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ABSTRACT: The transfer of the phosphopantetheine chain from coenzyme A (CoA) to
the acyl carrier protein (ACP), a key protein in both fatty acid and polyketide synthesis, is
catalyzed by ACP synthase (AcpS). Streptomyces coelicolor AcpS is a doubly promiscuous
enzyme capable of activation of ACPs from both fatty acid and polyketide synthesis and
catalyzes the transfer of modified CoA substrates. Five crystal structures have been
determined, including those of ligand-free AcpS, complexes with CoA and acetyl-CoA,
and two of the active site mutants, His110Ala and Asp111Ala. All five structures are trimeric
and provide further insight into the mechanism of catalysis, revealing the first detailed
structure of a group I active site with the essential magnesium in place. Modeling of ACP
binding supported by mutational analysis suggests an explanation for the promiscuity in

terms of both ACP partner and modified CoA substrates.

hosphopantetheinyl transferases (PPTases) are essential for
Pthe biosynthesis of fatty acids, nonribosomal peptides, and
polyketides.” Their function is to convert the apo form of a carrier
protein into its active holo form by the post-translational addition
of a coenzyme A (CoA)-derived phosphopantetheine (4'-PP)
prosthetic group in a magnesium-dependent reaction'” (Figure 1A).
The thiol of this phosphopantetheine moiety is used as the
covalent attachment site for intermediate acyl chains in fatty acid
and polyketide biosynthesis. These acyl carrier proteins (ACPs)
deliver the growing acyl chain to the various active sites of the
synthase. This unique function means that the PPTases are of
interest not only as possible targets for antibacterial agents™* but
also as tools for the selective derivatization of carrier proteins’
and the specific labeling of proteins.®
The PPTases have been classified into three different groups.
The bacterial group I or ACP synthase (AcpS)-like PPTases are
~120 residues in length (Figure 1B) and act on the discrete ACPs
from fatty acid or polyketide biosynthesis.” X-ray crystal structures
of group 1 Bacillus subtilis® Streptococcus pneumoniae,” Vibrio
cholera [Protein Data Bank (PDB) entry 3HS88, unpublished]
and Bacillus anthracis (3HYK, unpublished) AcpSs reveal that this
family adopts a trimeric quaternary structure, with the active site
located in a cleft between the different subunits, resulting in three
active sites per molecule. Group II is exemplified by the enzyme Sfp
from B. subtilis that catalyzes the phosphopantetheinylation of the
peptidyl carrier protein domain of bacterial surfactin synthetase.'
Members of this group of enzymes are monomeric in structure
but have two domains, with 2-fold pseudosymmetry within the
monomer. To date, structures of the group II or Sfp-like PPTases
from B. subtilis'' and human'” have been determined. The two
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domains in a group II monomer superimpose well on two
subunits of the AcpS trimer with the active site in each lying
between the two domains. The third group of PPTases exist
as domains of yeast and fungal fatty acid and polyketide
megasynthases."

Several mechanisms for the phosphoryl transfer reaction have
been proposed on the basis of the architecture of the active site of
these structures. Whereas magnesium is essential for the activity
of PPTases, bound calcium was observed in the reported AcpS
structures.”” By analogy to the coordination of the calcium ion, it
was proposed that bound magnesium would play a direct role in
the mechanism, activating a water that deprotonates a conserved
serine in ACP (to which the 4'-PP group is ultimately attached).®
An adjacent conserved aspartate on the ACP may also act as a
base to remove this proton. Alternatively, for human Sfp where
magnesium was present in the crystal structure, Glul91 was
proposed to perform this role.'*

To date, the only high-resolution information defining the
interaction of ACP with any synthase component comes from
Acp$S and Sfp-like cocrystal structures with ACP.>'” Parris et al.
cocrystallized a mutant B. subtilis AcpS in complex with ACP,
demonstrating that the type II ACP and AcpS recognize one
another through a series of negatively charged residues on helix II
of ACP and reciprocal, positively charged residues on AcpS.* On
the basis of single-point mutations, modeling, and nuclear
magnetic resonance (NMR) studies, helix II is now widely
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Figure 1. (A) Biosynthesis of holo-ACP from apo-ACP and CoA catalyzed by AcpS. The promiscuity of AcpS activity is shown where R on CoA may be
substituted for an acyl group and subsequently transferred to the ACP along with the 4'-PP chain. (B) Alignment of type I AcpS sequences. Sequences
were aligned with ClustalW. Secondary structure for Sc AcpSS is indicated with arrows (f-strands) and rectangles (0t-helix). The sequence numbering
aligns with the Sc AcpS sequence (total of 123 amino acids), and the black circles highlight mutated residues R1S, ES7, H110, and D111.

believed to act as the universal recognition helix in type Il ACP—
protein interactions."*”'7 Sequence alignments reveal, however,
that both fatty acid and polyketide type I ACPs have a lower
overall negative charge. The crystal structure of the human type I
fatty acid synthase (FAS) ACP bound to the Sfp-like PPTase
revealed that although helix II was again involved in protein—
protein interactions, the specificity may be governed by hydro-
phobic contacts and shape complementarity of the protein
surfaces, rather than the presence of the correct hydrophilic pairs.

Streptomyces are the largest genus of actinobacteria and are
responsible for the production of many biologically active natural
products, including the polyketide actinorhodin (act).'®'” The
model Streptomyces, Streptomyces coelicolor (Sc), produces 22
secondary metabolites but encodes only three putative phospho-
pantetheinyl transferases, suggesting each one supports multiple
biosynthetic pathways.”> Two of these are Sfp group enzymes
(SCO5883 and SCO667), and one is AcpS-like (SCO4744) 2!
For example, no discrete phosphopantetheinyl transferase is
associated with the actinorhodin polyketide synthase gene
cluster, and SCOS5883 and SCO667 were shown not to be
essential for actinorhodin production. It has thus been suggested
that SCO4744 (henceforth Sc AcpS), which is also essential for
fatty acid biosynthesis, may play a dual role by phosphopan-
tetheinylating both the fatty acid sgnthase and actinorhodin
polyketide synthase ACPs in vivo.™ Sc AcpS exhibits broad
substrate specificity, can transfer phosphopantetheine onto the
fatty acid ACP as well as onto both type I and type II polyketide
synthase (PKS) ACPs, and can catalyze the transfer of the phos-
phopantethemyl portion of a diverse range of acyl CoAs to
ACP.** This property is important because it provides an entry
point for a broad range of alternative building blocks into the
synthetic cycle of both polyketides and fatty acids.

We have determined the crystal structure of Sc AcpS in the
ligand-free form (at 2 A) and in complex with magnesium and
the substrates CoA and acetyl-CoA (both at 1.6 A). Contrary to
previous reports,® these models suggest that the transfer mecha-
nism proposed for Sfp-like PPTases may be extended to the

AcpS family. We present the results of a series of Sc AcpS mutants
and two 1.4 A structures of the active site mutants His110Ala and
Aspl11Ala whose effects on the activity of the enzyme can be
explained in a structural context. We have performed binding
studies with a range of ACP mutants that supports a modeled
interaction of ACP with Sc AcpS. These studies provide a basis
for explaining the promiscuity of Sc AcpS with respect to different
ACPs and also with respect to acylated CoAs.

