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ABSTRACT: Acyl Carrier Protein (ACP) from the malaria parasiasmodium falciparungPfACP) in its

holo form is found to exist in two conformational states in solution. Unique 3D solution structures of
holo-PfACP have been determined for both equilibrium conformations, using high-resolution NMR
methods. Twenty high-resolution solution structures for each of the two forms ofHAIGP have been
determined on the basis of 1226 and 1218 unambiguously assigned NOEs (including NOEs between
4'-phosphopantetheine prosthetic groupR®) and protein), 55 backbone dihedral angles and 26 hydrogen
bonds. The atomic rmsd values of the determined structures of two equilibrium forms, about the mean
coordinates of the backbone and heavy atoms, are £.4309 and 0.92+ 0.10 and 0.49t 0.08 and

0.97+ 0.11 A, respectively. The interaction o:BP with the polypeptide backbone is reported here for

the first time for any of the ACPs. The structures of RBIACP consist of three well-defined helices that

are tightly packed. The structured regions of the molecule are stabilized by extensive hydrophobic
interactions. The difference between the two forms arises from a reorientation offie group. The
enthalpy difference between the two forms, although small, implies that a conformational switch is essential
for the activation of holo-ACP. Sequence and structures of holo-PfACP have been compared with those
of the ACPs from type | and type Il fatty acid biosynthesis pathways (FAS), in particular with the ACP
from rat and the butyryl-ACP fronk. coli. The PfACP structure, thus determined has several novel
features hitherto not seen in other ACPs.

Plasmodium falciparuris responsible for the most virulent  pathway is found in mammals, fungi, and some mycobac-
form of malarial infection {). Current measures for the teria, whereas the FAS Il (type Il or dissociative) pathway
treatment of malarial infections is compounded by the ability is found in bacteria and plants. A point of interest is that the
of this organism to develop resistance to known antimalarial host and the malaria parasite each have distinct fatty acid
drugs @, 3). The need for new and novel targets for drugs biosynthetic pathways, that is, the type | pathway is present
for treating malaria therefore need no emphasis. One classn the host, whereas the type Il pathway is present in the
of molecules that could prove to be valuable targets for the parasite. Given the difference between the two FAS path-
design of antimalarial drugs are the enzymes of the fatty ways, the type Il pathway has emerged as a potential target
acid biosynthetic pathway (FASJ4, 5). The role of fatty for the development of novel antimalarial agents (
acids for the normal physiology of living organisms is well A critical protein for fatty acid biosynthesis is the acyl
documented@). Two types of pathways are known to exist carrier protein (ACP) §. ACPs, are small, acidic, and
in living organisms. The FAS | (type | or associative) conserved proteins, which in their holo form serve to shuttle
the lengthening fatty acid substrates to the various catalytic
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ACPS complex fronB. subtilis(21) have been determined NMR Spectroscopyhe isotopically enriched samples for
at high resolution by X-ray diffraction methods. Structural NMR spectroscopy were prepared by dialyzing the purified
studies of ACPs have shown that these proteins are characholo-protein into a 50 mM sodium phosphate buffer at pH
terized by a four helix bundle in which helix Il plays the 6.5 containing 100 mM NaCl, 0.5% NaNand 2mM DTT.
major role in ACP-protein interactions. The majority of the  The dialyzed protein was then concentrated using Centricon
residues in helix Il are conserved or similar in all known (5.0 kDa NMWCO). Samples for NMR were 2.4 mM
ACPs. An important feature of the residues in helix Il is the in concentration in a 90% #/10% DO mixture or in 99%
conserved DSL motif close to ifs-terminus, in which the ~ D,O. One mM DSS was added as an internal chemical shift
central serine serves to attach theP® arm 22). Despite reference standard.

considerable similarity in their amino acid sequences, All NMR experiments were performed either on a Varian
secondary structural elements, and overall topologies, certainlNOVA 500 MHz spectrometer equipped with a triple
ACPs are known to exist in solution in conformational resonancezaxis) pulsed field gradient probe or on Bruker
equilibrium in two isomeric forms that are in slow exchange Avance 700 MHz spectrometer equipped lwia 5 mm

on the NMR time scalel(7, 23—24). On the basis of this  cryogenically cooled triple resonance PFgakis) probe.
conformational equilibria, Prestegard and co-workers have The sample temperature was maintained at 300 K during all
proposed a dynamic model for the structureeofcoli ACP experiments. All of the NMR spectra were acquired in the
(23). gradient-selected sensitivity enhanced mode. Frequency

We report here the high-resolution solution structures of discrimination in the indirect dimensions of all multidimen-
holo-ACP fromP. falciparum(PfACP) obtained using high- ~ Sional spectra was achieved using the SteléP! €7) mode
resolution multidimensional and multinuclear NMR methods. ©f quadrature detection. _
The structures of holo-PfACP are unique in that NMR ~ NMR data were processed on an Intel PC workstation
derived experimental restraints were obtained on holo-protein "Unning Suse Linux 8.2 using NMRPipe/NMRDraw process-
samples containing a uniformly3C/N-enriched 4PP ing software 28). The directly and indirectly detected time
prosthetic group that was biosynthetically obtained. Holo- domain data of 2D and 3D spectra were processed by
PfACP is found to exist in two conformational states in aPPlying a 90 phase-shifted squared sinebell or a Gaussian
solution that are in slow exchange on the NMR time scale. fl|tel’WIth a line-broadening parameter of 10 Hz as weighting
We also show that the two states arise from differences in functions. Data sets were zero filled once in each dimension
prosthetic group orientations, which manifest as chemical Pror to Fourier transfo_rmatlon. All chemical shifts were
shift heterogeneity in the various NMR spectra. The deter- reéferenced to the DSS internal standard. The NMR spectra
mination of the structures of this protein assumes significance Were visualized and analyzed using ANSIZD,(30). _
because it enables the comparison of the two forms of the _1he resonance assignments for the protein bacI;Sbone, Its
protein with structures of other ACPs that participate in type Side chain, and all H, C, and N resonances of @ °N-
| and type Il FAS pathways. Knowledge of the 3D structure ennched 4pPP prosth_etlc group at_tached tq serine-37 of the
of PfACP will help in probing the details of the interaction Protein were F‘qa”IE'QUOUS'y zlassllgned using the d?ta from
between ACP and other enzymes of type Il FAS, thereby 2D Spectra, viz'H-"N HSQ? 'l'| °C CT-HSQC, {H,'H]
opening possibilities for the design of molecules that disrupt TOCSY _(Tnj = 52.5 ms), and’H,"H] NOESY (rm = 75 and
these interactions, which would in turn prevent the growth 125 MS); triple resonance correlation spectra, viz., HNCACB,

