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Abstract
The plant-like, bifunctional dihydrofolate reductase-thymidylate synthase (DHFR-TS) from malaria
parasites has been a good target for drug development. Dihydrofolate reductase (DHFR) is inhibited
by clinically established antimalarials, pyrimethamine and cycloguanil. Thymidylate synthase (TS)
is the target of potent experimental antimalarials such as 5-fluoroorotate and 1843U89. Another
enzyme in folate recycling, serine hydroxymethyltransferase (SHMT), produces 5,10-
methylenetetrahydrofolate which, in many cells, is required for the de novo, biosynthesis of
thymidine and methionine. Thus, the biochemical characterization of malarial SHMT was of interest.
The principle, active P. falciparum SHMT (PfSHMT) was expressed in E. coli and purified using
an N-terminal histidine tag. Unlike the plant enzyme, but like the host enzyme, PfSHMT requires
the cofactor pyridoxal 5’-phosphate for enzymatic activity. The substrate specificities for serine,
tetrahydrofolate, and pyridoxal 5’-phosphate were comparable to those for SHMT from other
organisms. Antifolates developed for DHFR and TS inhibited SHMT in the mid-micromolar range,
offering insights into the binding preferences of SHMT but clearly leaving room for improved new
inhibitors. As previously seen with P. falciparum DHFR-TS, PfSHMT bound its cognate mRNA but
not control RNA for actin. RNA-binding was not reversed with enzyme substrates. Unlike DHFR-
TS, the SHMT RNA-protein interaction was not tight enough to inhibit translation. Another gene
PF14_0534, previously proposed to code for an alternate mitochondrial SHMT, was also expressed
in E. coli but found to be inactive. This protein, nor DHFR-TS, enhanced the catalytic activity of
PfSHMT. The present results set the stage for developing specific, potent inhibitors of SHMT from
P. falciparum.
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1. Introduction
Malaria infects approximately 300 to 600 million people [1]. Of these malaria cases,
approximately 1.5 to 2.7 million result in death [2]. It is estimated that 70% of the malaria
deaths occur in Sub-Saharan Africa and 25% of the cases worldwide occur in Southeast Asia
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[1]. In the absence of an effective vaccine, one of the few methods of combating malaria is
chemotherapy. Unfortunately, resistance to most commonly used antimalarials is becoming
widespread [3–7]. This highlights the pressing need for the development of new antimalarials.

Enzymes of the folate cycle include dihydrofolate reductase (DHFR), thymidylate synthase
(TS), and serine hydroxymethyltransferase (SHMT) (Fig 1). Two of these enzyme activities
of the folate cycle are clearly “drugable” for malaria as well as other human diseases, including
cancer: DHFR reduces dihydrofolate (DHF) to tetrahydrofolate (THF) using NADPH as a
cofactor in the reduction. DHFR is the target of the antimalarials pyrimethamine and
cycloguanil (the active metabolite of proguanil) [8–10], as well as the target of the anticancer
agents methotrexate and pemetrexed [11,12]. TS methylates the 5-carbon of 5’-deoxyuridine
monophosphate (dUMP) to form thymidine monophosphate (TMP) using 5,10-methylene THF
as a cofactor. TS is the target for many anticancer agents including pemetrexed, ZD1694,
1843U89, AG331, and AG337 [11,13–18].

Since SHMT also plays a key role in the folate cycle, it also has potential as an attractive drug
target. SHMT transfers a methylene group from serine to THF to form 5,10-methylene THF
and glycine, using pyridoxal 5’-phosphate (PLP) as a cofactor in the mammalian reaction
[19–22]. SHMT protein has previously been purified from many non-malaria organisms,
including human, rabbit, E. coli, L. donovani, and T. cruzi [24–35]. SHMT has also been
partially purified from the avian malaria Plasmodium lophurae and the rodent malaria P.
chabaudi [36,37] but not from P. falciparum. Though PLP is required by most SHMTs for
catalytic activity, mung bean SHMT is active in the absence of PLP [50]. Due to the plant-like
origins of Plasmodium, it would be of interest to know if P. falciparum SHMT functions in
the absence of PLP. Cloning of the P. falciparum SHMT gene [38,39] indicates that the gene
has three exons, the first comprised of only the methionine start codon. The identity of the gene
was confirmed by expression of functionally active protein in E. coli [38]. In yeast and humans,
in addition to the cytoplasmic SHMT, there is a mitochondrial isoform of SHMT that is
involved in one-carbon metabolism in this subcellular organelle. A hypothetical protein
(PF14_0534) has been annotated as a mitochondrial SHMT in P. falciparum due to its
homology to a protein annotated as mitochondrial SHMT in P .yoelii. PF14_0534 contains a
mitochondrial signal sequence, however, the gene sequence lacks a highly conserved active
site motif found in most SHMTs [23].

The crystal structure of SHMTs from human, E. coli, and B. stearothermophilus have
previously been solved [40–43]. In the absence of a P. falciparum SHMT crystal structure, a
homology model has been constructed [44]. P. falciparum SHMT is highly conserved. A
comparison of active site residues shows that there are three residues that differ at the active
site of human and P. falciparum SHMT. Active site residues that have been shown to be critical
for catalytic activity are conserved in P. falciparum. These residues include lysine 237 which
forms a Schiff base with PLP [45,46] and glutamic acid 56 which is involved in several proton
transfers throughout the catalytic mechanism [47]. Structurally, most eukaryotic SHMTs are
tetramers while most prokaryotic SHMTs are dimers. The tetramer formed by eukaryotic
SHMTs can be better described as a dimer of dimers, with just a few contacts between the two
dimers. Eukaryotic SHMTs have conserved residues that provide important contacts for
tetramer formation. The conserved histidine and the insertions that provide contacts for
tetramer formation are missing in the P. falciparum enzyme [44].

