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Abstract A mitogen-activated protein kinase (MAPK),

Pfmap2, has been identified in Plasmodium falciparum.

However, its bona fide activator remains elusive as no

MAPK kinase (MAPKK) homologues have been found so

far. Instead, Pfnek3, a NIMA (never in mitosis, Aspergil-

lus)-related kinase, was earlier reported to display a

MAPKK-like activity due to its activating effect on

Pfmap2. In this study, the regulatory mechanism of Pfnek3

was investigated. Pfnek3 was found to possess a SSEQSS

motif within its activation loop that fulfills the consensus

SXXXS/T phospho-activating sequence of MAPKKs.

Functional analyses of the SSEQSS motif by site-directed

mutagenesis revealed that phosphorylation of residues

S221 and S226 is essential for mediating Pfnek3 activity.

Moreover, via tandem mass-spectrometry, residue T82 was

uncovered as an additional phosphorylation site involved in

Pfnek3 activation. Collectively, these results provide

valuable insights into the potential in vivo regulation of

Pfnek3, with residues T82, S221 and S226 functioning as

phospho-activating sites.
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Introduction

Malaria remains a leading cause of morbidity and mortality

in many tropical countries despite continuous efforts to

eradicate it or control its spread. Each year, this disease

affects 350–500 million people worldwide and accounts

for over 1 million deaths [1]. The most lethal form of

human malaria is caused by infection with Plasmodium

falciparum. These parasitic protozoa undergo complex

physiological and morphological changes as they develop

through their life cycles within the mosquito and human

hosts [2]. Although various stages of the P. falciparum life

cycle have been defined, little is known about the mecha-

nisms regulating the growth and differentiation of these

parasites. With the emergence of P. falciparum resistance

against many of the existing anti-malarial drugs, elucidat-

ing these mechanisms would enhance our knowledge of the

parasite pathogenesis and facilitate the design of novel

treatments against malaria.

The mitogen-activated protein kinase (MAPK) signaling

pathways are among the most widespread mechanisms

involved in cell regulation. They are highly conserved

throughout eukaryotic evolution and mediate crucial bio-

logical processes including cell proliferation, differentiation,

migration, and apoptosis [3]. A distinctive feature of MAPK

pathways is the presence of a three-kinase phosphorelay

module which includes a MAPK, a MAPK kinase

(MAPKK), and a MAPKK kinase (MAPKKK). In response

to various stimuli, such as growth factors and inflammatory

cytokines, MAPKKKs activate MAPKKs via phosphoryla-

tion of the serine and serine/threonine residues within the

SXXXS/T activation site [4]. The dual-specificity MAPKKs

in turn phosphorylate the MAPKs on both threonine and

tyrosine residues within the TXY motif to activate them.

Upon activation, MAPKs exert their influences on different

physiological processes through phosphorylation of appro-

priate downstream substrates [5].

As MAPK signaling pathways play pivotal roles in the

cellular processes of many eukaryotes, it is plausible that
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similar mechanisms might be adopted by P. falciparum to

regulate its complex life cycle. To date, only two MAPK

homologues (Pfmap1 and Pfmap2) have been identified in

these parasites [6–8]. In a previous gene knock-out study,

Pfmap2, but not Pfmap1, was found to be essential for

P. falciparum to complete its intraerythrocytic develop-

ment [9]. This study thus shed light on the importance of a

MAPK in mediating the growth and proliferation of these

parasites. Prior biochemical characterizations of Pfmap2

revealed that it possesses a TSH motif in place of the

consensus TXY activation site found in most MAPKs [8].

As such, activation of Pfmap2 in vivo may require phos-

phorylation within the TSH motif by upstream kinases.

However, analyses of the P. falciparum kinome did not

uncover sequences that are obvious homologues of typical

MAPKKs. In view of this, the identity of a MAPK activator

and the existence of a complete MAPK signaling pathway

in P. falciparum remain to be established [10, 11].

Nevertheless, attempts to isolate plasmodial MAPKK-

related genes using a degenerate oligonucleotide-based

PCR method and BLAST analyses of the Plasmodium

genome have led to the identification of Pfnek1 (P. falci-

parum NIMA-like kinase 1) and PfPK7 (P. falciparum

protein kinase 7) [12, 13]. Although Pfnek1 shares low-

protein sequence identity (10%) with the mammalian

MAPKKs, it possesses an activation motif reminiscent of

those found in the MAPKKs [12]. On the other hand, the

similarity between PfPK7 and MAPKKs is restricted to the

C-terminal lobe of the kinase domain [13]. Of these two

kinases, only Pfnek1 was capable of phosphorylating

Pfmap2 in vitro [12]. Moreover, Pfnek1 and Pfmap2 act

synergistically in exogenous substrate phosphorylation

[12]. Typically, NIMA-like kinases function as important

cell cycle regulators in eukaryotic cells [14]. The ability of

Pfnek1 to phosphorylate Pfmap2 suggests the possibility of

Pfnek1 as a MAPK regulator, and that NIMA-like kinases

may adopt unique functions in the malarial parasite.