of the parasite. CBCA(CO)NH, HNCO, CC(CO)NH-TOCSY, and H(C-
CCO)NH-TOCSY; and 3D spectra éiN-edited NOESY-
MATERIALS AND METHODS HSQC (L‘m =120 ms) andC-edited NOESY-HSQCT(n =

120 ms) 81—33). These assignments were corroborated with
Cloning and QerexpressionThe cloning, expression, and assignments from double-resonance experiments, such as
purification of holoPfACP in E. coli has been presented HCCH-TOCSY ¢ = 17 ms) 1), *N-edited TOCSY-
elsewhere 25). The construct used for the NMR structural HSQC ¢m = 50 ms) @1). The ring protons of aromatic
studies contains four more residues at Myerminus that residues were assigned using a combination of 2D TOCSY

have arisen out of cloning exigencies. Uniformafg/*>N- and 2D NOESY spectra on a sample of hRBHACP in 99%
and'®*N-enriched protein samples were prepared by growing D20. Scalar coupling constantd,N,* were calculated from
the cells in M9 minimal media2g) containing*>*NH,CI (1 measured diagonal and cross-peak intensities in a 3D HNHA

g/L)/*3Cs -glucose (2 g/L) o**NH,4CI (Cambridge Isotopes  spectrum 84).

Labs, U.S.A.) as the sole source of nitrogen and carbon, The difference in the free enthalpies for the two equilib-
respectively. TheN-terminal Hig-tag was removed by rium forms were estimated using the following equati88) (
incubating the holo-protein with thrombin (1 U/mg) for 2 h  wherel andlg are the cross-peak intensities of the isomeric
at 22°C. The cleaved protein was further purified by metal

affinity chromatography. ThePlasmodium protein thus AG = —RTINK: K = M

overexpressed and purified was present in its 100% holo ' [1g]

form. The isotopic enrichment of the parasite holo-ACP is

unique in that the biosynthetically drivert-RP moiety is forms in the'H-N HSQC spectrum.

also isotopically enriched. The purity and homogeneity of N Backbone Dynamic§he 2D *H-15N HSQC spectra
the holoPfACP sample was verified by SD®AGE and to measure relaxation ratd@s, T,, and heteronucledrtH} -

by electrospray mass spectrometry. Mass spectrometric'>N NOE were recorded at 500 MHz ori®-labeled sample
analysis showed the holo-ACP to be 98% enriched in carbon-using the pulse programs described by Farrow et3f). (
13 and nitrogen-15. The T, data were acquired Wit5 s recycle delays and
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relaxation delays of 10, 50, 100, 200, 500, 800, 1000, 1200, conformational states in solution that are in slow exchange
and 1500 msT, data were acquired wit5 s recycle delays  on the NMR time scale. Thi#H-15N 2D HSQC spectrum of
and relaxation delays of 15.5, 31, 46.5 62, 93, 108.5, 139.5,holo-PfACP (Figure 1) exhibits well-dispersed resonances
155.0, 170.5, and 186 m§; andT, values were determined  for nearly all backbone and side-chain protaritrogen pairs.

by fitting peak heights using the nonlinear least-squares Backbone amide resonances of residues D36 and 155 were
(NIlinLS) routine that is part of the NMRPipe/NMRDraw found to be extremely weak in thel-SN HSQC, presumably
distribution.{H}-'>N NOEs were determined as the ratio because of the exchange with the bulk solvent. These
of peak heights in the spectrum recorded wihsaturation resonances were, however, easily assigned through the triple-
(NOE) (usirg a 3 srecycle delay ath 2 s proton saturation)  resonance spectra and the 35N NOESY-HSQC. Also

to that of the spectrum recorded withottl saturation indicated in the figure are the assignments for 11 pairs of
(NONOE) (usiy a 5 srecycle delay).T;, To, and hetero-  side-chain amide cross-peaks arising from 6 aspargines and
nuclear NOE data were analyzed using the Lip&zabo 5 glutamines. The cross-peaks of the backbone and’the 4
model free formalism37, 38) with the program Modelfree PP protor-nitrogen pairs that arise because of the confor-

v4.01 (39, 40). mational exchange are indicated in Figure 1. The identity
Constraints Generation and Structure Determination of and origin of these cross-peaks will be discussed below.
Conformational Isomers of Holo-PfACREorrelation peaks Resonance Assignment of thePf Prosthetic Group.

that were unambiguously and uniquely assigned to the two Unambiguous assignments fi, 15N, and*3C nuclei in 4-
conformational forms in 2DH, *H] NOESY, 3D- N PP are reported in Table 1. THd-, >N-, and*3C-chemical
resolved fH, *H] NOESY, and *C-resolved {H, H] shifts and®JNy* scalar coupling constants, of holo-PfACP
NOESY spectra were integrated, and on the basis of thehave been reported previously (BMRB accession number
integrated intensities, NOEs were classified as strong, 6516) 48).

