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a  b  s  t  r  a  c  t

Plasmepsin  V,  a membrane-bound  aspartic  protease  present  in Plasmodium  falciparum,  is involved  in
the export  of  malaria  parasite  effector  proteins  into  host  erythrocytes  and  therefore  is a potential  target
for  antimalarial  drug  development.  The  present  study  reports  the  bacterial  recombinant  expression  and
initial  characterization  of  zymogenic  and  mature  plasmepsin  V.  A  484-residue  truncated  form  of  pro-
plasmepsin  (Glu37–Asn521)  was  fused  to  a fragment  of  thioredoxin  and  expressed  as inclusion  bodies.
Refolding  conditions  were  optimized  and zymogen  was  processed  into  a mature  form  via  cleavage  at  the
Asn80-Ala81  peptide  bond.  Mature  plasmepsin  V exhibited  a pH optimum  of  5.5–7.0  with  Km and  kcat

of 4.6  �M and  0.24  s−1, respectively,  at pH  6.0  using  the substrate  DABCYL-LNKRLLHETQ-E(EDANS).  Fur-
thermore,  the  prosegment  of proplasmepsin  V  was  shown  to be  nonessential  for refolding  and  inhibition.
Unexpectedly,  unprocessed  proplasmepsin  V  was  enzymatically  active  with  slightly  reduced  substrate
affinity  (∼2-fold),  and  similar  pH optimum  as  well  as turnover  compared  to the  mature  form.  Both  zymo-
lasmodium falciparum genic and  mature  plasmepsin  V were  partially  inhibited  by  pepstatin  A as well  as  several  KNI  aspartic
protease  inhibitors  while  certain  metals  strongly  inhibited  activity.  Overall,  the present  study  provides
the  first  report  on  the nonessentiality  of  the  prosegment  for plasmepsin  V  folding  and  activity,  and  there-
fore,  subsequent  characterization  of  its  structure-function  relationships  of  both  zymogen  and  mature

t  of n
forms  in  the  developmen

. Introduction

Malaria afflicts up to 500 million people annually of which 1–2
illion cases are deadly [1]. It is primarily spread through the bite

f Anopheles mosquitos which transmit protozoans of the genus

lasmodium, namely P. falciparum,  P. vivax, P. ovale, P. malariae and
. knowlesi [2]. P. falciparum,  the most virulent malaria parasite, is
esponsible for nearly all malarial deaths [3]. After nearly a century

Abbreviations: DABCYL, 4-((4-(dimethylamino)phenyl)azo)benzoic acid;
DANS, 5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid; KNI, kinostatin;
HAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate; CHES,
-(cyclohexylamino)ethanesulfonic acid; MES, 2-(N-morpholino)ethanesulfonic
cid.
∗ Corresponding author. Tel.: +604 822 1219.

E-mail address: r.yada@ubc.ca (R.Y. Yada).
URL: http://www.landfood.ubc.ca (R.Y. Yada).

ttp://dx.doi.org/10.1016/j.molbiopara.2014.10.004
166-6851/© 2014 Elsevier B.V. All rights reserved.
ovel  inhibitors  with  potential  antimalarial  activities  is warranted.
©  2014  Elsevier  B.V.  All  rights  reserved.

of success in reducing its spread there has been a resurgence of
malaria during the past two  decades due to increased resistance of
the parasites to available drugs and insecticides. Hence, there is an
urgent need for engineering new antimalarial compounds having
novel mechanisms of action.

Ten plasmepsins (PMs) have been reported from the genome of
P. falciparum,  four of which (PMs I, II, IV and histo-aspartic protease)
have been shown to be involved in hemoglobin degradation in the
food vacuole of the parasite [4–6]. These have been potential tar-
gets for developing novel antimalarials [4], however, it was recently
reported that the endoplasmic reticulum aspartic protease PMV  [7]
could be a superior target for malaria control [8–10]. In order to sur-
vive and promote its virulence, the parasite must export hundreds
of its proteins beyond an encasing vacuole and membrane into the

host red blood cell [11,12]. These exported proteins are synthe-
sized in the endoplasmic reticulum having the Plasmodium export
element (PEXEL), a pentameric motif (R/KxLxE/Q/D) [11,12]. PMV
is responsible for cleavage of PEXEL [8,9,13] and is thus required