B EXPERIMENTAL PROCEDURES

Expression and Purification of Sc AcpS. Sc AcpS was
expressed and purified according to the method of Cox et al.**
Briefly, Sc AcpS was cloned into the pET15b vector (Novagen)
and expressed in Escherichia coli strain BL21(DE3). Expression
was induced by isopropyl -p-thiogalactoside (IPTG) over S h at
30 °C. Cells were harvested by centrifugation (5000g and 4 °C
for 15 min) and lysed in buffer [SO mM Tris-HCl and 10 mM
MgCl, (pH 8)]. Sc AcpS was purified by Ni*" affinity chroma-
tography (HisTrap HP, S mL, Amersham Pharmacia) followed
by gel filtration (Superdex 75, Hi 16/60, Amersham Pharmacia).
Sc AcpS was then transferred to storage buffer [SO mM Tris-HC],
10 mM MgCl,, and 10% (v/v) glycerol (pH 8)], concentrated to
10 mg/mL, and stored at —80 °C.

Expression and Purification of S. coelicolor ACP. Apo-ACP
from the S. coelicolor fatty acid synthase or actinorhodin pathway
was overexpressed in E. coli BL21(DE3) and was purified usmg
an adaptation of the method developed by Crosby et al.”
Harvested cells were resuspended in Tris-HCI buffer (50 mM,
pH 8) and lysed by sonication. ACP was purified by anion
exchange chromatography (HiLoad 26/10 Q-Sepharose, Amer-
sham Pharmacia) [SO mM Tris-HCl (pH 8.5), 10 mM MgCl,,
S mM mercaptoethanol, and a 0 to 1 M NaCl gradient] followed
by gel filtration [SO mM Tris-HCI (pH 8.5), 10 mM MgCl,,
S mM mercaptoethanol, and a 0 to 1 M NaCl gradient]. The
fractions containing ACP were collected, desalted [SO mM Tris-
HCI (pH 8.5), 10 mM MgCl,, and 10 mM DTT], and stored
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Table 1. Components of the Final Refined Models

component ligand-free AcpS ligand-bound AcpS
protein residues 1—123 residues 1—123
substrate (occupancy) 0 1 CoA (1.0)
magnesium 0 1
other ions 1 sulfate 1 potassium
water residue 240 residue 183
glycerol 1

acetyl-CoA-bound AcpS H110A AcpS D111A AcpS

residues 1—123 residues 1—123 residues 1—123

acetyl-CoA (0.75) 1 CoA 2 CoA (0.5 each)
CoA (0.25)

1 1 2 (0.5 each)

1 sulfate 1 sodium 1 sodium

residue 237 residue 237 residue 208

1

at —80 °C until they were required. Phosphopantetheinylation of
apo-ACP to holo-ACP was achieved by incubation of purified
apo-ACP (100 #M) with purified Sc AcpS (1 M) and coenzyme
A (1 mM) for 1 h, as described previously.**

Mutagenesis of ACP and Sc AcpS. The Stratagene Quick-
Change II Site-Directed Mutagenesis kit was used for the
generation of the plasmids containing the desired point muta-
tions (Sc AcpS, R15A, ES7A, H110A, and D111A; Sc act PKS
apo-ACP, D37A, D41A, D41E, and E47A; Sc FAS apo-ACP,
ES3A, D40A, E46A, and ES2A). The only change to the protocol
was the addition of DMSO during the polymerase chain reaction
(PCR) for Sc AcpS mutants. The mutated plasmids were transformed
into E. coli BL21(DE3) cells after being sequenced (Cogenics).

Crystallization, Data Collection, and Refinement. CoA or
acetyl-CoA, at a final concentration of 5 mM, was added to 10
mg/mL purified protein, and the solution was left at 4 °C for
30 min and then centrifuged at 4 °C for 30 min (13000g).
Crystals of the Sc AcpS—CoA—Mg*" complex were obtained at
18 °C, from 0.3 M potassium thiocyanate (KSCN), 0.1 M
sodium cacodylate (NaCac) (pH 6.5), and 15% PEG 4000.
The best diffracting crystal of the Sc AcpS—acetyl-CoA complex
was obtained in 0.2 M lithium sulfate, 25% PEG 2000 MME, and
0.1 M NaCac (pH 6.5), in the presence of S mM acetyl-CoA.
The reservoir solution with 15% (v/v) glycerol was used as
the cryoprotectant. The D111A mutant crystallized in 0.2 M
KSCN, 0.1 M NaCac (pH 6.5), 8% PEG 20000, and 8% PEG
550 MME. These crystals were all cryoprotected using 15%
glycerol and the reservoir solution conditions. The best data set
for HI110A was collected at station 10.1 in Daresbury, from a
crystal obtained in 0.3 M sodium acetate, 0.1 M NaCac (pH 6.5),
and 25% PEG 2000 MME with 10% PEG 400 as the cryopro-
tectant. Use of PEG 400 rather than glycerol was vital in this case
for diffraction beyond 3.5 A. The details of the components of the
final refined models are listed in Table 1. Data processing was
conducted using the HKL.2000** and CCP4 suites of programs™>
(Table 2), and the same set of reflections was used for Rg..
throughout, extended from the set used in the original solution of
the ligand-free structure.

The same crystal form was observed in all cases except for
ligand-free AcpS, despite the range of conditions, with one
protein subunit per asymmetric unit. In the ligand-free form, a
trimer occupies the asymmetric unit, whereas in the ligand-
bound form, the 3-fold axis of the trimer coincides with a
crystallographic 3-fold axis so that there is one subunit in the
crystallographic asymmetric unit. The ligand-free structure was
determined by molecular replacement using Phaser’® and the
crystal structure of B. subtilis AcpS (PDB entry 1F7T) as a search
model. ARP/warp®’~>® was unable to build the structure auto-
matically into the initial electron density map, and 3-fold aver-
aging with DM was required to obtain a protein-like electron

density map. ARP/wARP built 337 of 429 residues into this
averaged map automatically. Further rounds of model building in
Coot”" and refinement with Refmac5®” resulted in the final
model. The ligand-bound structure was determined by molecular
replacement with Phaser”>** using the ligand-free Sc AcpS structure
as the search model, and the structures of the Sc AcpS—acetyl-
CoA and Sc AcpS mutant—CoA complexes were determined
using the protein component of the Mg>*- and CoA-bound
structure as a search model.

Generation of the Sc AcpS—ACP Complex Model. The
NMR structures of S. coelicolor apo- and holo-actinorhodin PKS
ACP (PDB entries 2K0Y and 2K0X respectively), as well as that
of E. coli FAS ACP (PDB entry 1T8K), were used to study their
possible interactions with AcpS.>® The ACP structure closest to
the geometric mean was chosen from each NMR ensemble. The
B. subtilis AcpS—ACP complex (PDB entry 1F80) was used as a
starting model.® A trimer of Sc AcpS was superimposed onto
B. subtilis AcpS, while S. coelicolor ACP was superimposed onto
B. subtilis ACP using secondary structure matching as implemen-
ted in COOT.”!