medium, weak, and very weak with upper bounds of 3.5, Conformational Exchang®&uring the course of sequential
4.0, 5.0, and 6.0 A respectively. All distance restraints assignments, it was found that residues V41, A60, L61, and
employed a lower bound of 1.80 A. Hydrogen-bond restraints the 4-PP moiety exhibited conformational exchange between
were generated for regions that were defined todbeslical two states, the rate of exchange being slow on the NMR
in secondary structure, on the basis of medium-range NOEs.time scale. In the strip plots of th®N NOESY-HSQC
The upper distance bound employed for the hydrogen bondsspectrum (Figure 2), two sets of resonances can be clearly
were set to 2.2 A for HNO and 3.2 A for N-O. observed for V41, A60, L61, and-#P. The chemical shifts

Backbone dihedral angles,{y) were estimated by use of  of the two forms of these residues are fully resolved in the
the CaAngleRestraints.cya routine in CYANA-241) and HN chemical shift, are identical in the carbon chemical shift,
the program TALOS42) in which 3C®-chemical shiftsand  and nearly identical in the nitrogen chemical shift. The
the tHe-, 13Ce- 13CA- 13C'- and®N-chemical shifts, respec- assignment of these resonances to conformationally ex-
tively, were used as input for the predictions by the two changed residues was confirmed through an analysis of
programs. The predicted backbone dihedral angles obtainedHNCACB, CBCA(CO)NH, and CC(CO)NH. An integration
from the two programs were in good agreement, and hence,of HSQC cross-peaks for the two equilibrium forms showed
the output from the CaAngleRestraints.cya routine was usedthat the two forms exist as an equilibrium mixture in an
as input for structure calculations. Because'fitechemical approximately 65:35 ratio. The identified major (A) and
shifts were found to be identical in the case of residues that minor (B) forms for V41, A60, L61, and the amide protons
exhibited the backbone amide proteamide nitrogen chemi-  of 4-PP (4-PF and 4-PP (cf. Table 1)) are assigned in
cal shift heterogeneity, the protein backbone dihedral anglestheH-'*N correlation spectrum (Figure 1). The amide proton
were assumed to be the same for the two forms. resonances of these residues are separated by 0.06 (42 Hz),

Three-dimensional structures were calculated with the 0.04 (28 Hz), 0.06 (39 Hz), 0.06 (45 Hz), and 0.05 ppm (34
program CYANA-2.1 on the basis of experimentally derived Hz), respectively, in théH-*N HSQC spectrum (digital
distances from NOEs, hydrogen-bond distances and dihedral+esolution of 5.5 Hz/pt in F2). In contrast, the amide nitrogen
angle restraints, using the torsion-angle dynamics protocol.resonances are separated by 0.0, 0.17 (12 Hz), 0.0, 0.0, and
The final NOE data sets reflected all of the assigned NOEs 0.26 ppm (18.2 Hz) (digital resolution of 9.7 Hz/pt in F1).
for both forms of holePfACP. In the process of structure However, the M and C resonances of V41, A60, and L61
determination, 200 random conformers were subjected toexhibit identical chemical shifts in théN -edited TOCSY-

12 000 steps of annealing to obtain an ensemble of 20 of HSQC and'H-*C HSQC spectra, respectively. The differ-
the best structures of acceptable stereochemical quality forence in free enthalpies for the two equilibrium forms (A and
each equilibrium form. B) was found to be~0.5 kcal/mol.

Structure Ealuation. The stereochemical qualities of the ~ 4'-PP Moiety and Its Interaction with ProteinThe
calculated structures were assessed using CYANA andprosthetic group'4PP attached to S37 spatially interacts with
PROCHECK-NMR ¢3) and compared with those of ACPs the S37, L38, and D39 residues of the polypeptide, and these
belonging to the FAS and PKS families, using MOLMOL interactions have been identified for both the A and B forms
(44), VMD (45), and GRASP 46). The protein sequences 0f 4-PP. The NOESY strip plots of Figure 3 show the NOE
were aligned in ClustalW. The percentage of sequenceinteraction between the various nuclei ofPP and the
identities were determined from the LALIGN progrard@), different protons of the S37, L38, and D39 residues. The

minor form of V41 interacts with '4PP resulting in an
RESULTS additional restraint for the minor conformation structure

Sequence Specific Assignmefiise holo-ACP from the  determination (Figure 2). Of residues V41, A60, and L61,

malaria parasiteP. falciparum (PfACP) exists in two only V41 shows NOE contacts with the prosthetic group.
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Ficure 1. Two-dimensionalH-1*N HSQC spectrum of holo-PfACP showing correlations between backbone and side chain-proton
nitrogen pairs. The cross-peaks have been labeled using a one letter amino acid code in a sequence specific manimgtrdgeniqrairs

from the side chains of GIn and Asn are connected by horizontal lines. Also indicated in the spectrum are the major (A) and minor (B)

forms of residues V41, A60, and L61. The major and minor forms of the pratdrogen correlations arising froffrmercapto-ethylamine
(4'-PP A,B) andg-alanine (4-PP A, B) moieties of the 4phosphopantetheine group are labeled accordingly (cf. Table 1). For clarity, the

minor forms (B) are shown and labeled in red.

