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ABSTRACT. Malaria, a disease caused by protozoan parasites of the Béasmodiumis one of the most
dangerous infectious diseases, claiming millions of lives and infecting hundreds of millions of people
annually. The pressing need for new antimalarials has been answered by the discovery of new drug targets
from the malaria genome project. One of the early findings was the discovery of two genes encoding
Type Il fatty acid biosynthesis proteins: ACP (acyl carrier protein) and KABHdtoacyl-ACP synthase

). The initiating steps of a Type Il system require a third protein: malonyl-coenzyme A:ACP transacylase
(MCAT). Here we report the identification of a single gene fr@®nfalciparumencoding pfMCAT and

the functional characterization of this enzyme. Pure recombinant pfMCAT catalyzes malonyl transfer
from malonyl-coenzyme A (malonyl-CoA) to pfACP. In contrast, pfAGR a construct of pfACP
containing an amino-terminal apicoplast transit peptide, was not a substrate for pfMCAT. The product of
the pfMCAT reaction, malonyl-pfACP, is a substrate for pfKASIII, which catalyzes the decarboxylative
condensation of malonyl-pfACP and various acyl-CoAs. Consistent with a role in de novo fatty acid
biosynthesis, pfKASIII exhibited typical KASS¢ketoacyl ACP synthase) activity using acetyl-CoA as
substratel:s:230 mirm?, Ky 17.9+ 3.4uM). The pfKASIII can also catalyze the condensation of malonyl-
pfACP and butyryl-CoA Kot 200 min?, Ky 35.7 + 4.4 uM) with similar efficiency, whereas isobutyryl-

CoA is a poor substrate and displayed 13-fold less activity than that observed for acetyl-CoA. The pfKASIII
has little preference for malonyl-pfACR /Ky 64.9 mimiuM~1) over E. coli malonyl-ACP KeafKw

44.8 mimuM~1). The pfKASIII also catalyzes the acyl-CoA:ACP transacylase (ACAT) reaction typically
exhibited by KASIII enzymes, but does so almost 700-fold slower than the KAS reaction. Thiolactomycin
did not inhbit pfKASIII (ICso > 330 uM), but three structurally similar substituted 1,2-dithiole-3-one
compounds did inhibit pfKASIII with |G, values between 0.58M and 10.4uM. These compounds also
inhibited the growth ofP. falciparumin culture.

Malaria remains one of the most devastating diseases,host and offer numerous targets for drug therapy using
causing as many as 2.7 million deaths annually with an antimicrobial compounds. Recently, several lines of evidence
estimated 406900 million new cases each yed).(Parasite indicate that a dissociated Type Il fatty acid synthase (FAS)
resistance to almost all standard treatment drugs, includingexists in the apicoplasb(7). The discovery of a Type |l
chloroquine, atabrine, mefloquine, and pyrimethamine-sul- FAS in Plasmodium falciparums receiving considerable
fadoxine, has resulted in a resurgence of malaria and aattention as a pathway that can be targeted for chemothera-
pressing need for new antimalaria).(Malaria parasites  peutic intervention§—12).
contain an essential organelle called the apicoplast that is In the dissociated Type Il FAS, common in plants and
thought to have arisen through endosymbiosis of an algabacteria, each reaction is catalyzed by a discrete enzy8e (
which had previously incorporated a cyanobacteri@naly. The Type | synthases found in metazoans are large multi-
Due to its prokaryotic origin, the apicoplast contains a range functional enzymes that contain all of the enzymatic activities
of metabolic pathways that differ radically from those of the on one or two polypeptidesl§). The initiation of Type II
fatty acid biosynthesis requires the acyl carrier protein (ACP)
and two enzymes: malonyl-coenzyme A:ACP transacylase
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Y, Radiochemicals). Thiolactomycin was a gift kindly provided

ACP o, by Pfizer, and compounds HR12, HR19, and HR45 were
oy obtained from the Drug Synthesis & Chemistry Branch,

MCAT o Developmental Therapeutics Program, Division of Cancer

chemicals were reagent-grade or better and were obtained
from VWR Scientific or Fisher Scientific.
KASIII Expression and Purification of pfACA.he coding se-

o o guence of. falciparumACP was amplified from a plasmid

0o o0 . Treatment and Diagnosis, National Cancer Institute. All other
A /l\ . ‘r_fﬂ“oy \)\,\cr‘\ 9
0 ACP ENR
ACP

N
Ace containing the pfACP described previousbd). The primers
A

4]
v CF
for pfACP, (F) 3-GGTGGTGAATTCAGCTCTTTAAA-
KAR HAD AAGTACTTTTGATG-3 and (R) 5GGTGGTGTCGACT-
HO o ‘ TATTGCTTATTATTTTTTTCTATATAATC-3', were used
P

AN \c to amplify nucleotides encoding amino acids-837 (amino

. L . . acids 156 contain the putative signal/transit peptide) and
Ficure 1. Roles of individual enzymes in a Type Il fatty acid . d imal d distal Sall si derlined
synthase. The reactions required for initiation and one round of introduce a proximal EcoRI and distal Sall site (underlined)

elongation are shown. Full enzyme names are provided in the text.in the PCR product. The resulting amplicon was digested
with EcoRI and Sall, gel purified, and ligated into the

pMALc2x vector (New England Biolabs). The resulting

(MCAT; also called FabD) ang-ketoacyl-ACP synthase Il hSTP1 was sequence verified and transformed into BL21
(KASIII; also called FabH) (Figure 1). MCAT produces  star(DE3) cells (Invitrogen). These cells were cotransformed
malonyl-ACP from malonyl-CoA and ACRL6—18). KASIII with the pRIL plasmid isolated from BL21-CodonPlus(DE3)

