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ABSTRACT: The genome of Leishmania major encodes a type II fatty
acid biosynthesis pathway for which no structural or biochemical
information exists. Here, for the first time, we have characterized the
central player of the pathway, the acyl carrier protein (LmACP), using
nuclear magnetic resonance (NMR). Structurally, the LmACP molecule
is similar to other type II ACPs, comprising a four-helix bundle,
enclosing a hydrophobic core. Dissimilarities in sequence, however, exist
in helix II (recognition helix) of the protein. The enzymatic conversion
of apo-LmACP into the holo form using type I (Escherichia coli AcpS)
and type II (Sfp type) phosphopantetheinyl transferases (PPTs) is
relatively slow. Mutagenesis studies underscore the importance of the
residues present at the protein−protein interaction interface of LmACP
in modulating the activity of PPTs. Interestingly, the cognate PPT for
this ACP, the L. major 4′-phosphopantetheinyl transferase (LmPPT),
does not show any enzymatic activity toward it, though it readily converts other type I and type II ACPs into their holo forms.
NMR chemical shift perturbation studies suggest a moderately tight complex between LmACP and its cognate PPT, suggesting
inhibition. We surmise that the unique surface of LmACP might have evolved to complement its cognate enzyme (LmPPT),
possibly for the purpose of regulation.

Leishmaniasis is an important tropical disease that threatens
millions of lives worldwide. The severity of the infection

varies with species, ranging from cutaneous lesions to fatal
systemic infections (visceral leishmaniasis). The disease has
raised heightened concern lately, because of the surge in
multidrug resistant strains.1,2 There are no licensed vaccines
available to date, and chemotherapy still remains the ultimate
choice.3 Hence, there is pressing need to identify new targets for
intervention.
Notably, the surface of Leishmania spp. is rich in

glycosphingolipids, and a marked change in the lipid content
of the parasite occurs in the drug resistant species.4 Moreover,
the amastigote stage (blood stage) of the parasite relies on the β-
oxidation of fatty acids for energy generation, classifying the fatty
acid metabolism as a suitable target for drug design.5−8 Though a
major fraction of the lipid requirement in the amastigote stage is
met by the host, a functional machinery for de novo synthesis and
remodeling of fatty acids is also retained in the parasite.9 On the
basis of genome sequence, two distinct pathways for fatty acid
synthesis (FAS) coexist, (a) a type II pathway and (b) an
elongase pathway.

Most of the biochemical information about trypanosomatids
comes from the studies on Trypanosoma, a close relative of
Leishmania. Speculation is rife that the primer for the elongase
pathway, i.e., butyryl-CoA, is supplied by the type II fatty acid
biosynthesis pathway of Trypanosoma brucei, as the elongase
pathway cannot function de novo.10 Studies of the conditional
knockouts of the acyl carrier protein (ACP), an important
component of the fatty acid machinery, have shown that in the
absence of ACP, cell death occurs in the bloodstream form,
underscoring the importance of fatty acid biosynthesis for
survival.10 Interestingly, the amino acid sequence of Leishmania
major ACP is ∼96% identical to that of T. brucei (excluding the
signal peptide of ∼70 amino acids).10

The type II fatty acid biosynthesis pathway of several other
microorganisms has been studied and in some pathogens has
been regarded as a target for drug design, because of its
dissimilarities with the type I fatty acid biosynthesis pathway of
the host.11,12 An indispensable component common to both the
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pathways is the acyl carrier protein (ACP), which interacts with
the enzymes of the fatty acid machinery. ACP is an independent
component of the type II pathway with two distinct functions
when loaded with an acyl chain (a) communicating with the
catalytic enzymes while delivering the growing acyl chain to their
active site and (b) protecting the acyl chain in its core from the
hydrophilic environment during transport.13 In the type I
pathway, it exists as an integral domain of one single
multidomain, multifunctional fatty acid synthase (FAS).
Intriguingly, ACPs of the type I and II pathways share a very
similar fold, and the type I ACP domains can act as a substrate for
the type II bacterial fatty acid synthase enzymes.14

The process of fatty acid synthesis occurs in two stages, (a)
initiation and (b) elongation.15 The initiation steps involve the
carboxylation of acetyl-CoA to malonyl-CoA, in the presence of
acetyl-CoA carboxylase, and the subsequent transfer of the
malonyl group from CoA to holo-ACP in the presence of
malonyl-CoA:ACP transacylase. Prior to this step, the post-
translational modification of the apo-ACP by the transfer of the
phosphopantetheine moiety from coenzyme A to a conserved
Ser residue is caused by the enzyme 4′-phosphopantetheinyl
transferase (PPT). In the subsequent step, one molecule of
acetyl-CoA condenses with malonyl-ACP in the presence of β-
ketoacyl-ACP synthase III to form acetoacetyl-ACP, which
enters the elongation cycle. The first product of the elongation
cycle is butyryl-ACP, followed by the addition of two carbons to
the chain per elongation cycle, resulting in longer chain acyl-
ACPs.
Apart from fatty acid biosynthesis, ACP plays a pivotal role in

polyketide synthesis,16,17 oligosaccharide,18 biotin, and non-
ribosomal peptide synthesis.19,20 ACP has been well-charac-
terized in Escherichia coli,21−23 spinach,24 Plasmodium falcipa-
rum,25−27 rat,14,28 Vibrio harveyi,29 and others.
ACP molecules display a low level of sequence identity of

∼20% yet share a very similar topology, four helices surrounding
a hydrophobic cavity. A Ser residue at position 36 is conserved
within a “DSL” motif. Structural studies of the ACP−enzyme
complexes have shown that the majority of the interactions of the
ACP molecule are governed by loop I, helix II (recognition
helix), loop II, and helix III, which form a contiguous surface.30,31

As a first step toward understanding the function of the type II
fatty acid biosynthesis pathway of L. major, we have structurally
characterized its acyl carrier protein and compared it with other
type II ACPs. Its unusual PPT binding surface guided us to follow
its interaction with various groups of PPTs, using biochemical
and biophysical techniques. Our studies shed light on the role of
the residues present at the protein−protein interaction interface
of ACP, in modulating the catalytic activity of PPTs.

■ EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification. Cloning, expres-

sion, and purification of ACPs from L. major (LmACP), E. coli, P.
falciparum, Mycobacterium tuberculosis, and Homo sapiens were
conducted in E. coli as described previously.32 L. major 4′-
phosphopantetheinyl transferase (LmPPT, UniProt entry
Q4QCW3) was also purified similarly. The proteins were
overexpressed by inducing with 0.4 mM isopropyl β-D-1-
thiogalactopyranoside. Cells were harvested and sonicated,
followed by Ni2+-NTA chromatography. The bound proteins
were eluted with 50−200 mM imidazole.
Holo-ACP was synthesized in vitro using Bacillus subtilis

phosphopantetheinyl transferase (Sfp), apo-ACP, and coenzyme
A, using a modified protocol of Lambalot and Walsh.33 Sfp was

expressed and purified separately using ion exchange chromatog-
raphy. Uniformly labeled [1H,15N,13C]apo-ACP was prepared by
growing E. coli in M9 medium containing 15N NH4Cl (1 g/L)
and 13C glucose (2 g/L). TheN-terminal His tag was removed by
thrombin cleavage using immobilized thrombin. Single-site
mutations were introduced using a site-directed mutagenesis
approach and purified in a manner analogous to that used for the
wild-type protein.

NMRData Acquisition.NMR samples comprised uniformly
labeled [1H,15N,13C]protein, in 20 mM sodium phosphate buffer
(pH 6.0), 100 mM NaCl, 2 mM DTT, 0.5% sodium azide, 90%
H2O, and 10% D2O. A protein concentration of 1 mM was used
throughout.
Two- and three-dimensional NMR experiments, viz., 1H15N

HSQC, 1H15N TOCSY, HNCACB, CBCAcoNH, CCcoNH,
and HNcoCA, were acquired on a Bruker Avance III 700 MHz
NMR spectrometer, installed at the National Institute of
Immunology (New Delhi, India), equipped with a triple-
resonance cryogenic TCI probe. NMR data were processed on
a workstation with Red Hat Enterprize Linux 5.0, using
NMRDraw/NMRPipe,34 and analyzed using Sparky35 and
CARA.36 Experiments were performed at 298 K throughout.
The data were multiplied by a phase-shifted sinebell apodization
function in all dimensions.

1H15N HSQC spectra were acquired using 1024 data points in
the t2 dimension and 512 data points in the t1 dimension.

1H15N
HSQC-TOCSY experiments were conducted using a mixing
time of 80 ms, with 1024 (t3) × 72 (t1) × 48 (t2) data points.
Three-dimensional experiments, viz., CBCAcoNH, HNCACB,
and CCcoNH, were performed with 1024 (t3)× 36 (t1)× 24 (t2)
data points. In all cases, the data were linear-predicted in the
forward direction for up to half the number of experimental
points in the indirect dimensions. 15N13C spectra were indirectly
referenced using a chemical shift standard, sodium 2,2-dimethyl-
2-silapentane-5-sulfonate (DSS).37 Methanol was used as an
external standard for temperature measurements.38

15N T1,
15N T2, and

15N{1H} NOE relaxation experiments
were performed on an Avance III 700 MHz Bruker NMR
spectrometer at 298 K. In the case ofT1 andT2 measurements, 24
transients were acquired per experiment, and a total of 256 ×
2048 complex points were acquired in the t1× t2 dimensions. 15N
T1 relaxation delays of 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.64, 0.96,
and 1.28 s were used with the inversion recovery pulse sequence.
15N T2 relaxation rates were measured using the Carr−Purcell−
Meiboom−Gill (CPMG) pulse sequence with relaxation delays
of 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 0.13, 0.15, 0.17, 0.19, 0.21,
0.23, and 0.25 s. NOE measurements were performed using 32
transients per t1 experiment with 2048 and 128 points in the t2
and t1 dimensions, respectively. A recovery delay of 2.5 s was used
throughout.

Data Analysis. Chemical Shift Perturbations. Changes in
HN have been reported as average chemical shifts (ΔΔδHN)
derived from eq 139

δΔΔ = Δ + Δ[( ) ( N/5) ]HN HN
2 2 1/2

(1)

where ΔHN and ΔN are the changes in the proton and nitrogen
dimensions, respectively.
One standard deviation has been used as a cutoff to demarcate

significant chemical shift change.
Relaxation Data Analysis. The relaxation data were

analyzed using Sparky.35 Intensities of the amides were obtained
by measuring the heights of the peaks in the spectra, and the T1
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and T2 values were determined from the nonlinear regression of
the single-exponential decays. A Sparky2rate script (http://
xbeams.chem.yale.edu/~loria/sparky2rate, P. J. Loria, Yale
University, New Haven, CT) based on the CURVEFIT software
(A. G. Palmer III, Columbia University, New York, NY) was used
to translate the relaxation time from the duplicate spectra into
relaxation rates and to calculate standard deviations. The
15N{1H} heteronuclear steady-state NOE was calculated from
the Isat/Iunsat ratio, where Isat and Iunsat are the peak intensities in
the spectra collected with and without proton saturation,
respectively. Uncertainties in measurements were derived from
independently acquired duplicate spectra.

15N relaxation data were analyzed using FAST-Modelfree,40 by
applying the extended Model-free approach. An isotropic model
for rotational diffusion was used. χ2 testing was used to confirm
the goodness of fit. The five models used to describe the spin
relaxation data were as follows: model 1, S2; model 2, S2 and τe;
model 3, S2 and Rex; model 4, S2, τe, and Rex; model 5, S2, τe, and
Sf
2. S2 is the order parameter, with values between 0 and 1, used

to fit the amplitude of internal motions on the picosecond to
nanosecond time scale. Sf

2 is the order parameter for fast
motions, and τe is the effective correlation time for internal
motions. Rex represents chemical/conformational exchange for
the microsecond to millisecond motions.
Structure Determination. Structures were determined

using CNS (Crystallography & NMR System version 1.3)41

based on the NOESY restraints obtained from 3D 1H15N
NOESY-HSQC, 3D 1H13C NOESY-HSQC aliphatic, and 3D
1H13CNOESY-HSQC aromatic experiments. The dihedral angle
restraints obtained from HNHA/TALOS+ and hydrogen bond
restraints from hydrogen−deuterium exchange experiments
were also used as input for structure calculation.
Matrix-Assisted Laser Desorption Ionization Time-of-

Flight (MALDI-TOF) Analysis. Samples were desalted using
C18 ZipTips and eluted with 50% acetonitrile, containing 0.1%
TFA. The samples were mixed with an equal volume of matrix
(α-cyano-4-hydroxycinnamic acid) and analyzed on a model
4800 MALDI-TOF analyzer.
PPT Assay. The conversion of apo- to holo-ACP was

followed by incubating 40 μM apo-ACP, 2 μM Sfp/10 μM
LmPPT, 0−100 μMCoA, 2mMMgCl2, 2mMDTT, and 50mM
Tris-HCl (pH 8.0). The samples were incubated for 1 h in the
case of Sfp and 3−8 h for the LmPPT assay at 37 °C. The extent
of conversion was qualitatively monitored on a 12% Native-
PAGE gel, as the holo form migrated faster than the apo form.

