrons may reflect a low substrate affinity or low enzyme activity by
PhLP-3. It should be noted that other ROS, such as hydroxyl radicals, hydrogen peroxide or
nitric oxide compounds have not yet been tested with PhLP-3 and a higher activity with these
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compounds cannot be excluded. However, considering the low-level pbphlp-3 expression in
vivo and the absence of upregulation in the presence of exogenous stresses in the mosquito
midgut we believe it unlikely for PbPhLP-3 to play a role as an effective antioxidant defense
enzyme in the parasite.
Mammalian PhLPs interact with the Chaperonin Containing TCP-1 (CCT) complex [50,
51], a eukaryotic cytosolic chaperonin central to the folding of actin and tubulin [52]. Recently,
the CCT for the human parasite P. falciparum was isolated and shown to be involved in actin
folding [53]. A significant role of PbPhLP-3 in the fundamental process of actin and/or tubulin
folding could explain the lack of viable parasites in the knock-out attempts. Supporting this
hypothesis are observations that show knockdown of phlp-3 in higher eukaryotes causes severe
phenotypes, primarily affecting cytoskeletal architecture and function [28, 43, 54]. Similarly,
overexpression of mammalian phlp-3 in transgenic Chinese Hamster Ovary cells results in
severe structural defects in monomeric tubulin and actin proteins as well as in microtubules
and microfilaments [50, 54, 55]. Consequently, a role for PhLP-3 as co-chaperone for actin
and tubulin in higher eukaryotes has been proposed [15, 56].
How would redox activity of PhLP-3 fit into the concept of a co-chaperone? Structure analysis of a rat PhLP-3/CCT complex shows that monomeric PhLP interacts with the apical portion of the barrel-shaped CCT complex [51] (Fig 9). The N-terminal helix domain as well as
the C-terminal region of PhLP are required for binding to the CCT complex, with the Trxdomain spanning the substrate-binding cavity [15, 51]. While the N-terminal helix domain as
well as the C-terminus are essential for PhLP binding to CCT, the function of the highly conserved Trx-domain has not been investigated [14, 43, 51]. HsPhLP-3 forms a ternary complex
with CCT substrates actin and tubulin, suggesting an active role in the protein folding process
[15]. PhLP-3 could actively be involved in the folding process. Several members of the Trxsuperfamily that exhibit thiol-based redox reactions function as chaperones. Most prominent
are the Protein Disulfide Isomerases (PDI) in the endoplasmic reticulum (ER) of eukaryotic
cells [57] including the Malaria parasite [58] PDIs facilitate client protein folding via the temporary formation of disulfide bridges, a process known as redox-assisted protein folding[59].
PhLP-3 may function in a similar fashion. Inter- or intramolecular disulfide-bridges formed
during the folding process may be reduced by PhLP-3, which in turn receives electrons from
the Trx system or related redox active protein(s). Alternatively, the redox state of PhLP-3 may
serve to regulate its interactions with the CCT complex and thus entry or exit of client proteins
(Fig 9). Transient association of PhLP with the CCT complex has been hypothesized given that
other proteins, such as the prefoldin, compete for the same binding site on the CCT [43, 60].
PhLP-3 may thus function as “gatekeeper” to regulate entry and exit of CCT client proteins,
specifically actin and tubulin. We are currently investigating the in vivo relevance of the PhLP3 redox activity as we hypothesize that PhLP-3 functions as a link between the cellular redox
system and the protein folding machinery.

Conclusion
The characterization of the first protozoan PhLP provides new insights into the functional
capabilities of PhLP-3. It will be important to further investigate the significance of the PhLP-3
redox-activity as it is likely to be fundamentally important for eukaryotic cell biology.
Moreover, the effective reduction of PhLP-3 by the Trx system could represent a link
between the redox regulatory system and the cytosolic protein folding and regulation machinery. Ongoing investigations into the structure-function relationship of PhLPs will give further
insights into the potential protein folding mechanism and regulation of cytoskeletal elements
in eukaryotic cells in general [43] and in protozoan parasite in particular[53].
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Material and methods
Ethics statement
All experimental protocols involving mice, specifically ketamine-induced anesthesia in mice
for mosquito feeds, were approved by the Institutional Animal Care and Use Committee
(IACUC) of Loyola University Chicago (Protocol#1429), which follows the National Institutes
of Health (NIH) guidelines for animal housing and care.