dx.doi.org/10.1016/j.molbiopara.2014.10.004
http://www.sciencedirect.com/science/journal/01666851
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molbiopara.2014.10.004&domain=pdf
mailto:r.yada@ubc.ca
http://www.landfood.ubc.ca
dx.doi.org/10.1016/j.molbiopara.2014.10.004
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or parasite protein export mediation [8,9,13,14]. For this reason,
MV could be an important target in the development of novel,
ffective antimalarial drugs [8–10] particularly in consideration of
ecently published findings regarding the engineering of a PEXEL-
imetic inhibitor that was shown to effectively kill P. falciparum

arasites via direct action against PMV  in vivo [15], a potentially
ritical advance in the fight against malaria.

In order to facilitate the development of specific inhibitors
ith antimalarial activities, the elucidation of structure–function

elationships of PMV, particularly with respect to its modes of pro-
eolysis, inhibition and activation, are important starting points
n working toward a level of understanding that facilitates struc-
ure elucidation, and ultimately inhibitor design. The present study
eports the recombinant expression, pH conditions for optimal
ctivity, inhibitor testing, and most importantly the finding that the
rosegment is apparently non-essential for obtaining proteolytic
ctivity and ligand binding.

. Materials and methods

.1. Materials

pET32b(+) and pET19b(+) vectors, Escherichia coli Rosetta-gami
 (DE3)pLysS, BugBusterTM reagent and u-MACTM cartridges
ere purchased from Merck KGaA (Darmstadt, Germany).

 synthetic 44-residue peptide corresponding to the PMV
rosegment (ENKIDNVGKKIENVGKKIGDMENKNDNVENKND-
VGNKNDNVKN) was purchased from GenicBio (Shanghai, China).

 quenched fluorescent synthetic peptide substrate (HRPII; 4-(4-
imethylaminophenyl) diazenylbenzoic acid (DABCYL)-
NKRLLHETQ-E(5-[(2-Aminoethyl)amino]naphthalene-1-sulfonic
cid) (EDANS), and L → A mutant HRPII DABCYL-LNKRLAHETQ-
(EDANS), was purchased from CanPeptide (Pointe-Claire, QC,
anada). All other chemicals and media were obtained from Fisher
cientific Canada (Nepean, ON, Canada) or Sigma–Aldrich (St.
ouis, MO,  USA).

.2. Cloning and construction of soluble expression vectors

The gene encoding for zymogenic PMV  (proPMV) [9] was
mplified from the genomic DNA of Plasmodium falciparum 3D7
MR4/American Type Culture Collection, Manassas, VA, USA) using
rimers PMVF109 (5′GCACCATGGAAAATAAAATTGACAATGTTG)
nd PMVR1563 (5′AATCCATGGCTAATTAGATGGGCATTTAGATTC).
roduct was digested with NcoI and ligated into pET32b(+) yield-
ng pET32b-proPMV wherein proPMV was fused to a fragment of
hioredoxin (trx).

.3. Subcloning and construction of insoluble expression vectors

E. coli codon-optimized synthetic genes for mature PMV
nd proPMV were purchased from GenScript (Piscataway, NJ,
SA). The former was amplified using primers optVF241 5′GCAC-
ATGGCGAGCTCTGATCTGTATAAATAC and optVR1563 5′AATCTCG-
GTTAATGGTGATGGTGATGGTGGTTACTCGGACACTTAGATTC, and
ubsequently subcloned into pET19b(+) at the NcoI and XhoI
estriction sites to produce pET19b-PMV containing a C-terminal
is6 tag. ProPMV was  amplified using primers optVF109Htag
′GCACCATGGCTCATCATCATCATCATCATGAAAACAAGATCGATAA-
GTG and optVR1563 5′AATCTCGAGTTAGTTACTCGGACACTTAG-

TTC, and inserted at the Nco I and Xho I restriction sites yielding
ET19b-proPMV. Control protein products were made as well
y producing Asp118Ala mutants (Ala knockout of the critical
atalytic Asp118) for both PMV  and proPMV. The mutants were
l Parasitology 197 (2014) 56–63 57

made using QuickChangeTM Site-Directed Mutagenesis (Agilent
Technologies, Santa Clara, CA, USA).