Similarly, the mutants containing the N35D mutation migrated
ahead of wild-type LmACP, because of the presence of an
additional negative charge. For quantitative kinetic measure-
ments, holo-ACP formed during the assay was monitored using a
modified high-performance liquid chromatography (HPLC)
method.42,43 The enzymatic reaction was conducted as described
and terminated by the addition of 50mMEDTA. A 15 μL sample
of the assay solution was injected onto a Symmetry C18-5 μm
(4.6 mm × 250 mm) column (reversed phase), pre-equilibriated
with 0.1% trifluoroacetic acid. The column was eluted with a
linear gradient of 0 to 80% acetonitrile in 0.1% trifluoroacetic
acid, and the absorbance was monitored at 220 nm. The identity
of the HPLC peaks was also confirmed by MALDI-TOF mass
spectrometry. In the HPLC chromatogram, the holoprotein
eluted prior to the apoprotein, in approximately 20−21 min. The
proportion of holo-ACP formed during the assay was estimated
by measuring the peak area (integral) for holo-ACP and dividing
this value by the sum of the area for apo- and holo-ACP elution
peaks, at each coenzyme A concentration.

■ RESULTS
The L. major Holo-Acyl Carrier Protein (LmACP)

Displays a Four-Helix Bundle Architecture. The 20
lowest-energy structures of the holo-acyl carrier protein of L.
major obtained by multidimensional NMR spectroscopy are
shown in Figure 1A. The backbone chemical shift assignments
were obtained by acquiring triple-resonance NMR experiments,
HNCACB, CBCAcoNH, HNCA, HNcoCA, etc.32 The side
chain chemical shift assignments were derived from CCcoNH-
TOCSY and HCCH-TOCSY experiments. The NOESY
constraints were obtained from 13C-edited NOESY, as well as
15N-edited NOESY experiments. A total of 1407 unique NOE
distance restraints, 44 hydrogen bond restraints, and 109
dihedral angle restraints were used for structure determination
as illustrated in Table S1. A majority of the ϕ angles were
obtained from the HNHA experiment and the ψ angles from
TALOS+.44

The structure of the holo-LmACP molecule was determined
using CNS41 (Crystallography & NMR System). A total of 200
structures were generated, of which the 20 lowest-energy
superimposed structures were submitted to the Protein Data
Bank as entry 2M5R. All experimental NMR restraints were
satisfied, with no major NOE restraint violations. In the
structures, most of the residues have ϕ and ψ angles that fall
within the favorable regions of the Ramachandran plot. The

Figure 1. Solution structure of the holo-acyl carrier protein of L. major. (A) The 20 lowest-energy conformers obtained by superposition of the
backbone of the secondary structural elements are shown. The phosphopantetheine moiety is displayed as sticks. (B) The lowest-energy structure is
shown as licorice, displaying the two residues important for its interaction with PPTs. This figure was prepared using Chimera.57
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average root-mean-square deviation (rmsd) from the lowest-
energy structure (backbone) for all the residues was 0.85 Å and
that of heavy atoms (C′, Cα, and N) 1.24 Å. The average rmsd for
the backbone atoms over the four helices was 0.54 Å.
The LmACP molecule is a four-helix bundle protein,

comprising helices α-I (residues 1−15), α-II (residues 35−49),
α-III (residues 56−60), and α-IV (residues 65−79), that enclose
a hydrophobic cavity as shown (Figure 1B). Three well-defined
loops connect the four helices; loop I, between helices I and II,
loop II, between helices II and III, and loop III between helices III
and IV. Loops II and III are relatively short compared to loop I.
The residues in the text have been numbered in accordance with
E. coli ACP structure (PDB entry 1T8K). Hence, the numbering
in this work differs by one residue from that of PDB entry 2M5R;
i.e., Ser 36 in the text corresponds to Ser 37 in the PDB entry.
Structurally, the LmACP backbone is similar to other type II

ACPs. The lowest-energy NMR structure of LmACP displays
rmsd values of 2.29 Å with the backbone of E. coli (PDB entry
1T8K), 2.12 Å with P. falciparum ACP (PDB entry 2FQ0), and
2.58 Å with H. sapiens mitochondrial ACP (PDB entry 2DNW),
as shown in Figure S1A−C.
In conformity with other type II ACPs, a Ser is conserved at

position 36, which undergoes post-translational modification by
the covalent attachment of a phosphopantetheine group derived
from coenzyme A, in the presence of a 4′-phosphopantetheinyl
transferase (PPT) (Figure 2).
The LmACP Backbone Displays Picosecond to Nano-

second Time Scale Dynamics, Akin to Other Carrier
Proteins. 15N T1, T2, and

15N{1H} steady-state NOE values
were measured for LmACP at 25 °C. A total of 74 cross-peaks
were identified in the HSQC spectrum, of which 67 non-
overlapping well-resolved peaks were selected for further
analysis. The calculated R1, R2, and NOE values for the amides
are shown in Figure S2A−C.
The raw data from the relaxation experiments were fitted to

the extended Model-free formalism developed by Lipari and
Szabo45 using FAST-Modelfree.40 An overall global isotropic
correlation time of 6.64 ns was determined for holo-LmACP at
25 °C. Residues that showed significant resonance overlap were

excluded from the analysis. The model with the fewest
parameters that gave a statistically significant χ2 value was
selected. The generalized NH order parameters obtained from
theModel-free analysis displayed values between 0.65 and 0.9 for
most of the residues, as shown in Figure S2D, suggesting
picosecond to nanosecond motions. Nearly all the residues could
be fitted to model 1, using Model-free approach, except Asp 56
and His 57, which required an Rex term, and displayed the best fit
using model 3, as illustrated in Figure S2E.

Residues in Helix II of LmACP Are Remarkably
Different from Those of Other Type II ACPs. Structural
comparison of LmACP with other type II ACPs highlights major
differences in the residues of helix II, at sites that interact with
PPT. LmACP lacks the conserved Asp at position 35 (Figure 2).
Likewise, a Met at position 44 is replaced with a Phe in LmACP.
Both residues are crucial for the interaction of ACP with PPT.46

LmACP Does Not Interact with the Bacterial Group I,
4′-Phosphopantetheinyl Transferase.Heterologous expres-
sion of LmACP in E. coli yields∼100% apoprotein. Other type II
ACPs, i.e., E. coli,47 P. falciparum,48 spinach,49 and others,50 are
expressed in two or more forms: apo form, holo form, and the
acyl intermediates, as the latter serve as a substrate for the group I
4′-phosphopantetheinyl transferase AcpS, present in E. coli.
To dissect the contribution of Asn 35 and Phe 44, present in

LmACP, in modulating its interaction with AcpS, the two
residues were mutated to the corresponding residues in E. coli
ACP, singly (N35D and F44M) as well as in combination (N35D
+F44M). Figure 3A shows the helical wheel projections for helix
II of E. coli ACP and LmACP, highlighting the residues (in red)
that were mutated. E. coli AcpS was able to convert ∼17% of the
double mutant N35D+F44M into holo-LmACP (Figure 3B, lane
4), while the wild-type LmACP and single mutants N35D and
F44M were expressed predominantly as the inactive apo form in
E. coli, with 0−1% conversion as shown in Figure 3B (lanes 1−3).
The percentage conversion was determined by HPLC analysis.
Panels A and B of Figure S3 display the HPLCC18 reverse phase
chromatogram for the Ni2+-affinity purified N35D and N35D
+F44M mutants, respectively, upon heterologous expression in
E. coli.