catalyzes the condensation of malonyl-ACP and acyl-CoA ¢e|is (Stratagene) and used for pfACP expression. Cells were
(typically acetyl-CoA) forming a 3-ketoacyl-ACP product grown in LB medium at 37C to an optical density at 600
(Figure 1) 19-21). This product is then reduced to acyl- m of 0.8 and then induced with the addition of IPTG to a
ACP by the sequential action gtketoacyl-ACP reductase  fing| concentration of 0.4 mM. The culture was maintained
(KAR; also called FabG)3-hydroxyacyl-ACP dehydratase iy shaker flasks at 20C for 12 h and then harvested by
(HAD; also called FabA or FabZ), and enoyl-ACP reductase centrifugation at 600§ for 15 min.
(ENR; also called Fabl). . . Cell lysis buffer (20 mM Na/K phosphate pH 5.0, 1 mg/
In malaria, the FAS enzymes contain leader peptides that | lysozyme (Sigma), 2.5g/mL DNAse | (Sigma), 50 mM
are required to target these nuclear-encoded proteins to thENaCI) was added to the cell pellets (20 mL per liter of
apicoplast organelle. The leader peptides are bipartite, original culture) and gently vortexed. Resuspended cells were
consisting of a signal peptide for entry into the secretory jncubated on ice for 10 min followed by 30 s of sonication.
pathway and a transit peptide for subsequent import into the g lysate was cleared by centrifugation (27 §08°C, 20
apicoplast. Studies with chimeric mutants show that the ACP min) and applied to a 10 mL amylose column (New England
and' KASIII bipartite leader .peptides are necessary and Biolabs) equilibrated in 20 mM Na/K phosphate pH 5.0. The
sufficient to target other proteins to the apicopl&#( 22). pfACP fusion protein (pfACP fused with the maltose binding
Two mature apicoplast proteins have been purified from ,rotein) bound poorly to the column and was collected while
cultured parasites and were found to lack the leader peptldes\,\,ashing the column with 20 mM Na/K phosphate, pH 5.0.
indicating that these amino acids are removed upon import\yash fractions were applied & 5 mLHiTrap Q FF anion
into the apicoplastl(0, 23). We have expressed and purified  gxchange column (Amersham Biosciences), equilibrated in
the threeP. falciparumproteins required to initiate fatty acid o9 mm Na/K phosphate, pH 5.0, and eluted in a linear
biosynthesis (pfACP, pfMCAT and pfKASIII) without their gradient to 500 mM NaCl. Pure pfACP fusion protein was
leader peptides. Pure recombinant pfMCAT and pfKASIII  {hen digested with factor Xa (New England Biolabs) at a
catalyze the formation of 3-ketoacyl-pfACP using pfACP,  gsigichiometry of 1:500 with 1 mM Caghnd incubated at
acyl-CoA and malonyl-CoA as substrates, demonstrating for o5 o for 24 h. The reaction mixture was applied to a 10
the first time that these processed proteins function as L amylose column (New England Biolabs) equilibrated in
components of a typical Type Il FAS. In addition, we have 20 mM Na/K phosphate, pH 5.0. Cleaved pfACP was
identified several 1,2-dithiole-3—qnes which inhibit prASIII collected in the flow through and pooled in a 20 mL 30 000
as much as 2 orders of magnitude more effectively than mqjecular weight cutoff concentrator (Vivascience). The flow
thiolactomycin. through from the concentrator was then concentrated in a 5
mL 5000 molecular weight cutoff concentrator (Vivascience)
MATERIALS AND METHODS to a final concentration of 0.5 mM and flash frozen for further
Materials. The following reagents were useéscherichia analysis.
coli acyl carrier protein (ACP), malonyl-CoA, Coenzyme A, A second construct of pfACP encoding amino acids-17
S-acetyl-CoA synthetase, ATP, 2-mercaptoethanol, and137 (pfACRan9 Was generated using an alternate forward
protein molecular weight standards (Sigma Chemical Com- primer, 3-GGTGGTGAATTCAAAAATACACAAAAA-
pany); [1+‘Clacetyl-CoA (specific activity 53 mCi/mmol) GATGGAG-3. The resulting amplicon was digested with
and [14Clbutyryl-CoA (specific activity 53 mCi/mmol)  EcoRI and Sall, gel purified, and ligated into a modified
(Moravek Biochemicals); [£4C]malonyl-CoA (specific ac-  version of the pMALc2x vector (0MALCHT) in which the
tivity 56 mCi/mmol) (Amersham Biosciences); and¥G]- linker region was altered to contain nucleotides encoding a
isobutyric acid (specific activity 56 mCi/mmol) (ICN TEV (Tobacco Etch Virus) protease cleavage site, followed
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by a six histidine tag. The resulting ligation product, pSTP2 Star(DE3)/pSTP4 Cells were generated and transformed with
was sequence verified and transformed into BL21 Star(DE3) the pRIL plasmid from BL21-CodonPlus(DE3) cells (Strat-
cells (Invitrogen). These cells were cotransformed with the agene). Cells were grown and harvested as described above.
pRIL plasmid from BL21-CodonPlus(DE3) cells (Stratagene)  Cell pellets were resuspended in BugBuster (Novagen) (20
and a plasmid encoding the TEV protea28)( Cells were mL per liter of original culture) and the cells were lysed
grown and harvested as described above. with 30s of sonication. Cell lysate was cleared by centrifuga-
Cell lysate was prepared under the conditions describedtion (27 00@, 4 °C, 20 min) and applied to a 10 mL amylose
above and appliedbta 5 mLHiTrap Chelating HP column  column (New England Biolabs) for purification. The column
(Amersham Biosciences) equilibrated in 20 mM Na/K was washed with 5 column volumes of 20 mM Tris, pH 7.5,
phosphate, pH 7.5, 200 mM NacCl. The column was washed 200 mM NaCl and eluted in the same buffer with 100 mM
with 10 column volumes of 10 mM imidazole, pH 7.5, 200 maltose. The pure pfMCAT fusion protein was then desalted
mM NaCl and eluted with a linear gradient to 500 mM with a HiPrep 26/10 Desalting column (Amersham Bio-
imidazole, pH 7.5. Fractions containing pfAGR were sciences) equilibrated in 20 mM Tris, pH 7.5, 200 MM NacCl,
desalted with a HiPrep 26/10 desalting column (Amersham 10% glycerol. Purified pfMCAT protein was flash frozen in