Activity of AcpS Mutants. The mutant Sc AcpS was incubated
with the S. coelicolor ACP using the 4'-PP transfer reaction
conditions described above.”” ACP was then purified by gel
filtration, and the sample was subjected to mass spectroscopy to
determine the percentage of the ACP that was successfully
modified. A control reaction with wild-type AcpS was also
conducted.

Isothermal Titration Calorimetery (ITC). The Ky values for
wild-type and mutant Sc AcpSs and CoA or acetyl-CoA were
determined by ITC. The protein and CoA were first dialyzed in
ITC buffer [SO mM Tris-HCI (pH 8)]. A protein concentration
of 8—10 uM and a substrate concentration of 120 M were used.
ITC was conducted using a VP-ITC microcalorimeter (MicroCal).
A single experiment consisted of an initial injection of 7.5 #L of
substrate solution into the cell containing the protein solution,
followed by 18 other injections of 15 uL. The reaction was
conducted at 25 °C, and each injection lasted for 30 s (15 for the
first one) followed by a 240 s pause. For the identification of the
weaker CoA binding site of Sc AcpS DI111A, an initial CoA
concentration of 1.5 mM was used. Fifteen injections of 2.5 uL of
CoA over 5 s were followed by 15 other injections of 15 uL over
30 s. For each substrate or protein, the experiment was repeated
at least three times. A blank that covered the concentration range
of the appropriate CoA was run as a negative control in the
absence of protein and was subtracted from experimental data.
Alternatively, AH determined at the saturation of binding could
be subtracted as this was determined to be linear from the control
experiment.

Tryptophan Fluorescence Titration of ACP Binding to Sc
AcpS. All assays were performed using a Spex Fluoromax
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Table 2. Crystallographic Data Collection and Structure Refinement Statistics

ligand-free ligand-bound

1.488
14.1, SRS Daresbury
50—1.98 (2.05—1.98)

wavelength (4, nm) 1.478
beamline

resolution (A)

space group P321,a=b=7594A, P23,a=b=
c=108.35A c=7283 A

no. of unique reflections 25759 16798
completeness (%) 99.3 (95.7) 90.7 (69.3)
redundancy 6.4 (3) 6.1 (1.8)
/ol 22.19 (2.04) 189 (2.2)
Riperge 0.078 (0.378) 0.08 (0.33)
mosaicity (deg) 0.37 0.5
Rpree (%) 0.220 021
R factor (%) 0.178 0.19
root-mean-square 0.018 0.011
deviation for bond

lengths (A)

root-mean-square deviation for ~ 1.690 1.417

bond angles (deg)

9% in most favored region in 98.1 99.2

Ramachandran plot

10.1, SRS Daresbury
50—1.62 (1.68—1.62)

acetyl-CoA H110A D111A
0.953 1.117 0.953
102, Diamond 10.1, SRS Daresbury 102, Diamond
50—1.56 (1.62—1.56) 50—1.35 (1.40—1.35)  50—1.4 (1.45—1.4)
P23,a=b=c=7283A P23,a=b= P23,a=b=

c=7273 A c=7283 A

18659 28420 25707
100 (100) 99.3 (99.3) 99.6 (96.4)
9.4 (9.1) 9.3 (2.1) 7.9 (2.9)
32 (2.5) 32 (2.5) 34.7 (1.5)
0.057 (0.381) 0.07 (0.22) 0.05 (0.51)
0.18 0.41 021
0232 0.205 021
0.202 0.183 0.19
0.012 0.007 0.008
1.533 1229 1271
97.8 100 100

spectrophotometer, at 25 °C in Tris buffer (50 mM, pH 7.3),
MgCl, (10 mM), and glycerol [10% (v/v)]. The AcpS intrinsic
tryptophan fluorescence was excited at 295 nm and measured
over the range of 300—400 nm. AcpS (1 #M, 2 mL) was titrated
with apo-ACP (200 uM stock) to a final ACP concentration of
S uM. Interaction with ACP induces a quenching of the intrinsic
tryptophan fluorescence of AcpS.

Mass Spectrometry. Phosphopantetheinylation of apo-ACP
was confirmed using a MALDI-MS Voyager-DE STR Mass
Spectrometer (Applied Biosystems). The mass spectra of acet-
yl-CoA used in the crystallization trials with AcpS were checked
using a QStar XL mass spectrometer (Applied Biosystems) in
positive ion mode. Samples were delivered using a Nanomate
nanoelectrospray source (Advion) at a voltage of 1.3kV and a gas
pressure of 0.3 psi.

Accession Numbers. The structure coordinates for all five
crystal structures have been deposited in the Protein Data Bank
as entries 2JCA for ligand-free Sc AcpS at 2.0 A, 2JBZ for Sc AcpS
in complex with CoA at 1.6 A, 2WDO for Sc AcpS in complex
with acetyl-CoA at 1.5 A, 2WDS for H110A in complex with CoA
at 1.3 A, and 2WDY for D111A in complex with CoA at 1.4 A.

B RESULTS

Crystallization of Sc AcpS. In the following descriptions, an
amino acid numbering for Sc AcpS that includes a subunit
position has been adopted; for example, SerA48 indicates
Ser48 on subunit A. For the sake of clarity, we drop this notation
when referring to point mutations. Wild-type and mutant
Sc AcpSs were expressed and purified as described previously.”
Wild-type Sc AcpS was crystallized as either the ligand-free form
(no CoA present) or the ligand-bound form (with magnesium
and CoA or with magnesium and acetyl-CoA). Two Sc AcpS
mutants, His110Ala (H110A) and Aspl11Ala (D111A), were
also cocrystallized with CoA. The components and substrate
stoichiometry present in the refined crystal structures are listed

5707

in Table 1. The crystallographic data collection statistics and
refinement parameters are listed in Table 2. Magnesium was not
visible in the electron density of the ligand-free form, despite
being present in the crystallization buffer at a concentration of
10 mM. Both magnesium and CoA are present in a 1:1 ratio in
wild-type and HI110A Sc AcpS, but this ratio varied in both the
acetyl-CoA and D111A forms. The structural basis for these
observations is described below.