Figure 2. Comparison of the LmACP sequence with other carrier proteins. A multiple-sequence alignment of LmACP with other type I and type II
ACPs is shown, along with the secondary structural elements. Positions 37, 40, and 44 are highlighted with a red box. TheDSLmotif is highlighted with a
green box. (M) indicates the protein is a type II ACP, mitochondrial in origin.
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Enzymatic Conversion of LmACP with B. subtilis Sfp Is

Relatively Slow. B. subtilis Sfp displays broad substrate

specificity and converts most known ACPs into their active

form. As shown on a 12%Native-PAGE gel (Figure 3, lanes C1−

C8), 13% of the wild type, 3% of F44M, 47% of N35D, and 19%

of N35D+F44M could be converted to holo-LmACP by

incubation with Sfp in vitro over a period of 1 h at 37 °C, using

50 μM CoA, 2 μM Sfp, and 40 μM ACP. Under the same assay

Figure 3. Enzymatic conversion of apo- to holo-ACP. (A) Helical wheel projections of helix II of LmACP and E. coli ACP, displaying the residues
mutated (colored red) in LmACP to the E. coli sequence. On a 12% Native-PAGE gel, (B) conversion of the wild type and mutants of LmACP by AcpS
(during heterologous expression), followed by Ni2+ affinity chromatography, (C) in vitro conversion of various ACPs using B. subtilis Sfp, (D) in vitro
conversion of LmACP and its mutants using LmPPT (the assay was conducted for 8 h in LmPPT using LmACP as a substrate), (E) in vitro conversion of
heterologous ACPs (type I and type II) using LmPPT, (F) in vitro conversion of LmACP by Sfp in the presence of LmPPT, and (G) in vitro conversion
of P. falciparum ACP by LmPPT in the presence of LmACP. A separate lane in a separate gel is shown by a dotted line. The percent conversion was
calculated using the modified HPLC method as described.
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conditions, E. coli ACP showed 74% conversion, P. falciparum
ACP 62% (Figure 3, lanes C9−C12), and M. tuberculosis ACP
61% conversion (data not shown). Panels C−F of Figure S3
display the HPLC C18 reverse phase chromatograms for the apo
and holo forms of wild-type LmACP, N35D, N35D+F44M, and
E. coli ACP after the Sfp assay, respectively. Longer incubation
with Sfp resulted in the complete conversion of LmACP, as
confirmed by MALDI-TOF mass spectrometry (Figure S4B).
Kinetic measurements were taken on wild-type LmACP, the

single mutants N35D, F44M, and F44A, the double mutants
N35D+F44M and N35D+Q48E, triple mutant N35D+F44M
+Q48E of LmACP, E. coli ACP, the M44F mutant of E. coli ACP,
P. falciparum ACP, and M. tuberculosis ACP, using Sfp. The
Michaelis−Menten constant KM was determined by varying the
coenzyme A concentration between 0 and 100 μM, using 2 μM
Sfp, and a fixed concentration of apo-ACP (40 μM). Kinetic
constants were obtained by performing hyperbolic Michaelis−
Menten fits to the raw data using Graphpad Prism version 6.0 for
Windows (GraphPad Software, La Jolla, CA). The LmACP F44A
mutant failed to convert to the holo form even after incubation
for 4 h. In other LmACP mutants, a major difference was
observed in the Vmax. As illustrated in Figure 4, the lowest Vmax

was observed for mutant F44M and the highest for N35D. The
increase in Vmax upon mutation of Asn 35 to an Asp was

compensated by the decrease upon mutation of Phe 44 to a Met
in the double mutant N35D+F44M. As a consequence, the
enzyme kinetic curve (reaction rate vs substrate concentration)
for the double mutant N35D+F44M was similar to that of the
wild-type protein. The kcat values were in the following order:
F44M < wild type < N35D+F44M+Q48E < N35D+F44M <
N35D+Q48E < N35D < M. tuberculosis ACP < E. coli ACP < P.
falciparum ACP (as illustrated in Figure 4 and Table 1). In the
double mutant N35D+Q48E, the kcat of Sfp was higher than that
of wild-type LmACP but lower than that of the N35Dmutant. In
the triple mutant N35D+F44M+Q48E, the Vmax dropped to 0.13
μmol/min. An E. coli ACP mutant M44F was also designed and
displayed aKM similar to that of the wild-type E. coliACP, though
the Vmax decreased drastically, as shown in Figure 4 and Table 1.

4′-Phosphopantetheinyl Transferase of L. major
(LmPPT) Does Not Show Any Catalytic Activity toward
Its Cognate ACP. On the basis of the enzyme kinetic results
with AcpS and Sfp, we hypothesized that the interaction interface
of LmACP might have evolved convergently with its cognate
PPT and might convert efficiently with its own group II 4′-
phosphopantetheinyl transferase, a 273-amino acid protein, the
only PPT encoded by the L. major genome (UniProt entry
Q4QCW3).
As shown on a 12% Native-PAGE gel, only 18% conversion of

the wild-type LmACP and mutants N35D, F44M, and N35D
+F44M to the holo form was observed after incubation for 8 h
(Figure 3D, lanes 1−8). The enzyme assay was comprised of 10
μM LmPPT, 40 μM LmACP, 150 μM CoA, and 50 mM Tris-
HCl (pH 8.0) at 37 °C. Interestingly, an assay conducted in the
absence of LmPPT (Figure 3D, lane 9) also displayed equivalent
conversion to holo-LmACP, suggesting that the small amount of
the holo product formed is a consequence of LmACP self-
pantetheinylation, and not LmPPT catalysis.

LmPPT Efficiently Converts Heterologous Type I and
Type II ACPs into Their Holo Forms. The rate of
phosphopantetheinylation of other type I and type II ACPs by
LmPPTwas also followed. Interestingly, an equivalent amount of
the enzyme, under the same assay conditions, displayed higher
activity toward H. sapiens ACP (71% conversion), P. falciparum
ACP (70%), M. tuberculosis ACP (35%), and E. coli ACP (45%
conversion) after incubation for 3 h. A longer incubation (4 h)
resulted in the complete conversion of H. sapiens and P.
falciparum ACP into their holo forms, as shown in Figure 3E.