Biosciences) and loadecha@a 5 mLHiTrap SP Fast Flow  aliquots for further analysis.
column (Amersham Biosciences) equilibrated in 20 mM  pfMCAT Enzyme Actity AssaysRecombinant pfMCAT
Na/K phosphate, pH 7.5. The column was washed with 10 was assayed for malonyl-coenzyme A:ACP transacylase
column volumes of 20 mM Na/K phosphate, pH 7.5, and (MCAT) activity using pfACP and radiolabeled substrate
eluted with a linear gradient to 500 mM NacCl. Fractions [1-**C]malonyl-CoA in a standard TCA precipitation assay
containing pure pfACRnswere pooled in a 20 mL 50 000  (27). The reaction mixture contained 100 mM Na phosphate,
molecular weight cutoff concentrator (Vivascience). The flow pH 7.2, 2 mM 2-mercaptoethanol, 1464 malonyl-CoA,
through from the concentrator was then concentrated in a 523 uM pfACP/pfACPyans and 59 ng pfMCAT in a final
mL 10 000 molecular weight cutoff concentrator (Viva- volume of 20uL and was incubated at 37C for 30 min.
science) to a final concentration of 0.5 mM and flash frozen  Expression and Purification of pfKASIIIThe coding
for further analysis. sequence oP. falciparumKASIII was amplified from a
Liquid Chromatography Mass Spectrometry (LC/MB)e plasmid containing this gene, described previouH).(The
electrospray ionization mass spectra were acquired on anprimers for pfKASIII, (F) B-GGTGGTGAATTCATGTC-
Agilent 1100 Series LC/MS quadrupole instrument. Protein CGGAGGTAAAATAATAGGAC-3' and (R) 5-GGTGGT-
samples were electrosprayed from 50% methanolic solution GTCGACTCAATATTTAAGTATAACGCATCCATATG-
acidified with acetic acid (pH 3.0). The concentrations of 3', were used to amplify nucleotides encoding amino acids
the analyte electrospray solutions were in the range ef 50 50—371 (amino acids 149 contain the putative signal/transit
100uM. Protein solutions were introduced into the ion source peptide) and introduce a proximal EcoRI and distal Sall site
via a 300SB-C3 xm column (Zorbax) with dimensions 2.1 (underlined) in the PCR product. The resulting amplicon was
mm x 150 mm. Samples were loaded on the column in 5% digested with EcoRI and Sall, gel purified, and ligated into
acetic acid and eluted with a linear gradient to 100% a modified version of the pMALc2x vector (oMALCHT) in
acetonitrile. Electrospray ionization measurements were madewhich the linker region was altered to contain nucleotides
in the positive mode, and the reconstructed molecular massencoding a TEV (Tobacco Etch Virus) protease cut site
profiles were obtained by using a deconvolution algorithm followed by a six histidine tag. The resulting ligation product,
supplied with the instrument data system. pSTP5, was sequence verified and transformed into BL21
Expression and Purification of pfMCATull-length and Star(DE3) cells (Invitrogen). These cells were cotransformed
truncated coding sequences Pf falciparumMCAT were with the pRIL plasmid from BL21-CodonPlus(DE3) cells
amplified from cDNA generated from asynchronous parasite (Stratagene) and a plasmid encoding the TEV protezie (
RNA (3D7 strain). The PCR primer design was based on a Cells were grown and harvested as described above.
putative MCAT gene identified from the Plasmodium ge-  Cell lysis buffer (20 mM Na/K phosphate, pH 7.5, 1 mg/
nome database PlasmodD®5). The primers for full length mL lysozyme (Sigma), 2..xg/mL DNAse | (Sigma), 200
PIMCAT (pfMCAT 1wl lengtn), (F) S-GGTGGTGAATTCAT- mM NaCl) was added to the cell pellets (20 mL per L of
GTTTTTATTTAATATGCAAGTAATATTC-3' and (R) original culture) and gently vortexed. Resuspended cells were
5-GGTGGTGTCGACTCATATATATGGAATTGTCCT- incubated on ice for 10 min, followed by 30 s of sonication.
TTTTG-3, were used to amplify nucleotides encoding amino Cell lysate was cleared by centrifugation (27 §00°C, 20
acids 1408 and introduce a proximal EcoRI and distal Sall min) and appliedd a 5 mLHiTrap Chelating HP column
site (underlined) in the PCR product. An alternate forward (Amersham Biosciences) equilibrated in 20 mM Na/K
primer, B-GGTGGTGAATTCAGTTCAGAATATACATT- phosphate, pH 7.5, 200 mM NacCl. The column was washed
TTTTTTCC-3, was used to amplify a truncated pfMCAT  with 10 column volumes of 10 mM imidazole, pH 7.5, 200
construct, including the nucleotides encoding amino acids mM NaCl and eluted with a linear gradient to 500 mM
104—-408 (amino acids 103 contain the putative signal/ imidazole pH 7.5. Fractions containing the amino-terminal
transit peptide). PCR products of pfMCAT iengtn and histidine-tagged pfKASIII were desalted with a HiPrep 26/
truncated pfMCAT were digested with EcoRI and Sall, gel 10 desalting column (Amersham Biosciences) and loaded
purified, and ligated into the pMALc2x vector (New England on a 5 mL HiTrap SP Fast Flow column (Amersham
Biolabs) to give pSTP3 and pSTP4, respectively. Both Biosciences) equilibrated in 20 mM Na/K phosphate, pH 7.5.
ligation products were sequenced, but expression experimentd he column was washed with 10 column volumes of 20 mM
were conducted using only pSTP4 (pSTP3 was generated tdNa/K phosphate, pH 7.5, and eluted with a linear gradient
verify the sequence of full length pfMCA tengin). BL21 to 500 mM NacCl. Fractions containing pure pfKASIII eluted
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with about 150 mM NaCl and were pooled and flash frozen 1 2 3 4 5
in aliquots for further analysis.
pfKASIII Enzyme Actity AssaysRecombinant pfKASIII
was assayed fof-ketoacyl-ACP synthase (KAS) activity
using malonyl-pfACP and radiolabeled substrate*{d}
acetyl-CoA using a standard TCA precipitation ass2g).( 97 kDa—>
The malonyl-pfACP for these assays was first generated from -
malonyl-CoA and pfACP using pfMCAT. The reaction 66 kDa—g8
mixture contained 100 mM Na phosphate, pH 7.2, 1 mM
2-mercaptoethanol, 970V malonyl-CoA, 153uM pfACP, 45kDa—gg - <+— pfKASHI
and 0.59ug pfMCAT in a final volume of 3QuL and was