2.4. Expression, solubilization, refolding, and purification

E. coli Rosetta-gami B (DE3)pLysS (for soluble expression)
transformed with expression vector constructs were cultured,
induced and harvested as per the manufacturer’s instructions.
Frozen cell pellets were resuspended in BugBusterTM cell lysis
reagent and incubated at room temperature for 20 min  with gen-
tle shaking. Soluble and insoluble materials were separated by
centrifugation at 16,000 × g for 20 min  at 4 ◦C. Insoluble protein
was solubilized in 50 mM Tris–HCl pH 9.0 buffer containing 8 M
urea and 10 mM �-mercaptoethanol. To optimize refolding condi-
tions, solubilized protein solution was diluted 20-fold in various
refolding buffers having different pH, ratio of oxidized:reduced
glutathione, as well as addition of varying concentrations of
urea, NaCl, glycerol, 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS), MgSO4, Tween-20, Triton X-100,
sucrose, arginine, 2-(cyclohexylamino)ethanesulfonic acid (CHES)
and KCl. Refolding efficiency was  assessed as per Russo et al. [9].

Refolded protein was purified by size-exclusion chromatog-
raphy using a Superose12 10/300 GLTM column (GE Healthcare
Bio-Sciences, Piscataway, NJ, USA) in 50 mM Tris–HCl pH 8.0 fol-
lowed by MonoQTM HP anion exchange pre-equilibrated with
50 mM Tris–HCl pH 8.0, and eluted with a linear gradient to 1 M
NaCl. Fractions were screened for target protein by non-reducing
SDS–PAGE and enzyme activity assays. Fractions containing
monomers with relatively high activity were pooled and further
purified by cobalt affinity chromatography using a 1 mL  u-MACTM

cartridge. Eluent was dialyzed against 50 mM Tris–HCl pH 8.0
containing 10 mM EDTA at 4 ◦C (10,000-fold dilution) and was sub-
sequently stored at −20 ◦C.

2.5. Activation of PMV

In order to determine optimal activation pH, 2 �g of purified
Trx-proPMV were incubated in pH 5.0–9.5 buffers at 37 ◦C for 12 h.
Activation was  determined by SDS-PAGE band-shifting.

2.6. SDS-PAGE and N-terminal sequencing

SDS-PAGE was  performed according to the method of Laemmli
[16] using a Mini-Protean II electrophoresis cell (Bio-Rad, Hercules,
CA, USA). N-terminal sequence analysis was  done by the Advanced
Protein Technology Centre (Toronto, ON, Canada).

2.7. Proteolytic activity pH-optimum

pH-optima were determined using 10 nM enzyme, 5 �M sub-
strate HRPII at 37 ◦C and pH 3.0–9.0. Assay detection was  performed
using a Victor2TM 1420 Multilabel Counter (Perkin Elmer, Wood-
bridge, ON, Canada) with �excitation at 335 nm and �emission at
500 nm [17].

2.8. Enzyme kinetics and inhibition

Kinetic parameters were determined at 37 ◦C in 50 mM MES
buffer pH 6.0 containing 0.005% Tween-20 using 10 nM PMV  or
proPMV and 0.10–12 �M HRPII peptide substrate. Initial reac-
tion rates were determined by converting the slope of the linear
portion of the curve (�fluorescence min−1) to �mol min−1 using

a conversion factor of 845,582 �M−1 derived from a standard
curve for HRPII substrate fully digested by commercial yeast
proteinase A (Sigma–Aldrich, Oakville, ON, Canada). Non-linear
regression analysis using the Michaelis–Menten model was applied
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Fig. 1. Purification and processing of Trx-proPMV. (A) Purification of Trx-proPMV
using size-exclusion chromotography at 0.5 mL/min with 0.5 mL fractions collected
(note that the chromatogram begins after the 7 mL  void volume). (B) Non-reducing
15% SDS-PAGE analysis of size exclusion chromotography fractions; Lane “M”: pro-
tein marker, lanes 1–9: fractions 1–9 (i.e., the first 9 min of the chromatography run
from (A) above); “AP”: aggregation protein, “MP”: monomeric protein. (C) Reduc-
ing 15% SDS-PAGE analysis of fractions from size exclusion chromotography as in
(B) above; “F”: Trx-proPMV fusion protein. (D) SDS-PAGE band shifting indicated
that Trx-proPMV was processed when incubated for 12 h at various pH values at
8 H. Xiao et al. / Molecular & Bioch