Table 1: Chemical Shifts of NMR Assignable Heavy Atoms of
4'-Phosphopantetheine’{BP}

H Ho QM o
AN A A A A
Y 0P —0—ot,—sor—cP
0 o) h?eh]{!e |o-
Me = methyl group
position H (ppm) 13C (ppm) 5N (ppm)
& 2.79 39.47
P 3.46 38.08
c 8.23(8.18) 123.93 (124.19)
d 176.50
e 2.48 41.18
fo 3.49 38.17
g 8.06 (7.99) 121.12 (121.16)
h 177.57
i 4.00 76.78
i 0.84,0.93 20.53, 22.55
k 3.79, 3.38 74.24

a Atom wise*H, 3C, and**N assignments are shown as labeled in
the structure of 4PP, shown above the Table. All assignments were

conformations, respectively. These NOE distance restraints,
from and within 4-PP, were critical in defining the orienta-
tion of the prosthetic group in the major and minor
conformations of holo-PfACP, respectively. A large number
of NOEs defining the two forms could be easily assigned
from the '*N-edited NOESY spectrum because of well-
resolved conformationally exchanged cross-peaks idHhe
N HSQC spectrum (vide supra). Degeneracy in aliphatic
IH- and '3C-chemical shifts precludes the assignment of
unique NOEs to the conformationally exchanged forms in
the 13C-edited NOESY spectrum.

Secondary Structures of Major and Minor Conformations
of Holo-PfACP.The solution secondary structures of major
and minor forms of holo-PfACP were deduced from com-
putedHo-, 13Ce-, 13CA- and13C'-secondary shifts using the
consensus chemical shift index (CSI) methd8) (The major
and minor conformations adopt three well-defined major
helical regions (HI, HIl, and HIII) and one small helix (Ml
(Figure 4). Identification of medium-range NOEs and
estimated®JyNy* scalar coupling constants provided cor-

made using the triple-resonance data sets described in the text).roborative evidence for the helices detected by CSI. Figure

b Methylene protons show chemical shift degenerasfalues shown
in parentheses are for the minor conformation of holo-PfACP.

4 summarizes short- and medium-range NOE patterns
obtained for both conformations of holo-PfACP. Almost
identical G- and G-chemical shifts indicate that the second-

None of the other residues that exhibit heterogeneity show ary structural elements are largely unaffected by conforma-

NOEs to 4-PP. In all, five and six unambiguous NOE
contacts between#P and the protein and five and six intra
4'-PP NOEs could be assigned for the major and minor

tional isomerism.
Distance and Dihedral Restraint8IMR-derived experi-
mental restraints for the determination of the tertiary
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Ficure 2: Strip plots from the 30°N-edited NOESY-HSQC spectrum showing NOESs to the conformationally exchanged forms (labeled
as A and B) of residues V41, A60, L61, and both amides of tHeR (4-PF and 4-PP®) of holo-PfACP. The strips are centered at the
amide-proton chemical shift of each residue at the corresponding nitrogen chemical shift. The NOEs unique to each form of the protein
residues are indicated, whereas all assigned NOEs to the prosthetic group are labeled.

837 L3z D3 (including NOE distances due to th&-BP group) and 55
3 ] Fa/ (¢,y)-backbone angle restraints along with 26 hydrogen-bond
Tiesa 125.74 restraints, which were generated for the residues in the helical
regions. A total of 146 long-range NOEs were assigned for

as both major and minor conformations, out of which 74 are
E from (H* and HY) backbone-side chain interactions, 61 are
- 9 from side chain-side chain interactions, and 11 are from
wl ® o backbone-backbone interactions. Aromatic residues F5
E o (helix HI), F29 (loop LI), F51 (helix HII), and Y72 (helix
a0 3"—“"' L HIll) contributed to 55 long-range contacts, out of which,
3 41 served to constrain the backbone of the helical residues,
E “: é and the remaining ones were involved in constraining the
:R £s ] ? ; corresponding loop rggioqs. Three t.)o?ﬂ;i,NHa c_oupling
“ i = z constants and almost identi¢&C*-chemical shifts indicated
LLE B k that the backbone torsional angles for the major and minor
- s . forms of the conformationally exchanged residues were the
same.
0| - -%‘ a— Three-Dimensional Structure of Holo-PfACHgure 5(A
<> =0 and C) shows the superposition of 20 of the best conformers
. of each major and minor conformations of holo-PfACP when
100 superimposed on their backbone (N, @nd C) atoms. The
E criterion for the selection of the 20 best structures was based
10 4 on these structures having the lowest target functions, no
E e = = upper distance NOE violations greater than 0.5 A, and no

dihedral angle violations greater thaf. Fhis is a clear
F1 {ppm) indication of the good correlation between NMR experi-
Ficure 3: Strip plots from the 3D'N-edited NOESY-HSQC mental data and calculated structures. The representative
spectrum shoYving NOE co_rrelations between I’ESidU_ES S37, L38, structures of the major and minor conformations of holo-
%r"\ld D39 and 4PP. The strips are plotted at respectivé- ldnd PfACP are shown in ribbon representation in Figure 5 (B
-chemical shifts. . -
and D). The mean solution structure of each conformer is
structures of major and minor conformations of holo-PfACP composed of three well-defined helices HI (T4 -Q15), Hill
consisted of 1226 and 1218 unique and nontrivial NOEs (S37-F51), and HIII (V66-K75) and one short helix' KEE20-
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FiGURE 4: (A) Summary of sequential- and medium-range NOEs assigned i#@Dand*N-edited NOESY-HSQC spectra for (A) the

major conformation of holo-PfACP and (B) the minor conformation of holo-PfACP. The thickness of each bar is in proportion to the NOE
intensity. Also shown in the figures is the secondary structure assignment for both the major and minor conformations of holo-PfACP as
predicted by CSI.