Interestingly, a second plasmodial NIMA-like kinase,

Pfnek3, was subsequently found to be competent in phos-

phorylating and activating Pfmap2 [15]. The mechanism by

which Pfnek3 activates Pfmap2 was further validated to

involve phosphorylation of the conserved threonine residue,

T290, within the latter’s TSH activation motif [16]. Despite

sharing only 17–19% amino acid sequence identity with the

mammalian and yeast MAPKKs, these observations support

Pfnek3 as a plasmodial kinase displaying a MAPKK-like

activity. Hence, in the absence of a typical MAPKK, Pfnek3

could potentially function as a MAPK regulator in P. fal-

ciparum, similar to that of Pfnek1. Currently, the regulatory

mechanism of Pfnek3 remains enigmatic. As such, this

study aimed to examine the regulation of Pfnek3 activity

and assess if it possesses additional biochemical properties

that are similar to the MAPKKs.

Materials and methods

Homology modeling of Pfnek3

Tertiary structure of Pfnek3 was predicted using the

SWISS-MODEL program (http://www.swissmodel.expasy.

org//SWISS-MODEL.html) [17], based on templates which

share at least 25% primary sequence similarity. The Pfnek3

amino acid sequence submitted for modeling process was

retrieved from the Plasmodium genome database (Plas-

moDB; http://www.PlasmoDB.org). The Pfnek3 tertiary

model, together with the crystal structure of human

MAPKK1 (1S9J) [18], were analyzed and compared using

the Swiss-PdbViewer (http://expasy.org/spdbv/) [19].

Construction of Pfnek3 mutants via site-directed

mutagenesis

The truncated Pfnek3 gene, encoding a catalytically active

form of Pfnek3, was expressed by the GST-encoding pGEX-

6P-1 vector [15]. The resultant recombinant expression

plasmid was used as the template for site-directed muta-

genesis reactions. All GST-Pfnek3 mutants were generated

according to the QuikChangeTM site-directed mutagenesis

protocol (Stratagene), using mutagenic primers summarized

in Table 1. Following which, DNA sequencing was

performed to verify the authenticity of the respective

GST-Pfnek3 mutants and to ensure that no spontaneous

nucleotide substitution was introduced during the PCR

amplification process. The catalytically inactive recombi-

nant Pfnek3 (GST-DPfnek3) harboring a K102M mutation

at the ATP binding site was previously constructed and used

as a negative control in kinase assays [15].

Heterologous expression and purification

of recombinant proteins

Recombinant pGEX plasmids expressing GST-Pfnek3,

GST-Pfnek3 mutants, and GST-Pfmap2 (a gift from

C. Doerig) were independently electro-transformed into

Escherichia coli BL21-CodonPlusTM cells (Stratagene).

Transformants obtained were inoculated into 100 ml Luria

Bertani broth supplemented with ampicillin and chloram-

phenicol (100 and 40 lg/ml, respectively) for vector

propagation. The cultures were grown at 37�C with con-

tinuous agitation at 220 rpm until an OD600 of 0.6–0.8 was

reached, after which they were induced with 1 mM

isopropyl-beta-D-thiogalactopyranoside (Sigma) and incu-

bated at room temperature overnight with shaking at

220 rpm. Following this, the cells were harvested and lysed

by sonication as previously described [16]. Fusion proteins

were purified from soluble cell free extracts by affinity

chromatography using the Microspin GST Purification
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Module (GE Healthcare) according to manufacturer’s

instructions. The eluted proteins were subsequently ana-

lyzed by 10% sodium dodecyl sulphate-polyacrylamide gel

electrophoresis (SDS-PAGE). Gel images of separated

proteins were captured using the Bio-Rad Molecular Ima-

ger Gel Doc XR system equipped with the Quantity One�

software. Protein concentration of the purified samples was

determined by the Bio-Rad protein assay, using bovine

serum albumin (BSA; Sigma) as the reference protein

standard. In experiments that required cleavage of the GST

fusion partner, purified proteins were incubated overnight

at 4�C with the PreScission Protease (GE Healthcare).