Human DHFR and TS have been shown to bind to their cognate mRNA and inhibit translation
in vitro [48]. In the presence of substrates and inhibitors, RNA binding and translational
inhibition is released. P. falciparum DHFR-TS was also shown to bind to its cognate mRNA
and inhibit translation. However, unlike the human enzymes, RNA binding and translational
inhibition was not released in the presence of substrates or inhibitors of DHFR or TS. The
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experimental DHFR inhibitor WR99210 gains selectivity through the differences in RNA-
protein interactions of human and P. falciparum DHFR [49]. . Thus differential expression and
regulation of human and malaria DHFR and TS provide a unique opportunity for selectivity
[48,49,51]. It is not known if PfSHMT also binds its cognate RNA and creates opportunities
for selective vulnerabilities through host-parasite differences in gene regulation.

The present study was undertaken to express PfSHMT in its functional form and to characterize
its basal enzymatic properties. This lays the ground work for future drug development projects
directed at malarial SHMT.

2. Materials and Methods
2.1 Cloning of PfSHMT and PF14_0534

Genes for PfSHMT and PF14_0534 were cloned from total RNA from malaria parasites strain
3D7. First, reverse transcription was performed using the Retroscript kit (Ambion) using the
random decamer as a primer, followed by 30 cycles of PCR. The forward primer used to amplify
SHMT was 5’ ATCTAGCGATTCCATGGCTATGTTTAACAACGACCCTTTGC 3’, the
forward primer used to amplify SHMT with an N-terminal histidine tag was 5’
ATCTAGCGATTCCATGGCTCACCACCACCACCACCACATGTTTAA
CAACGACCCTTTGC 3’, and the reverse primer used to amplify SHMT was 5’
TTAGCCATTAAGGATCCGTTAGGCAAATGGTAAGTTTTTTGC 3’. The forward
primer used to amplify PF14_0534 was 5’
ATCTAGCGATTCCATGGCTATGCTGAAGGAGTTTGTTAAAAATG 3’, the forward
primer used to amplify PF14_0534 with an N-terminal histidine tag was 5’
ATCTAGCGATTCCATGGCTCACCACCACCACCACCACATGCTGAAG GAGT
TTGTTAAAAATG 3’, and the forward primer used to amplify PF14_0534 without the
predicted mitochondrial signal sequence was 5’
ATCTAGCGATTCCATGGCTCAGAGCCGTTTAAATGATATAG 3’. The reverse primer
used for amplification of PF14_0534 was 5’
TTAGCCATTAAGGATCCGTTATTCATTTGTGTATGGAGATGG 3’. SHMT was cloned
into the vector pET-9d+ (Novagen) between the Nco1 and BamH1 restriction sites. PF14_0534
was cloned into the vector pET-3d+ (Novagen) between the Nco1 and BamH1 restriction sites.
The plasmids were transformed into the SHMT-negative, glycine auxotroph E. coli strain,
GS245(DE3)pLysS (E. coli stock center, Yale University) [38] by electroporation.

2.2 Expression of PfSHMT
A single colony of GS245(DE3)pLysS pET-9d+NhisSHMT3D7 was picked and used to
inoculate 3 ml of LB supplemented with 50 µg/ml phenylalanine, 10 µg/ml thiamine, 50 µg/
ml glycine, 30 µg/ml of kanamycin and 35 µg/ml of chloramphenicol. The culture was
incubated at 37 °C with shaking at 200 rpm for 16 hours. The 3 ml culture was used to inoculate
200 ml of LB supplemented as previously described, the 200 ml culture was incubated as
previously described [38]. The 200 ml culture was centrifuged at 5000xg at 4 °C for 5 minutes.
The supernatant was poured off, and the pellet was resuspended in 1 L of LB supplemented as
previously described. The 1 L culture was incubated at 37 °C with shaking at 200 rpm, when
the OD600nm reached 0.6, the culture was induced with 1 mM IPTG. The culture was incubated
at 37 °C with shaking at 200 rpm for an additional 6 hours. The cells were centrifuged at 8000xg
for 5 minutes at 4 °C and the pellet was stored at −80°C.

2.3 Purification of PfSHMT
The bacterial pellet was removed from the −80 °C freezer and allowed to reach room
temperature. The pellet was resuspended in 40 ml of lysis buffer (50 mM Tris-Cl pH 8.0, 500
mM NaCl, 20 mM imidazole, 2 mM DTT and 100 µg/ml lysozyme) and incubated on ice for
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30 minutes. The cells were then sonicated at 30 W for 6x15 seconds on ice. The lysate was
clarified by centrifugation at 8000xg for 30 minutes at 4 °C. The clarified lysate was loaded
onto a His GraviTrap column (GE Healthcare) that was preequilibrated with 5 ml of elution
buffer (50 mM Tris-Cl pH 8.0, 500 mM NaCl, 500 mM imidazole, and 2 mM DTT) and 10 ml
of wash buffer (50 mM Tris-Cl pH 8.0, 500 mM NaCl, 20 mM imidazole, and 2 mM DTT).
Once the lysate had been loaded onto the column, the column was washed with 10 ml of wash
buffer and eluted with 6 ml of elution buffer.