Parasite maintenance and mosquito infections
Plasmodium berghei parasites (ANKA 2.34; originated from the Johns Hopkins Malaria
Research Institute Parasite Core facility [61]) were maintained in female CF-1 mice (Charles
River) for a maximum of four serial passages and regularly passed through Anopheles stephensi
mosquitoes. A. stephensi mosquitoes (Sind-Kasur Nijmegen strain) originated from the
Malaria research group at Radboud University, Nijmegen, Netherlands [62]. Mosquitoes were
reared under standard conditions (30˚C, 80% RH, 12 hrs. light-dark cycle, 5% sucrose solution). Female mosquitoes (5–10 days post emergence) were used in all experiments. Mosquitoes were fed on P. berghei infected mice (10%). Exflagellation (2-4/20x) of parasites was
determined prior to feeding to ascertain parasite maturity. Blood-fed mosquitoes were [62]
maintained at 21˚C and 80% RH to allow for parasite development. Midguts of 40–50 mosquitoes were dissected per experimental time point and transferred to Tri-Reagent RT (MRC
gene) for total RNA extraction. Following each feed, we maintained 20 mosquitoes to verify
infection by counting oocysts following mercurochrome stain of dissected midguts nine days
post-infectious blood meal.

RNA extraction and quantitative real-time RT-PCR (RT-qPCR)
Total RNA was extracted from dissected mosquito midguts using Tri-Reagent RT (MRC)
following manufacturer’s instructions. Isolated RNA was treated with DNAse I (Ambion)
and subsequently quantified using a nanodrop 2000 (Thermo). RNA-samples were either
immediately used for cDNA synthesis or flash frozen and stored at -80˚C. cDNA was synthesized from total RNA with the High Capacity RNA-to-cDNA kit (Applied Biosystems) using
random hexamer primers. Sequences of target genes for primer design were acquired from
Plasmodb (plasmodb.org) (S1 Fig). RT-qPCR was performed on a StepOnePlus machine
(Applied Biosystems) using the Fast SYBR Green Master Mix (Applied Biosystems). Each
sample was run in triplicates and yielded highly comparable Ct values (cycle threshold). No
primer dimers were detected and amplicons exhibited optimal efficiencies. To test specificity
all primer pairs were tested on uninfected mouse blood, non-fed and uninfected blood fed
mosquitoes. No amplification products were detected. Expression data was subsequently
analyzed with the StepOne Software v2.2 (Applied Biosystems) and normalized against the
expression of P. berghei 18s rRNA A-Type, which is an established internal standard for
expression analysis in Plasmodium mosquito stages [21, 63, 64]. For analysis of time course
expression data, the ΔΔCt method was applied using the earliest experimental time point
(T1) as reference sample (RQ = 1). The Mann-Whitney U test was conducted on each candidate gene from both mosquito-derived and from culture-derived parasites. Significance was
assessed at p<0.1 due to the low sample sizes. The non-parametric Mann-Whitney U test
was the appropriate statistical analytical approach to use on this dataset due to the violated
assumptions of independence in the data and the low and unbalanced sample sizes in gene
expression collected at 3, 6, 12, and 24 hours. Statistical analyses were performed in the Rlanguage environment.
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Knock-out construct, parasite preparation, transfection, and selection
strategies
A targeting vector was constructed in plasmid pBS-DHFR. A 516 bp fragment comprising the
5’ flanking sequence and a 348 bp fragment of the 3’ flanking sequence of pbphlp-3 were amplified from P. berghei genomic DNA (S2 Fig). The 5’ fragment was inserted using the ApaI and
HindIII restriction sites immediately upstream of the dhfr/ts cassette while the 3’ fragment was
inserted into the downstream BamH1 and XbaI restriction sites. The dhfr/ts cassette confers
resistance to the antiparasitic compound pyrimethamine. Following sequence verification, the
completed pbphlp-3 KO targeting construct was linearized and purified and then transfected
into cultured and purified P. berghei schizonts as described previously in [24, 27]. The attempt
to generate a pbphlp-3 knockout line was repeated three times.

Cloning, site-directed mutagenesis, expression, and purification of
recombinant PbPhLP-3, PhLP-3C106S, and HsPhLP-3
Gene-specific primers for pbphlp-3 (Plasmodb ID: PBANKA_1204800, NCBI GeneID#:
3423045) and hsphlp-3 (aliases: APACD, TXNDC9; Gene ID# 10190) were generated according
to sequence information on PlasmoDB and NCBI, respectively (S2 Fig). PCRs were performed
using the following conditions: 35 cycles of 95˚C for 30 s, 54˚C for 1 min, and 63˚C for 45 s. Following sequence verification, the pbphlp-3 cds was cloned into the bacterial pQE30 expression
vector (Qiagen) which introduced a 6xHIS tag at the N-terminus of the recombinant protein.
The pbphlp-3 expression plasmid was transformed into E. coli M15 cells (Qiagen). Human
PhLP-3 expression using pQE30 did not work. The hsphlp-3 coding sequence was therefore
cloned into the bacterial pRSET-A expression vector (Thermo Fisher), which also provides an
N-terminal 6xHIS tag. The resulting plasmid was then transformed into BL21(DE3) expression
cells. To generate the mutated pbphlp-3 we utilized the Phusion Site-Directed Mutagenesis kit
(Thermo Fisher). Using two phosphorylated primers, one containing the cysteine to serine
mutation, we modified and amplified the entire pQE30-pbphlp-3 plasmid, which now coded for
PhLPC106S. Protein expression was induced (1 mM IPTG) and bacteria were harvested after a
5 hours incubation period at 37˚C. Recombinant proteins were purified using Ni-NTA resin
(Thermo Scientific). The purity of the recombinant proteins was assessed via SDS-PAGE. Protein concentrations were determined using the Qubit fluorometer (Invitrogen).