«— pfMCAT

incubated at 37°C for 30 min. The mixture was then 29 kDa—>==

aliquoted into pfKASIII assay tubes containing the remaining

KAS reaction components except pfKASIII. A standard 20 20 kPa—> o piace
uL KAS reaction contained the following components: 100 14 kD a— S S tramg

mM Na phosphate, pH 6.6, 2 mM 2-mercaptoethanol, 25
uM [1-*“Clacetyl-CoA, 15.4uM pfACP, 39 ng pfMCAT, 6.5kDa—> .
12 ng pfKASIII. The reaction was initiated by addition of . 2 SDS-PAGE of BIACP. DIMCAT bfKASIII d
pfKASIII and incubated at 30C for 10 min. The reaction }i”ggtms' Lane 1 shers S?gmaM’arFI)(er e prange  ocular
was terminated and analyzed as described above. The p"[/Jveight standards (Sigma). Lanes-2 show pure recombinant
dependence of pfKASIII was measured using the assaypfACP (lane 2), pfMCAT (lane 3), pfKASIII (lane 4), and pfAGRs
conditions described above with the pH ranging from 4.2 to (lane 5). All proteins were cleaved with protease to remove the
8.0. maltose binding protein tag except for pfMCAT which was purified
Steady-State Kinetics of pfKASIiGteady-state kinetic as afusion protein.
parameters for acetyl-CoA, and butyryl-CoA were obtained
by determination of pfKASIII activity in the presence of
various concentrations of radiolabeled acetyl-CoA (%88
188.6uM) or butyryl-CoA (2.38-377.2uM) in the presence
of 11.1uM malonyl-pfACP. Similarly, an apparetty for
malonyl-pfACP was obtained by determining pfKASIII

«— pfACP

uM). In all inhibitor analysis, the inhibitors were first
dissolved in dimethyl sulfoxide (DMSO) and then diluted
to the required concentration followed by incubation with
pfKASIII for 15 min at room temperature (Z&). All assays,
including controls, were carried out in 1% DMSO. The

7 . reaction was initiated by the addition of substrates malonyl-
activity in the presence of 24,M acetyl-CoA and varying ofACP and [114C]acet3)//I-CoA under the standard assa);

malonyl-pfACP concentrations (0.327.7uM, all malonyl conditions described above. The concentrations of malonyl-

pfACP concentations were based on a 36% conversion rate P X .
from pfACP in the preincubation with pfMCAT). Likewise, PIACP (5.64M) and [1**Clacetyl-CoA (254M) used in

: . these assays was comparable to Kae values for these
:ahrZsaepne:aeregE “gio?zmafcnegf g’?‘)i:ﬁgiﬂ?ﬁ;g'ﬁ;éﬂ;h € substrates. A control experiment in which pfKASIII was
) . 10 o
ecACP concentrations (0.385 uM). Al reaction compo- preincubated with 1% DMSO for 15 min in the absence of

: ’ o inhibitors was used to measure background in these experi-
nents were incubated at 3G for 5 min, followed by addition ments. The program GraFit 4.012 was used to calculage IC
of pfKASIIl. Reactions were terminated during the linear i prog '

phase (2 min) and analyzed using the protocol described®

: : ; . : In Vitro Drug Susceptibility AssayCompounds that
. Nonl th Fit 4.012 (Middl L
iljb:zv)ewag Tjgl?ja;;edgg'?esr?]?rqgvilanga Ivaluoes (Middlessex, inhibited pfKASIII (ICso values below 1Q:M) were tested
K. A .

Substrate Specificity of pfKASIITo determine the acyl- @n a cell-based in vitro d_rug susqeptibility assay to Qetermine
CoA substrate specificity, radiolabeled acetyl-CoA, butyryl- if they were capable of |nterrupt|r1©!asmod|um fa'?'par!im.
CoA, and isobutyryl-CoA were used in a standard KAS metabolism and growth. The semiautomated microdilution
assay. The 2Qul reaction consisted of the following technique of Desjardins et.a28) was used to assess the
components: 100 mM Na phosphate, pH 6.6, 2 mM sensitivity of the parasites to the selected compounds. The
2—mercaptoéthano|, 12 ng of pfKASIII, :and 3 écyl— incorporation of fH]hypoxanthine into the parasites was

CoA (either [13%Clacetyl-CoA, [14C]butyryl-CoA, or [134C]- measur_ed as a function of compound concentration to
isobutyryl-CoA) in the presence of 11uM malonyl-pfACP. determine |G values.
The assays for determining ACP preference of pfKASII peg iy 19
were performed under the same conditions except that the
concentration of [4Clacetyl-CoA was maintained at 25 Expression and Purification of pfACIn this study, we
uM, while 10 uM of the ACP substrate (either malonyl- produced a construct of pfACP containing residues 537
pfACP, malonyl-ecACP, pfACP, or ecACP) was used. These and lacking the amino-terminal leader peptide. We expressed
assays were initiated by addition of pfKASIII and incubated pfACP with an amino-terminal maltose binding protein
for 10 min at 30°C. The [1#‘Clisobutyryl-CoA and malon-  fusion and purified it through affinity chromatography. The
yl-ecACP used in pfKASIIlI assays were prepared and pure fusion protein was digested with factor Xa protease and
purified as previously describe@7). repurified yielding cleaved pfACP without any affinity tag
Inhibition StudieslIn vitro inhibition of pfKASIII activity (Figure 2). This material had a low level gfketoacyl-ACP
was evaluated using TLM (0.5833uM), HR12 (0.0378- synthase (KAS) activity, presumably due to copurified
23.6 uM), HR19 (0.14-70 uM), and HR45 (0.003410.7 coli KASIII. Filtration through a 30 kDa centrifuge concen-
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GCMCAT 2 =======-scssseesccscessceccs s s s s s s s s s ca s ===
pPEMCAT MFLFNMQVIFLHSLTFIIFTVLLILILPSYCFITIKDSKIINDTWKYENKENTNKIGSYRK 60