The eluted protein was dialyzed 2 times against 1 L of SHMT buffer A (50 mM Tris-Cl pH
8.0, 2 mM EDTA, 1 M ammonium sulfate, and 2 mM DTT) for at least 5 hours each time. The
protein was loaded onto a 10 ml Phenyl Sepharose column connected to an AKTA FPLC (GE
Healthcare) at 4 ml/minute. Once the OD280nm returned to zero, the protein was eluted by
running a gradient from 0 to 100% SHMT buffer B (50 mM Tris-Cl pH 8.0, 2 mM EDTA, and
2 mM DTT) over 45 minutes at 4 ml/minute. The gradient was held constant once the protein
began to elute from the column. The protein eluted between 25 and 35% SHMT buffer B. The
fractions containing the highest OD280nm were resolved by SDS-PAGE. Pure fractions were
pooled and concentrated to a final volume of 1 ml using a Vivaspin 20 concentrator
(Vivascience).

The protein was further purified by size exclusion chromatography. The protein was passed
over a 60 ml Superdex 200 size exclusion column (GE Healthcare) at a flow rate of 1 ml/minute
in SHMT gel filtration buffer (50 mM Tris-Cl pH 8.0, 150 mM NaCl, 2 mM EDTA, and 2mM
DTT). The fractions containing the highest OD280nm were resolved by SDS-PAGE. The
purified proteins were applied to a Vivaspin 20 concentrator and centrifuged at 3500xg at 4°
C until about 1 ml of liquid remained. The protein was desalted using 15 ml of no salt buffer
(50 mM Tris-Cl pH 8.0, 2 mM EDTA, 20% glycerol, and 2 mM DTT) in a diafiltration cup
(Vivascience Inc.). The protein was concentrated to a final volume of 1 ml and stored at −20
°C. The concentration of protein was determined using the Bio-Rad protein microassay.

2.4 Native Molecular Weight of PfSHMT
The molecular weight of SHMT was determined by passing the protein over a 100 ml Superdex
200 size exclusion column in SHMT gel filtration buffer at a flow rate of 0.7 ml/min. The
elution volume of SHMT was compared to the elution volume of standard proteins to determine
the molecular weight. The standard proteins were purchased from Sigma-Aldrich, and were:
cytochrome c (12.4 KDa), carbonic anhydrase (29 KDa), alcohol dehydrogenase (150 KDa),
β-amylase (200 KDa), apoferritin (443 KDa), and thyroglobulin (670 KDa). Blue dextran (2000
KDa) was used to determine the void volume of the column. 5 ml fractions were collected.
Each fraction was assayed for SHMT activity to determine the elution profile of active enzyme.

2.5 Preparation of Apo and Holo PfSHMT
The apo enzyme was prepared following the method of Brahatheeswaran et al. [19] with minor
modifications. PLP was removed from SHMT by treatment with 100 mM L-cysteine. SHMT
was dialyzed 2 times against 1 L of SHMT buffer A containing 100 mM L-cysteine for at least
5 hours each time. The dialyzed protein was passed over a 10 ml Phenyl Sepharose column
that had been equilibrated with SHMT buffer A containing 100 mM L-cysteine. Once the
protein was loaded onto the column, and the OD280nm returned to zero, the protein was eluted
by running a gradient of 0 to 100% SHMT buffer B over 45 minutes at 4 ml/minute. The
fractions containing the highest OD280nm were resolved by SDS-PAGE. Pure fractions were
pooled and concentrated to a final volume of 1 ml using a Vivaspin 20 concentrator. L-Cysteine
was removed by passage of the protein over a Superdex 200 size exclusion column as described
in the protein purification section.
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The holo enzyme was prepared by incubating the apo enzyme with 250 µM PLP at 4 °C for
16 hours. SHMT was separated from unbound PLP by passage over a 60 ml Superdex 200 size
exclusion column in SHMT gel filtration buffer. The fractions containing the highest
OD280nm were resolved by SDS-PAGE. Fractions containing protein were pooled and
concentrated using a Vivaspin 20 concentrator.

The apo and holo enzymes were concentrated to a final concentration of 50 µM on a microcon
YM-10 concentrator (Millipore). The concentrators were centrifuged at 14,000xg for 30
minutes at 4 °C. The final concentration of the proteins was measured using the Bio-Rad protein
microassay. The UV-vis spectra of each protein was measured on a ND-1000
spectrophotometer (NanoDrop Technologies Inc.).

2.6 PfSHMT Activity and its inhibition
SHMT activity was measured by following the conversion of radioactive serine to 5,10-
methylene THF [38,52]. 1 µg (200nM final concentration) of SHMT was added to each 50 µl
reaction containing 50 mM Tris-Cl pH 8.0, 2.5 mM EDTA, 10 mM 2-mercaptoethanol, 125
µM PLP, 1 mM THF, and 0.2 mM serine (0.05 Ci/mmol, GE Healthcare). The reaction was
allowed to proceed for 20 minutes at 37 °C. The reaction was stopped by spotting 12.5 µl onto
a 2.3 cm Whatman DE-81 paper. Unreacted serine was removed by washing the paper for 30
minutes in 10 mM Tris-Cl pH 8.0. The amount of radioactive product remaining on the paper
was determined by liquid scintillation counting. Counts per minute were converted to pmol of
product, based on the specific activity and counting efficiency of our system.

IC50 values of antifolates were determined by performing enzyme activity assays in the
presence of varying concentrations of antifolates. Michaelis-Menten constants for each
substrate were determined by performing enzyme activity assays using saturating
concentrations of the substrates that were not being tested and varying the concentration of the
substrate that was being tested. Serine was varied between 0.1 and 5 mM, THF was varied
between 0.1 and 10 mM, and PLP was varied between 0.5 and 125 µM. The data were fitted
to the equation v=Vmax[S]/(Km+[S]) using the program Sigmaplot.