Fold and Oligomerization of Sc AcpS. The final models of
the ligand-free and ligand-bound Sc AcpS were refined to crystal-
lographic R factors of 17.8 and 19% and Rg.. values of 22 and
21%, respectively. In both forms, the Sc AcpS subunits associate
to form a trimer (Figure 2A) with subunits we denote as A—C.
Each subunit is comprised of five -helices and five -strands.
Helix a4 forms the core of each subunit, packing centrally against
a three-strand antiparallel 5-sheet (1, 34, and 35) on one side
with the remaining helices on the other (Figure 2B). To form the
trimer, the antiparallel 5-sheets align around a 3-fold axis to form
a nine-strand f-barrel with parallel interactions between the
B-sheets, burying a total surface area of 4900 A%, or 1630 A” per
monomer. The Cot atoms of the three subunits in the ligand-free
form can be superimposed with root-mean-square deviations
(rmsd) of 0.55 A (AonB),0.72A (Aon C),and 1.05A (B on C).
Four flexible loops that lie in different conformations in the three
different subunits and have higher B factors than the surrounding
regions of structure can be identified. Mobile loop 1 (MLI,
residues 21—26) joins O-helices 1 and 2, and loops 2—4 extend
over residues 37—44, 65—70, and 79— 82, respectively [ML2—4
(Figure 2B)]. The rmsd is improved to 0.29 A (A on B), 0.39 A
(AonC),or0.46 A (B on C) when these areas are omitted. In the
ligand-bound form, where the structure of each subunit is
identical (through crystal symmetry), loops 1—4 are far less
flexible and are displaced compared to their conformations in the
ligand-free structure. This is demonstrated through well-defined
electron density and B factors comparable to the average for all
the main chain. This is in contrast to the ligand-free structure in
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A

Figure 2. Structure of Sc AcpS. (A) Cartoon diagram of the trimer described above with Mg>* represented as gray spheres and the CoA ligand shown in
bond representation. In this figure and the following figures, subunit A is colored magenta, subunit B cyan, and subunit C blue. (B) Overview of the
interface between subunits A and B, showing the mobile regions in the ligand-free structure (red) that undergo changes in conformation in the ligand-
bound structure (magenta and cyan). The large displacement observed for Asp111 is indicated with an arrow. (C) CoA binding in the active site. Electron
density from the final weighted electron density map is shown as a mesh contoured at 1.50. (D) Detailed view of the interface between subunits A and B.
Important features of the model are shown as sticks (e.g, ML3), and carbons are colored magenta for subunit A, cyan for subunit B, and yellow for CoA.

which the final model has higher B factors compared to the main
chain average and the electron density is less well-defined and
varied between subunits.

CoA and Magnesium Binding Site. The active site and CoA
binding site lie at the interface between two subunits, forming
three identical active sites in the trimer (Figure 2A,B). The
electron density for the active site, including the CoA, associated
metal ion, and water ligands, is shown in Figure 2C and
demonstrates the high quality of the data (see Figure S1 of the
Supporting Information for the F, — F. omit map). At each site,
the adenine ring interacts with both subunits (Figure 2D) and
binds in a pocket that is formed by a loop running into the
N-terminus of helix 4 on subunit B and aloop between strands 32
and f33 of subunit A. The ribose is present in the 3'-endo
conformation as observed in other AcpS structures.”” The
3'-phosphate is held in place by interactions with residues HisA110,
SerA48, and ArgAS2 and with ArgA44 through hydrogen bonds
provided by water molecules (Figure 2D). The o-phosphate
interacts with magnesium, AspB9, and LysB61, while the
P-phosphate, which is part of the leaving group in the transfer
reaction, interacts with magnesium, the main chain of HisA110,

and three water molecules (Z16, Z182, and Z183). In contrast,
the phosphopantetheine arm interacts solely with subunit B and
lies in a hydrophobic cavity between the central helix 04 and the
small helix a.S. At the entrance of the cavity, GluBS7 makes a
hydrogen bond to a backbone nitrogen of the phosphopantetheine
side chain (PNS, Figure 1A), and AlaB6S and ProB66 in ML3
make water-mediated hydrogen bonds with the side chain carbo-
nyl oxygens (PO9 and POS, respectively). The hydrophobic cavity
is composed of the aliphatic part of the LysB56 side chain and
residues LeuBS9, LeuB63, LeuB69, TrpB71, LeuB86, and ValB92.

Magnesium is essential for the activity of AcpS (Figure 1A)
and is clearly visible in the electron density in the presence of
CoA (Figure 2C). Its coordination sphere is composed of the
oxygens of the a- and f-phosphates of CoA (with distances
of 1.90 and 2.03 A, respectively), the carboxyl group of AspB9
(2.12 A), and three water molecules (Z12, Z16, and Z183 that
coordinate to each other and are all within 2.16 A of the Mg*").
Z12 also interacts with the oxygens of the 0-phosphate of CoA,
AspBY, and water Z175. The second water (Z16) is also held in
place by hydrogen bonds with the oxygens of the 0.-phosphate of
CoA, the backbone of ValB10, and the side chain oxygen of
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Table 3. Effects of Site-Directed Mutants of ACP on the
Interaction with AcpS and the Efficiency of Phosphopan-
tetheine Transfer (compared to C17S apo-ACP)

K4 (uM) activity (%)

Sc act PKS apo-ACP

WT 1.1£0.1 100
D37A 12£0.1 0
D41A 7.0+ 02 0
D41E 14+0.1 15
LA43A" 2.7 £0.1 15
LA3R" 102 £02 0
E47A 1.8 £02 100
ES3A 2.0£0.1 75
D62A" 1.6 £ 0.1 20
D62N* 1.3+0.1 86
Sc FAS apo-ACP

WwT 12402 100
D40A 92 £ 04 0
E46A 2.0£0.1 100
ES2A 22402 80

“ From ref 37.

SerA109. The third water (Z183) is within hydrogen bonding
distance of the oxygen of the a-phosphate, the side chain oxygen
of AspAlll, and water Z172 (not shown) from monomer A.
GluBS57 was not observed to be within coordinating distance of
the MgZJr ion (5.08 A).

Comparison between Ligand-Free and -Bound AcpS.
Superimposing trimers of ligand-free and -bound AcpS revealed
several conformational changes (rmsd over Cat atoms of 0.94 A)
(Figure 2B). Most of these changes arise from the mobile loops
in the ligand-free protein that are displaced in the bound form to
accommodate binding of CoA. The backbone of ML1 and the
final portion of helix 1 are displaced by 4—S A, while ML2,
including ArgA44 in the 3'-phosphate binding pocket, also shows
a significant 2 A shift. ML3 from the B subunit moves to partially
create the 4'-PP binding pocket, while ML4 orients to pack
against the adenine base of CoA. In addition to the loop regions,
there are also small concerted changes in the main chain around
the CoA binding pocket that opens to accommodate the
phosphopantethiene chain. The turn connecting 34 and 35 that
contains AspAlll is also displaced up to 6 A to cap off the
magnesium binding site and allow coordination with the magne-
sium-bound water (Z183). The side chain of TrpB71 also rotates
by approximately 30° to create the pocket in which the tip of the
phosphopantethiene chain is buried (Figure 2D).