or the determination of kinetic parameters. Inhibition assays
ested various protease inhibitors and cations at 37 ◦C in 50 mM
-(N-morpholino)ethanesulfonic acid (MES) pH 6.0 with 0.005%
ween-20. Ten nM enzyme was pre-incubated with inhibitor or
ation for 5 min  prior to the addition of 5 �M substrate. Ki val-
es for pepstatin A, kenostatin (KNI)-10742 and KNI-10743 were
etermined using the equation of Cheng and Prusoff [18].

. Results and discussion

.1. Identification of recombinant mature PMV

The ability to recombinantly produce substantial quantities of
ure, active PMV  is critical to the elucidation of its biochemi-
al characteristics, and eventual determinations of its structure
nd modes of inhibition. Bacterial expression as inclusion bod-
es was previously reported for establishing PMV’s PEXEL-cleaving
ole [9]; however, soluble expression and biochemical charac-
erization of PMV  remained to be conducted. A dual-approach
as attempted for soluble expression such that a truncated PMV

equence (Glu37–Asn521) was used in combination with deletion
f both the N- and C-terminal membrane-binding domains. This
MV form was then fused to a highly soluble thioredoxin frag-
ent and fusion protein was subsequently expressed in E. coli

osetta-gami B (DE3)pLysS. Fusion protein was identified by West-
rn blotting using anti-thioredoxin primary antibody (Invitrogen,
urlington, ON, Canada) as well as N-terminal sequence analysis.

Soluble expression of fusion protein in usable quantities was
nsuccessful (data not shown), therefore, inclusion bodies were
hen refolded and purified for subsequent analyses. Various condi-
ions that were previously reported to aid in refolding [21,22] were
creened, and assessment of refolding efficiency was  based on HRPII
ubstrate activity and amount of aggregation detected by non-
educing SDS-PAGE. The best combination for refolding was  50 mM
ris–HCl pH 9.0 containing 0.5 mM oxidized glutathione, 1.25 mM
educed glutathione and 250 mM arginine (data not shown). The
ddition of arginine was essential for refolding PMV, an ingredi-
nt whose mode of action is attributed to its ability to suppress
ggregation [23,24].

The refolded Trx-proPMV solution was subjected to size-
xclusion chromatography (Fig. 1A) and fractions were analyzed
y non-reducing and reducing SDS–PAGE (Fig. 1B and C, respec-
ively). The results showed that fractions 2–4 consisted of higher

olecular weight aggregates whereas fractions 6–9 contained
he principal monomeric form. The latter were pooled and sub-
equently incubated overnight at 37 ◦C at various pH values
o determine optimal activation conditions. Trx-proPMV under-
ent slow activation between pH 6.0 and 9.5 as evidenced by

 band shift from 73 kDa (Trx-proPMV) to 56 kDa (proPMV), and
hen further to 51 kDa (PMV) (Fig. 1D). N-terminal sequencing
evealed that cleavage occurred where the fusion partner enteroki-
ase recognition sequence (underlined) joins proPMV (italisized)
. . .DDDDKAMENK. . .).  Subsequent cleavage between Asn80-Ala81
ithin proPMV resulted in release of 51 kDa PMV. The activation
rocess was slow and did not go to completion even after three
ays at 37 ◦C, but rather led to degradation (data not shown).

.2. Characterization of recombinant mature PMV

Although the preceeding method for obtaining active solu-
le PMV did produce active enzyme, it did not result in useable

mounts of pure sample for biochemical characterization or
tructure determination. To characterize mature length PMV,
la81-Asn521 (i.e., no prosegment) was directly expressed as inclu-
ion bodies, solubilized and re-folded as outlined in Section 2. In
37 ◦C; “CK”: fusion protein negative control; “F”: fusion protein Trx-proPMV; “Z”:
zymogenic proPMV, and “M”: mature PMV.

addition to desirable refolded monomers, non-reducing SDS-PAGE
indicated that higher molecular-weight disulfide bond multimers
were formed (data not shown) which were separated by anion
exchange and size exclusion chromatography, and were shown to
have virtually no activity with synthetic HRPII peptide substrate.
Purity of PMV  was  verified by both reducing and non-reducing
SDS-PAGE (Fig. 2A). To exclude contaminant proteolytic activity,
inactive Asp118Ala PMV  mutant was expressed, refolded and puri-
fied as a negative control and was verified to show no activity (data
not shown).