Protein phosphorylation analysis of GST-Pfnek3

and its mutants

Following bacterial expression and purification, wild-type

and mutant GST-Pfnek3 proteins were separated by

SDS-PAGE using 10% polyacrylamide gels. After electro-

phoresis, the gels were stained with Pro-Q Diamond

phosphoprotein gel stain (Invitrogen) according to manu-

facturer’s protocol and visualized on a UV transilluminator.

The gels were subsequently stained with Coomassie Blue to

ensure uniform loading of protein samples for each lane.

Dephosphorylation of GST-Pfnek3 by lambda

phosphatase

For dephosphorylation reactions, 10 lg of wild-type GST-

Pfnek3 was treated with 500 U of lambda phosphatase

(Millipore) in 40 ll of reaction buffer supplied by the

manufacturer. The phosphatase was omitted from mock-

treated samples which served as negative controls. Incu-

bations were carried out for 30 min at 30�C before the

reaction mixture was supplemented with a 109 phospha-

tase inhibitor cocktail (Thermo Fisher Scientific) to

terminate the phosphatase activity. One-half of the reaction

mixture was thereafter subjected to phosphorylation anal-

ysis to ensure dephosphorylation of the protein had

occurred. The remaining half was used in kinase assays to

examine the activity of dephosphorylated GST-Pfnek3.

ELISA-based protein kinase assay

Kinase assays were performed using 96-well microtiter

plates (Costar) coated with dephosphorylated myelin basic

protein (MBP; Millipore). Each kinase assay reaction mix

of 60 ll comprised of 10 lg of wild-type or mutant GST-

Pfnek3 enzymes, 500 lM ATP, 40 mM MgCl2 and 50 mM

Tris–HCl (pH 7.2). The assay was initiated upon addition

of the kinase reaction mix to each well. The microplates

were then incubated at 30�C for 30 min before the reac-

tions were quenched by repeated washing with phosphate-

buffered saline (PBS). Mixed monoclonal anti-phospho-

serine/threonine antibodies (1:500 dilution; Millipore) were

subsequently added to each well and incubated at room

temperature for 1 h. During this period, any phosphoryla-

tion of MBP that arose from the activities of the kinases

would be detected by these antibodies. After another round

of extensive washing with PBS, the wells were incubated

with a peroxidase-conjugated secondary antibody (1:2,000

dilution; Thermo Fisher Scientific) for 45 min. The wells

Table 1 Mutagenic primers

used for the construction of

GST-Pfnek3 mutants

The designations F and R

denote the forward and reverse

primers, respectively, with the

sites of mutagenesis underlined

Mutation Sequence of mutagenic primers (50-30)

T82A F: TGTTAGATTTCATGGCATCAGATAGTGAAATTCATTTG

R: CAAATGAATTTCACTATCTGATGCCATGAAATCTAACAC

S221A F: GATTTCGGTATAGCATCAGAACAAAGTTC

R: GAACTTTGTTCTGATGCTATACCGAAATC

S221D F: GATTTCGGTATAGATTCAGAACAAAGTTC

R: GAACTTTGTTCTGAATCTATACCGAAATC

S221E F: GATTTCGGTATAGAATCAGAACAAAGTTC

R: GAACTTTGTTCTGATTCTATACCGAAATC

S222A F: GATTTCGGTATATCAGCAGAACAAAGTTC

R: GAACTTTGTTCTGCTGATATACCGAAATC

S225A F: TCATCAGAACAAGCGTCAAATAATAATTTAGG

R: CCTAAATTATTATTTGACGCTTGTTCTGATGA

S226A F: GAACAAAGTGCAAATAATAATTTAGGAAC

R: GTTCCTAAATTATTATTTGCACTTTGTTC

S226D F: GAACAAAGTGATAATAATAATTTAGGAAC

R: GTTCCTAAATTATTATTATCACTTTGTTC

S226E F: GAACAAAGTGAAAATAATAATTTAGGAAC

R: GTTCCTAAATTATTATTTTCACTTTGTTC

Regulatory mechanism of Pfnek3 3083



were again rinsed, followed by addition of the SuperSignal

West Femto peroxidase substrate (Thermo Fisher Scien-

tific). The resulting chemiluminescent signal arising from

the presence of phosphorylated serine and/or threonine

residues was measured using the GeniosTM microplate

reader (Tecan).

For co-incubation kinase assays, the same protocol was

adopted except that each MBP-coated well was incubated

for 15 min with a kinase reaction mix that contained 5 ng

of wild-type or mutant GST-Pfnek3 and 3 lg of GST-

Pfmap2.