FE01. (X gy MTQFAFVFPGQGSQTVG 17
DEMCAT KLRHENVSVNKDIKGNEHIMSSYENEKYIKKLLEDYEKYKITTYSSEYTFFFPGQGEQYMS 120

ecMCAT MLADMAASYPIVEETFAEASAALGYDLWALTQQGPAEELNKTWQTQPALLTASVALYRVW 77
pEMCAT MGLDTYNNYKECKELYNDASKILGYNLMDMIKNGPIEKLKNSEVAQPSIYTVSMASLEKL 180
* * . * LK, . REE kEkk ok . . HE Kk L I I

ecMCAT QQHGG- - -KAP, GHSLGEYSALVCAGVIDFADAVRLVEMRGKFMQEAVPEGTGAMAA 134
pEMCAT KIENNDAYMKLNLCMGYSLGEYAALTCANSLSFDDGVYLTKERGKAMQYCSTLYNMTTVA 240

h kkkkk _kk _kk ok Kk Kk k__ kkk *k _ L. u*
ecMCAT IIGLDDASIGKACEEAAEGQ- -VVSPVNFNSPGQVVIAGHKEAVERAGAACKAAG-AKRA 191
pEMCAT IVGLTLDNIKKLIEDVNHKMNDDIFIVSYMTDRKFGLCGKPESMDYLNTLAKEKYKAIFT 300
*n** .** *-n - - *-n - - - -n*. *o.l - . .* *

ecMCAT LPLPVSVPSHCALMKPAADKLAVELAKITFNAPTVPVVNNVDVKCETNGDAIRDALVRQL 251
pEMCAT KKLEIAGAFHSFYMFPAKETLKNVLNQITFKKLSVPVISNVDGNAYDDPVIIKDLLILQL 360

* L, . *® * k& & L JEEE  kkx . * k k&%
ecMCAT YNPVOWTKSVEYMAAQGVEHLYEVGPGEVLTGLTKRIVDTLTASALNEPSAMAAALEL 309
pEMCAT TSPIKINTCLONVLEKHGYKSGYELGPGTINTNLLRDISKNTKRTIPYI-----=---~-~ 408

SR . R kk kkk | Kk ok k|

FiGure 3: Sequence alignment &. coli andP. falciparumMCAT. The GXSXG consensus sequence common to various acylhydrolases
is shaded. The amino-terminal residue of the truncated pfMCAT construct is indicated with an arrow. Identical residues are indicated with
an asterisk and similar residues by a period.

trator removed the KAS activity from the pfACP sample. and appeared to form a leader peptide (Figure 3). Residues
We analyzed pure pfACP using LC-MS (coupled liquid 1—31 are hydrophobic and are strongly predicted to be a
chromatography mass spectrometry) to determine how muchsignal peptide by the SignalP algorithi®2]. The next 22
pfACP was converted into holo-pfACP & coli holo-ACP residues are acidic (F32 to N53;$16.2), followed by a 20
Synthase (AcpS) through incorporation of a ghospho- residue basic region (K54 to K73; §1 10.7) and a 30 residue
pantetheine prosthetic group (339 Da). We observed almostacidic region (G74 to Y103; pF 5.7). The pfMCAT without
complete conversion to holo-pfACP and were unable to the putative leader peptide is only 28% identicaEocoli
detect any apo-pfACP by LC-MS (data not shown). Interest- MCAT (FabD) and contains a GXSXG consensus sequence
ingly, LC-MS analysis showed that about 10% of the holo- (33) common to various acylhydrolases (Figure 3). For our
ACP was acylated (C12:0 and C14:0 were observed). functional studies, we designed a construct encoding residues
We also produced a construct of pfACP containing 104-408 and lacking the putative leader peptide. This
residues 17137 and including the putative apicoplast transit fragment could be expressed in a soluble form as a fusion
peptide. This construct (pfAGR.) was designed to mimic protein with the maltose binding protein (Figure 2), but could
pfACP as it exists in the secretory spagdter processing not be efficiently cleaved from the affinity tag and repurified.
of the signal peptide and prior to import into the apicoplast Efforts to express the pfMCAT enzyme without the maltose
and cleavage of the transit peptide. LC-MS analyses revealedoinding protein resulted in high yields of insoluble protein.
once again that this protein was in the holo form. Minor =~ MCAT Actuity and Generation of Malonyl-pfACRVe
components €10%) of the holo-pfACRas were observed  used [13“C]-malonyl-CoA to assay the malonyl-coenzyme
to be acylated with C:12, C:14 and C:16 saturated fatty acids. A:ACP transacylase (MCAT) activity of pfMCAT. Under
It has been suggested in the past that formation of acylatedthe conditions described in the methods section, we were
ACP species indicates that the heterologous ACP serves asble to observe 36% conversion of pfACP to malonyl-pfACP
a substrate foE. coli enzymes involved in Type Il fatty in a 30 min period at 37C. No detectable conversion of
acid biosynthesis20, 30). the pfACR.ans Was observed under these conditions using
Expression and Purification of pfMCAWe used genomic ~ PIMCAT. As noted above, pfACRns was shown by LC-
sequences found in PlasmoD8]] to identify thepfMCAT MS to be in the holo form, and thus the lack of activity was
gene and to design primers for PCR amplification from not due to the presence of the apo form. Formation of
cDNA. Two closely spaced start codons (encoding M1 and sufficient amounts of malonyl-pfACP in addition to malonyl-
M6) appeared equally likely to be the amino-terminus of the €cACP was critical to the study, as it not only provided
protein. We based our primer design on the first start codon substrates to test the-ketoacyl-ACP synthase activity of
and amplified theofMCATgene fromP. falciparumcDNA. pfKASIII, but also to probe the ACP specificity of the
We verified the sequence of full lengdiMCAT and found enzyme.
that it was identical to the genomic sequence found in  Expression and Purification of pfKASINVe produced a
PlasmoDB 81). The amino-terminal 103 amino acids of construct of pfKASIII containing residues 5@71 and
pfMCAT were not homologous to bacterial MCAT enzymes lacking the amino-terminal leader peptide. We expressed
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of the fusion protein by coexpressed TEV protease released
the pfKASIII domain with an amino-terminal histidine tag.
The cleaved protein lacking the maltose binding protein was
then purified by metal chelate and cation exchange chroma-
tography (Figure 2).

KAS Actbity. Successful optimization of the pfMCAT
assay allowed us to produce enough malonyl-pfACP to assay
the S-ketoacyl-ACP synthase (KAS) activity of pfKASIII.
Under the conditions described in the methods section, we
were able to observe the formation of acetoacetyl-pfACP
using malonyl-pfACP and [#!C]acetyl-CoA as substrates.
The activity of pfKASIII was measured using these substrates
over the range from pH 4.2 to 8.0 using standard assay
conditions. The activity of pfKASIII showed a significant
pH dependence with maximal activity at pH 6.6 (Figure 4).

