


This is an Open Access article distributed in accordance with the Creative Commons Attribution 4.0 
International license (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in 
any medium, provided the original author and source are credited. 
See: https://creativecommons.org/licenses/by/4.0/    

This article originally published in PLoS One available 
at: http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0148517  

Daniyan, M., Boshoff, A., Prinsloo, E., Pesce, E., and Blatch, G. (2016) The malarial exported 
PFA0660w is an Hsp40 co-chaperone of PfHsp70-x. PLoS One, 11(2). 
DOI:  10.1371/journal.pone.0148517  

 











Results and Discussion

PFA0660w was successfully purified and exists as a monomer in
solution
PFA0660w was over-expressed in E. coliM15[pREP4] cells, reaching maximum expression lev-
els within 3 h post induction. The protein was largely insoluble and solubilization in buffer
containing urea/DTT/EDTA, and refolding in DTT/EDTA/glycerol/PEG/sucrose containing
buffers resulted in improved yield. Western analysis showed that PFA0660w was successfully
purified and the elutions were void of DnaK (Fig 1A). The secondary structure analysis by
FTIR (Fig 1B) revealed a high β-sheet content (38.17%) compared to α-helices (13.03%), which

Fig 1. PFA0660w exists as a monomer in solution. (A): SDS-PAGE (upper panel) and western analysis
(lower panel) of PFA0660w purification from E. coli. NL, whole cell lysis supernatant and PL, supernatant
obtained from urea-solubilized pellets. E1 to E6, elution fractions following purification from PL. The arrow
indicates PFA0660w on the SDS-PAGE gel. M is the protein molecular mass marker in kDa. Lower panels
show western analysis with anti-His (1:5000) and anti-DnaK primary antibodies (1:5000) for confirmation of
the presence of PFA0660w and lack of DnaK respectively. (B) The spectra of the amide I region (1600–1700
cm-1) of normalized native PFA0660w samples (upper panel) and secondary structure analysis (lower
panel). The infrared spectra were deconvoluted and the peaks fitted with Gaussian curves. The Gaussian
curves are shown as symmetrical peaks underneath the deconvoluted infrared spectra. The assigned
secondary structures are shown at the top of each peak. Relative contents of the secondary structure
calculated as the proportion of the peaks areas to the total area under the curve are 38.17% β-sheets,
38.82% turns, 13.03% α-helix, 12.57% unordered and 1.41% un-assigned. (C) Analysis of the FPLC
chromatographs of PFA0660w at 0.11 mg/ml for the upper panel and 0.54 mg/ml for the lower panelwith an
injection volume of 2 ml. The elution volumes for the standards are indicated with black filled arrowheads and
were determined by peak integration as follows: 43.79 ml for blue dextran (BD), 62.19 ml for catalase (C),
71.35 ml for BSA (B), 80.30 ml for ovalbumin (O), 87.99 ml for carbonic anhydrase (CA) and 96.25 for RNase
A (R). Molecular masses in kDa are given in parenthesis and blue dextran was used to determine the void
volume. Western analysis with anti-His antibody (1:5000) of elution volumes 78, 79 and 80 ml are inserted.

doi:10.1371/journal.pone.0148517.g001
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correlated well with the predicted secondary structure content from homology modelling of
the C-terminal domain (data not shown) of high β-sheet content (44.3%) compared to α-heli-
ces (12.0%). Most Hsp40 proteins have been found to exist as homodimers, and dimer forma-
tion has also been shown to be important for functionality [48–52]. Therefore, the oligomeric
state of PFA0660w was investigated. Size exclusion chromatography revealed a single major
peak when using two different concentrations of purified PFA0660w (Fig 1C). Western analy-
sis of the fractions confirmed that the major peak was PFA0660w. This peak eluted similarly to
ovalbumin (45 kDa) (Fig 1C), indicating a predicted molecular mass for PFA0660w that was
slightly higher than that predicted for a monomer (~41 kDa), but lower than that predicted for
a dimer (~82 kDa). This suggested that PFA0660w existed in solution as a monomer with an
extended conformation. However, since dimerization can occur upon ligand binding, it cannot
be excluded that PFA0660w may form dimers or heterodimers, for instance with PFE0055c
within the J-dots in vivo when interacting with its partner proteins and substrates.

PFA0660w selectively stimulated the ATPase activity of PfHsp70-x
Given that PFA0660w has been shown to be physically associated with PfHsp70-x in J-dots, we
tested its ability to modulate the ATPase activities of PfHsp70-x, HSPA1A (another potential
partner) and PfHsp70-1 (an unlikely partner). The basal specific ATPase activities for
PfHsp70-x, PfHsp70-1 and HSPA1A were comparable, with values of 12.79 ± 0.13, 9.15 ± 0.26