Enzyme assays
All enzymatic assays were carried out in 1 ml volume at 25˚C using a Genesys6 UV-Vis spectrophotometer (Thermo Fisher). The insulin reduction assay was conducted as described [32]. Enzymatic activity of the recombinant protein was determined by adding varying amounts of purified
PbPhLP-3, HsPhLP-3 or PbTrx-1 to a reaction mixture containing bovine insulin (44 μg ml-1)
and DTT (1 mM) in a potassium phosphate buffer (100 mM potassium phosphate, 2 mM EDTA,
pH 7.4). The reduction of the insulin disulfide bonds was monitored as an absorbance increase
over time at 650 nm. The coupled enzymatic assays utilizing thioredoxin reductase/thioredoxin
were conducted as previously described [4, 48]. Briefly, oxidation of NADPH was followed as an
absorption decrease at 340 nm. All assays were performed at RT in assay buffer containing 100
mM KH2PO4, 2 mM EDTA, pH 7.4, 200 μM NADPH (ε340 nm = 6.22 mM-1cm-1), and 20 μM
PbTrx-1 (S4 Fig). Each initial reaction was started with PbTrxR and the decrease of absorption at
340 nm was monitored during the linear phase. Initial velocities and kinetic values for each reaction were determined using the VISIONlite (Thermo Fisher) software. Enzyme kinetics were calculated using global curve fit in the Enzyme Kinetics Module of Sigma Plot 12.0.
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Comparative modeling
The hypothetical models of PbPhLP-3 and HsPhLP-3 were generated using Swiss Model
(http://swissmodel.expasy.org; [65]). The crystal structure of the Trx-fold domain of the
human PhLP-2 (PDB ID: 3EVI; [41]) was selected as the template from the RCSB Protein Data
Bank (http://www.rcsb.org/). The models were visualized using the Visual Molecular Dynamics (VMD) molecular graphics program [66].

Supporting information
S1 Fig. PbPhLP-3 translation map and primer positions.
(TIF)
S2 Fig. Primer sequences.
(TIF)
S3 Fig. Insulin assays using PbTrx-1, PbPhLP-3, HsPhLP-3, BSA and PbPhLP-3Wt,
PbPhLP-3C106S. Oxidation of insulin over time in the presence of A. PbTrx-1, PbPhLP-3, and
HsPhLP-3 and B. PbPhLP-3WT and PbPhLP-3C106S, respectively. BSA was used as negative
control.
(TIF)
S4 Fig. Thioredoxin-reduction assays determine order of electron transport. The oxidation
of NADPH was measured as a decrease in absorption at 340 nm over time. A. PbPhLP-3 Reaction 1 (filled circles) was started with a mixture of NADPH and oxidized PbTrx-1. PbTrxR was
added (dashed arrow) and the reduction of PbTrx-1 was allowed to come to completion. Oxidized PbPhLP-3 was then added to the mixture and continuous reduction of NADPH was
observed. Reaction 2 (open circles) was started with a mixture of NADPH and oxidized
PbPhLP-3. PbTrxR was added (dashed arrow) and reduction of NADPH was measured. After
3 min oxidized PbTrx-1 was added and reduction of NADPH was observed. B. The same
experimental approach was used with human Trx-1 and HsPhLP-3 in place of PbTrx-1 and
PbPhLP-3, respectively.
(TIF)
S5 Fig. Conservation of PhLP-3 among murine and human Plasmodium species. Multiple
sequence alignment (Clustal W) of putative PhLP-3 proteins of Plasmodium species P. berghei
(PB), P. chabaudi (PC), P. falciparum (PF), P. knowlesi (PKH), P. vivax (PVX) and P. yoelii
(PY) (“� ” = Identical; “:” = high similarity; “.” = low similarity). The arrow marks the redox
active cysteine describe in this work. The table indicates percent identities.
(TIF)
S6 Fig. 3D model of PbPhLP-3 showing hypothetical intramolecular disulfide bridge formation with in the thioredoxin domain. The Visual Molecular Dynamics (VMD) molecular
graphics program calculated possible intramolecular disulfide bridge formation within
PbPhLP-3. Shown is a energetically possible disulfide bridge between C106 and C137.
(TIF)

Acknowledgments
We thank Loyola University Chicago for financial support, and Dali Liu from the Biochemistry
Department for helpful discussion and manuscript review.