Liquid chromatography-tandem mass spectrometric

(LC-MS/MS) analysis

To determine the phosphorylation sites present in Pfnek3,

10 lg of wild-type GST-Pfnek3 was gel-purified by 10%

SDS-PAGE and the coomassie-stained band containing the

protein of interest was excised. In-gel digestion with

trypsin and the subsequent LC-MS/MS analysis were per-

formed by A*STAR Experimental Therapeutics Centre

using API QSTAR Pulsar (Applied Biosystems). The

experiment was repeated with the catalytically inactive

GST-DPfnek3 to ascertain that any phospho-sites detected

in the wild-type kinase were indeed due to autophospho-

rylation and not attributed to the kinase activities of any

contaminating bacterial kinases.

All MS/MS samples were analyzed using Mascot (ver-

sion 2.2.0; Matrix Science, London, UK). Mascot was set

up to search the NCBInr_20070223 database, specifying

trypsin as the digestion enzyme. Mascot was searched

with a fragment ion mass tolerance of 0.80 Da and a parent

ion tolerance of 500 ppm. Scaffold (version Scaffold-

01_07_00; Proteome Software, Portland, OR, USA) was

used to validate MS/MS-based peptide and protein identi-

fications. Peptide identifications were accepted if they

could be established at greater than 95.0% probability as

specified by the Peptide Prophet algorithm [20]. Protein

identifications were accepted if they could be established at

greater than 95.0% probability and contained at least 2

identified peptides. Protein probabilities were assigned by

the Protein Prophet algorithm [21].

Results

The activity of Pfnek3 was abrogated in the absence

of phosphorylation

From an earlier study, recombinant wild-type GST-Pfnek3

was observed to display a significant level of phosphory-

lation [15]. As its kinase inactive counterpart (GST-

DPfnek3) lacks detectable phosphorylation, Pfnek3 was

proposed to exhibit an autophosphorylation property [15].

To exclude the possibility that phosphorylation had occur-

red solely on the GST moiety, GST-Pfnek3 was subjected to

PreScission protease cleavage and the resultant untagged

Pfnek3 was examined for its phosphorylation status. As

shown in Fig. 1a, the untagged kinase retained a level of

phosphorylation that was comparable to GST-Pfnek3, hence

confirming the autophosphorylation ability of Pfnek3.

To determine whether phosphorylation of Pfnek3 plays

a crucial role in regulating its kinase activity, wild-type

GST-Pfnek3 was treated with lambda phosphatase to

eliminate phosphoryl groups on serine, threonine, and

tyrosine residues. Upon incubation with lambda phospha-

tase, a significant reduction in the phosphorylation level of

GST-Pfnek3 was observed (Fig. 1b, lane 2), validating the

dephosphorylated status of the kinase. In addition, phos-

phatase-treated GST-Pfnek3 exhibited a complete loss of

kinase activity using MBP as the exogenous substrate

(Fig. 1c, lane 2). On the contrary, preincubation of lambda

phosphatase with the phosphatase inhibitor cocktail

blocked both dephosphorylation and inactivation of GST-

Pfnek3 (Fig. 1b, c, lane 3). These results indicate that the

loss of kinase activity observed earlier was indeed associ-

ated with the absence of phosphorylation and therefore

highlight the importance of phosphorylation in the activa-

tion of Pfnek3.

Pfnek3 possesses a SSEQSS motif that is analogous

to the activation sites of MAPKKs

Several classes of eukaryotic protein kinases, including the

MAPKKs, are regulated via phosphorylation at the acti-

vation loop [22]. This segment is commonly defined as the

region that spans the DFG and APE motifs within kinase

subdomains VII and VIII, respectively [23]. In Pfnek3, the

APE motif has been altered to a SYE, and the region that

represents its putative activation loop is highlighted in

Fig. 2. Interestingly, a SSEQSS motif within this loop

fulfills the conserved SXXXS/T phospho-activating

sequence found in the MAPKKs. To further assess whether

this motif is analogous to the activation sites of MAPKKs

in terms of its tertiary structure, the three-dimensional

model of Pfnek3 was generated using the SWISS-MODEL

program. When the Pfnek3 model was compared with the

crystal structure of human MEK1 (PDB identifier: 1S9J), a

well-characterized MAPKK, it was observed that the

SSEQSS motif of Pfnek3 coincides with the SMANS

activation site of MEK1 (Fig. 2). It has been established

that phosphorylation of the two serine residues within the

SMANS motif is critical for the activation of MEK1 [22].