Recombinant PMV  did not hydrolyze synthetic peptide EDANS-
CO-CH2-CH2-CO-ALERMFLSFP-Dap(DABCYL)-OH, a substrate
specific for food vacuolar PMI, PMII, PMIV and HAP [17,19,20]. This
lack of activity for a standard PM cleavage site is consistent with
previous reports that PMV  is highly specific for the PEXEL sequence
R/KxLxE/Q/D [8,9,13]. A pH-activity profile was  generated based
on hydrolysis of HRPII peptide (Fig. 2B). Similar to that reported for

natural-source wild-type PMV  [8], recombinant PMV showed a pH
optimum between 5.5 and 7.0. The pH-stability of the recombinant
form was also examined by 1 h incubation at 37 ◦C (pH 3.0–11.0)
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Fig. 2. Partial characterization of PMV. (A) SDS-PAGE gel for 1 �g of purified PMV  under reducing (lane 1) and non-reducing (lane 2) conditions. Lane “M”; protein molecular
weight  marker. (B) Enzyme activity of PMV  as a function of pH. Enzyme activity was  determined as described in Section 2, and percent activity is expressed relative to the
highest observed activity. Values are reported as the mean ± SD from triplicate determinations. (C) Enzyme stability of PMV  as a function of pH. Samples at the indicated pH
v 37 ◦C. Percent activity is expressed relative to control sample at 4 ◦C. Values are reported
a rnally quenched fluorescent HRPII peptide substrate. Kinetic assays were completed over
t 05% Tween 20 at 37 ◦C.

f
s
p
3
P
t
0

w
(
A
f
H
c
t
P

3

i
t
o
H
a
s
p
a
w
i
t
a

Table 1
Effects of protease inhibitors and various cations on PMV  activity.

Inhibitor/cation Concentration (�M) Relative activity (%) ± SD

Pepstatin A 10 60 ± 5
KNI764 10 73 ± 2
KNI10006 10 77 ± 1
KNI10333 10 81 ± 3
KNI10343 10 68 ± 1
KNI10395 10 77 ± 0.1
KNI10742 20 65 ± 5
KNI10743 20 60 ± 3
G16 10 80 ± 5
Saquinavir 12.5 94 ± 3
PMSF 1000 102 ± 6
Leupeptin 25 112 ± 3
ALLN 25 110 ± 1
EDTA 10,000 128 ± 1
Cu2+ 25 1.0 ± 0.5
Hg2+ 25 0.8 ± 0.6
Zn2+ 25 36 ± 3
K+ 25 98 ± 1
Ca2+ 25 94 ± 3
Mn2+ 25 93 ± 4
Ni2+ 25 39 ± 3
Co2+ 25 81 ± 5
Fe2+ 25 41 ± 2
Fe3+ 25 14 ± 1
Mg2+ 25 94 ± 3
Na+ 25 95 ± 2
alues were incubated at 37 ◦C for 1 h prior to activity determination at pH 6.0 and 

s  the mean ± SD from triplicate determinations. (D) Kinetic analysis of PMV  for inte
he  substrate range of 0.5–12.0 �M using 12 nM PMV  in 50 mM MES  pH 6.0 with 0.0

ollowed by assaying for activity at pH 6.0 using 5 �M HRPII
ubstrate. Results showed that the enzyme was  stable between
H 5.0–9.0, but stability was markedly reduced in more acidic (pH
.0) and alkaline (pH 10.0–11.0) conditions (Fig. 2C). In addition,
MV  proteolysis was verified to fit the Michaelis–Menten model;
he Km and kcat obtained at optimal pH were 4.6 ± 0.4 �M and
.24 ± 0.07 s−1, respectively (Fig. 2D).