123). The presence of helix Hlwvas not predicted on the are connected by well-structured loops. The mean structure
basis of CSI and essentially arises because of sequencef the minor conformation lacks helix HI(13 out of 20
specific medium-range NOEs characteristic of helical struc- structures lack helix HI) despite a CSl-based prediction of
ture. The presence of such an additional helix has beena helix in this region. A total of 57 and 52% of the residues
reported in structural studies of frenolicin ACP7j, E. coli are part of helical segments in the major and minor
ACP (19, 20), and apos-alanyl carrier protein%0). The conformers of holo-PfACP, respectively.

mean structure of the major conformation of holo-PfACP  Major helices Hl, HIl, and HIll of holo-PfACP follow an
consists of one additional helix HIID57-A60). The helices  up-down-down topological arrangement in the overall ar-



6910 Biochemistry, Vol. 45, No. 22, 2006 Sharma et al.

(A)

N-terminal "/ N-terminal

C-terminal C-terminal

(©) (D)

| N-terminal N-terminal

C-terminal C-terminal

Ficure 5: Solution NMR structures of holo-PfACP. (A) Backbone (superimposed on*Nai@l C atoms) representation of an ensemble

of 20 low-energy conformers of the major conformation. (B) Ribbon representation of a representative conformer of the major conformation.
The 4-phosphopantetheinylated serine in (A) and (B) is shown in orange. (C) Backbone (superimposed,ami Catoms) representation

of an ensemble of 20 low-energy conformers of the minor conformation. (D) Ribbon representation of a representative conformer of the
minor conformation. The'4ghosphopantetheinylated serine in (C) and (D) is shown in red. HelrHB) and the loop region corresponding

to helix HII" in (D) are purple.

chitecture. This topology is well conserved among the ACPs. 43 long-range NOESs to the helical segments for major and
Table 2 summarizes the structural statistics obtained for anminor structures, respectively.
ensemble of 20 solution structures of major and minor forms  The native 3D fold of both of the conformations of holo-
of holo-PfACP. The atomic rmsd for the ensemble of major PfACP is packed and stabilized primarily by hydrophobic
and minor conformers with respect to their mean coordinate interactions among and between such residues in helices and
position when superposed on the backbone and all heavyloops, with helix HIl being most hydrophobic among helices
atoms of residues—476, are 0.48 0.09, 0.92+ 0.10, and in PfACP. This tight packing also explains the high order
0.49 4 0.08, 0.97+ 0.11 A, respectively. Ramachandran exhibited by the loops in this protein.
statistics $1) show that 98.7 and 99.2% of the backbone = The rmsd when the mean structures of major and minor
dihedral angles lie in the allowed regions for major and minor conformers of hole-PfACP are superimposed on their
conformations, respectively. Only 2 out of 79 residues, viz., backbone atoms of helices HI, HIl, and HIll regions is 0.341
S17 and S56, lie in the disallowed region. These residuesA. The largest difference in the NMR-derived major and
lie in loops LI and LI, respectively. The low rmsd values minor conformers is in the orientation of theP prosthetic
and the high percentage of residues occupying the allowedgroup. There also appears to be a significant deviation in
regions in the Ramachandran map are an indication of highloop LI, inspite of the lack of heterogeneity. The effect of
precision and the good stereochemical quality of calculated this conformational heterogeneity of the prosthetic group on
holo-PfACP structures. the structures of hol®fACP will be discussed below.

The loop regions in both of the structures of holo-PfACP ~ Backbone Dynamics of Holo-PfACP, dndT, relaxation
are as well defined as the helices. This is primarily due to rates and*H}-*>N heteronuclear NOE parameters have been
the fact that 76 and 79 out of 146 long-range NOEs are determined for the protein backbone and thd°B amide
between residues that are located in loops and helices fomitrogen atoms for both equilibrium forms of heRfACP.
major and minor structures, respectively. The longest loop, The measured relaxation parameters and order parameters
LI, is packed between the three major helices, and its position(S) of both forms as a function of amino acid sequence are
is defined by 36 long-range NOEs to these helices for both shown in Figure 6. In general, the order parameter is a
of the structures. Similarly, loop LIl is defined by 40 and reflection of the rigidity of an internuclearNH bond vector
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Table 2: Structural Statistics of the Major and Minor 0.6174+ 0.006 s, andT_z = 0.427+ 0.003 s. The amide
Conformations of Holo-PfACP protons of the 4PP moiety show longer; andT; relaxtion
times as well as negative heteronuclear NOEs and low-order
parameters. This is somewhat surprising in that distinct

major minor
Distance Restraints (NOESs)