PLOS ONE | https://doi.org/10.1371/journal.pone.0209699 December 31, 2018

17 / 21

Redox-active phosducin-like protein 3

Author Contributions
Conceptualization: Stefan M. Kanzok.
Formal analysis: Kaitlyn Kiernan, Andrew M. Blagborough, Ligin Solamen, Kenneth W.
Olsen, Catherine Putonti, Stefan M. Kanzok.
Funding acquisition: Stefan M. Kanzok.
Investigation: Rachel L. Kooistra, Robin David, Ana C. Ruiz, Sean W. Powers, Kyle J. Haselton, Andrew M. Blagborough, Catherine Putonti.
Project administration: Stefan M. Kanzok.
Supervision: Stefan M. Kanzok.
Visualization: Rachel L. Kooistra, Robin David, Ana C. Ruiz, Sean W. Powers, Kyle J. Haselton, Ligin Solamen, Catherine Putonti, Stefan M. Kanzok.
Writing – original draft: Stefan M. Kanzok.
Writing – review & editing: Rachel L. Kooistra, Kaitlyn Kiernan, Andrew M. Blagborough,
Kenneth W. Olsen, Catherine Putonti, Stefan M. Kanzok.

References
1.

Martin JL. Thioredoxin—a fold for all reasons. Structure. 1995; 3(3):245–50. PMID: 7788290.

2.

Atkinson HJ, Babbitt PC. An atlas of the thioredoxin fold class reveals the complexity of functionenabling adaptations. PLoS computational biology. 2009; 5(10):e1000541. https://doi.org/10.1371/
journal.pcbi.1000541 PMID: 19851441; PubMed Central PMCID: PMC2757866.

3.

Lee S, Kim SM, Lee RT. Thioredoxin and thioredoxin target proteins: from molecular mechanisms to
functional significance. Antioxidants & redox signaling. 2013; 18(10):1165–207. https://doi.org/10.1089/
ars.2011.4322 PMID: 22607099; PubMed Central PMCID: PMC3579385.

4.

Kanzok SM, Schirmer RH, Turbachova I, Iozef R, Becker K. The thioredoxin system of the malaria parasite Plasmodium falciparum. Glutathione reduction revisited. The Journal of biological chemistry. 2000;
275(51):40180–6. https://doi.org/10.1074/jbc.M007633200 PMID: 11013257.

5.

Muller S. Redox and antioxidant systems of the malaria parasite Plasmodium falciparum. Molecular
microbiology. 2004; 53(5):1291–305. https://doi.org/10.1111/j.1365-2958.2004.04257.x PMID:
15387810.

6.

Rahlfs S, Becker K. Thioredoxin peroxidases of the malarial parasite Plasmodium falciparum. European
journal of biochemistry. 2001; 268(5):1404–9. PMID: 11231293.

7.

Nickel C, Rahlfs S, Deponte M, Koncarevic S, Becker K. Thioredoxin networks in the malarial parasite
Plasmodium falciparum. Antioxidants & redox signaling. 2006; 8(7–8):1227–39. https://doi.org/10.1089/
ars.2006.8.1227 PMID: 16910770.

8.

Sinden RE, Dawes EJ, Alavi Y, Waldock J, Finney O, Mendoza J, et al. Progression of Plasmodium berghei through Anopheles stephensi is density-dependent. PLoS pathogens. 2007; 3(12):e195. https://
doi.org/10.1371/journal.ppat.0030195 PMID: 18166078; PubMed Central PMCID: PMC2156095.

9.

Jortzik E, Becker K. Thioredoxin and glutathione systems in Plasmodium falciparum. International journal of medical microbiology: IJMM. 2012; 302(4–5):187–94. https://doi.org/10.1016/j.ijmm.2012.07.007
PMID: 22939033.

10.

Putonti C, Quach B, Kooistra RL, Kanzok SM. The evolution and putative function of phosducin-like proteins in the malaria parasite Plasmodium. Infection, genetics and evolution: journal of molecular epidemiology and evolutionary genetics in infectious diseases. 2013; 13:49–55. https://doi.org/10.1016/j.
meegid.2012.08.023 PMID: 22995278.

11.

Gaudet R, Bohm A, Sigler PB. Crystal structure at 2.4 angstroms resolution of the complex of transducin
betagamma and its regulator, phosducin. Cell. 1996; 87(3):577–88. PMID: 8898209.

12.