Activity and CoA Binding of Active Site Mutants. Muta-
tional studies of the human group II Sfp-like PPTase have
previously highlighted the possible mechanistic roles of H111,
Q112, and E181 (equivalent to HisA110, AspAl11, and GluBS7,
respectively, in this study (Figure 1B))."* E181 has been shown
to play an important role in Mg” " binding, This residue is also thought
to play a vital mechanistic role, deprotonating the active site
serine of the ACP. The histidine (H111) in the human group II
enzyme was also shown to be important for Mg*" and CoA
binding. The influence of a Q112 mutation on Mg and CoA
binding was negligible, though a significant reduction in k., was
observed and in the human enzyme it was not clear how this
influence was exerted. The structure of B. subtilis AcpS also

highlighted the roles of positively charged residues, including
R14, which was thought to lock the Asp of the conserved DSL
motif of the ACP in the correct conformation for 4-phospho-
pantetheinyl transfer. No mutational studies were reported to
confirm this. Therefore, we made four Sc AcpS mutations as well
as nine mutations to Sc act PKS apo-ACP and three to Sc FAS
apo-ACP: Sc AcpS ES7A to confirm its mechanistic role, HI10A
to clarify its influence on CoA binding and/or mechanism, and
D111A to determine its longer-range influence on the active site.
We have also mutated ArgB15 (R15SA) and the reciprocal nega-
tively charged residues on act ACP (see Table 3 and Figure 2D).
All of the mutants were cloned, overexpressed, sequenced, and
purified using a protocol identical to that of wild-type Sc AcpS.
The ability of the mutant AcpS to bind CoA and phosphopan-
tetheinylate ACP was then assessed.

The affinity of CoA for the wild-type and mutant proteins was
measured by ITC (Table 4 and raw data shown in Figure S2 of
the Supporting Information).>® For wild-type AcpS, a 1:1
stoichiometry was determined for CoA (one CoA per active site
of the trimer) with a Ky of 0.38 uM. Essentially, the H110A
mutant gave results similar to those of the wild-type enzyme.
R15A also exhibited a K4 comparable to that of the wild type but
with a much reduced enthalpy of binding. The rather poor
response of R15A by ITC led us to corroborate these data using
intrinsic tryptophan fluorescence quenching (ITF). WT AcpS
gave a Ky for CoA of 0.75 uM that agreed with the ITC data,
while R1SA showed a clear 3-fold reduction in the level of CoA
binding. For the ES7A mutant, the K, for CoA was determined to
be 4—6-fold weaker than that of the wild type by ITC and ITF.
The binding of CoA to the D111A mutant was, however, more
complex. The initial titration revealed the presence of a strong
binding interaction with a stoichiometry of 0.5 &£ 0.1 indicating
the active sites of the trimer were not fully occupied. In a second
experiment, however, after initial saturation with CoA, the
titration was continued by further loading at a very high concen-
tration of CoA (2.5 mM). In this second experiment, a weaker
binding site was detected. Because of the large difference in
enthalpy between the two binding sites, it was not possible to
determine accurately the K for the second binding site.

Wild-type AcpS converted 100% of apo-ACP to holo-ACP as
confirmed by ESMS. The four Sc AcpS mutations described
above had reduced activity (Table 4). Despite a CoA binding
profile similar to that of the wild type, the activity of H110A was
reduced 20-fold. DI111A and RISA exhibited ~30 and 15%
activity, respectively, while ES7A was completely inactive.

Structure of the H110A Sc AcpS Mutant. The profound
effect on the activity of H110A despite a negligible loss of CoA
binding led us to structurally characterize this mutant. The
overall structure of the H110A mutant AcpS—CoA complex is
very similar to that of the wild-type Sc AcpS—CoA complex with
a rmsd of Ca atoms after superimposition of 0.22 A. There is
well-defined electron density for an alanine in place of histidine at
position 110, and a water molecule in the position previously
occupied by the NE2 atom (Figure 3A). The main chain is
displaced by 0.5—0.6 A from residue 110 to 113, which moves
the side chain of Asp111 by 1.3 A. In this position, the side chain
carboxylate of AspAl11 no longer makes a hydrogen bond with
the water equivalent to Z183 that ligates magnesium. Instead,
AspAl11 forms a new intersubunit hydrogen bond with the side
chain of ArgB1S. The direct coordination sphere of the magne-
sium and the CoA binding site remains essentially unchanged with
the exception of minor changes in atomic positions. However, we
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Table 4. Binding affinity for the ligand-bound AcpS and the acetyl-CoA AcpS determined by ITC and ITF

ITC ITF
Ky (uM) n AH (cal/mol) Ky (uM) activity (%)
WT AcpS—CoA 0.38 & 0.02 1.2 +£0.1 —4000 =+ 400 0.75 & 0.04 100
R15A AcpS—CoA 0.8£02 1.0 £ 0.2 —1030 & 200 229 £ 031 15
ES7A AcpS—CoA 25£1.6 1.17 £ 0.14 —2500 £ 450 3.64 £ 021 0
H110A AcpS—CoA 0.45 4 0.07 0.98 & 0.05 —3500 == 400 not determined S
D111A AcpS—CoA 0.85 £ 0.04 0.5+ 0.1 —7000 =+ 1800 not determined 28
WT AcpS—acetyl-CoA 24 %01 0.94 £ 0.07 —1600 =+ 200 not determined 100*

. 2
“Based on 100% conversion over the course of the assay.

Figure 3. Structural comparison of Sc AcpS with the H110A and
DI111A structures. (A) Superposition of selected regions of the
HI110A mutant with the wild-type Sc AcpS structure. The interface
of subunit A (magenta), subunit B (cyan), and bound CoA (yellow) of
wild-type Sc AcpS is shown, and residues surrounding the histidine
mutation in the H110A structure (black) are superimposed. Electron
density for the HI10A mutant from the final weighted electron
density map is shown in mesh, contoured at 1.20. Water molecules
from the mutant structure are shown as red spheres. (B) Cartoon
diagram of the subunit A—subunit B interface of wild-type Sc AcpS
colored as in panel A. Selected side chains of the D111A mutant are
colored black, and the two conformations of CoA observed in this
mutant are colored yellow. The magnesium ion (gray) is labeled 1 or 2
corresponding to each conformation of the CoA. In conformation 2,
CoA moves away from the binding region observed in the WT enzyme
(indicated by the red arrow) and Trp71 moves to occupy the residual
cavity (blue arrow).

were able to detect two conformations for GluBS7. In the first,
GluB57 shows a conformation similar to that of wild-type AcpS
and does not participate in Mg binding. In the second, a rotation
around the Ca—Cf bond allows this residue to partially
participate in coordinating the magnesium. The electron density
around the (3-phosphate also indicates that there is more con-
formational variability than in the wild-type structure, whereas
the position of the rest of the CoA moiety is more precisely
defined.

Structure of the D111A Sc AcpS Mutant. Similar to H110A,
D111A had significant effects on activity but not CoA binding.
The structure of the D111A mutant was almost identical to that
of wild-type ligand-bound Sc AcpS with an rmsd of Cat atoms of
0.2 A. However, the CoA is observed to bind in two distinct
conformations, one of which is similar to the wild-type con-
formation, with the magnesium binding site also conserved
(Figure 3B, conformation 1). In the second conformation,
however, the phosphopantetheine chain of CoA extends up
along the subunit interface over the surface of Sc AcpS close to
ArgB1S in the B subunit (Figure 3B, conformation 2). In this
conformation, the side chain of TrpB71 rotates by approximately
30°, moving 3 A at the tip, filling up the empty CoA binding
pocket by adopting a conformation similar to that observed in the
ligand-free structure. In this case, the associated magnesium ion
is shifted by 2 A.