total 1226 1218 protein to prosthetic group internuclear NOEs can be
intraresidue|{ — j|) = 0 407 406 assigned for each isomer. This would suggest that the
sequential f —jl)=1 329 322 prosthetic group does take on a more rigid conformation than
Eﬁg'f;{‘]ég%gﬂﬂ);lg_z’ 3,4 o o can be inferred from relaxation data alone. It would be
intra 4-PP NOEs 5 6 important to take into consideration exchange contributions
inter 4-PP and protein NOEs 5 6 such as those computed from relaxation-dispersion studies
z"gfage febS”aO:mS per residue 2616-2 2616-1 (52, 53). Furthermore, the measurement of dipolar couplings
b _ would also yield an accurate estimate of the order parameter
) Dihedral angles o - for the prosthetic group.
¥ 55 55 Comparison of Holo-PfACP with Bacterial and Mam-
Structural Quality of Holo-PTACP mgllan ACPS.The sequence alignment of AC_Ps that par-
1. Ramachandran map (%) of residue7®  67.9 68.6 ticipate in type | and type Il FAS pathways is shown in
most favored regions 27.8 26.8 Figure 7A. Also shown in the Figure is the sequence of
ggﬁg'&‘g’&’/ 2:"(’)‘\’/"\,‘2?, rrig'i‘(’)ﬂss 3.0 38 frenolicin ACP from the type Il PKS pathway.
disallowed regions 1.3 0.8 Multiple seq_uence_alignment data ino_licate that the ACPs
2. restraint violation (&) are almos_t similar in I_ength_ except in the case Mf
upper distance(0.5 A) 0 0 tuberculosisACP, which is unique because of an extended
dihedral angle ¥ 5°) 0 0 C-terminal. PfACP shows 51.9, 48.8, 22.6, and 20.9%
3. average RMSD from mean coordinates (&) sequence identity with type Il FAS ACP’s frof. coli, B.
E)A) ?g rESIdltJeQ (N.CC) 0484009 0.49% 0.08 subtilis M. tuberculosis and type | FAS rat ACP, respec-
ackbone atoms , . . . . : ey H H : :
all heavy atoms 092010 097+ 011 tively. Additionally, it shows a 23.8% sequence |dent|_ty with
(B) regular secondary structure elements S. roseofulus ACP from type Il PKS. An analysis of
backb%ne atorma Y 025005 0.25% 006 alignment data shows that the residues in the sequence that
all heavy atoms 0.74 0.07 0.76+0.07 are most highly conserved are those that are adjacent to and
(C) loop region, residue range 186" form helix Il and loop Il structural regions. Furthermore,
backbone atoms 0.560.14 0.58+0.15 this region contains the functionally important DSL motif,
all heavy atoms 102023 1.18:0.26 to which the 4PP is tethered, with the conserved serine
(D) loop region, residue range 585° residue.
backbone atoms 0.560.14 0.45+0.15

The structures of the major and minor conformations of
— . holo-PfACP are compared to those of other ACPs, when
a Statistics for the final ensemble of 20 structures calculated for holo-

PfACP.P The rmsd values for residue range 76. ¢ The residues of superimposed on the backbone atoms of major helical

helices HI(4-15), HII(37-51), and HIll (66-75).Excluding the residues ~ '€dions, which are conserved among all ACPs. Such a
of helix HI'. eExcluding the residues of helix Hllin the major comparison of the major conformation of holo-PfACP from

conformation. type Il FASE. coli butyryl-ACP, M. tuberculosisACP, and
type | FAS rat ACP is shown in Figure 7¢BD). The overall
with respect to the principal axis of the molecule. The fold of the PfACP is the same as that of the other ACPs,
average values off;, T,, and heteronuclear NOE are with conservation of the three-helix bundle. The major form
0.444+ 0.010 s, 0.13H- 0.003 s, and 0.70% 0.014 for of PFACP shows an rmsd of 2.24 A each wighcoli butyryl-
the major conformation and 0.441.0.010 s, 0.133t 0.003 ACP andM. tuberculosisACP and 3.19 A with rat FAS |
s, and 0.702+ 0.014 for the minor conformation of the ~ACP, whereas the minor form of holo-PfACP on similar
polypeptide backbone. The residues in the three major helicescomparison shows a rmsd of 2.19, 2.35, and 3.18 A to the
all exhibit a tight distribution ofTy, T,, and heteronuclear  respective ACPs. In the case where major and minor forms
NOE values as well as high-order parameters, indicative of of PFACP are superimposed on the structure of frenolicin
well-structured regions. The relaxation parameters for resi- ACP andB. subtilisACP, the rmsd is 2.16 and 2.58 A for
dues in loops LI, LI, and LIl also show a narrow the major form and 2.29 and 2.57 A for the minor form.
distribution, although the lower-order parameters indicate There is a striking difference in the surface-charge
conformational flexibility. distribution if we compare PfACP with other members of
The relaxation parameters determined for theHNbond the ACP family (Figure 7A). The surface of PfACP is not
vectors of both isomeric forms of the prosthetic group, 4 as highly acidic as in the case of other type Il ACPs. The
PP, are indicated at positions 80 and 81 in Figure 6. The overall surface charge on PfACP is-66 units (10 Lys, 10
15N-relaxation parameters for the prosthetic group amides Asp, and 6 Glu) residues. Helix HIl is the most negatively
of the major conformation are as follows. FOrRP: T, = charged among the helices in PfACP. From currently
0.828+ 0.038 s,T, = 0.515+ 0.005 s, and heteronuclear available sequence data on type Il FAS ACMs tubercu-
NOE = —0.634+ 0.013; for 4-PP: T, = 0.643+ 0.013 s, losis ACP is the most negatively charged, whereas PfACP
T, =0.2044 0.002 s, and heteronuclear NGE—0.114+ carries the least negative charge. In contrast, the rat ACP of
0.002. The similar relaxation parameters for the minor type | FAS is still less acidic with a net charge 6f3. In
conformation are as follows. For-2F: 0.805+ 0.026 s, general, the bacterial ACPs have higher negative surface
0.690+ 0.009 s, and—0.519+ 0.010; for 4-PP: T; = potential than the eukaryotic counterparts. Inspite of these

all heavy atoms 1.09-0.23 0.87+0.17




6912 Biochemistry, Vol. 45, No. 22, 2006 Sharma et al.

+——L] —— LII LIII
HI HI' HII HIT' HIII

faaoana006T 0000 (oGO0 1000 Toao00a0ad

T, )

o 20 40 60 80
0.7
0.6
0.5
0.4
0.3
0.2
0.1

T, ()

NOE
o
1

o 20 40 60 80
Residue Number

FiGURE 6: 15N-relaxation data of holo-PfACP recorded at 300 K. The values of measured relaxatioi tiametl,, steady-state heteronuclear