Chemical Shift Perturbation Studies Suggest a Weak
Interaction between LmACP and Sfp. Chemical shifts are
sensitive to the changes in the chemical environment, viz.,

Figure 4. Kinetics of the ACP conversion by Sfp (B. subtilis). The Sfp-
catalyzed transfer of the phosphopantetheine moiety from CoA using
various ACPs as substrates, viz., E. coli ACP, M44F mutant of E. coli
ACP, P. falciparum ACP, M. tuberculosis ACP, wild-type LmACP, and
N35D, F44M, N35D+F44M, N35D+Q48E, and N35D+F44M+Q48E
mutants of LmACP. The data were fitted to the Michaelis−Menten
equation using Graphpad Prism version 6.0. The KM and kcat values
calculated from the graph are listed in Table 1.

Table 1. Kinetic Constants for Sfp (B. subtilis) Determined Using Various ACPs as Substrates

ACP KM (μM) kcat (min−1) Vmax (μmol min−1) kcat/KM (min−1 M−1)

LmACP wild type 6.29 ± 0.70 0.05 ± 0.00 0.09 ± 0.00 7949
LmACP F44A NDa NDa NDa NDa

LmACP F44M 3.79 ± 0.84 0.01 ± 0.00 0.03 ± 0.00 2639
LmACP N35D 26.86 ± 3.53 0.23 ± 0.01 0.47 ± 0.02 8563
LmACP N35D+F44M 5.24 ± 1.08 0.07 ± 0.00 0.14 ± 0.01 13359
LmACP N35D+Q48E 4.81 ± 0.72 0.10 ± 0.00 0.21 ± 0.00 20790
LmACP N35D+F44M+Q48E 5.54 ± 1.39 0.06 ± 0.00 0.13 ± 0.00 10830
E. coli ACP wild type 120.4 ± 26.9 0.84 ± 0.12 1.68 ± 0.25 6977
E. coli ACP M44F 130.2 ± 39.9 0.49 ± 0.10 0.98 ± 0.20 3763
P. falciparum ACP 215 ± 63.88 1.15 ± 0.25 2.28 ± 0.51 5349
M. tuberculosis ACP 100.5 ± 26.8 0.62 ± 0.10 1.25 ± 0.20 6169

aNot determined.
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hydrogen bonds, electrostatic interactions, hydrophobic inter-
actions, etc., and, hence, serve as an excellent tool for following
ligand interactions.51 The interaction of LmACP and its mutants
with Sfp was also investigated by NMR. All the mutant ACPs

appeared to be well-folded in the 1H15N HSQC spectra. 1H- and
15N-labeled samples of wild-type LmACP, theN35Dmutant, and
the double mutant N35D+F44M were titrated with increasing
concentrations of unlabeled Sfp, to a final molar ratio of 1:2 in 50

Figure 5. Interaction of LmACP with 4′-phosphopantetheinyl transferase is fairly weak. Average amide chemical shift changes of (A) LmACP upon
binding to Sfp alone, (B) LmACP binding to Sfp (B. subtilis) in the presence of 2 mMMg2+ and 1.5 mM CoA, (C) the N35D mutant of LmACP upon
binding to Sfp in the presence of Mg2+ and CoA, (D) the N35D+F44M mutant of LmACP upon binding to Sfp in the presence of Mg2+ and CoA, and
(E) wild-type LmACP upon binding to LmPPT in the presence of 2 mMMg2+ and 1.5 mMCoA. Panels 2 and 3 display the peaks for Glu 15 and Ile 54
HN, respectively, for titration points at 0-fold (blue) and 2-fold (red) excesses of PPT. A discontinuous line in the figure marks one standard deviation.
The binding studies were conducted in 50 mM Tris-HCl (pH 8.0) at 25 °C.
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mMTris-HCl (pH 8.0) at 25 °C. Figure 5A illustrates the average
backbone amide chemical shift changes of LmACP upon
addition of Sfp in the absence and Figure 5B in the presence of
2 mMMgCl2 and 1.5 mMCoA. In the former case (Figure 5A1),

chemical shift perturbations were restricted to the residues in
loop I, and a few residues of helix III. However, in the presence of
MgCl2 and CoA (Figure 5B1), perturbations extended to a few
more residues in helices II and III of LmACP. Panels C and D of

Figure 6.Modeled structure of LmPPT in complex with LmACP. (A) Ribbon representation of the structure of LmPPT (colored cyan) generated using
Prime54 and LmACP (PDB entry 2M5R) colored cyan, based on the HsPPT−ACP complex structure, PDB entry 2CG5 (HsPPT colored pink).
Docking was done using Chimera.57 Residues important for interaction between ACP and PPT are shown as sticks. (B) Comparison of the protein−
protein interaction interface between helix α2 of LmACP (cyan) and helix α4 of LmPPT (cyan). For comparison, the crystal structure of HsPPT (pink) is
also shown, displaying the residues crucial for interaction as sticks: (C) helix α4 of HsPPT (pink) overlaid on helix α4 of LmPPT (cyan) and (D) helix α4
of Sfp (peach).
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Figure 5 display chemical shift changes of the amides in the single
mutant N35D and the double mutant N35D+F44M, respec-
tively, upon Sfp binding. In all the cases, the chemical shift
changes were extremely small, centered around (a) Glu 15 and
(b) Ile 54 amides. The amide peaks for residues Glu 15 and Ile 54
in the HSQC spectrum for each titration, in the free LmACP
(colored blue) and PPT-bound state (colored red), are displayed
in panels 2 and 3, respectively. Interestingly, in our 1H15NHSQC
experiments, over a period of time, the formation of holo-
LmACP could be observed in the single mutant N35D, validating
our assumptions that the conformational changes observed in
LmACP upon Sfp binding are functionally relevant.
LmACP Forms a Relatively Tight Complex with LmPPT.