Binding and Activity Measurements of PKS/FAS ACPs and
Sc AcpS. Sc AcpSS is able to modify both the . coelicolor apo-FAS
ACP (Sc FAS ACP) and actinorhodin polyketide apo-ACP
(Sc PKS ACP).*? To test whether these ACPs interact with Sc
AcpS using a common binding motif, a range of analogous Sc
FAS and PKS ACP mutants were prepared. These mutations
included the aspartate of the highly conserved DSL motif (FAS
D40A and PKS D41A/D41E), residues in helix IT (FAS E46A/
ES2A and PKS E47A/ES3A), and a conserved aspartate in the
long loop preceding helix IT (PKS D37A). Fluorimetric titrations
were used to determine dissociation constants between the ACP
variants and Sc AcpS (Table 3). In these assays, an observed
stoichiometry of 1:1 confirmed that three ACPs bound to the
AcpS trimer. No evidence to suggest co-cooperativity in binding
was found, and the binding sites appear to behave independently.
S. coelicolor PKS and FAS ACPs bind to Sc AcpS with very similar
dissociation constants (K4) of 1.1 & 0.05 and 1.2 & 0.15 uM,
respectively. The majority of the mutants showed very moderate
changes (<2-fold) in dissociation constants, consistent with them
lying at the ACP—AcpS interface but not making strong indivi-
dual contributions to the overall binding energy. The D40A Sc
FAS ACP and D41A Sc act PKS ACP mutants, however, showed
an almost one order of magnitude reduction in binding affinity with
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Figure 4. (A) Comparison of CoA and acetyl-CoA (in bond re-
presentation) binding at the interface of Sc AcpS. For the CoA-bound
form, subunit A is colored magenta and subunit B cyan, and they are
colored pink and blue/gray, respectively, in the acetyl-CoA structure.
The CoA carbon backbone is colored yellow and the acetyl-CoA blue.
(B) Coordination of the Mg2+ in the acetyl-CoA-bound form. Distances
from AcpS and acetyl-CoA to Mg’ are indicated by dotted lines, and
the corresponding distances in the CoA-bound form are shown in
parentheses.

their Ky values increased to 7.0 = 0.2 and 9.2 £+ 04 uM,
respectively. D41E and D37A Sc PKS ACPs show ACP:AcpS
binding ratios almost identical to that of the wild type. A
reciprocal mutation on AcpS, R15A, was also tested for ACP
binding. Similar to the single-point mutations on ACP, R15A
gave a Ky value comparable to that of the wild type (0.5—1.0 uM).
ES7A, which is also close to the ACP binding site, exhibited an
interaction comparable to that of the wild type (1.0 uM).

The ability of the ACP mutants to act as substrates for AcpS
was assayed by incubating ACP and CoA with a catalytic amount
of AcpS and monitoring phosphopantetheinylation by mass
spectrometry. The D40A Sc FAS ACP and D41A Sc PKS ACP
mutants were inactive. Surprisingly, the D37A and D41E mu-
tants, which had no effect on ACP binding, showed 0 and 15%
activity, respectively. The remaining mutants retained almost full
activity (=75%) (Table 3). Point mutations of L43 and D62 in Sc
act PKS ACP have been reported previously and are included for
comparison.37

Analysis of the Crystal Structure of Sc AcpS in Complex
with Acetyl-CoA. Electron density in the CoA binding pocket of
the AcpS—acetyl-CoA complex structure showed evidence of
occupancy predominantly by acetyl-CoA, with a smaller propor-
tion of CoA. Difference electron density maps were used to gauge
the correct occupancy for both substrates, by trying to minimize

the positive and negative density, resulting finally in 75% occupancy
for acetyl-CoA and 25% occupancy by CoA.

The structure of the acetyl-CoA—AcpS complex is very similar
to that of the CoA—AcpS complex (Figure 4A). The rmsd after
Cat superimposition of these two species is 0.20 A. The electron
density for the acetyl-CoA is clear and includes the extra acetyl
group. Acetyl-CoA adopts a slightly less extended conformation
than CoA, so that the acetyl group lies in a position similar to that
of the terminal sulfur of CoA. ML3 of subunit B changes
conformation to partially accommodate the more compressed
pantetheine arm beside which it lies. The maximal displacement
is 0.5 A for the main chain atoms of GlyB68 in the center of ML3.
In the holo structure, the magnesium ion is coordinated to both
o and f-phosphates of CoA (with distances of 2.03 and 1.90 A,
respectively), to the carboxyl group of AspB9 (2.12 A), and to
three water molecules (all within 2.16 A) (Figure 4B). In the
acetyl-CoA structure, however, the magnesium is displaced by
1.9 A and lies 3.21 and 3.30 A from the o- and [S-phosphates,
respectively, and 3.37 A from AspB9 (vs 1.90, 2.03, and 2.12 A,
respectively, in the AcpS with CoA bound). In addition, the ion
remains coordinated to waters equivalent to Z12 (2.87 A) and
7183 (3.10 A distant), but the equivalent to water Z16 is missing.
The magnesium is now positioned 2.65 A from the main chain
oxygen of ValB10 and 3.17 A from the carboxyl group of AspA111
in the small loop connecting 34 and f3S. The electron density for
the small loop containing AspA111 was not clear, however, and
both ligand-free and bound forms of this loop were observed.

The affinity of acetyl-CoA for Sc AcpS was measured by ITC
(Table 4 and raw data shown in Figure S2 of the Supporting
Information). Acetyl-CoA exhibited a 6-fold reduction in binding
affinity (2.4 4M) and a concomitant 2-fold loss in binding enthalpy
but maintained the 1:1 binding ratio. This value is in reasonable
agreement with the Ky; of 25 uM determined for acetyl-CoA
with human PPTase and ACP."” The overall reduction in binding
affinity does, however, agree with the observed compression and
displacement of the CoA as well as the imperfect coordination of
the magnesium ion.

l DISCUSSION

The high-resolution crystal structure of the Sc AcpS reveals
that it adopts a trimeric structure. The structures of the FAS
B. subtilis group I ligand-bound AcpS (with CoA and Ca**),*
St. pneumoniae AcpS (with 3',5'-ADP and no catalytic metal ion),”
V. cholerae AcpS (with CoA and Mg**, unpublished), and
B. anthracis AcpS (with 3',5',ADP, unpublished) have all been
reported and show a similar trimeric arrangement with the active
site situated at the interface between adjacent subunits. These
four models were superimposed on the ligand-bound Sc AcpS
and found to give a rmsd range of 1—2 A between the Cot atoms.
The overall fold of each structure was remarkably similar con-
sidering that the maximal level of sequence identity is only 27%.
The secondary structure is also conserved with the exception of
helix 0.5, which is only present in the S. coelicolor and V. cholerae
structures. In the corresponding region of the B. subtilis crystal
structure, a PCR error resulted in the mutation of a glutamine to
proline,® which would preclude the formation of this helix.