2.7 RNA-Protein Interactions
Labeled SHMT RNA, DHFR-TS RNA, or actin RNA (0.5 nM, 100,000 cpm) was incubated
with 500 nM SHMT protein in 10 mM HEPES pH 7.5, 3 mM MgCl2, 40mM KCl, 5% glycerol,
200mM 2-mercaptoethanol, and 1 unit of RNasin (Ambion) at 37 °C for 15 minutes. 1 unit of
RnaseT1 (Ambion) was added for 10 minutes at room temperature. Heparin (5 mg/ml) was
then added for an additional 10 minutes at room temperature. Following incubation, 1 µl of
gel loading buffer (30% glycerol, 0.3% bromophenol blue) was added to the solution. The
RNA was loaded onto a 5% TBE polyacrylamide gel (Bio-rad) and resolved at 120 V in 1X
TBE (89 mM Tris, 89 mM boric acid, and 2 mM EDTA, pH 8.3). Electrophoresis was stopped
when the dye reached the bottom of the gel. The gel was dried on a Bio-rad gel dryer and
visualized by autoradiography. A storage phosphor screen (GE Healthcare) was exposed to the
gel for 3 hours at room temperature. The image was visualized on a Storm 860 phosphorimager
(GE Healthcare). Competition assays were performed by preincubating the protein with
unlabeled RNA or substrates for 15 minutes at room temperature prior to addition of labeled
RNA [49].

2.8 In vitro Translation
Before in vitro translation, a Poly A tail was added to the 3’ end of RNA by treatment with
poly A polymerase (Ambion). Each 100 µl reaction contained 1x poly A polymerase buffer,
2.5 mM MnCl2, 1 mM ATP, 40 µg RNA, and 4 units of poly A polymerase. The reaction was
incubated for 1 hour at 37 °C. Following incubation, 35 µl of DEPC treated water and 15 µl
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of 5 M NH4OAc was added to the reaction. The RNA was purified by extraction with an equal
volume of phenol:chloroform:isoamyl alcohol (25:24:1). The reactions were mixed and
centrifuged at 14000xg for 4 minutes. The aqueous layer was added to an equal volume of
chloroform:isoamyl alcohol (25:1) for further purification. The reaction was mixed and
centrifuged at 14000xg for 4 minutes. The aqueous layer was added to 2.5 volumes of 100%
ethanol and the RNA was precipitated by incubation at −20 °C for 30 minutes. The RNA was
centrifuged at 14000xg for 15 minutes and the supernatant was removed. Salt was removed
from the RNA by washing with 100 µl of 70% ethanol. The RNA was centrifuged at 14000xg
for 5 minutes and the supernatant was removed. The purified RNA was allowed to dry for 15
minutes and was resuspended in 20 µl of DEPC treated water. The concentration of RNA was
determined by measuring the OD260nm on a ND-1000 spectrophotometer. The size and
integrity of the RNA was determined by formaldehyde agarose gel electrophoresis.

In vitro translation experiments were performed using the nuclease-treated rabbit reticulocyte
lysate system (Promega) following the manufacturer’s protocol. First, 5.7 nM poly A tailed
SHMT, DHFR-TS or luciferase mRNA was added to 50 µl of 45% rabbit reticulocyte lysate
containing 20 µM amino acid mixture (minus methionine), 20 units of Superasein (Ambion),
and 10 µCi of 35S-methionine (1000 Ci/mmol, American Radiolabeled Chemicals). Reactions
were incubated at 30 °C for 90 minutes. Following incubation, 3 µl of the reaction was added
to 27 µl of SDS-PAGE sample buffer (62.5 mM Tris-Cl pH 6.8, 2% SDS, 25% glycerol, .01%
bromophenol blue, and 5% 2-mercaptoethanol) and heated at 95 °C for 5 minutes. Next, 20 µl
of the SDS-PAGE sample buffer/reaction mixture was resolved on a 10% Tris-HCl gel
(Biorad). The gel was fixed for 30 minutes in fixing solution A (50% methanol, 10% acetic
acid). To prevent the gel from cracking, the gel was soaked in fixing solution B (7% acetic
acid, 7% methanol, and 1% glycerol) for an additional 30 minutes. The gel was then dried on
a gel dryer for 2 hours. A storage phosphor screen (GE Healthcare) was exposed to the gel for
16 hours at room temperature. The image was visualized on a Storm 860 phosphorimager (GE
Healthcare). Translational inhibition experiments were performed by adding an appropriate
amount of SHMT or DHFR-TS protein to the reaction.

3. Results and Discussion
3.1 Expression of SHMT and PF14_0534

P. falciparum SHMT had previously been cloned and expressed in our laboratory [38],
however, the protein lysate did not show an increase in activity over the host BL21(DE3)pLysS
(Fig 2A reactions 1 and 2). The plasmid DNA was transformed into GS245(DE3)pLysS E.
coli [38], which lacks endogenous SHMT. The GS245(DE3)pLysS E. coli lysate expressing
P. falciparum SHMT displayed significant SHMT activity while the lysate expressing the
empty expression vector had no enzyme activity at all (Fig 2A reactions 3 and 4). Although
more protein was expressed by the BL21(DE3)pLysS E. coli than the GS245(DE3)pLysS E.
coli, the absence of bacterial enzyme activity in the GS245(DE3)pLysS E. coli strain makes
this a superior strain for studying functional PfSHMT.