NOEs, and calculated order paramete ére plotted as a function of amino acid sequence. The relaxation dataP&® and 4-PP are

shown in each plot as residue numbers 80 and 81, respectively. Similar values for the minor forms of conformationally exchanged residues
are shown in red. Shown at the top of the plot is the secondary structure as a function of the sequence as deduced from the calculated
tertiary structures for the equilibrium conformers. On the basis of the calculated structures, Habxprtsent only in the major conformer.

differences in overall charge, some common features areshown in Figure 8 (A and B). In the case of PfACP, the
distinguishable in that the charge distribution in the vicinity structure is stabilized by a dense network of hydrophobic
of the prosthetic group appear to be the same. This coupledinteractions, which results in a tightly packed interior. The
with the structural similarity among the various ACPs would loop regions are relatively rigid, as evidenced by the higher
explain the ability of ACP synthase (ACPS) from one than usual order parameters (cf. Figure 6). The rat ACP

organism to prime ACPs from other organisnigl{56). structure, however, shows far fewer hydrophobic interactions.
Analogously, it has been shown that apfACP can be Indeed, the rat ACP appears to possess a cavity in the interior
converted to the holo form b. coli ACPS @5, 56, 57). as can be seen in Figure 8 (C and D).

A comparison of the structures of type Il malaria ACP
with type | mammalian ACP shows that there are pronounced DISCUSSION
differences in the overall structures as indicated by the small The structures of acyl carrier proteins from several sources
size of the helices and longer loop regions in rat ACP, the have been determined. The coli ACP in particular has
four helices being defined by 4, 8, 4, and 5 residues. Figure been studied by both NMR (apo and holo form8)-(2)
8 compares the structure of PfACP and rat apo-ACP. and X-ray crystallography (apo and acylated ACE9, O0).
Electrostatic potential surfaces of PfACP and rat ACP are Solution NMR methods have shown that holo-ACP exists
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(A)
pfacp =0 s MLESTFDDIKKI ISKQLSVEEDK - IQMNSNFTKDLGADSLDLVEL- - IMALEEEFNVTIS 57
E.coliACP --ca---- MSTIEERVEKIIGREQLGVKQEE-VTNNASFVEDLGADSLDTVEL- - VMALEEEFDTEIP 56
ratacp 0 o=sssa- MGDERAQRDLVKAVAHI LGTRDLAGINLDSSLA - DLELDSLMEVEVRQILEREHDLVLPIR 60
M.th ACP - == -MPVTQEEIIAGIAEI IEEVTGIEPSE- ITPEKSFVDDLDIDSLSMVEL - -AVQTEDEYGVKIP 60
B.sub.ACP -==-=---- MADTLERVTKI IVDRLGVDEAD-VELEASFEEDLGADSLDVVEL--VMELEDEFDMEIS 56
frenacp - - -MSALTVDDLEKLLAETAGEDDSVDLAG- - ELDTPFV - DLGYDSLALLET - - AAVLQQRYGIALT 59

N.8.Charge

ptacp DEDALKINTVODAIDYIBRNNEQ - — - — - - - —— - - oo g0 -6
E.coliACP DEBA-KITTVOAAIDYINGHQA ---------=--======-==2=====—====-= 77 -13
ratacp EVRQLTLRKLQEMSSKAGSDTELAAPKBEN-===cccacccccccacaacaaana S0 -3
M.th ACP DEDLAGLRTVGDVVAYIQKLEEENPEAAQALRAKIESENPDAVANVQARLEAESK 115 -1%
B.sub.ACP DEDABK I ATVEDAVN Y TQNQ0 - — - - - - —mm o el 77 =17
frenacp DETVERLET PRELL VN T TP AT A - - - - - - m mm e e e a3 =12

(B) (€) (D)

Ficure 7: (A) Sequence alignment of PfACP with other ACR& b ACP = M. tuberculosisACP, B. sub.ACP = B. subtilisACP, and

fren ACP= frenolicin ACP). Manual adjustments were made following the initial alignment with ClustalW. Conserved residues are shown
in red. The net surface charge (N.S.Charge) on ACPs were obtained by excluding terminal char@gO{8rlays of the representative
structure of the major conformation of PFACP on various ACPs with the superimposition of backbone atormisgiht C) on three major
helices. (B) PfACP residues5, 3751, and 66-74 were superimposed on residuesls, 36-50, and 65-73 of E.coli butyryl ACP

(pdb code 1L0I). (C) PfACP residues-45, 3751, and 66-75 were superimposed on residuesl®, 40-54, and 76-79 of M.tb ACP

(pdb code 1KLP). (D) PfACP residues-Z, 43-50, and 66-70 were superimposed on residuesl®, 43-50, and 6771 of rat FAS |

ACP (pdb code 1N8L). The structure of PfACP is shown in ribbon representation, whereas tBoseldbutyryl ACP (cyan)M. tuberculosis

ACP (green), and rat FAS | ACP (blue) are in backbone representation. See text for details.