The chemical shift changes upon binding of LmACP with its
cognate PPT (unlabeled) were similar to those observed with Sfp
(Figure 5E1). Interestingly, a few more amides in helix II, loop II,
and helix III of LmACP, viz., Phe 44, Ile 46, Asp 53, Asp 58, Ile 62,
and Gln 63, displayed a noticeable chemical shift change, in
addition to Glu 15 and Ile 54 HN. Chemical shift perturbations
were observed for hydrophobic as well as charged residues. The
direction of the chemical shift change of Ile 54 HN upon
interaction with LmPPT was ∼0.4 ppm downfield. Panels A−C
of Figure S5 show some of the LmACP peaks in the 1H15N
HSQC spectrum that experience changes in chemical shift upon
titration with LmPPT.
The LmACP−LmPPT interaction was also investigated by

following the changes in the 1H13C correlation peaks in the
1H13C HSQC spectrum of LmACP upon LmPPT binding
(Figure S6). Minor changes in the Hα chemical shift were
observed for Glu 41, Val 43−Glu 47, Ile 54−Ala 59, Lys 61, Tyr
71, and Ile 72 in LmACP. Changes in the Hβ chemical shift were
observed for the residues present in helix I, helix II, loop II, helix
III, and loop III (Figure S6B). The γ-protons of only two
hydrophobic residues displayed a perceptible change, Val 42 and
Leu 52, as shown in Figure S6C.
Sfp-Catalyzed Conversion of Apo-LmACP Is Signifi-

cantly Reduced in the Presence of LmPPT. The Sfp assay
was conducted using 10 μM Sfp, and 40 μM LmACP as a
substrate, in the presence of 1-fold (40 μM) and 2-fold (80 μM)
molar excesses of LmPPT. Approximately, a 20% reduction in
holo-LmACP product was observed in the presence of a 1-fold
molar excess (Figure 3F, lane 3) and a 40% reduction with a 2-
fold excess of LmPPT (Figure 3F, lane 4). Similar addition of 2-
and 4-fold excesses of LmPPT to the Sfp assay using E. coli apo-
ACP as a substrate did not cause any reduction in the extent of
product formation (data not shown). Addition of >500 μMNaCl
to the assay mixture did not have any effect on the rate of
conversion of LmACP by Sfp in the presence of LmPPT (data
not shown).
LmACP Does Not Affect the Conversion of Non-

cognate ACPs by LmPPT. LmPPT assays were conducted
using E. coli and P. falciparum ACP as substrates (40 μM), in the
presence of LmACP (10 μM). As illustrated in Figure 3G, no
change in the P. falciparum holo-ACP product was observed in
the presence of 80 μM (2-fold molar excess) or 160 μM (4-fold
molar excess) LmACP (Figure 3G, lanes 3 and 4).
Insights into the LmACP−LmPPT Interaction from in

Silico Studies. To understand the interaction of LmACP with
its cognate PPT at the molecular level, structure prediction of
LmPPT was conducted using three different types of software: I-
TASSER,52 Modeler,53 and Prime54 (Schrodinger). The top two
models selected by the three types of software were in good
agreement and were based on the templates (a) B. subtilis Sfp

structure (PDB entry 1QR0) and (b) H. sapiens PPT (HsPPT,
PDB entry 2C43), both displaying ∼20% sequence identity to
LmPPT. Evaluation of the stereochemical quality of the
generated structures was conducted using PROCHECK,55

RAMPAGE (mordred.bioc.cam.ac.uk/∼rapper/rampage.php),
PSVS56 (http:/psvs-1_4-dev.nesg.org), MolProbity, Verify3D,
ERRAT (available at services.mbi.ucla.edu/SAVES), etc. On the
basis of the structure quality factors, the model generated by
Prime (Schrodinger) (template 2C43) was selected as the most
suitable model. The overall statistics of the structure quality
factors for the best three models are illustrated in Supplementary
Table 2.
The LmACP molecule (PDB entry 2M5R) was docked on the

modeled structure of LmPPT generated by Prime,54 using the
ACP−PPT complex structure as a template (PDB entry 2CG5,
2.7 Å resolution) by automated docking, using the Needleman−
Wunsch algorithm of Chimera.57

The modeled structure of LmPPT suggests an Sfp-like (B.
subtilis) or HsPPT-like α/β fold, comprising two identical
domains, N- and C-termini, connected by a hinge region as
shown in Figure 6A. The sequence of LmPPT is slightly longer
than that of HsPPT, and the extra residues lie at the N- and C-
termini. Comparison of the LmPPT structure with HsPPT58 and
Sfp59 suggests that the residues important for catalysis are fully
conserved, i.e., a Glu at position 151 in B. subtilis Sfp (Glu 171 in
LmPPT and Glu 191 in HsPPT) that deprotonates the hydroxyl
group of the serine side chain of the incoming ACP, Asp 107
(Asp 128 in LmPPT and Asp 139 in HsPPT) present in the β-
sheet to which the hydroxyl group is transferred (residue that
forms a coordinate bond with Mg2+), and Lys 155 (Lys 175 in
LmPPT and Lys 195 in HsPPT) that transfers it to the oxygen of
the α-phosphate. Likewise, the residues involved in Mg2+

binding, viz., Asp 129 and Glu 181 in HsPPT, are also conserved
in LmPPT, and the corresponding residues are Asp 128 and Glu
171 in the latter protein. The residues that interact with CoA are
also similar to some extent; i.e., Arg 57, Arg 96, and His 121 in
HsPPT are substituted with Lys 56, Thr 90, and His 110,
respectively, in LmPPT. Lys 112 is an important residue, present
in the loop preceding helix α4 in Sfp. In LmPPT, this Lys residue
is substituted with a positively charged histidine.
HsPPT interacts with the ACP molecule via its three

hydrophobic patches in the crystal structure: (a) Leu 201, (b)
the loop between helices α1 and α2, involving residues Phe 61−
Ala 64, and (c) helix α4 comprising residues Phe 154−Met 158,58

and residues Phe 183 and Trp 187. Leucine 181 is conserved in
LmPPT, corresponding to position 201 in HsPPT and position
161 in Sfp. Similarly, Phe 163 and Trp 167 in LmPPT correspond
to Phe 143 and Trp 147 in Sfp and Phe 183 and Trp 187 in
HsPPT, respectively. However, the two hydrophobic patches of
PPT that contact two different sides of the ACP molecule are
remarkably different in LmPPT, i.e., the loop between helices α1
and α2 of PPT that contacts loop I of ACP and helix α4 that
interacts with helix II of ACP. In Sfp, three charged residues,
present in helix α4, namely, Glu 117, Lys 120, and Arg 121,60

participate in electrostatic interactions with the ACP molecule
(Figure S7). In HsPPT, the corresponding residues are Glu 153,
His 156, and Lys 159, while in LmPPT, loop α4 is relatively
hydrophobic, where the equivalent residues are Phe 140, Cys
143, and Lys 146, respectively (Figure 6C,D).