Hence, these observations provide a strong indication that

the SSEQSS motif could adopt a similar function as the

SMANS motif in mediating the activation of Pfnek3.
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Mutations of residues S221 and S226 in the SSEQSS

motif affect autophosphorylation and kinase activity

of Pfnek3

To investigate whether any of the serine residues in the

SSEQSS motif could serve as phospho-regulatory sites,

they were independently substituted with a non-phospho-

rylatable alanine via site-directed mutagenesis. Each of

these GST-tagged mutants (hereafter known as S221A,

S222A, S225A, and S226A) was similarly expressed in

E. coli cells and assayed to determine their relative auto-

phosphorylation levels. While both S222A and S225A

mutants exhibited a level of autophosphorylation that was

similar to the wild-type enzyme, significant reductions in

autophosphorylation levels were observed for the S221A

and S226A mutants (Fig. 3a). A double mutant (S221A/

S226A) was thereafter constructed, and it displayed a much

lower autophosphorylation signal as compared to either of

the individual single mutants.

The effect of these mutations on Pfnek3 activity was

then analyzed using the microtiter plate kinase assay.

Consistent with the phenomenon observed in Fig. 3a, the

kinase activities of both S221A and S226A mutants were

lower than that of the wild-type kinase (Fig. 3b). Likewise,

the activity of the S221A/S226A double mutant was sig-

nificantly lower as compared to its respective single

mutants. The concomitant reductions in autophosphoryla-

tion levels and kinase activities of the S221A and S226A

mutants indicate the potential of these serine residues to

function as crucial phospho-activating sites in Pfnek3.

Phospho-mimic mutants (S221D/E and S226D/E) were

subsequently constructed in an effort to further examine the

above postulation. Aspartates and glutamates are utilized,

with varying competency, to simulate the effects of phos-

phorylation and maintain kinases in the activated states

[24]. Replacing S221 with either aspartate or glutamate

Fig. 1 Activation of Pfnek3 is correlated with its phosphorylation

status. a To authenticate the autophosphorylation ability of Pfnek3,

GST-Pfnek3 was subjected to PreScission protease cleavage to

remove the GST moiety. The phosphorylation level of the untagged

recombinant kinase was subsequently analyzed using the Pro-Q

Diamond phosphoprotein gel stain. The untagged Pfnek3 displayed a

similar level of phosphorylation as its GST-fused counterpart. Lane M
denotes the protein standard marker (Fermentas) used for estimating

the protein sizes. b Purified GST-Pfnek3 was treated with lambda

phosphatase in the presence (lane 3) or absence (lane 2) of the

phosphatase inhibitor cocktail. In the mock-treated sample (lane 1),

lambda phosphatase was omitted. c Following lambda phosphatase

treatment in (b), an aliquot of the respective reaction mixture was

transferred to MBP-coated microtiter plates to assay for the activity of

dephosphorylated GST-Pfnek3. ND Kinase activity not detected

Fig. 2 Pfnek3 possesses a MAPKK-like activation site within its

activation loop. Top The Pfnek3 amino acid sequence corresponding

to the putative activation loop is illustrated. The underlined SSEQSS

motif bears a resemblance to the SXXXS/T activation sites of

MAPKKs. Bottom The Pfnek3 model was generated using SWISS-

MODEL and subsequently compared with the crystal structure of

human MEK1 (1S9J). The putative activation loop of Pfnek3 is

highlighted in yellow. The SSEQSS motif was observed to locate at

the surface of this loop and reside in a position analogous to the

SMANS activation site of human MEK1 (both boxed up in blue)
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residues resulted in a loss of Pfnek3 activity (Fig. 4).

Conversely, the activity of the S226D mutant was

approximately half of the wild-type kinase activity. When

S226 was altered to a glutamate residue, the activity of the

mutant was increased by approximately 50% as compared

to wild-type Pfnek3. This finding supported our speculation

that S226 is an activating phospho-acceptor site, whose

functionality could be substituted by the negatively

charged glutamate. At this point, however, it is difficult to

unequivocally rule out the possibility of S221 as a phos-

phorylation site. Since the catalytic activity of Pfnek3 was

completely abrogated upon mutation of S221 to either an

aspartate or a glutamate, these mutations may have led to

unfavorable conformational changes resulting in the loss of

kinase activity.

LC-MS/MS analyses revealed amino acid T82

as a crucial phosphorylation site in Pfnek3

The low level of autophosphorylation and kinase activity

retained by the S221A/S226A double mutant implies that

additional phosphorylation sites are present in Pfnek3,

which could potentially be involved in regulating its kinase

activity. As such, LC-MS/MS was employed to verify this

speculation. In total, seven tryptic peptides were identified

which made up 30% of the Pfnek3 amino acid sequence. A

single phosphorylation site was detected in the 74FET-

VLDFMTSDSEIHLIR91 peptide, and amino acid residue

T82 was validated as the site of phosphorylation (Fig. 5a).