Willardson BM, Howlett AC. Function of phosducin-like proteins in G protein signaling and chaperoneassisted protein folding. Cellular signalling. 2007; 19(12):2417–27. https://doi.org/10.1016/j.cellsig.
2007.06.013 PMID: 17658730; PubMed Central PMCID: PMC2095786.

13.

Blaauw M, Knol JC, Kortholt A, Roelofs J, Ruchira, Postma M, et al. Phosducin-like proteins in Dictyostelium discoideum: implications for the phosducin family of proteins. The EMBO journal. 2003; 22

PLOS ONE | https://doi.org/10.1371/journal.pone.0209699 December 31, 2018

18 / 21

Redox-active phosducin-like protein 3

(19):5047–57. https://doi.org/10.1093/emboj/cdg508 PMID: 14517243; PubMed Central PMCID:
PMC204491.
14.

Srinivasan S, Meyer RD, Lugo R, Rahimi N. Identification of PDCL3 as a novel chaperone protein
involved in the generation of functional VEGF receptor 2. The Journal of biological chemistry. 2013; 288
(32):23171–81. https://doi.org/10.1074/jbc.M113.473173 PMID: 23792958; PubMed Central PMCID:
PMC3743489.

15.

Stirling PC, Cuellar J, Alfaro GA, El Khadali F, Beh CT, Valpuesta JM, et al. PhLP3 modulates CCTmediated actin and tubulin folding via ternary complexes with substrates. The Journal of biological
chemistry. 2006; 281(11):7012–21. https://doi.org/10.1074/jbc.M513235200 PMID: 16415341.

16.

Aurrecoechea C, Brestelli J, Brunk BP, Dommer J, Fischer S, Gajria B, et al. PlasmoDB: a functional
genomic database for malaria parasites. Nucleic acids research. 2009; 37(Database issue):D539–43.
https://doi.org/10.1093/nar/gkn814 PMID: 18957442; PubMed Central PMCID: PMC2686598.

17.

Hall N, Karras M, Raine JD, Carlton JM, Kooij TW, Berriman M, et al. A comprehensive survey of the
Plasmodium life cycle by genomic, transcriptomic, and proteomic analyses. Science. 2005; 307
(5706):82–6. https://doi.org/10.1126/science.1103717 PMID: 15637271.

18.

Otto TD, Bohme U, Jackson AP, Hunt M, Franke-Fayard B, Hoeijmakers WA, et al. A comprehensive
evaluation of rodent malaria parasite genomes and gene expression. BMC biology. 2014; 12:86. https://
doi.org/10.1186/s12915-014-0086-0 PMID: 25359557; PubMed Central PMCID: PMC4242472.

19.

Lindner SE, Swearingen KE, Harupa A, Vaughan AM, Sinnis P, Moritz RL, et al. Total and putative surface proteomics of malaria parasite salivary gland sporozoites. Molecular & cellular proteomics: MCP.
2013; 12(5):1127–43. https://doi.org/10.1074/mcp.M112.024505 PMID: 23325771; PubMed Central
PMCID: PMC3650326.

20.

Janse CJ, Kroeze H, van Wigcheren A, Mededovic S, Fonager J, Franke-Fayard B, et al. A genotype
and phenotype database of genetically modified malaria-parasites. Trends in parasitology. 2011; 27
(1):31–9. https://doi.org/10.1016/j.pt.2010.06.016 PMID: 20663715.

21.

Turturice BA, Lamm MA, Tasch JJ, Zalewski A, Kooistra R, Schroeter EH, et al. Expression of cytosolic
peroxiredoxins in Plasmodium berghei ookinetes is regulated by environmental factors in the mosquito
bloodmeal. PLoS pathogens. 2013; 9(1):e1003136. https://doi.org/10.1371/journal.ppat.1003136
PMID: 23382676; PubMed Central PMCID: PMC3561267.

22.

Kawazu S, Nozaki T, Tsuboi T, Nakano Y, Komaki-Yasuda K, Ikenoue N, et al. Expression profiles of
peroxiredoxin proteins of the rodent malaria parasite Plasmodium yoelii. International journal for parasitology. 2003; 33(13):1455–61. PMID: 14572508.

23.

Yano K, Otsuki H, Arai M, Komaki-Yasuda K, Tsuboi T, Torii M, et al. Disruption of the Plasmodium berghei 2-Cys peroxiredoxin TPx-1 gene hinders the sporozoite development in the vector mosquito.
Molecular and biochemical parasitology. 2008; 159(2):142–5. https://doi.org/10.1016/j.molbiopara.
2008.03.002 PMID: 18417228.

24.