■ DISCUSSION
In this study, we have determined the structure of the holo-acyl
carrier protein of L. major and studied its interactions with two

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00394
Biochemistry 2015, 54, 5632−5645

5640

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00394/suppl_file/bi5b00394_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00394/suppl_file/bi5b00394_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00394/suppl_file/bi5b00394_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00394/suppl_file/bi5b00394_si_001.pdf
http:/psvs-1_4-dev.nesg.org
services.mbi.ucla.edu/SAVES
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00394/suppl_file/bi5b00394_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00394/suppl_file/bi5b00394_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00394/suppl_file/bi5b00394_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b00394


groups of widely used 4′-phosphopantetheinyl transferases,
bacterial group I (AcpS) and group II (Sfp from B. subtilis). Our
studies shed light on the unique interaction surface of LmACP,
which has probably evolved to interact with its cognate PPT. The
versatility of NMR spectroscopy, coupled with biochemical
studies, offered unique opportunities to understand the structure,
backbone dynamics, kinetics, and ligand interactions of LmACP,
which combined together divulged interesting details regarding
its function.
Sequence identity and structural homology of LmACP

categorizes it as a type II ACP involved in fatty acid biosynthesis.
With the E. coliACP sequence, it shows 39% identity, 34%with P.
falciparum ACP, and 45% with theH. sapiensmitochondrial ACP
(PDB entry 2DNW). Structurally, the LmACP molecule
comprises four helices, I−IV, enclosing a large hydrophobic
cleft. Residues crucial for acyl chain sequestration are conserved,
viz., Phe 28, Ser 36, Val 39, Ile 46, and Ile 54, suggesting a
function similar to those of other type II ACPs. Biochemical
studies using Sfp from B. subtilis confirm that LmACP is
functional and can undergo post-translational modification at the
conserved Ser residue to form holo-LmACP.
A disparity in sequence, however, exists between LmACP and

other type II ACPs, at positions known to interact with PPTs.
The “DSL motif” of the type II ACPs is substituted with an NSL
motif in LmACP. Similar nonconservation of the motif has been
observed in the type I ACP of Streptomyces sioyaensis and
Streptomyces laurentii,46 where a TSLmotif has been observed, an
HSL motif in PCPs, and a DSI motif in E. coli strain O157:H7.46

Another important position is 44, conserved in most type II
ACPs. TheMet at this position is replaced with a Phe in LmACP.
The importance of an Asp at position 35 and a methionine at
position 44 in type II ACPs has been elucidated in the X-ray
cocrystal structure of the ACP−AcpS (4′-phosphopantetheinyl
transferase) complex of B. subtilis, which has served as a
prototype to understand the molecular mechanism of
phosphopantetheinylation by PPT in general.61 In the ACP−
AcpS complex, the side chains of Leu 37 and Met 44 of ACP
interact with the AcpS molecule, stretching into the hydrophobic
pocket, interacting with Met 18, Gln 22, Phe 25, Arg 28, and Phe
54 of AcpS. Likewise, Asp 35 of ACP is involved in a salt bridge
with Arg 14 of AcpS, and Glu 41 with Arg 21.61 As positions 35
and 44 are occupied by an Asn and a Phe, respectively, in
LmACP, extremely low AcpS activity was observed with wild-
type LmACP (1%), upon heterologous expression in E. coli. On
the other hand, the double mutant N35D+F44M displayed 17%
conversion to the holoprotein, underscoring the stringent
residue requirement of AcpS for activity. Likewise, the triple
mutant N35D+F44M+Q48E also displayed similar conversion
to holo-LmACP upon expression in E. coli, analogous to that of
the double mutant N35D+F44M. The genome of Leishmania
lacks any AcpS type, group I phosphopantetheinyl transferase,
unlike P. falciparum46 and M. tuberculosis,46 and hence, the
residues crucial for interaction with AcpS may not have been
selected by nature.
Position 35 is important for the interaction of ACP with Sfp, a

group II PPT, as well. Salt bridges have been thought to exist
between Lys 112 of Sfp and aspartates 35 and 38 of ACP, based
on the superposition of the ACP−AcpS complex structure on the
Sfp molecule, and the identification of the equivalent residues in
Sfp.61,62 A prior mutagenesis study of an acyl carrier protein
domain from a modular polyketide synthase elucidated the
importance of the aspartate at position 35 in the phosphopante-
theinylation of ACP by Sfp.63 In sync with the previous report,

the rate of turnover of wild-type LmACP (NSL motif) into its
holo form by Sfp was 16-fold lower than that of E. coli ACP in our
studies. The single mutant N35D of LmACP displayed a kcat ∼5
times higher than that of wild-type LmACP. Notably, the kcat of
LmACP mutant N35D is still ∼4-fold lower than that of E. coli
ACP, suggesting that some other factors, in addition to the NSL
motif, also contribute to the differences in kcat.
Besides the DSL motif, the hydrophobic interactions also play

a crucial role in the ACP−Sfp interaction. From our biochemical
studies, some basic rules that govern the promiscuity of Sfp
became apparent. Mutation of Phe 44 to an Ala limited
promiscuous catalysis of LmACP by Sfp. No product was
formed even after incubation for several hours. Interestingly, in a
few carrier proteins, i.e., Frenolicin N-ACP molecule,64 TycC3-
PCP,65 and Saccharomyces coelicolor ACP,46 an alanine is
naturally present at position 44, and the Sfp molecule accepts
them as a substrate, converting them into holo-ACP. Notably, in
the three aforementioned proteins, the residue at position 40, i−
4 to Ala 44, are long chain hydrophobic residues, viz., Leu, Met,
andMet, respectively, that interact with the hydrophobic patch of
Sfp. In the F44A mutant of LmACP, a Val is present at position
40 and an Ala at position 44. These observations, along with
insights from the crystal structure of the Sfp-PCP complex,59 and
comparison with other carrier proteins efficiently converted by
Sfp suggest that positions 37 (site A), 40 (site B), and 44 (site C)
(Figure 2) present in the helix II of ACP are important
determinants of its interaction with Sfp via hydrophobic
interactions. In all carrier proteins, (site A) position 37 is
invariably a Leu/Ile, because of the conservation of the DSL/
HSL/TSL/DSI motif. Thus, sites B and C of most ACPs make a
difference in their interaction with Sfp. In ACPs, where both sites
B and C are occupied by short hydrophobic side chains, e.g., Val,
as in M. tuberculosis type II ACP, the need for a longer
hydrophobic side chain does not arise. However, if site B or site C
is an alanine, or a short polar residue, e.g., Ser, as in Streptococcus
pneumoniae ACP, the other position should necessarily be a
longer side chain (e.g., Phe) to make optimal contacts with the
hydrophobic residues of Sfp, viz., Phe 154−Met 158,59 Phe 183,
and Trp 187 of Sfp. Conceivably, the arrangement of the
hydrophobic residues of Sfp with respect to the ACPmolecule, in
the ACP−Sfp complex, is predetermined by the distribution of
hydrophobic residues on helix II of a given carrier protein. The
hinge region between the two domains of Sfp additionally
contributes to promiscuity, by imparting flexibility to the C-
terminal domain, allowing it to change its orientation and/or
position based on the arrangement of the hydrophobic residues
on the carrier protein. Beyond position 44, the residues of helix II
that participate in electrostatic interactions with Sfp are polar
and/or charged. This hypothesis is corroborated by the activity
of Sfp toward short peptide tags:66,67 peptides S1−S7 (S1,
GDSLSWLVRCLN) and ybbR13 (DSLEFIASKLA). In these
peptides, Leu 44 has been observed to be extremely important for
catalysis by Sfp, as the peptides extended by nine residues beyond
Ser 36 only show activity. Shorter peptide tags with four or five
residues missing at the C-terminal region fail to convert to
product.
Another factor that seems important in Sfp−ACP interaction