In many cell types there are cytoplasmic and mitochondrial isoforms of SHMT. It has been
suggested that the hypothetical protein PF14_0534 could be the mitochondrial isoform of
SHMT [23]. The gene PF14_0534 was cloned in its full native state, with an N-terminal
histidine-tag, and in the absence of the predicted mitochondrial signal sequence. Plasmid DNA
was transformed into GS245(DE3)pLysS E. coli to test the expression and activity of the
different versions of the gene product of PF14_0534. SHMT enzyme assays showed that lysates
of bacteria expressing the gene PF14_0534 and the histidine-tagged PF14_0534 had no SHMT
activity, even in the presence of high concentrations of serine, THF, and PLP (Fig 2B reactions
2 and 3). Bacteria cell lysates expressing PF14_0534 without the predicted mitochondrial
signal sequence showed some SHMT activity, however this activity was barely over
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background and thus considered insignificant (Fig 2B reaction 5). Bacterial cell lysate of
GS245(DE3)pLysS E. coli expressing P. falciparum SHMT was used as a positive control and
showed significant amounts of SHMT enzyme activity (Fig 2B reaction 4). This data suggests
that the hypothetical protein, PF14_0534, that is annotated as a mitochondrial SHMT does not
contain SHMT catalytic activity. In reterospect, the sequence of this gene had little homology
to SHMTs from other organisms and did not contain the highly conserved regions deemed
critical for SHMT function [23]. Its mitochondrial SHMT designation came from the fact that
it had high homology to other genes annotated as SHMT in Plasmodium species (Plasmodb)
and PF14_0534 contained a predicted mitochondrial signal sequence at the N-terminus of the
gene [23].

3.2 Purification of SHMT
PfSHMT was purified to homogeneity using three columns, a nickel column, a phenyl
sepharose column, and a size exclusion column (Fig 2C). This is the first time that P.
falciparum SHMT has been purified to homogeneity. The purification procedure resulted in
1.9 mg of protein from 1 L of bacterial culture with a specific activity of 210 nmol/min/mg.
SHMT was purified 21.5 fold over lysate and 58.5% of the enzymatic activity was recovered
after purification.

3.3 Dimer form of PfSHMT
In order to determine the oligomeric status of P. falciparum SHMT, the protein was passed
over a Superdex 200 size exclusion column and compared to the elution volume of standard
proteins. Purified SHMT eluted from the size exclusion column as a single peak (Fig 3A). 76%
of the protein was recovered from the column as determined by enzyme activity assays. The
enzyme activity that eluted from the column corresponded with the elution of SHMT as
determined by OD280nm (Fig 3B). A standard curve was constructed resulting in a straight line
with a slope of −.597 and an r2 value of .985 (Fig 3C). Comparison of the Ve/Vo of P.
falciparum SHMT to the standard curve gave a calculated molecular weight of 81.5 KDa. This
value is lower than the expected molecular weight of 100 KDa for a dimer. Since most SHMTs
found in nature are either a dimer or a tetramer, this data can confidently rule out that P.
falciparum SHMT is a tetramer. In a homology model of P. falciparum SHMT and structures
of other SHMTs, the active sites of each dimer are formed by residues of both monomers
[41–44]. Because the enzyme activity elutes from the column in the same fractions as the UV
absorbance, one can be confident that the protein is not a monomer. Thus P. falciparum SHMT
appears to be a dimer in solution.

In tetrameric human SHMT [41] there are just a few contacts that hold two dimmers together.
They include a histidine residue (his135 human SHMT) [41] that is conserved in all tetramers.
This histidine residue forms hydrogen bond interactions with the same histidine of the opposing
dimer. P. falciparum SHMT lacks these conserved histidine residue. E. coli SHMT, which is
known to be a dimer, also lacks the conserved histidine residue. Residues 157–165 and 270–
286 of human SHMT form additional supporting contacts for tetramer formation. Residues in
P. falciparum SHMT corresponding to human SHMT residues 160–165 are not conserved. P.
falciparum SHMT residues corresponding to human SHMT residues 270–286 are mostly
missing, while P. falciparum SHMT residues corresponding to 274–278 of human SHMT are
present in the malaria enzyme, they are not conserved. Thus P. falciparum SHMT was predicted
to be a dimer [44].

3.4 Pyridoxal 5’-phosphate requirement
Almost all SHMTs found in nature require the cofactor PLP for enzymatic activity [19–22].
However, SHMT from mung bean is enzymatically active in the absence of PLP [50].
Therefore, it was of interest to determine if P. falciparum SHMT required PLP for catalysis.
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The apo enzyme was formed by passage of the protein over a phenyl sepharose column in the
presence of L-cysteine. L-cysteine forms a thiazolidine complex with PLP, reducing its affinity
to the protein active site. The protein sticks to the column while the L-cysteine in the buffer
removes PLP from the protein. L-Cysteine remaining in the protein solution was removed by
size exclusion chromatography. The SHMT activity of the apo enzyme was drastically reduced.
The apo enzyme has some enzyme activity in the absence of PLP but this activity is only slightly
above background and could be due to incomplete removal of PLP.

The holo enzyme was reconstituted by incubating the apo enzyme with PLP and separating the
unbound PLP from the enzyme by size exclusion chromatography. With PLP added to the
reaction, the enzyme activity increased by more than ten fold (Fig 4A). The UV-visible
spectrum of each enzyme was measured (Fig 4B) to confirm that the holo enzyme did indeed
contain PLP and the apo enzyme did not. The holo enzyme had a 278 nm/428 nm ratio of 6.3.
This ratio has been observed in a range of 4.5–9.3 in other SHMTs [25,26,29,31,32,34]. The
spectrum of the apo enzyme has a single peak at 280 nm corresponding to the protein. The
spectrum of the holo enzyme has the same peak at 280 nm and a broad peak at 423 nm
corresponding to PLP forming an internal aldimine with a conserved lysine (K237) at the
SHMT active site.