Janse CJ, Ramesar J, Waters AP. High-efficiency transfection and drug selection of genetically transformed blood stages of the rodent malaria parasite Plasmodium berghei. Nature protocols. 2006; 1
(1):346–56. https://doi.org/10.1038/nprot.2006.53 PMID: 17406255.

25.

Blagborough AM, Sinden RE. Plasmodium berghei HAP2 induces strong malaria transmission-blocking
immunity in vivo and in vitro. Vaccine. 2009; 27(38):5187–94. https://doi.org/10.1016/j.vaccine.2009.
06.069 PMID: 19596419.

26.

Janse CJ, Franke-Fayard B, Mair GR, Ramesar J, Thiel C, Engelmann S, et al. High efficiency transfection of Plasmodium berghei facilitates novel selection procedures. Molecular and biochemical parasitology. 2006; 145(1):60–70. https://doi.org/10.1016/j.molbiopara.2005.09.007 PMID: 16242190.

27.

Ecker A, Pinto SB, Baker KW, Kafatos FC, Sinden RE. Plasmodium berghei: plasmodium perforin-like
protein 5 is required for mosquito midgut invasion in Anopheles stephensi. Experimental parasitology.
2007; 116(4):504–8. https://doi.org/10.1016/j.exppara.2007.01.015 PMID: 17367780; PubMed Central
PMCID: PMC1916484.

28.

Ogawa S, Matsubayashi Y, Nishida E. An evolutionarily conserved gene required for proper microtubule
architecture in Caenorhabditis elegans. Genes to cells: devoted to molecular & cellular mechanisms.
2004; 9(2):83–93. PMID: 15009089.

29.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
acids research. 2004; 32(5):1792–7. https://doi.org/10.1093/nar/gkh340 PMID: 15034147; PubMed
Central PMCID: PMC390337.

30.

Belli G, Polaina J, Tamarit J, De La Torre MA, Rodriguez-Manzaneque MT, Ros J, et al. Structure-function analysis of yeast Grx5 monothiol glutaredoxin defines essential amino acids for the function of the
protein. The Journal of biological chemistry. 2002; 277(40):37590–6. https://doi.org/10.1074/jbc.
M201688200 PMID: 12138088.

PLOS ONE | https://doi.org/10.1371/journal.pone.0209699 December 31, 2018

19 / 21

Redox-active phosducin-like protein 3

31.

Fernandes AP, Holmgren A. Glutaredoxins: glutathione-dependent redox enzymes with functions far
beyond a simple thioredoxin backup system. Antioxidants & redox signaling. 2004; 6(1):63–74. https://
doi.org/10.1089/152308604771978354 PMID: 14713336.

32.

Holmgren A. Thioredoxin catalyzes the reduction of insulin disulfides by dithiothreitol and dihydrolipoamide. The Journal of biological chemistry. 1979; 254(19):9627–32. PMID: 385588.

33.

Ruan Z, Liu G, Guo Y, Zhou Y, Wang Q, Chang Y, et al. First report of a thioredoxin homologue in jellyfish: molecular cloning, expression and antioxidant activity of CcTrx1 from Cyanea capillata. PloS one.
2014; 9(5):e97509. https://doi.org/10.1371/journal.pone.0097509 PMID: 24824597; PubMed Central
PMCID: PMC4019632.

34.

Sanger F. Fractionation of oxidized insulin. The Biochemical journal. 1949; 44(1):126–8. PMID:
16748471; PubMed Central PMCID: PMC1274818.

35.

Holmgren A. Enzymatic reduction-oxidation of protein disulfides by thioredoxin. Methods in enzymology. 1984; 107:295–300. PMID: 6390091.

36.

Sturm N, Jortzik E, Mailu BM, Koncarevic S, Deponte M, Forchhammer K, et al. Identification of proteins
targeted by the thioredoxin superfamily in Plasmodium falciparum. PLoS pathogens. 2009; 5(4):
e1000383. https://doi.org/10.1371/journal.ppat.1000383 PMID: 19360125; PubMed Central PMCID:
PMC2660430.

37.

Kawazu S, Takemae H, Komaki-Yasuda K, Kano S. Target proteins of the cytosolic thioredoxin in Plasmodium falciparum. Parasitology international. 2010; 59(2):298–302. https://doi.org/10.1016/j.parint.
2010.03.005 PMID: 20307687.

38.

Haselton KJ, David R, Fell K, Schulte E, Dybas M, Olsen KW, et al. Molecular cloning, characterization
and expression profile of a glutathione peroxidase-like thioredoxin peroxidase (TPxGl) of the rodent
malaria parasite Plasmodium berghei. Parasitology international. 2015; 64(3):282–9. https://doi.org/10.
1016/j.parint.2014.02.004 PMID: 24637102.

39.