as a dynamic equilibrium between two conformational states. Differences in the orientation of the acylated prosthetic
Prestegard and co-workers have determined structures fogroup has also been shown in the case of butyryl&texbli
both equilibrium forms ofE. coli holo-ACP. Similar ACP (20), which exists in open and closed conformations.
structural isomerism has also been observed in the case ofn the closed conformation, the loop Lll/helix HMitegion
frenolicin ACP (7) and spinach ACP24), where NMR (holo-PfACP notations) are packed against the three helix
resonances for distinct equilibrium conformers could be bundle and prevents the insertion of the lipophilic acyl group
identified and are present in a 10:1 ratio, indicating that these into the protein interior. In this conformation, the prosthetic
conformers are in equilibrium in the slow-exchange regime. group is thought to be flexible and in an extended conforma-
For spinach and frenolicin ACPs, the time scale for chemical tion. In the open conformation, the loop LlI/helix Htegion
exchange is on the order of 5060 ms, based on the moves away from the three helix bundle, enabling the
observation of exchange cross-peaks in NOESY spectra. Ininsertion of the acyl group into the hydrophobic pocket. Thus,
contrast, the conformational equilibrium exhibitediBycoli the ACP must undergo a large conformational change in each
holo-ACP is on the fast-exchange regime on the NMR time successive cycle of chain elongation.
scale in that a single set of correlation peaks was observed A comparison of similar regions, which in this case would
under all reported NMR experimental conditions. Further- pe helix HIf/loop LI, in the structures of the major and
more, it has been shown that thePP group is present as  minor forms of holo-PfACP witfE.coli butyryl-ACP (Figure
an extended chain and does not exhibit any discernible 9) suggests that the major conformer more closely represents
interaction with the protein. the closed conformation, whereas the minor one represents
The holo-PfACP also exhibits conformational heterogene- the open conformation. It also suggests tHaPR will have
ity in solution. In this case, the major and minor forms are to undergo a conformational switch upon interaction with
present in a ratio of 6.5:3.5, which is higher than that the first enzyme involved in the initiation of type Il fatty
observed for other ACPs1y). More importantly, the  acid bioynthesis, that igrabD (malonyl CoA/ACP trans-
prosthetic group has very clear interactions with the protein acylase). It is possible that this conformational switch may
in both major and minor forms. Evidence for this comes from play an important role in regulating fatty acid biosynthesis
the NOESY data, where unique NOEs can be assigned toin the malarial parasite.
each form. The two conformers of holo-PfACP owe their ~ Changes in the orientation of the prosthetic group are also
origin to differences in interaction between the prosthetic accompanied by changes in the tertiary structure. One
group and the protein. important feature is the loss of helix Hih the minor form
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Ficure 8: Electrostatic potential surface representation of (A) PfACP and (B) rat ACP and surface representation of the hydrophobic
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Ficure 9: (A) Representative structures of the major and minor
conformations of holo-PfACP superimposed on their backbone
atoms (N, @, and C) of helical regions are shown in orange and
green, respectively. Thé-phosphopantetheinylated serine is shown
in orange and red for major and minor conformations, respectively.
Residues that show conformational heterogeneity (V41, A60, and
L61) are highlighted in tube representation. ([B) coli butyryl-
ACP is shown in backbone representation and is green. The
butyrylated prosthetic group along with serine-36 is shown in red.

and its conversion into a longer loop that connects helix HII
and helix HIIl. This is consistent with the open structure
conformation observed i&. coli butyryl-ACP (Figure 9B).
The additional flexibility in this region is necessary for the
insertion of acyl chains into the hydrophobic pocket. The
low rmsd of 0.341 A (Figure 9A) between the two confor-
mational structures of holo-PfACP is indicative of an
otherwise close structural similarity. Earlier studies on holo-
ACP have shown that the linked acyl chain significantly
interacts with the protein. However, interactions between the

prosthetic group and protein have not been observed in other
ACPs 68, 59, 9, 13, 14, 17). In this study, the prosthetic
group has been found to interact with several residues in
both the major and minor forms (cf. Figures 2 and 3). All of
the residues that interact with-BP are present in helix HII.

From the current database, the structures of mammalian
apo-ACP from the rat and the malaria parasite holo-ACP
are available representative structures of ACPs from the host
and parasite, respectively, and could also serve as canonical
models for the comparison of ACPs that participate in type
I and type Il FAS pathways. As shown above, the differences
in structures of these two proteins can be qualitatively
described in terms of overall structure, surface charge, and
stabilization of the tertiary structure by hydrophobic interac-
tions. In terms of overall structure, the rat ACP shows a
substantially lower order than PfACP. It is possible that the
rat apo-ACP is intrinsically flexible. The overall charge
differences between rat ACP and PfACP are marginal (cf.
Figure 8A and B). An analysis of the thermodynamic
properties could yield insights into the differences in stability
of the two proteins. A point to consider is that the rat holo-
ACP may present structural features that could be quite
different from that of the apo-protein. A detailed comparison
between the host and parasite ACPs will become possible
once the structure of a mammalian holo-ACP is reported.
E. coli ACPS will modify the apo forms of several type Il
ACP homologues including th8treptomyce&CPs of the
PKS system. Not surprisingly, apo-PfACP is converted in
its entirety to the holo form by nonrecombinantly expressed
E. coliACPS, even under conditions of stringent growth such
as those encountered by cultures grown in a minimal medium
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(25). Similar conversion levels have been obtainethinitro
experiments too. In contrast, approximately 5% of the rat
apo-ACP is converted to holo form in conditions where the
E. coliACPS is coexpressed. Similar levels of rat holo-ACP
are obtained when the gene is overexpress& aoelicolor
(60). Significantly, the rat holo-ACP can participate in the
type Il PKS system, although at extremely low efficiency.
The ability of S. coelicolorACPS to convert ap®fACP to
holo-PfACP is as yet unknown. In light of the above, there
is a significant difference in specificity d&. coli ACPS for
type Il PTACP and type | rat ACP, respectively. It is possible
that the differences in structure, between Blasmodium
and rat ACPs, shown here could be a major determinant of
this specificity.

In conclusion, we have determined the solution structure
of the holo-acyl carrier protein from the malaria parasite
falciparum The structure of this protein presents novel
features that have not been observed in other ACPs. The
differences in dynamical properties among ACPs leads to
subtle differences in structure beyond the similar overall
tertiary fold criterion in comparing the structures of homolo-
gous proteins from different species. Future studies on the
interaction of holo-PfACP withFabD will reveal the role
of conformational isomerism in this important protein
protein interaction.
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