Comparison with B. subtilis AcpS. Panels A and B of Figure 5
compare the regions that surround the active site and interact
with CoA in Scand B. subtilis AcpS. ML4, which interacts with the
adenine base at one end of the CoA, is in a similar conformation
in all of the structures, and overall, the 3’-phosphate, ribose, and
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Figure S. Structural comparison with other phosphoryl transferases. (A) Active site comparison between Sc and B. subtilis AcpS. Sc AcpS subunit A is
colored magenta and subunit B cyan. B. subtilis subunit A is colored orange and subunit B gold. CoA and side chains are shown in bond representation
with carbon atoms colored yellow for Sc and green for B. subtilis ACPS. Magnesium is colored gray, and calcium is shown as a green sphere. The
displacement of ML3 is indicated by an arrow, and the displacement of the 4'-PP side arm above F74 in B. subtilis (green sticks) can be clearly seen.
(B) Expansion of the active site showing in detail the CoA binding mode in Sc and B. subtilis AcpS. Shading the same as in panel A and sequence
numbering is shown as B. subtilis AcpS / Sc AcpS. (C) Superposition of the dimer interface in Sc (magenta and cyan with CoA colored yellow) with the
human Sfp-like PPTase (green). (D) Superposition of the dimer interface of Sc AcpS (magenta and cyan with CoA colored yellow) with B. subtilis sfp
(protein colored green) and the adjacent symmetry-related molecule in the crystal lattice colored red.

adenine base of CoA superimpose well (Figure SA). The mobile
loop, ML2, that is present in the Sc AcpS adjacent to the
3'-phosphate is missing from the B. subtilis structure. Instead,
this stretch of amino acids is incorporated into a longer helix 0.3.
A sequence comparison shows Sc AcpS$ has a proline in this stretch
that is not found in the other structures and most probably explains
why helix a3 is disrupted. Despite these structural differences,
however, the 3'-phosphate is oriented similarly in the two struc-
tures. Important differences, however, are observed at the catalytic
site surrounding the diphosphate pair that is cleaved in the transfer
reaction. In Sc AcpS, a magnesium ion is ligated by these
phosphates, whereas in B. subtilis AcpS, a calcium ion was observed
in the binding site.® The Ca>" coordination sphere includes AspBS,
an oxygen from the oO-phosphate of CoA, and three water
molecules as in S. coelicolor, but rather than the [-phosphate
providing an oxygen ligand, the side chain of GluBS8 provides
the sixth ligand. This results in a different conformation of the f3-
phosphate, GluBS8, and the phosphopantethiene chain. This is
consistent with the observation that calcium allows catalysis in the
B. subtilis enzyme but only at a much reduced rate.® The importance
of the 0- and B-phosphates of CoA in ligating the Mg*" is also
highlighted by our observation of no Mg”" binding in the ligand-
free form of Sc AcpS.

In the S. coelicolor structure, the phosphopantetheine chain
(yellow in Figure SA,B) is buried in a hydrophobic pocket,
whereas in the B. subtilis AcpS, it extends over the surface of the B
subunit (green). In Sc AcpS, ML3 forms the side of this pocket
but the loop shows a very different conformation in B. subtilis
AcpS. Here the loop is displaced upward (indicated by an arrow
in Figure SA,B), and Ile68 (green in Figure SB) now occupies this
binding pocket forcing the 4'-PP out across the surface of the
protein. In the case of B. subtilis,® it was suggested that this
portion of the structure must move to accommodate the ACP. In
the Sc AcpS structure, a similar conformational change occurs
upon CoA binding.

Comparison with Other Group | AcpSs. Further detailed
analysis of the structural differences between the other AcpS
structures is complicated by the lack of consistency in the bound
cofactors and substrates as detailed above. The 3',5'-ADP-bound
St. pneumoniae and B. anthracis AcpS structures lack a 4'-PP chain
leading to a vacant 4'-PP binding pocket that is filled by ML3.
Finally, although the V. cholerae AcpS crystal structure contains
CoA, it has only a single Mg*" ion per trimer and displays a variety
of conformations.

Comparison between Sc AcpS and Dimeric Group Il
Phosphotransferases. Human PPTase'” belongs to the group
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II phosphotransferase famil?r, a group that is represented by the
Sfp protein from B. subtilis."' While Sc AcpS has 123 residues, the
human enzyme is longer, containing 315 amino acids. In addi-
tion, all group II enzymes show a trimeric arrangement, while the
Sfp-like PPTase group is characterized by a two-domain archi-
tecture, joined by a linker region. Each domain is similar to a
single group I subunit, and the proteins can be superimposed
using secondary structure matching. Human PPTase, however,
has longer N- and C-termini in comparison to those of the
S. coelicolor protein. The superimpositions between Sc AcpS and
human and B. subtilis Sfp-like PPTases are shown in panels C and
D of Figure 5, respectively. In the human Sfp-like PPTase, CoA
and magnesium are located at the interface between the two Sfp
domains, with the ribose in the same 3'-endo conformation
(Figure SC), while the 3/-phosphate of CoA is salt-bridged to
His121, analogous to HisA110 in Sc AcpS. The adenine rings of
the CoAs are also bound in a similar way with the exception that
the cleft is wider in the human PPTase. In the human PPTase,
ML1 is substituted with a longer 0t-helix (analogous to the shorter
02 in Sc AcpS), while ML3 shows a small upward displacement
into the phosphopantetheine binding pocket. The phosphopan-
tetheine chains are also bound in different conformations with
the two terminal thiols 6 A apart. The human phosphopan-
tetheine arm is located in a hydrophobic outer shell,'* which is
smaller than the S. coelicolor cavity. At the catalytic center of the
human model, the magnesium ion is once again coordinated to
the two phosphates of CoA, a water molecule, an aspartate
(Asp129), equivalent to AspB9 of Sc AcpS, and a glutamate residue,
Glul91 (equivalent to GluBS7 of Sc AcpS). An equivalent
coordination pattern is observed in the B. subtilis Sfp structure
(Figure SD, Aspl07 and GlulS1). Both coordination shells
closely match those observed in Sc AcpS, the exception being
that GluB57 does not coordinate Mg*" in Sc AcpS.

The region equivalent to ML3, however, shows greater
variability between the various structures. S. coelicolor and
human ML3 conformations are comparable (Figure SC),
whereas this region protrudes from the molecule in the crystal
structure (PDB entry 1QRO) of the B. subtilis Sfp (Figure SD,
green). A comparison, however, to both the human PPTase and
the trimeric AcpSs suggests that this is an artifact of crystal-
lization due to domain swapping of the ML3 hairpin with an
adjacent symmetry-related molecule in the crystal lattice
(Figure SD, red). B. subtilis Sfp is likely to adopt a compact
binding site similar to those observed in the AcpS structures
rather than the extended one implied by the monomeric crystal
structure observed in isolation because the equivalent loop
from a symmetry-related molecule completes the compact
globular structure.