Taken together, these results demonstrate that P. falciparum SHMT binds PLP and that the
cofactor is a definite requirement for enzymatic activity. While it should be possible to design
inhibitors of SHMT targeted to the PLP binding site, more than 140 different enzymatic
activities also utilize PLP [53], and thus extraordinary care will be required to avoid off target
effects during design of SHMT inhibitors.

3.5 Kinetic Constants of SHMT
Michaelis-Menten constants for each substrate were determined. Michaelis-Menten constants
are defined as the substrate concentration which produces a reaction velocity that is half the
maximum reaction velocity [54–56]. To simplify the assay, the enzyme reaction was turned
into a pseudo first-order reaction by using saturating concentrations of the substrates that were
not being tested and varying the concentration of the substrate that was being tested. When
fitted to the equation for a single substrate reaction, the Km of serine was calculated to be 0.7
mM with a Vmax of 139 pmol/min and an r2 of .99. The Km of THF was calculated to be 3.4
mM with a Vmax of 188.5 pmol/min and an r2 of .95. The plot of velocity vs. THF concentration
does not completely reach saturation. This probably occurs because THF is easily oxidized in
solution and clean higher THF concentrations in the reaction were not feasible. The data fits
well to the appropriate equation giving an r2 of .95, thus the Km calculated provides a reliable
estimate. The Km of PLP was calculated to be 13 μM with a Vmax of 113 pmol/min and an r2

of .94.

The substrate Km values calculated were compared to literature Km values of SHMT from
human [34], the bacteria E. coli [31], the protozoan parasite Leishmania donovani [33], and
the rodent malaria Plasmodium chabaudi [37]. The human and L. donovani SHMTs form
tetramers while the E. coli SHMT is a dimer. The Km value of serine was in the range of what
was observed for the other enzymes. The Km value of THF was significantly higher than the
human and E. coli SHMT, but in the same range as L. donovani and P. chabaudi SHMT. The
Km value of PLP was not calculated for the other organisms and thus could not be compared.
The kcat value provides information on an enzyme’s efficiency and is defined as the maximum
velocity divided by the number of active sites. The maximum velocity was taken from the
velocity vs. substrate plots and the number of active sites was estimated by the number of moles
of protein that were added to each reaction. The kcat value of 9.4 min−1 that was calculated is
significantly lower (60 to 70 fold) than what was reported for human and E. coli SHMT. The
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kcat value for L. donovani and P. chabaudi was not reported and thus could not be compared
(Table 1).

There are several possible explanations for the large variations in Km and kcat values. First, it
is possible that some of the purified SHMT is misfolded or somehow inactive causing the
kcat to appear artificially lower than what it should be. Second, since the Km values of L.
donovani, P. chabaudi and P. falciparum are similar and generally higher than those seen for
mammalian or bacterial SHMTs, it is possible that the parasite enzymes have a lower affinity
for the substrates and convert substrate to product at a much slower rate. Third, since the P.
falciparum SHMT was purified from a bacterial source, it is possible that it is missing a factor
from the parasite that is required for complete enzyme activity. The kcat of purified
Trypanosoma brucei s-adenosylmethionine decarboxylase increases 1000 fold in the presence
of its prozyme (second inactive copy of the enzyme)[57].

Potential protein-protein interactions between SHMT and PF14_0534, or SHMT and DHFR-
TS, may occur in the parasite but not in bacteria expressing individual proteins. To test such a
possibility, lysates from bacteria expressing a His-tagged SHMT, PF14_0534, and DHFR-TS
were mixed and purified on a nickel column. In purified enzymes, there was no increase in
SHMT activity upon mixing of the lysates (supplemental fig 1A). TS assays demonstrated that
DHFR-TS was not copurified on a nickel column upon mixing with SHMT (supplemental fig
1B). PF14_0534 and DHFR-TS do not seem to form protein-protein interactions with SHMT
that are strong enough to survive purification on a nickel column. These proteins were mixed
following lysis of the bacteria, it is still possible that the protein-protein interactions form
during protein expression and folding.

3.6 Inhibition of PfSHMT by Antifolates
The substrate for SHMT, THF, is similar in structure to the substrate of DHFR, DHF, and the
substrate of TS, 5,10-methyleneTHF. Given these structural similarities, it was possible that
folate analogs that are designed to inhibit DHFR or TS could also inhibit SHMT. Inhibitors
specific to P. falciparum DHFR, WR99210 and pyrimethamine, inhibited SHMT with an
IC50 of 125 μM and >500 μM respectively. The DHFR inhibitor methotrexate had an IC50 of
>500 μM. The dual DHFR and TS inhibitor pemetrexed had an IC50 of >500 μM. TS inhibitors
1843U89, GR1, and AG331 all had an IC50 of 150 μM. The TS inhibitor AG337 had an
IC50 of 200 μM. The TS inhibitor D1694 had an IC50 of >500 μM (Fig 5). These results are
not unexpected. Although the structures of the substrates are similar, each of the three enzymes
catalyzes different reactions and bind unique forms of the folate substrates. Some of the better
inhibitors in this study (WR99210, 1843U89, GR1, AG331, or AG337) could serve as a starting
point for synthesizing new leads against PfSHMT. While an IC50 of 150 μM does not describe
a potent inhibitor, a few critical modifications through chemical synthesis could turn these
compounds into mid nM inhibitors of SHMT.