Enzyme Kinetics of pfKASINWe observed typical satura-
tion kinetics with pfKASIII in response to increasing
concentrations of acyl-CoA substrates. Appateptvalues
of 17.9+ 3.4 uM for acetyl-CoA and 35. 4 4.4 uM for

K al al K . .
substrate w,% (ml?;]il) (mirl?-ll ‘urﬂ—l) butyryl-CoA were determined (Table 1 and Figure 5A,B).
The affinity of acetyl-CoA for pfKASIII (17.2M) is similar
I-CoA 17.9: 3.4 230 12.8 :
f;‘ﬁfyt{yl_é’oA 357+ 4.4 199.7 56 to that determined for ecKASIII (4Q«M) (34) and S.
malonyl-pfACP 5.2+ 0.5 336.0 64.9 pneumoniaeKASIII (40.3 uM) (35) and higher than that
malonyl-ecACP 3.6:0.7 135.3 44.8 observed for thés. glaucescengASIIl (2.4 uM) (27) and

pfKASIII with an amino-terminal maltose binding protein

S. aureuKASIIl (6 uM) (36). Similarly, theKy value for
butyryl-CoA (35.7uM) is much higher than i$. glaucescens

fusion to increase the yield of expressed protein. The linker KASIII (0.6 uM) andS. aureuKASIII (2.32 uM) (27, 39.
region of this construct contained a tobacco etch virus (TEV) The ke using acetyl-CoA was 230 mi#, almost 6-fold
protease recognition site followed by a six histidine tag higher than that recently reported f8r glaucescensASII|

amino-terminal to the pfKASIII domain. In vivo cleavage (42 min ! using acetyl-CoA and th8. glaucescen&CP as
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FicurRe 5: Kinetic analysis oP. falciparumKASIII with acyl-CoA and malonyl-ACP substrates. The initial velocities of product formation

were measured with pfKASIII and malonyl-pfACP in the presence of increasing concentrations of acetyl-CoA (A) and butyryl-CoA (B).
The initial velocities of product formation were measured with pfKASIII and acetyl-CoA in the presence of increasing concentrations of
malonyl-ecACP (C) and malonyl-pfACP (D).
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Table 2: Substrate Specificity &f. falciparumKASIII2
enzyme activity

substrate (nmoles min* ug™t)

acetyl-CoA 0.85+ 0.08
butyryl-CoA 0.62+ 0.01
isobutyryl-CoA 0.064+ 0.009
pfACP <0.001
malonyl-pfACP 0.69+ 0.01
ecACP <0.001
malonyl-ecACP 0.25:-0.05

a Specific activity was determined using the assay conditions

described in the methods section. Values represent the average of

duplicated assays.

substrates) 7). A comparison of the catalytic efficiency
(keafKm) Of pfKASIII using acetyl-CoA (12.8 mintuM 1)
versus butyryl-CoA (5.6 minuM~1) revealed a slight
preference for acetyl-CoA (Table 1). Saturation kinetics were
also observed with pfKASIII in response to increasing
concentrations of malonyl-pfACP with an apparéqi of
5.2+ 0.5uM (Table 1 and Figure 5C,D). A simildty was
found using malonyl-ecACP (38 0.7uM), indicating that
pfKASIII is unable to distinguish significantly betwedn
coli and P. falciparummalonyl-ACP (Table 1 and Figure
5).

Substrate Specificity of pfKASIMWVe tested the acyl-CoA
specificity of pfKASIIl using radiolabeled acetyl-CoA,
butyryl-CoA and isobutyryl-CoA. Isobutyryl-CoA is not a
good substrate for pfKASIII and exhibited 13-fold less
activity (0.064+ 0.009 nmol min! ug™*) than that observed
with acetyl-CoA (0.848t 0.08 nmol mint ug~') under the
same assay conditions (Table 2). Poor reactivity with
isobutyryl-CoA indicates that pfKASIII is probably not

involved in the synthesis of branched chain fatty acids as

found in some bacterial systems. Other than its major KAS
activity, a minor acetyl-CoA:ACP transacylase (ACAT)
activity has been reported in KASIII enzymes from several
sources, typically ranging from 1% to 10% of KAS activity
(19, 27). To study the ratio of ACAT to KAS activity in
pfKASIII, the enzyme was assayed in the presence &fC]-
acetyl-CoA using either pfACP or malonyl-pfACP as
substrates. The KAS activity of the pfKASIIl was greater
than the ACAT activity by a factor of greater than 690 (Table
2). A similar KAS:ACAT activity ratio was observed for
the pfKASIII using ecACP and malonyl-ecACP as substrates
(Table 2).

Inhibition Studies. Thiolactomycin is an inhibitor of

Prigge et al.
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FIGURE 6: Structures of inhibitors tested in this study.
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FiIGURe 7: Inhibition of P. falciparumKASIII by compounds HR12,
HR19, and HR45. Inhibitor structures are shown in Figure 6.

thiolactomycin and found it to be a poor inhibitor g
330uM) of pfKASIII (Table 3). In an effort to identify better
inhibitors, we tested several structurally similar compounds
from the National Cancer Institute database. Three of these
compounds inhibited pfKASIII with 16 values at or below

10 uM (Figure 6 and Figure 7). These compounds also
inhibited the growth of malaria parasites in culture when
tested against the chloroquine-sensitive D6 strain and the
chloroquine-resistant W2 strain 8lasmodium falciparum
(Table 3).