The loss of 80 Da detected on this residue corresponds to

the neutral loss of a phosphate group. When LC-MS/MS

was repeated using the catalytically inactive GST-DPfnek3,

no phosphorylation was detected on the same site (Fig. 5b).

These observations thus validate that residue T82 is an

autophosphorylation site. To elucidate whether phosphor-

ylation of T82 serves as a mechanism to regulate the kinase

activity of Pfnek3, the amino acid residue was similarly

replaced with an alanine to prevent phosphorylation from

occurring at this site. Absence of the T82 phosphorylation

site provoked a loss of wild-type activity by over 80%

(Fig. 3b), suggesting its importance in modulating the

catalytic activity of Pfnek3. A significant drop in auto-

phosphorylation level was also observed for the T82A

mutant (Fig. 3a). This finding was somewhat expected

since removal of this phospho-site is likely to reduce the

overall phosphorylation content of the kinase.

As both the S221A and S226A mutations were earlier

found to reduce autophosphorylation level and kinase

activity of Pfnek3, T82A/S221A, T82A/S226A, and T82A/

S221A/S226A mutants were also constructed to investigate

their combined effects on the autophosphorylation status

and catalytic activity of Pfnek3. The T82A/S221A mutant

displayed a slightly lower catalytic activity as compared to

the single T82A mutant (Fig. 3b). On the other hand,

activities of both the T82A/S226A and T82/S221A/S226A

mutants were nearly eliminated completely (Fig. 3b). It

was also found that all these mutants exhibited drastic

reductions in autophosphorylation levels as compared to

Fig. 3 Autophosphorylation levels and kinase activities of GST-

Pfnek3 alanine-substituted mutants. a Purified wild-type GST-Pfnek3

and the indicated mutants were resolved by SDS-PAGE and stained

with the phosphoprotein gel stain to assess their autophosphorylation

levels. In the protein standard marker (M), the 70-kDa protein band

corresponds to a phosphoprotein that could be detected using the

phosphostain. Following phosphostaining, the gel was stained with

Coomassie Blue to ensure that relatively equal amounts of proteins

were loaded. b The in vitro kinase activities of the respective GST-

Pfnek3 mutants were subsequently determined by their ability to

phosphorylate the MBP substrates. ND Kinase activity not detected

Fig. 4 Kinase activities of phospho-mimic GST-Pfnek3 mutants.

Residues S221 and S226 were each replaced with either aspartate or

glutamate to mimic phosphorylation at these residues. Activities of

these mutants were analyzed using the ELISA-based kinase assay as

described in ‘‘Materials and methods’’. ND Kinase activity not

detected

3086 H. Low et al.



the wild-type kinase (Fig. 3a). Collectively, these data

strongly suggest the importance of T82, S221 and S226 in

regulating the activity of Pfnek3.

Amino acid residues T82 and S226 are crucial

for Pfnek3 to activate Pfmap2 in vitro

Since Pfnek3 was reported to function as a Pfmap2 acti-

vator in vitro [15], we postulate that any alteration in

Pfnek3 activity could affect its ability to phosphorylate and

trigger Pfmap2 activation. As the S221A, S226A, and

T82A mutants displayed reduced activities towards the

exogenous MBP substrate, their influence on GST-Pfmap2

activation was also assessed via a co-incubation kinase

assay. In this assay format, GST-Pfmap2 was mixed with

GST-Pfnek3 or its mutants in the MBP-coated microtiter

wells. It was previously noted that, when GST-Pfnek3

activates GST-Pfmap2, a synergistic increase in the phos-

phorylation of MBP would be observed [15].

GST-Pfmap2 alone, or when mixed with the kinase-dead

GST-DPfnek3, displayed a modest level of kinase activity

(Fig. 6a). The co-incubation of GST-Pfnek3 and GST-

Pfmap2 led to the activation of GST-Pfmap2 by approxi-

mately 70-fold (Fig. 6a). When residue T82 or S226 was

replaced with an alanine, the ability of GST-Pfnek3 to

activate GST-Pfmap2 was reduced by at least 50%

(Fig. 6a). Surprisingly, the S221A mutant was able to

stimulate GST-Pfmap2 to a similar extent as the wild-type

GST-Pfnek3. One possible explanation for this outcome

could be that S221 is not fundamental for Pfnek3 to

phosphorylate and activate Pfmap2. To examine this

notion, the phosphorylation status of GST-Pfmap2 was

analyzed following incubation with the various GST-

Pfnek3 proteins. Indeed, the S221A mutant retained the

ability to phosphorylate the GST-Pfmap2 substrate

(Fig. 6b). On the other hand, both the S226A and T82A

mutants phosphorylated GST-Pfmap2 to a lower extent.