The cleavage site specificity of PMV  was verified by incubation
ith HRPII at 37 ◦C for 20 h and analyzed by mass spectrometry

see Fig. 3A for control and Fig. 3B for PMV-hydrolyzed HRPII).
s expected, the results indicated that cleavage resulted in two

ragments: LNKRLL and HETQ. A control substrate (L → A mutant
RPII) [8] (Fig. 3C) was  also tested and indicated that it was not
leaved (Fig. 3D). Together, the above results demonstrated that
he observed activity was the result of hydrolysis by recombinant
MV  and not potential contaminant proteases.

.3. PMV  inhibition

Several compounds (e.g., inhibitors, cations) were tested as an
nitial screening for PMV  inhibition mode(s) (Table 1). Compounds
ested included several inhibitors from the KNI series which were
riginally designed and developed for the purpose of inhibiting
IV-1 protease [25]. KNI compounds were subsequently designed
s effective inhibitors for proteases expressed in Plasmodium para-
ites [26–28]. PMV  was partially inhibited by the generic aspartic
rotease inhibitor pepstatin A as well as by KNI inhibitors (Table 1
nd Fig. 4). IC50 values for pepstatin A, KNI-10743 and KNI-10742

ere 22, 44 and 108 �M,  respectively (Fig. 4). The relatively weak

nhibition by pepstatin A is similar to mammalian aspartic pro-
eases renin and BACE1 [29]. Furthermore, despite its effectiveness
gainst PMI, PMII, PMIV, HAP as well as parasite growth in infected

10 nM of PMV  enzyme was incubated with various protease inhibitors and cations
in  50 mM MES, pH 6.0/0.005% Tween-20 for 5 min at 37 ◦C then assayed for activity
by  addition of substrate HRPII. Percent activity is expressed relative to the activity
without addition of protease inhibitors. Values are reported as the mean ± SD from
triplicate determinations.
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Fig. 3. Verification of PMV  substrate specificity. (A) Untreated substrate HRPII. (B) PMV-treated HRPII. (C) Untreated control substrate differing from HRPII only by an L → A
mutation; (D) PMV-treated control substrate. All samples were incubated for 20 h at 37 ◦C. Mass spectrometry analyses were carried out by the Advanced Analysis Center,
University of Guelph, Guelph, ON, Canada using electrospray ionization on an Agilent LC-UHD Q-Tof (Agilent Technologies).

Fig. 4. Effects of pepstatin A, KNI-10742, KNI-10743, Cu2+ and Hg2+ on the activity
of  PMV. 10 nM PMV  in 50 mM MES  pH 6.0 with 0.005% Tween-20 was  incubated at
v ◦

w
a

r
H
s
T
w
c
a
t
s
b

t

Table 2
Effects of EDTA and DTT on PMV  inhibition by copper and mercury.

First addition Second addition Third addition Relative activity (% ± SD)

PMV  – Substrate 100 ± 1
PMV  + Cu2+ – Substrate 1.2 ± 0.4
PMV  + Cu2+ EDTA Substrate 86 ± 4
PMV  + Cu2+ DTT Substrate 19 ± 1

PMV  + Hg2+ – Substrate 1.6 ± 0.4
PMV  + Hg2+ EDTA Substrate 76 ± 0.2
PMV  + Hg2+ DTT Substrate 138 ± 1

PMV  EDTA Substrate 100 ± 5
PMV  DTT Substrate 109 ± 4

Substrate + Cu2+ EDTA PMV  99 ± 3
Substrate + Hg2+ EDTA PMV  79 ± 1

10 nM PMV  and 5 �M HRPII, 25 �M CuSO4, 25 �M HgCl2, 1 mM EDTA and 10 mM
DTT were added in the order indicated. The first and second additions were both
arious inhibitor/cation concentrations for 5 min  at 37 C after which 5 �M HRPII
as  added. Relative activity is expressed as a percentage of the activity of control

nd  values are reported as the mean ± SD from triplicate determinations.

ed blood cells [30], the G16 compound did not inhibit PMV. The
IV protease inhibitor saquinavir weakly inhibited PMV  while the

erine protease inhibitor PMSF exhibited no inhibition (Table 1).
he observed low-level inhibition by saquinavir was in agreement
ith the previous observation that P. falciparum-infected erythro-

ytes incubated with HIV inhibitors lopinavir, nelfinavir, ritonavir
nd saquinavir showed mildly reduced PEXEL cleavage [9]. Taken
ogether, these results suggest that PMV  and HIV-1 protease may

hare some similarities [9] in their substrate binding motifs and
inding pocket structures.