Komaki-Yasuda K, Kawazu S, Kano S. Disruption of the Plasmodium falciparum 2-Cys peroxiredoxin
gene renders parasites hypersensitive to reactive oxygen and nitrogen species. FEBS letters. 2003;
547(1–3):140–4. PMID: 12860402.

40.

Kanzok SM, Fechner A, Bauer H, Ulschmid JK, Muller HM, Botella-Munoz J, et al. Substitution of the
thioredoxin system for glutathione reductase in Drosophila melanogaster. Science. 2001; 291
(5504):643–6. https://doi.org/10.1126/science.291.5504.643 PMID: 11158675.

41.

Lou X, Bao R, Zhou CZ, Chen Y. Structure of the thioredoxin-fold domain of human phosducin-like protein 2. Acta crystallographica Section F, Structural biology and crystallization communications. 2009; 65
(Pt 2):67–70. https://doi.org/10.1107/S1744309108037342 PMID: 19193988; PubMed Central PMCID:
PMC2635858.

42.

Munte CE, Kalbitzer HR, Schirmer RH. unpublished.

43.

Lundin VF, Leroux MR, Stirling PC. Quality control of cytoskeletal proteins and human disease. Trends
in biochemical sciences. 2010; 35(5):288–97. https://doi.org/10.1016/j.tibs.2009.12.007 PMID:
20116259.

44.

Swearingen KE, Lindner SE, Flannery EL, Vaughan AM, Morrison RD, Patrapuvich R, et al. Proteogenomic analysis of the total and surface-exposed proteomes of Plasmodium vivax salivary gland sporozoites. PLoS neglected tropical diseases. 2017; 11(7):e0005791. https://doi.org/10.1371/journal.pntd.
0005791 PMID: 28759593; PubMed Central PMCID: PMC5552340.

45.

Flanary PL, DiBello PR, Estrada P, Dohlman HG. Functional analysis of Plp1 and Plp2, two homologues
of phosducin in yeast. The Journal of biological chemistry. 2000; 275(24):18462–9. https://doi.org/10.
1074/jbc.M002163200 PMID: 10749875.

46.

Tamarit J, Belli G, Cabiscol E, Herrero E, Ros J. Biochemical characterization of yeast mitochondrial
Grx5 monothiol glutaredoxin. The Journal of biological chemistry. 2003; 278(28):25745–51. https://doi.
org/10.1074/jbc.M303477200 PMID: 12730244.

47.

Sztajer H, Gamain B, Aumann KD, Slomianny C, Becker K, Brigelius-Flohe R, et al. The putative glutathione peroxidase gene of Plasmodium falciparum codes for a thioredoxin peroxidase. The Journal of
biological chemistry. 2001; 276(10):7397–403. https://doi.org/10.1074/jbc.M008631200 PMID:
11087748.

48.

Djuika CF, Fiedler S, Schnolzer M, Sanchez C, Lanzer M, Deponte M. Plasmodium falciparum antioxidant protein as a model enzyme for a special class of glutaredoxin/glutathione-dependent peroxiredoxins. Biochimica et biophysica acta. 2013; 1830(8):4073–90. https://doi.org/10.1016/j.bbagen.2013.04.
020 PMID: 23624334.

49.

Imlay JA. Cellular defenses against superoxide and hydrogen peroxide. Annual review of biochemistry.
2008; 77:755–76. https://doi.org/10.1146/annurev.biochem.77.061606.161055 PMID: 18173371;
PubMed Central PMCID: PMC3057177.

PLOS ONE | https://doi.org/10.1371/journal.pone.0209699 December 31, 2018

20 / 21

Redox-active phosducin-like protein 3

50.

McLaughlin JN, Thulin CD, Hart SJ, Resing KA, Ahn NG, Willardson BM. Regulatory interaction of
phosducin-like protein with the cytosolic chaperonin complex. Proceedings of the National Academy of
Sciences of the United States of America. 2002; 99(12):7962–7. https://doi.org/10.1073/pnas.
112075699 PMID: 12060742; PubMed Central PMCID: PMC123003.

51.

Martin-Benito J, Bertrand S, Hu T, Ludtke PJ, McLaughlin JN, Willardson BM, et al. Structure of the
complex between the cytosolic chaperonin CCT and phosducin-like protein. Proceedings of the
National Academy of Sciences of the United States of America. 2004; 101(50):17410–5. https://doi.org/
10.1073/pnas.0405070101 PMID: 15583139; PubMed Central PMCID: PMC536017.

52.

Ursic D, Sedbrook JC, Himmel KL, Culbertson MR. The essential yeast Tcp1 protein affects actin and
microtubules. Molecular biology of the cell. 1994; 5(10):1065–80. PMID: 7865875; PubMed Central
PMCID: PMC301131.

53.