is shape complementarity. The same residue, at the same position
in two different ACPs, contributes differently to catalysis. In E.
coli ACP, a methionine at position 44 gave a low KM and a high
Vmax with Sfp, while the same residue resulted in a drastic
decrease in Vmax in LmACP. Likewise, a Phe at the same position
in E. coli resulted in aKMmuch higher than that of a Met, while in
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LmACP, it was vice versa. In the triple mutant N35D+F44M
+Q48E, the surface of helix II of LmACP is exactly similar to that
of E. coli, yet the Vmax of this mutant was∼13-fold lower than that
of E. coli ACP. Possibly, the overall shape of the carrier protein
(in addition to the arrangement of the critical residues) dictates
its binding to the cleft between the two domains of Sfp, akin toH.
sapiens PPT (HsPPT).58 Notably, the double mutant N35D
+F44M and the triple mutant N35D+F44M+Q48E of LmACP,
which display low Vmax values with Sfp, are efficiently converted
by AcpS in vivo, emphasizing the fundamental differences in the
mechanism of recognition by the two different groups of 4′-
phosphopantetheinyl transferases, AcpS, and Sfp.
Sfp follows a bisubstrate mechanism, binding two substrates,

ACP and CoA, at two different sites, resulting in a ternary
complex. The initial rates for a bisubstrate mechanism as a
function of substrate concentration can be represented by the
Cleland equation:68

= + + +v V K K K K[A][B]/ [A] [B] [A][B]max d
A

M
B

M
B

M
A

where Kd
A is the dissociation constant for the EA complex and

KM
A and KM

B are the Michaelis constants for substrates A and B,
respectively. However, at a fixed concentration of ACP, as used in
our studies (40 μM), the enzyme seems to obey the Michaelis−
Menten equation with an increasing CoA concentration. The
equation for the bisubstrate reaction can be simplified to

= +v V K[A]/ [A]max M
A

and the results can be interpreted in light of the Michaelis−
Menten equation. Thus, the low Vmax, i.e., (E × k2), of Sfp for
CoA using wild-type LmACP and its mutants compared to those
of E. coli, P. falciparum, andM. tuberculosis ACP suggests that the
catalytic step involving the conversion of the enzyme−substrate
complex into product (k2) is altered in the equation shown
below:

+ → +
−
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Similarly, in the E. coli mutant M44F, KM remains unaltered
but Vmax decreases. We speculate that in both cases, either the
enzyme spends a large part of the time searching for favorable
conformation or the enzyme−substrate complex dissociates
slowly into product. All the mutations (except N35D) have been
introduced in helix II of ACP, at sites involved in protein−
protein interaction with Sfp, remote (>10 Å) from the catalytic
residues of Sfp.
NMR chemical shift perturbation studies provide additional

insights into the nature of the ACP−Sfp interaction. The overall
small magnitude of the amide chemical shift changes in LmACP
upon Sfp binding offers a window into the fairly weak and
transient nature of the interaction, which is probably necessary
for the timely release of the substrate and end products. Chemical
shift changes were observed at two sites: (a) residues
surrounding Glu 15 and (b) residues surrounding Ile 54 HN.
The balance appeared to tip in favor of either of these sites in
wild-type LmACP and the mutants. In wild-type LmACP, the
chemical shift changes were larger for Glu 15 amide, while in the
single mutant N35D, and the double mutant N35D+F44M, Ile
54 HN displayed a much larger change. The two sites interact
with two different domains of the pseudo-dimer of Sfp, attached
by a flexible hinge region.59 Thus, the data indirectly point
toward the rearrangement of the two domains of Sfp with respect

to LmACP, to attain a preferred conformation, that ultimately
determines the activity of Sfp toward CoA.
The structural insights gained from the modeled structure of

LmPPT, combined with the NMR studies, offer an explanation
for the lack of enzymatic activity displayed by LmPPT toward its
cognate LmACP. The similarity in the pattern of the chemical
shift changes of LmACP upon binding LmPPT and Sfp suggests
that LmACP binds the active site of LmPPT, between the two
domains of the pseudo-dimer. The addition of a 2-fold molar
excess of LmPPT to the Sfp assay slowed the enzymatic
conversion of LmACP by 40%, supporting the formation of the
LmACP−LmPPT complex. However, the addition of 2- and 4-
fold molar excesses of LmACP to the LmPPT assay did not cause
any decrease in the level of P. falciparum or E. coli holo-ACP
formation. We speculate that the active site of LmPPT either is
accessible to the noncognate substrates in the LmPPT−LmACP
complex or becomes available by the displacement of LmACP
with noncognate ACPs. Hydrophobic, polar, and charged
residues of helices II and III of LmACP seem to contribute to
this interaction, as revealed by the changes in chemical shift.
Comparison of the LmPPT model with the crystal structure of
Sfp and HsPPT suggests that the charged residues, Glu 153 and
His 156 present in helix α4 of HsPPT (Figure 6C,D), equivalent
to Glu 117 and Arg 121 in Sfp, respectively, that interact with
helix II of ACP, are substituted with Phe 140 and Cys 143 in
LmPPT, respectively, making the α4 helix of LmPPT extremely
hydrophobic. The hydrophobicity of helix α4, coupled with the
presence of positively charged residues in LmPPT, in the vicinity
of helix III of LmACP in the LmACP−LmPPT complex, i.e., Lys
146 in the loop following helix α4, and Arg 184 in the loop
following helix α6 (Figure 6C), could lead to improper binding of
LmACP (Figure 6A). Thus, the interplay of hydrophobic and
electrostatic interactions collectively contributes to the unique
LmACP−LmPPT interaction. As the enzyme displays reason-
able activity with other heterologous ACPs but fails to convert its
own cognate ACP into product, substrate inhibition seems to be
involved, which is also observed in a few other systems, viz.,
SePPtII, a group II PPT,63 E. coli,69 B. subtilis,62 and S.
pneumoniae AcpS,70 belonging to PPT group I. We speculate
that the observed LmPPT inhibition by its cognate LmACP may
possibly be a means of regulation in Leishmania. Further studies
are underway to fully characterize the LmPPT−LmACP
interaction at the molecular level.
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