Examination of the effects of cations on PMV  activity indicated
hat all had an inhibitory effect (Table 1 and Fig. 4). Cu2+ and
incubated in 50 mM MES  pH 6.0 containing 0.005% Tween-20 for 5 min  at 37 ◦C
prior to the third addition. Percent activity is expressed relative to control PMV and
values are reported as the mean ± SD from triplicate determinations.

Hg2+ showed markedly better inhibition than other cations tested
with IC50 values of 0.4 �M and 0.5 �M,  respectively. Addition of
the chelator EDTA after addition of Cu2+ or Hg2+ greatly reduced
their inhibitory effects (Table 2) indicating reversibility for their
mode(s) of action. Inhibition by Cu2+ was non-competitive (data
not shown), and subsequent addition of DTT resulted in 19%
recovery of activity whereas addition of DTT after addition of Hg2+

resulted in full recovery. These findings implicate involvement
of cysteine residue(s) in the inhibition of PMV  by Cu2+ and Hg2+.
Similarly, HIV-1 protease is inhibited by approximately stoichio-
metric concentrations of copper or mercury ions as the result of

their binding to cysteine residues [31]. Copper has been shown to
interfere with malarial parasite growth in both normal and G6PD-
deficient erythrocytes [32], and a new class of Cu2+ nanohybrid
solid has been reported to inhibit PMII [33]. Further exploration of
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Fig. 5. Effects of PMV  prosegment on refolding. 5 �L of 1 mg/mL  PMV  in 8 M urea,
50  mM Tris–HCl pH 8.0 was  added to 95 �L of various pH buffers or refolding buffer
(50  mM Tris–HCl pH 9.0 containing 0.25 M arginine, 0.5 mM oxidized glutathione
a
2
p
s

c
p
a

3
a

a

Fig. 6. Effects of PMV  prosegment on the PMV  activity. PMV  (10 nM)  in the assay
buffer (50 mM MES, pH 6.0, 0.005% Tween-20) was incubated at various concentra-
tions of the PMV  prosegment for 5 min  at 37 ◦C, and then 5 �M substrate was added.
Hydrolysis of the substrate was  measured as the release of fluorescence as described

F
m
a
i
d
M

nd  1.25 mM reduced glutathione) either with (filled bar) or without (unfilled bar)
0  �M prosegment and kept at 4 ◦C for 18 h. Refolding with prosegment and without
rosegment, reported as the mean ± SD from triplicate determinations, were not
ignificantly different (P > 0.05).

opper and its derivatives in antimalarial chemotherapy is thus a
otentially important future avenue for PMV  inhibitor-mediated
nti-malarial compound research.

.4. The prosegment has no apparent function in PMV refolding

nd inhibition

Most aspartic proteases are synthesized as zymogens containing
n N-terminal prosegment domain that is proteolytically removed

ig. 7. Characterization of recombinant proPMV. (A) SDS-PAGE gel showing 5 �g purifi
olecular weight marker. (B) Enzymatic activity of proPMV as a function of pH. Percent ac

s  the mean ± SD from triplicate determinations. (C) Inhibition by protease inhibitors an
n  50 mM MES  pH 6.0 containing 0.005% Tween-20 followed by activity measurement e
eterminations. (D) The linear progress curve for the hydrolysis of peptide substrate HRPI
ES  pH 6.0 with 0.005% Tween 20 at 37 ◦C.
in Section 2. The relative activity is expressed as a percentage of the activity of mPMV
sample without PMV  prosegment. Each data point represents the mean and SD of
three determinations.