DISCUSSION

bacterial condensing enzymes and has previously been Three proteins are necessary to initiate fatty acid biosyn-

evaluated for antimalarial activityb). Thiolactomycin was
shown to inhibit the growth of malaria parasites in culture
(ICsp of 50 uM), and this antimalarial activity was attributed
to inhibition of the FAS condensing enzymé&s.(We tested

thesis in a Type Il FAS system: ACP, MCAT, and KASIII.
Previous work indicated that pfACP and pfKASIII are
targeted to the apicoplast organelle of the malaria parasite

with a bipartite leader peptid®,(6, 22). The leader peptides

Table 3: P. falciparumKASIII Inhibition and P. FalciparumDrug Susceptibility

D6 P. falciparum W2 P. falciparum

pfKASIII IC 5o drug susceptibility drug susceptibility
compound NCI # CAS # (uM) ICso (M) 1Cs0 (uM)
TLM 82079-32-1 >330 nd 50
HR12 29804 2425-05-0 104 1.04 8.3 12.2
HR19 3415 5338-82-9 5.3t 0.24 8.7 9.4
HR45 135976 1192-52-5 0.580.03 27 45

aNot determined® Data from ref5.
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pfACP STFDDIEKKIISKQLSVEEDKIQMNSNFTKDLGADSLDL EEKFNVTISDQDALK 120

TcmM RLVEIIRECAGDPDERDLDGDILDVTY-QDLGYDSIALLEL EQDLGVSIPGEELKT 66
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Ficure 8: Multiple sequence alignment @&. coli, P. falciparum and TcmM ACP. Residues predicted to be important in forming an
interaction between thi. coli KASIII and ACP @6) are shaded. The conserved serine required for attachment dfpihegphopantetheine

group is marked with a star. The amino-terminal residue of the truncated pfACP construct is indicated with an arrow. |dentical residues are
indicated with an asterisk, and residues identical between ecACP and pfACP are marked with a plus sign.

of pfACP and pfKASIII consist of a hydrophobic signal the apicoplast where it catalyzes conversion of apo-pfACP
peptide for entry into the secretory pathway followed by a to holo-pfACP.
basic (pl> 10) transit peptide about 24 amino acid in length  The recombinant pfACP obtained in this study was
for subsequent import into the apicoplast. The pfMCAT predominantly in the holo-form, suggesting that it was readily
identified in this study also appears to possess a leadermodified by theE. coli AcpS. This enzyme has broad
peptide, but it is 103 amino acids in length and displays a substrate specificity and can modify heterologous ACPs, such
more complicated architecture. Residues31 are predicted as those from bacteriaS{reptomyces glaucescermmd
to be a hydrophobic signal peptide by the SignalP algorithm Mycobacterium tuberculogisind plants (spinach), when they
(32), but the following 22 amino acid peptide is acidic (pl are expressed . coli (29, 40, 41). ACPs involved in
= 6.21) and does not seem suited for apicoplast traBgjt (  different processes, such as polyketide biosynthesis, are
This acidic region is followed by a basic (g 10.7) region poorer substrates and are often obtained predominantly in
and another acidic region (p 5.7). The basic region is  the apo-form when expressed alone (without overexpression
perhaps responsible for apicoplast targeting. Consistent withof AcpS) inE. coli (40, 42). The pfACP (expressed with a
our expectations, truncated pfMCAT lacking the leader 43 kDa maltose binding protein at the amino-terminus) and
peptide was active using pfACP as substrate, suggesting gpfACP;ans(expressed with the amino-terminal transit peptide)
physiological role in fatty acid biosynthesis within the were obtained almost exclusively in the holo form, suggesting
apicoplast organelle. We found that a pfACP construct that the amino-terminal region of ACPs does not play a
containing the apicoplast transit peptide (pfAGR was not significant role in substrate recognition by AcpS. These
a substrate for pfMCAT even though LC-MS showed that observations are consistent with a recent crystallographic
PfACPanswas produced entirely in the holo form. This result  study of theBacillus subtilisAcpS—ACP complex which
suggests that malonyl-ACP will only be formed in the lumen shows that the major interactions occur alongpamelix of
of the apicoplast after cleavage of the transit peptide from ACP that is far removed from the amino-terminal regid)(
ACP. Since Type Il FAS systems require malonyl-ACP, it Pairwise sequence alignment of pfACP and ecACP shows
seems likely that fatty acid biosynthesis will not occur outside they are highly similar in the region corresponding to this
the apicoplast organelle of the malaria parasite. helix, while a recent analysis of this region for TcmM, a
To be a substrate for either the pfMCAT or pfKASIII, polyketide synthase ACR(Q), showed significant differences
the pfACP must be converted from the apo-form to the holo (Figure 8).
form. This step involves transfer of &ghosphopantetheine The acyl group specificity of KASIII enzymes is a
moiety from coenzyme A to a conserved serine residue ondetermining factor in the type of fatty acids produced by a
the ACP (Ser95). IrE. coli this transfer is catalyzed by a Type Il FAS @3). The bacterial KASIII enzymes (FabH)
126 amino acid enzyme called holo-ACP synthase (AcpS) from S. glaucescen®. subtils, andS. aureushave relaxed
(38). An AcpS presumably must also function h falci- substrate specificities and use a variety of straight-chain and
parumto generate holo-pfACP. Analysis of tRe falciparum branched-chain acyl-CoA substrat2g, (36, 43). This relaxed
genome 81) revealed a candidate gene on chromosome 4 specificity is consistent with the ability of these bacteria to
that codes for a protein that is 29% identicaBacoli AcpS. synthesize both straight-chain and branched-chain fatty acids
The putative pfAcpS appears to have an appropriate leader(43). In contrast, the KASIII enzymes fror. coli and S.
peptide for apicoplast targeting; however, it is difficult to pneumoniagorganisms which generate straight chain fatty
assign the amino-terminus of this protein because the AcpSacids exclusively 44) discriminate against branched-chain
homology domain is preceded by a large open reading frameacyl-CoA substrates such as isobutyryl-CoA. Poor reactivity
(450 amino acids in length). The amino-terminal region of with isobutyryl-CoA relative to acetyl-CoA (Table 2)
pfAcpS, including possible processing of the leader peptide, indicates that pfKASIII is not involved in the synthesis of
may affect AcpS activity since mutations at the amino- branched-chain fatty acids and that falciparum makes
terminus of theB. subtilisAcpS have been shown to radically ~ straight-chain fatty acids. Butyryl-CoA is a good substrate
affect the ability of the enzyme to form the active trimer for pfKASIII (Table 1 and Table 2) but not th&. coli
(39). Thus, it seems possible that the pfAcpS is targeted to KASIII, suggesting that the malaria enzyme could use short
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straight-chain acyl-CoA substrates other than acetyl-CoA (it enzyme is increased dramatically (6-fold) when the cognate
is not clear whether this activity is physiologically relevant ACP from S. glaucescen§~abC) is used40). When the
since little is known about the pools of acyl-CoA substrates physiological ACP is used, the ratio of ACAT to KAS