These data thus indicate that residues T82 and S226 are

essential for Pfnek3 to stimulate the activity of Pfmap2,

and we propose phosphorylation at these residues might be

responsible for this phenomenon.

Discussion

Pfnek3 was previously validated to exhibit a MAPKK-like

activity due to its activating effect on Pfmap2 via phos-

phorylation at the signature TSH activation motif. This

triggered our interest in investigating the regulation of

Pfnek3 activity to elucidate additional properties that might

be common between Pfnek3 and the MAPKKs. Kinase

activities are commonly modulated by several strategies

including changes in cellular localization, binding of reg-

ulatory subunits and phosphorylation by upstream kinases

or via autophosphorylation [25]. The authentication of

Pfnek3 autophosphorylation (Fig. 1a) led us to hypothesize

that phosphorylation of the kinase plays a crucial role in

regulating its activity. This notion was further supported

when GST-Pfnek3 activity was abrogated upon dephos-

phorylation with lambda phosphatase (Fig. 1c).

For a number of kinases, phosphorylation within specific

motifs found in the kinase activation loop is essential for

enzyme activation [26]. In NIMA-like kinases, for instance,

stimulation of kinase activity requires phosphorylation of

Fig. 5 Pfnek3 autophosphorylates at residue T82. a After bacterial

expression and purification, GST-Pfnek3 was subjected to SDS-

PAGE. The desired protein band was in-gel digested with trypsin

before analysis by LC-MS/MS. Amino acid T82, which resides within

the tryptic peptide 74FETVLDFMTSDSEIHLIR91, was identified as a

phosphorylation site. The neutral loss of 80 Da corresponded to the

mass of a phosphate group. b LC-MS/MS analysis was repeated with

the catalytically inactive GST-DPfnek3. The same peptide was devoid

of phosphorylation at residue T82, confirming the phosphoryl-group

detected in (a) was a result of autophosphorylation reaction
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the threonine residue within the consensus FXXT motif [27].

However, this motif is absent in Pfnek3. Instead, Pfnek3 was

found to possess a SSEQSS motif which resembles the

characteristic SXXXS/T activation site of MAPKKs. Simi-

lar MAPKK-like activation motif has also been reported in

Pfnek1 [12].

A comparison of the Pfnek3 tertiary model with the

human MEK1 crystal structure revealed that the SSEQSS

motif resides in a position that is analogous to the SMANS

activation motif of MEK1 (Fig. 2). Phosphorylation of

both serines within the SMANS motif has been validated

to be a prerequisite for MEK1 activation [22]. Thus, the

co-location of SSEQSS motif with the known activation

site of MEK1 highlights its potential to serve as a phospho-

regulatory site in Pfnek3. In support of this, our results

showed that the S221A and S226A mutants displayed

significant reductions in kinase activities that were

accompanied by decreases in autophosphorylation levels

(Fig. 3). Therefore, out of the four serines within the

SSEQSS motif, phosphorylation of S221 and S226 is likely

to induce the activation of Pfnek3.

We also attempted to replace S221 and S226 with either

an aspartate or a glutamate to mimic phosphorylation at

these residues. Among these mutants, only S226E exhibited

a considerably higher activity than the wild-type Pfnek3

(Fig. 4), suggesting that phosphorylation of S226 indeed

occurs. Additionally, this observation may signify that the

phosphorylation state of S226 could only be efficiently

mimicked by glutamate, and not aspartate, to maintain

Pfnek3 in an active conformation. On the other hand, the

inability of the S221D and S221E mutants to activate

Pfnek3 cannot completely revoke the potential of S221 as a

phospho-activating site. This is because, in certain kinases,

negatively charged amino acids may be incompetent in

emulating the function of experimentally verified phospho-

sites. For instance, although the second serine within the

SMANS activation site of human MEK1 has been validated

as an important phosphorylation site for kinase activation,

its mutation to either glutamate or aspartate did not con-

stitutively activate the kinase [24]. It was suggested that the

phospho-mimic mutations may have led to conformational

changes in the kinase structure that prevented them from

simulating the effect of serine phosphorylation [24]. Like-

wise, the S221D and S221E mutations may also have led to

undesirable conformational changes in the Pfnek3 structure,

rendering their inability to simulate the effect of the nega-

tive charges arising from phosphorylation at this position.