during activation. The prosegment can be important in processes
such as initiation of correct folding, protein stability, active site
accessibility blockage, pH-dependence of activation and zymogen

intracellular sorting [34]. Prosegment-catalyzed folding has been
reported for serine proteases [35–40] in addition to the aspartic
protease pepsin [41]. Prosegments as well as synthetic peptides
derived from prosegments have also been shown to be potent

ed proPMV under non-reducing (lane 1) and reducing (lane 2) conditions. “M”;
tivity is expressed relative to the highest observed activity and values are reported
d cations. Ten nM proPMV was incubated for 5 min  at 37 ◦C with inhibitor/cations
xpressed relative to control. Values are reported as the mean ± SD from triplicate
I. The assay was  conducted with 12 nM enzyme tPMV and 5 �M substrate in 50 mM
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nd specific inhibitors of their associated proteases [42–48]. In the
resent study, potential roles in refolding and inhibition of the
MV prosegment were investigated by adding synthetic proseg-
ent under different refolding conditions. Refolding rates in the

resence of prosegment were not significantly different (P > 0.05)
rom refolding in its absence (Fig. 5). Although the prosegment does
ot catalyze the refolding of PMV, we do not rule out other possible
ffects by its presence in vivo in the prepro form of PMV  from trans-
ation to final active product. In terms of inhibiton, PMV  prosegment
id not inhibit its parent enzyme (Fig. 6). The above findings are
onsistent with the previously reported conclusion that the PMV
rosegment has no strong structural or functional constraints due
o poor interspecies sequence conservation [7].

.5. The zymogen form of PMV  is enzymatically active

Since the PMV prosegment does not inhibit PMV  activity, and
lemba and Goldberg did not find evidence of prosegment release

7], it seemed reasonable to postulate that the zymogenic form
f PMV  might be catalytically active as is the case for the aspar-
ic protease BACE1 [49]. ProPMV (E37–N521) was thus expressed
s inclusion bodies, refolded and purified in a manner similar to
hat used above for mature PMV. Purified proPMV was shown to be

onomeric by non-reducing SDS-PAGE (Fig. 7A), and zymogen cat-
lytic activity was confirmed. A negative control active site mutant
Asp118Ala proPMV) was also tested to exclude substrate proteo-
ysis arising from contaminant sources (data not shown). Similar
o mature PMV, proPMV was optimally active between pH 5.5–7.0
Fig. 7B), and it was strongly inhibited by cations Cu2+ and Hg2+, par-
ially inhibited by pepstatin A and not inhibited by PMSF, leupeptin
nd EDTA (Fig. 7C). The Km and kcat values obtained for proPMV at
H 6.0 were 7.9 ± 0.7 �M and 0.24 ± 0.02 s−1, respectively. Thus,
ymogen and mature length PMV  turnover numbers were sim-
lar, however, binding affinity was modestly lower (∼2-fold) for
he zymogen (P < 0.01). The possibility that the observed activity
rose from autoactivation of the zymogen during proteolytic assays
as negated by the observations that proPMV incubation in vari-

us pH conditions did not result in proenzyme processing (data
ot shown). Furthermore, the proPMV reaction curve (Fig. 7D) is
onophasic, and therefore, does not support a second source of

atalysis.
If the structural mechanism for PMV  zymogen-derived catal-

sis is similar to human BACE1 then proteolysis results from an
pen-flap state of the zymogen structure, a distinct structural form
rom its accompanying closed-flap zymogen and mature enzyme
50,51]. Zymogenic BACE1 exhibits moderate activity relative to
ts mature form and is inhibited by its propeptide [50]. Prorenin,
nother catalytically active zymogen, has a low intrinsic activity
∼3%) relative to the mature form, and this activity is attributed
o partial unfolding of the prosegment [52,53]. To characterize the
tructural phenomena associated with proteolysis by the zymogen
f PMV, detailed structural data will be critical in order to under-
tand its catalytic mechanism.

In conclusion, the present study was an important follow-up
nvestigation in the context of Klemba and Goldberg [7] who  did not
etect a size shift in vivo indicative of PMV  prosegment processing
i.e., there was as yet no evidence that the prosegment of PMV  is
emoved upon activation). The authors suggested that the pros-
gment may  be non-inhibitory and therefore there would be no
equirement for its removal for the parent enzyme’s activation. Our
ndings are consistent with this prediction. Furthermore, we clarify
hat the prosegment of PMV  has no discernible contribution to the

nzyme’s correct folding unlike the purported folding role in BACE
49], and therefore its function, if any exists, remains unknown.

 functional requirement for zymogen processing to mature PMV
n its PEXEL-cleaving role in malarial protein export in vivo thus

[
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appears to be unlikely. Most importantly, the above findings sug-
gest that both zymogen and mature forms of PMV  should be further
characterized structurally and treated as potentially independent
targets for in silico antimalarial drug development.
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