3.7 SHMT RNA-Protein Interactions
Given the differences in the RNA-protein interactions of human and malaria DHFR and TS
[48,49,51], and the RNA-protein interaction observed in human SHMT [58], it was of interest
to investigate if P. falciparum SHMT also bound to its cognate mRNA and if this RNA binding
has an effect on translation. P. falciparum SHMT was found to bind to its cognate mRNA as
well as DHFR-TS mRNA at a concentration of 500 nM. P. falciparum SHMT did not bind to
the non-specific control actin mRNA (Fig 6A). P. falciparum SHMT binding to its cognate
mRNA was abrogated by increasing amounts of unlabeled P. falciparum SHMT mRNA (Fig
6C lanes 3–5) and DHFR-TS mRNA (Fig 6C lanes 6–8). P. falciparum SHMT binding to its
cognate mRNA was not abrogated by unlabeled actin mRNA (Fig 6C lanes 9–11). P.
falciparum SHMT binding to DHFR-TS mRNA was abrogated by increasing amounts of
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unlabeled DHFR-TS mRNA (Fig 6D lanes 3–5) and P. falciparum SHMT mRNA (Fig 6D
lanes 6–8). P. falciparum SHMT binding to DHFR-TS mRNA was not abrogated by unlabeled
actin mRNA (Fig 6D lanes 9–12). These data confirms that the binding of P. falciparum SHMT
protein to mRNA for SHMT and DHFR-TS is specific. The PfSHMT protein interaction with
SHMT or DHFR-TS mRNA was not abrogated in the presence of SHMT substrates serine,
THF, or PLP (fig 6B). This is similar to what has been observed for the P. falciparum DHFR-
TS RNA-protein interaction [49].

The SHMT RNA-protein interactions offer some new potential possibilities for metabolic
coordination. The fact that SHMT binding to DHFR-TS mRNA shows that although DHFR-
TS protein can regulates expression of itself, there are possibilities for more complicated
networks within the cell. SHMT binding to its cognate mRNA suggests that translational
autoregulation could occur in many more metabolic genes in Plasmodium than just DHFR-TS.
This idea is especially interesting given that only a few transcription factors and other
regulatory elements have been identified in Plasmodium thus far.

3.8 Translational Inhibition by SHMT
Given that SHMT protein binds to its cognate RNA and DHFR-TS RNA with specificity, it
was of interest to determine if this RNA binding is able to inhibit translation. The SHMT RNA-
protein interaction was found not to inhibit translation (figure 7). Incubation of SHMT or
DHFR-TS RNA with increasing amounts of protein showed no decrease in the amount of
protein produced in the in vitro translation assay. The DHFR-TS RNA-protein interaction was
used as a positive control. Incubation of DHFR-TS RNA with DHFR-TS protein under the
same conditions as with the SHMT protein showed a drastic decrease in the amount of protein
translated in the reactions. The DHFR-TS protein also had a slight effect on the translation of
the control luciferase RNA, however this effect was much smaller compared to the inhibition
of DHFR-TS translation. This was expected as there are some non-specific interactions
between DHFR-TS protein and RNA.

The DHFR-TS RNA-protein interaction is considerably stronger (requiring 100 fold more
protein than RNA) than the SHMT RNA-protein interaction (requiring 1000 fold more protein
than RNA). Nirmalan et al. [59] have shown that there is significant increase in SHMT mRNA
as the erythrocytic cycle progresses, and that this increase is greater than the increase in RNA
levels of other enzymes in the folate biosynthesis pathway, including DHFR-TS. It is possible
that as the cell cycle progresses, the cell requires much more SHMT than other enzymes in the
pathway and manages to do this by expressing higher levels of SHMT RNA and weaker
feedback loops for translation of this message. The iron response protein, upon binding to the
iron response element in the 3’ UTR of the transferrin mRNA stabilizes the RNA from
degradation allowing increased expression of the RNA [60,61]. It is also possible that because
increased amounts of SHMT are required, the role of the SHMT RNA-protein interaction could
be stabilization of mRNA from degradation.

Conclusion
In this report we demonstrate the biochemical characterization of Plasmodium falciparum
SHMT, a pyridoxal 5’-phosphate-utilizing enzyme. Inhibitors of DHFR and TS were found to
be modest inhibitors of SHMT. SHMT was found to bind to both its cognate mRNA and DHFR-
TS mRNA although the detailed biological function of such RNA-protein interaction remains
to be determined. The results presented here provide valuable reagents and chemical insights
for future development of potent and selective inhibitors of SHMT.
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Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
The folate cycle. DHFR: dihydrofolate reductase, SHMT: serine hydroxymethyltransferase,
TS: thymidylate synthase, dUMP: deoxyuridine monophosphate, TMP: deoxythymidine
monophosphate, DHF: dihydrofolate, THF tetrahydrofolate.
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Fig 2.
PfSHMT protein expression and purification. A) Enzyme activity of bacterial cell lysates
expressing SHMT (lanes 2 and 4) or the empty expression vector (lanes 1 and 3). Lanes 1 and
2 were expressed in BL21(DE3)pLysS, lanes 3 and 4 were expressed in GS245(DE3)pLysS
E. coli. B) Enzyme activity of bacterial cell lysates expressing the empty expression vector
(lane 1), PF14_0534 (lane 2), PF14_0534 with a N-terminal histidine-tag (lane 3), P.
falciparum SHMT (lane 4), and PF14_0534 without the predicted mitochondrial signal
sequence. All lysates were from GS245(DE3)pLysS E. coli. C) SDS-PAGE analysis of aliquots
from each step of the purification. Lysate (lane 1), nickel column (lane 2), phenyl sepharose
column (lane 3), size exclusion column (lane 4).