Olshina MA, Baumann H, Willison KR, Baum J. Plasmodium actin is incompletely folded by heterologous protein-folding machinery and likely requires the native Plasmodium chaperonin complex to enter
a mature functional state. FASEB journal: official publication of the Federation of American Societies for
Experimental Biology. 2016; 30(1):405–16. https://doi.org/10.1096/fj.15-276618 PMID: 26443825;
PubMed Central PMCID: PMC5423778.

54.

Castellano MM, Sablowski R. Phosducin-Like Protein 3 is required for microtubule-dependent steps of
cell division but not for meristem growth in Arabidopsis. The Plant cell. 2008; 20(4):969–81. https://doi.
org/10.1105/tpc.107.057737 PMID: 18390592; PubMed Central PMCID: PMC2390725.

55.

Hayes NV, Josse L, Smales CM, Carden MJ. Modulation of phosducin-like protein 3 (PhLP3) levels promotes cytoskeletal remodelling in a MAPK and RhoA-dependent manner. PloS one. 2011; 6(12):
e28271. https://doi.org/10.1371/journal.pone.0028271 PMID: 22174782; PubMed Central PMCID:
PMC3235111.

56.

Lacefield S, Solomon F. A novel step in beta-tubulin folding is important for heterodimer formation in
Saccharomyces cerevisiae. Genetics. 2003; 165(2):531–41. PMID: 14573467; PubMed Central
PMCID: PMC1462790.

57.

Soares Moretti AI, Martins Laurindo FR. Protein disulfide isomerases: Redox connections in and out of
the endoplasmic reticulum. Archives of biochemistry and biophysics. 2017; 617:106–19. https://doi.org/
10.1016/j.abb.2016.11.007 PMID: 27889386.

58.

Mahajan B, Noiva R, Yadava A, Zheng H, Majam V, Mohan KV, et al. Protein disulfide isomerase assisted protein folding in malaria parasites. International journal for parasitology. 2006; 36(9):1037–48.
https://doi.org/10.1016/j.ijpara.2006.04.012 PMID: 16806221.

59.

Haque SJ, Majumdar T, Barik S. Redox-assisted protein folding systems in eukaryotic parasites. Antioxidants & redox signaling. 2012; 17(4):674–83. https://doi.org/10.1089/ars.2011.4433 PMID: 22122448;
PubMed Central PMCID: PMC3373220.

60.

Martin-Benito J, Gomez-Reino J, Stirling PC, Lundin VF, Gomez-Puertas P, Boskovic J, et al. Divergent
substrate-binding mechanisms reveal an evolutionary specialization of eukaryotic prefoldin compared
to its archaeal counterpart. Structure. 2007; 15(1):101–10. https://doi.org/10.1016/j.str.2006.11.006
PMID: 17223536.

61.

Srinivasan P, Abraham EG, Ghosh AK, Valenzuela J, Ribeiro JM, Dimopoulos G, et al. Analysis of the
Plasmodium and Anopheles transcriptomes during oocyst differentiation. The Journal of biological
chemistry. 2004; 279(7):5581–7. https://doi.org/10.1074/jbc.M307587200 PMID: 14627711; PubMed
Central PMCID: PMC4674691.

62.

Eldering M, Bompard A, Miura K, Stone W, Morlais I, Cohuet A, et al. Comparative assessment of An.
gambiae and An. stephensi mosquitoes to determine transmission-reducing activity of antibodies
against P. falciparum sexual stage antigens. Parasites & vectors. 2017; 10(1):489. https://doi.org/10.
1186/s13071-017-2414-z PMID: 29041962; PubMed Central PMCID: PMC5646129.

63.

Thompson J, van Spaendonk RM, Choudhuri R, Sinden RE, Janse CJ, Waters AP. Heterogeneous
ribosome populations are present in Plasmodium berghei during development in its vector. Molecular
microbiology. 1999; 31(1):253–60. PMID: 9987126.

64.

Yano K, Komaki-Yasuda K, Kobayashi T, Takemae H, Kita K, Kano S, et al. Expression of mRNAs and
proteins for peroxiredoxins in Plasmodium falciparum erythrocytic stage. Parasitology international.
2005; 54(1):35–41. https://doi.org/10.1016/j.parint.2004.08.005 PMID: 15710548.

65.

Arnold K, Bordoli L, Kopp J, Schwede T. The SWISS-MODEL workspace: a web-based environment
for protein structure homology modelling. Bioinformatics. 2006; 22(2):195–201. https://doi.org/10.1093/
bioinformatics/bti770 PMID: 16301204.

66.

Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics. Journal of molecular graphics.
1996; 14(1):33–8, 27–8. PMID: 8744570.

PLOS ONE | https://doi.org/10.1371/journal.pone.0209699 December 31, 2018

21 / 21