Given that phosphorylation at the activation loop is a

widespread mechanism in mediating kinase activation, we

are in favor of the proposal that both S221 and S226 serve as

phospho-activating residues in Pfnek3.

In this study, amino acid residue T82 is a novel phos-

phorylation site authenticated via LC-MS/MS analysis

(Fig. 5). To evaluate the implication of T82 phosphoryla-

tion in regulating the kinase activity of Pfnek3, the

threonine residue was mutated to a non-phosphorylatable

alanine. The T82A mutant displayed a more drastic reduc-

tion in autophosphorylation and kinase activity as compared

to the S221A and S226A mutants, suggesting that phos-

phorylation at this residue plays a more crucial role in

stimulating Pfnek3 activity (Fig. 3). Interestingly, residue

T82 is located within a unique FMTSDS motif which was

earlier reported to replace the highly conserved glycine

triad (GXGXXG) in kinase subdomain I [15]. In general,

this glycine triad is essential for modulating the activity of

eukaryotic protein kinases due to its involvement in

anchoring ATP during the phospho-transfer reaction [23].

In the absence of this motif, ATP binding in Pfnek3 might

involve an unusual mechanism that potentially requires the

phosphorylation of residue T82. Hence, the huge decrease

Fig. 6 Effect of T82A, S221A, and S226A mutations on the ability

of GST-Pfnek3 to activate GST-Pfmap2. a Adopting the co-incuba-

tion kinase assay, 5 ng of wild-type GST-Pfnek3 or the respective

mutants were mixed with 3 lg of GST-Pfmap2 in MBP-coated wells.

When existing alone, or mixed with the kinase-dead GST-DPfnek3

mutant, GST-Pfmap2 displayed a low level of kinase activity (lanes 1
and 3). In the presence of wild-type GST-Pfnek3, the activity of GST-

Pfmap2 was stimulated by approximately 70-fold. Only the S221A,

but not the S226A or T82A mutants, retained the ability to activate

GST-Pfmap2. b After GST-Pfmap2 was incubated with the indicated

GST-Pfnek3 proteins in a kinase assay mix, the kinases were resolved

by SDS-PAGE and subjected to phosphorylation analysis to deter-

mine the phosphorylation status of GST-Pfmap2. The Coomassie

staining of the same gel is shown in lower panel. M Protein standard

marker
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in Pfnek3 activity upon mutation of T82 could be attributed

to its importance in triggering efficient ATP binding during

phosphorylation reactions. However, the amino acid resi-

dues flanking T82 were not visible in the modeled Pfnek3

structure, conceivably due to the low sequence homology

between Pfnek3 and the modeling templates at this region.

As such, until the structure of Pfnek3 in both the unphos-

phorylated and phosphorylated state is made available, the

bona fide role of T82 phosphorylation in regulating Pfnek3

activity remains debatable.

Since Pfnek3 was earlier reported to modulate the

activity of Pfmap2, it was also of interest to examine

whether phosphorylation of S221, S226, and T82 was

crucial for Pfnek3 to activate Pfmap2. From the results

illustrated (Fig. 6), only residues T82 and S226 were found

to be essential for Pfnek3 to phosphorylate and trigger

GST-Pfmap2 activation. The outcome was unexpected

since the absence of these three residues has rendered

Pfnek3 less capable of phosphorylating the exogenous

MBP substrate. Consequently, this may imply that phos-

phorylation of T82 and S226 is more crucial for Pfnek3 to

recognize the Pfmap2 substrate.

The results of this study have strengthened the notion

that Pfnek3 is a MAPKK-like kinase in P. falciparum with

an activation mechanism similar to the well-known MAP-

KKs. On top of this, Pfnek3 activation further requires

phosphorylation at residue T82, suggesting the regulation of

Pfnek3 activity might involve a more complex mechanism

as compared to the MAPKKs. Moreover, since the T82A/

S221A/S226A triple mutant retained a low, but observable,

level of phosphorylation, it is plausible that additional

phosphorylation sites are present that may contribute to the

regulation of Pfnek3 activation. It is also noteworthy to

mention that, although phosphorylation of T82, S221 and

S226 in vitro is a result of Pfnek3 autophosphorylation, the

possibility remains that phosphorylation of these residues in

vivo may be performed by upstream kinases and/or require

binding with regulatory subunits. In view of this, it is

imperative to identify interacting partners of Pfnek3 so as to

fully understand its regulation in the malarial parasite.
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