in the apicoplast organelle of the malaria parasite). In the activity for S. glaucescenKASIIl may be similar to that
structure of E. coli KASIII, five hydrophobic residues  seen in thee. coli system. In pfKASIII, the ACAT activity
(Leul42, Phel57, Leul89, Leu205, and Phe87) form ais exceptionally low-less than 0.15% of the KAS activity
substrate binding pocket for acyl-CoAs. This pocket was (Table 2). Some degree of ACAT activity is perhaps an
proposed to be responsible for restricting ecKASIII to either unavoidable consequence for an enzyme which generates an
acetyl-CoA or propionyl-CoA as substrates, but not butyryl- acylated enzyme intermediate from acetyl-CoA and has an
CoA (45). In pfKASIII the binding pocket residues are ACP binding site. Indeed, it has recently been observed that
conserved despite the ability of butyryl-CoA to be a substrate. a thiolase frons. collinuswhich generates a similar acylated
Similarly, recent analysis of th®. aureus<ASIII has shown enzyme intermediate has a low level of ACAT activity
these residues are also conserved, despite the enzyme being<0.2% of thiolase activity) even though this enzyme does
able to use larger acyl substrates such as isobutyryl-CoA andnot use ACP as a physiological substrate and there is
butyryl-CoA (36). Thus, conservation of these residues does presumably no ACP binding sité).

not allow for accurate prediction of KASIIl substrate Thiolactomycin (TLM) was shown in this study to be a
specificity. Itis curious that the reportéd, values for acetyl-  poor inhibitor of pfKASIII with an IGo value greater than
CoA are higher (1840 uM) for KASIII enzymes f. 330uM (Table 3). Waller et al. showed that TLM inhibits
falciparum S. pneumonia@nd E. col) initiating straight  the proliferation of culture®. falciparumwith an 1Gs, value
chain fatty acid biosynthesis than values for KASIIl enzymes of 50,M and attributed this antimalarial activity to inhibition
(S. aureus6 uM andS. glaucescen2.5uM) initiating both of the FAS condensing enzymes) (It is likely that TLM
straight-chain and branched-chain fatty acid biosynth@3is ( targets the second condensing enzyme® irfalciparum(a
34_36) The structural basis and phySiologicaI relevance of gene encoding a putative prASi/” is located on chromo-
this observation, made from a very limited data set, are not some 6 81)) rather than pfKASIIl. While TLM is an
apparent. effective inhibitor of some bacterial KASIII enzyme35j,

E. coli malonyl-ACP (malonyl-ecACP) appeared to be it js significantly more effective againg coli KASI (FabB)
comparable to malonyl-pfACP as a substrate for pfKASIII rather tharE. coli KASIII (FabH) (49). We tested several
(Table 1). It is possible that contaminating pfACP in our 1 2-dithiole-3-ones which bear structural similarity to TLM
malonyl-pfACP samples acted as a competitive inhibitor in and found three that inhibited pfKASIII with Kgvalues at
the KAS assays, masking a true preference for malonyl- or below 10/AM (Figure 6 and Figure 7) Two of these
pfACP. However, no substantial differentiation between the inhibitors, 5-chloro-4-phenyl-[1,2]-dithiole-3-one (HR12) and
two ACPs was observed in the acetyl-CoA:ACP transacylase 4-phenyl-5-phenylimino-[1,2,4]-dithiazolidin-3-one (HR19),
(ACAT) activity of pfKASIII either (Table 2). This lack of  have recently been shown to be active againsSthaureus
significant ACP specificity may not be too surprising since FabH, suggesting that they may be general KASIII inhibitors
E. coliandP. falciparumACP share 50% sequence identity. (the mechanism of inhibition by these compounds is currently
Perhaps more important is the conservation of residues inynder investigation). These compounds also inhibit the
the a helix which is likely involved in binding to AcpS  growth of S. aureus(36) and malaria parasites in culture
(Figure 8). A recent docking model describing the interaction (Table 3), demonstrating that these compounds cross the cell
of ecKASIII and its cognate ecACP indicates that the acidic \yg]| readily, regardless of their cellular target. $n aureus
amino acids in this helix are also important for binding to the biochemical basis for this antibacterial activity of HR12
basic residues in the ecKASIII active si#é6f. Five out of  remains unknown, although preliminary investigations do not
the six residues identified in this docking study (ecACP indicate a specific inhibition of fatty acid biosynthesi).
residues Glu42, Met45, Ala46, Glu48, Glu49, and Glus0) |, conclusion, we have demonstratgeketoacyl-ACP

are conserveq in pfACP, making it possible th.at the bindin_g synthase (KAS) activity using pure recombinant pfACP,
mode of ACP is conserved between the bacterial and malarlalprCAT’ and pfKASIII lacking their amino-terminal leader

systems (Figure 8). The only difference is residue GIlu50 of ; Yo
o . . .~ peptides. The acyl group and ACP specificity of the pfKASIII
ecACP which is basic (Lys108) in pfACP (presumably this o7y me have also been investigated. These results establish

re;idue does not play a critical role in the interaction Oof ACPS at malaria parasites can catalyze the initiating steps of a
with the pfKASIII). In contrast, these residues are less well Type Il FAS in the apicoplast organelle of the malaria
conserved in TcmM (Figure 8), a polyketide synthase ACP parasite. Moreover, the failure of pfAGRs (pfACP with

i(hzt ITIaS recently been shown to be a poor substrate fory,icopiast transit peptide) to be a substrate of pfMCAT
Sl enzymes 40). suggests that fatty acid biosynthesis will only occur in the

Itis unclear if there is any physiological relevance to the | men of the apicoplast. The identification of pfKASIII
observation that KASIII enzymes possess ACAT activity. jnnipitors able to kill malaria parasites in culture may prove

The acetyl-ACP product of ACAT activity may be a substrate 1 pe 5 valuable tool in designing new strategies to combat
of other condensing enzyme47j. However, it is unlikely malaria.

that a significant amount of acetyl-ACP accumulates since

ACAT activity is typically very low compared to KAS  aAcCKNOWLEDGMENT
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