Pang et al. Page 16

Mol Biochem Parasitol. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 3.
Native molecular weight of SHMT. A) Size exclusion column trace of purified SHMT. B)
Enzyme activity of fractions collected from the size exclusion column. C) Standard curve of
elution volumes of molecular weight standards (●) and SHMT (○).
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Fig 4.
Pyridoxal 5’-phosphate is required for SHMT activity. A) Enzyme activity of the apo enzyme
with (lane 2) and without (lanes 1) PLP. B) UV-vis spectra of apo (dashed line) and holo SHMT
(solid line).
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Fig 5.
Structures of DHFR or TS antifolates tested against PfSHMT. Values in brackets represent
IC50 values for each compound.
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Fig 6.
SHMT binds to its cognate RNA and DHFR-TS RNA. A) Labeled SHMT RNA (lanes 1–5),
DHFR-TS RNA (lanes 6–10), and actin RNA (lanes 11–15), 0.5 nM, were incubated in the
absence (lanes 1, 6, and 11) or presence of 50 nM (lanes 2, 7, and 12), 100 nM (lanes 3, 8, and
13), 250 nM (lanes 4, 9, and 14), and 500 nM SHMT protein (lanes 5, 10, and 15). B) SHMT
RNA-protein interaction is not abrogated by substrates. Labeled SHMT RNA (lanes 1–6) or
labeled DHFR-TS RNA (lanes 7–12), 0.5 nM, was incubated in the absence (lanes 1 and 7) or
presence (lanes 2–6 and 8–12) of 500 nM SHMT protein. Reactions also included substrates
for SHMT 125 μM PLP (lanes 3 and 9), 3 mM serine (lanes 4 and 10), 3 mM THF (lanes 5
and 11), or all three substrates (lanes 6 and 12). C) SHMT binds to its cognate RNA with
specificity. Labeled SHMT RNA, 0.5 nM, was incubated in the absence (lane 1) or presence
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of 500 nM SHMT protein (lanes 2–11). Binding of labeled RNA to the protein was abrogated
by competition with unlabeled SHMT RNA (lanes 3–5), unlabeled DHFR-TS RNA (lanes 6–
8) but not unlabeled actin RNA (lanes 9–11). Reactions contained 10 fold (lanes 3, 6, and 9),
100 fold (lanes (4, 7, and 10), and 250 fold (lanes 5, 8, and 11) more unlabeled RNA than
labeled RNA. D) SHMT binds to DHFR-TS RNA with specificity. Labeled DHFR-TS RNA,
0.5 nM, was incubated in the absence (lane 1) or presence of 500 nM SHMT protein (lanes 2–
11). Binding of labeled RNA to the protein was abrogated by competition with unlabeled
DHFR-TS RNA (lanes 3–5), unlabeled SHMT RNA (lanes 6–8) but not unlabeled actin RNA
(lanes 9–11). Reactions contained 10 fold (lanes 3, 6, and 9), 100 fold (lanes (4, 7, and 10),
and 250 fold (lanes 5, 8, and 11) more unlabeled RNA than labeled RNA.

Pang et al. Page 21

Mol Biochem Parasitol. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 7.
SHMT RNA-protein interaction does not inhibit translation in vitro. About 5.7 nM poly A
tailed SHMT RNA (lanes 1–5), DHFR-TS RNA (lanes 6–10), and luciferase RNA (lanes 11–
15) were incubated with 45% rabbit reticulocyte lysate in the absence (lanes 1, 6, and 11) or
presence (lanes 2–5, 7–10, and 12–15) of SHMT protein. Translational inhibition by DHFR-
TS as a positive control. About 5.7 nM poly A tailed DHFR-TS RNA (lanes 1–4) or luciferase
RNA (lanes 5–8) were incubated with 45% rabbit reticulocyte lysate in the absence (lanes 16
and 20) or presence (lanes 17–19 and 21–23) of DHFR-TS protein.

Pang et al. Page 22

Mol Biochem Parasitol. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Pang et al. Page 23
Ta

bl
e 

1
C

om
pa

ris
on

 o
f M

ic
ha

el
is

-M
en

te
n 

co
ns

ta
nt

s a
nd

 e
st

im
at

ed
 k

ca
t v

al
ue

s.

H
um

an
a

E.
 c

ol
ib

L.
 d

on
ov

an
ic

P.
 c

ha
ba

ud
id

P 
fa

lc
ip

ar
um

L-
Se

rin
e 

K
m

(µ
M

)
10

0
40

0
16

00
11

00
70

0

TH
F 

K
m

(µ
M

)
20

20
24

00
29

00
34

00

PL
P 

K
m

(µ
M

)
N

A
N

A
N

A
N

A
13

k c
at

 (m
in
−1

)
57

5
64

0
N

A
N

A
9.

4

a K
ru

sc
hw

itz
 e

t a
l.,

 P
ro

te
in

 E
xp

re
ss

io
n 

an
d 

Pu
ri

fic
at

io
n,

 6
, 4

11
–4

16
, (

19
95

)

b Sc
hr

ic
h 

et
 a

l.,
 J

ou
rn

al
 o

f B
ac

te
ri

ol
og

y,
 1

63
, 1

–7
, (

19
85

)

c V
at

sy
ay

an
 e

t a
l.,

 P
ro

te
in

 E
xp

re
ss

io
n 

an
d 

Pu
ri

fic
at

io
n,

 5
2,

 4
33

–4
40

 (2
00

7)

d R
ue

nw
on

gs
a 

et
 a

l.,
 M

ol
ec

ul
ar

 a
nd

 B
io

ch
em

ic
al

 P
ar

as
ito

lo
gy

, 3
3,

 2
65

–2
72

 (1
98

9)

Mol Biochem Parasitol. Author manuscript; available in PMC 2010 November 1.