Fig 2. PFA0660w stimulates the ATPase activity of PfHsp70-x. The bar graphs show the basal and
PFA0660w-stimulated ATPase activities of PfHsp70-x (A), PfHsp70-1 (B) and HSPA1A (C) expressed as
mean ± SEM. Each set of bar graphs represents the fold increase in the ATPase activity of the Hsp70 alone
(0.4 μM) or in combination with sub-molar (0.2 μM), equimolar (0.4 μM) and molar excess (0.8 μM)
concentrations of PFA0660w or equimolar (0.4 μM) concentration of Hsj1a. The boiled samples of Hsp70s
and native sample of Hsj1a serve as negative and positive controls respectively. All samples were corrected
for spontaneous ATP hydrolysis before normalization to obtain fold increase. Error bars are indicated on each
bar and * indicates statistical significance at P<0.05 relative to basal ATPase value for respective chaperone
using Student T-test. constituents that were either included or omitted from the reaction medium are indicated
by (+) or (-) sign, respectively. Shown here are the combined data from three independent experiments
performed in triplicate using at least three batches of independently purified proteins for each experiment.

doi:10.1371/journal.pone.0148517.g002
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Fig 3. PFA0660w suppresses rhodanese aggregation.Rhodanese aggregation suppression assays were
performed for 20 min at room temperature. (A) The curves of absorbance at 320 nm (x 102) versus time (min)
showing aggregation of rhodanese alone (1.5 μMRh, filled black squares) or in the presence of a range of
concentrations (filled triangles) of recombinant PFA0660w (PFA). PFA0660w concentrations are shown at
the end of each progress curve. The error bars are indicated for each plotted data. The absorbance values
were multiplied by 102 so that the calculated errors can be clearly seen on the graph. Twenty time points were
used to plot the progress curves. PFA0660w showed a concentration-dependent suppression of rhodanese
aggregation. (B) Bar graphs showing the comparison of the effects of 1.5 μM of PFA0660w, PfHsp70-1,
PfHsp70-x and HSPA1A on rhodanese aggregation. Both PFA0660w and PfHsp70-1 produced a complete
suppression at 1.5 μM. (C) The effect of PFA0660w (0.5 μM) on rhodanase aggregation suppression activity
of PfHsp70-x (1.0 μM), PfHsp70-1 (0.25 μM) and HSPAIA (1.0 μM) respectively. BSA (1.5 μM) was used as a
control, and the rhodanese aggregation in the presence of BSA was set as 100% (not shown). Error bars are
indicated. An * or # indicates statistical significance at P<0.05 when compared to rhodanese or to both
Hsp70s and PFA0660w respectively, using Student T-test. InC, constituents that were either included or
omitted from the reaction medium are indicated by (+) or (-) sign, respectively. Shown here are the combined
data from three independent experiments performed in triplicate using at least three batches of independently
purified proteins for each experiment.

doi:10.1371/journal.pone.0148517.g003
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and 8.40 ± 0.16 nmol Pi/min/mg, respectively. In the presence of PFA0660w, the results
showed a concentration-dependent and a statistically significant (P<0.05) increase in the stim-
ulation of the ATPase activity of PfHsp70-x while the stimulation of PfHsp70-1 and HSPA1A
was neither concentration-dependent nor significant (Fig 2A–2C). A previously used positive
control Hsp40, Hsj1a [14,23,32], significantly stimulated the ATPase activity of each Hsp70 as
expected (Fig 2A–2C). Neither Hsj1a nor PFA0660w displayed any ATPase activity (data not
shown). The ATPase assays showed that all of the Hsp70s were functional as their basal activi-
ties could be stimulated by the control Hsj1a. In contrast to Hsj1a, PFA0660w only stimulated
the ATPase activity of PfHsp70-x, suggesting functional specificity for the exported Hsp70.

PFA0660w is able to suppress the aggregation of rhodanese
Since PFA0660w could specifically stimulate the ATPase activity of PfHsp70-x, we next tested
its ability suppress protein aggregation alone and together with PfHsp70-x, HSPA1A and
PfHsp70-1. PFA0660w produced a concentration-dependent decrease in the aggregation of
chemically denatured rhodanese when used on its own (Fig 3A). This indicated that
PFA0660w possessed independent protein aggregation suppression activity. PFA0660w and

Fig 4. Kinetics of the Interaction of PFA0660wwith PfHsp70-x, PfHsp70-1 and HSPA1A. Shown are the
representative concentration dependent SPR sensorgrams of increasing concentrations of PFA0660w (200–
1000 nM) passed over the immobilised Hsp70s in the presence of 1 mM ATP. Solid grey and dotted black
lines indicate collected sensorgram data and data fits respectively. Regions selected for data fitting were 20 s
after analyte injection and 20 s before end of injection for association phase. Region selected was based on
dy/dx derivitization of data. The exponential decay model was fit to the stable portion of the dissociation
phase. The lower panel shows the kinetic rate constants from separate association and dissociation curve
non-linear regression fits (mean ± standard deviation frommultiple replicates; n = 3), and equilibrium
dissociation constants (KD values) calculated from the kinetic rate constants. The interaction assays for each
replicate were generated with freshly prepared analytes and ATP. All data were double referenced using
buffer blanks and blank channel.

doi:10.1371/journal.pone.0148517.g004
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