Proposed Reaction Mechanism. The complex active site
architecture of the AcpS ensures that the catalytic magnesium,
CoA, and ACP are brought together in the correct orientation for
4/-PP transfer to occur. The sequential nature of the mechanism
makes interpretation of point mutations complex as their effects
may originate from a loss of catalytic efficacy, poor cofactor or
substrate binding, loss of active site structural integrity, or a
combination of these factors. For example, unexpectedly, we
observed two alternate CoA binding conformations in the
D111A mutant by X-ray crystallography, and the difference
between wild-type and mutant ITC data may be interpreted as
being due to the presence of a second, weakly bound CoA in a
nonproductive conformation in the mutant. AspA111, therefore,
appears to exert a long-range ordering effect on the active site
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Figure 6. Proposed reaction mechanism for phosphopantetheinyl
transfer in Sc AcpS and model of bound ACP. (A) The transfer
mechanism is divided into four steps. In step 1, GluBS7 abstracts a
proton from the hydroxyl group of the conserved serine on ACP (light
gray). In step 2, the alkoxide anion attacks the 3-phosphate of CoA. In
step 3, cleavage of the phospodiester bond leads to the transfer of
negative charge to the oxygen of the a-phosphate coordinating the
Mg**. In step 4, reprotonation of the a-phosphate could occur from
LysB61 or potentially HisA110 followed by dissociation of the complex.
(B) Model of B. subtilis ACP in the active site of Sc AcpS generated by
superposing the complex structure of B. subtilis ACP AcpS on the
structure of Sc AcpS. ACP is colored yellow; Sc AcpS is shown with the A
subunit colored magenta and the B subunit cyan, and selected side
chains are shown from B. subtilis AcpS with carbons colored forest green
as in Figure S. Dotted lines represent hydrogen bonds observed in the
crystal structure of Sc AcpS and potential interactions in the case of
bonds shown between B. subtilis ACP and Sc AcpS.

by acting as a gatekeeper for the phosphopanthetheine chain.
Only one conformation would be expected to be catalytically
active and overlap directly with the proposed ACP binding site.®
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By analogy with the human and B. subtilis group II class of
PPTases, we suggest that GluBS7 acts as the catalytic base that
extracts a proton from the conserved serine of ACP (step 1). The
positive helix dipole moment and proximity to the cationic Mg*"
may lower the pK, of serine to allow this to take place. GluBS7 is
conserved in both group I and II PPTases. Mutation of this
residue to an alanine has been shown to reduce the level of
catalysis by 3 orders of magnitude (Figure 6A, step 1).">** In
these studies, as well as acting as a base, the glutamate also
partially coordinates the Mg*". This dual role has not been
established in the Sc AcpS as there is no apparent coordination to
the magnesium. For the B. subtilis AcpS, it was proposed that
Asp3S5 acts as a general base, deprotonating a water molecule that
then removes the hydroxyl hydrogen from Ser36.° This alternate
mechanism was suggested as GluBS8, analogous to GluBS7, was
involved in the coordination of the bound Ca>* and presumed to
be unable to deprotonate the serine. Figure 6B shows a super-
position of the B. subtilis holo-ACP with Sc AcpS in the vicinity of
the active site. The phosphopantetheine side chain has been
truncated back to serine, but no other adjustments have been
made to the superposition described in Experimental Proce-
dures. While the geometry is not perfect, GluB57 is within
hydrogen bonding distance of the ACP serine (Ser36 in
B. subtilis) and the oxygen of the serine lies ~2 A from the
phosphate, which it must attack in the transfer reaction. Small
adjustments to the position of the serine could place it in an optimal
position for in-line attack on the phosphate while maintaining the
interaction with the glutamate (Figure 6A, step 2).

The correct presence of Mg”" in the active site reveals that
GluB57, in the unbound form of AcpS, does not coordinate the
metal cation and is available to deprotonate the serine of the
ACP. However, the observation of at least partial coordination in
the H110A structure suggests that this residue has the capacity to
undergo minor conformational changes and the coordination
shell of the Mg”" ion can change to accommodate this. This
could occur, for example, upon ACP binding. Nonetheless, either
scenario presents an active site architecture and transfer mechan-
ism that are closely in line with those suggested for the group II
PPTases.

Once deprotonated, the serine hydroxide group can attack the
B-phosphate of CoA in an addition—elimination reaction.*
Following this, the final steps of the transfer are similar to those
outlined in detail for the group II PPTases. The active site
architecture suggests a mechanism by which magnesium has a
role in catalysis through stabilizing the resulting negatively
charged 3',5'-ADP after the transfer of the 4'-PP group and not
simply a role in CoA binding (Figure 64, step 3). Our structural
and mutational results support the role of HisA110 in stabilizing
negative charge transfer. Although HisA110 is involved in a salt
bridge with the 3'-phosphate of CoA, mutation of this residue
affects only catalytic activity, not CoA binding affinity. The
structure of the alanine mutant indicates that the CoA binding
site is not perturbed, with hydrogen bonding interactions
preserved through changes in the water network. In the human
and Sfp PPtase, mutation of the analogous histidine differed in
showing reduced affinity for both CoA and magnesium. In these
cases, it was clearly not possible for water molecules to provide an
alternate hydrogen bonding network for proton transfer or
HisA111 simply had a much greater role in CoA binding. Lastly,
LysB61 (as suggested from the human group I PPTase'?), or
possibly HisA110, is positioned to be able to protonate the

R29

Figure 7. (A) Sc AcpS trimer shown in cartoon representation as
before, with the S. coelicolor ACP model shown in cartoon representation
in yellow. (B) Helix 1 from subunit B of Sc AcpS colored cyan and helix 2
of S. coelicolor ACP yellow, with conserved side chains shown in bond
representation.

negatively charged phosphate group followed by dissociation of
the complex (Figure 64, step 4).

Interaction between ACP and AcpS. The ternary complex
between B. subtilis AcpS and ACP revealed that three ACPs bind
to the trimer® whereas a single ACP binds to the didomain
human group IT PPTase.'> Both give an overall protein stoichi-
ometry of 1:1, although clearly in the case of the group I PPTase
there is one ACP per two domains. In both cases, ACP interacts
with AcpS predominantly through helix 2 and is electrostatically
driven for AcpS and hydrophobically driven for the Sfp-like
PPTases. In the former case, specific interactions between
aspartate and glutamate residues on helix 2 of ACP and arginine
residues on helix 1 of AcpS are considered important for the
formation of the protein complex.*** These residues are highly
conserved in a range of ACPs and AcpSs, and they show a similar
arrangement around helix 1. When they are superimposed on
each other, the position of helix .1 and ML1 is conserved in all of
the structures, which all have either CoA (B. subtilis, V.
cholerae, and S. coelicolor) or 3',5'-ADP bound (B. anthracis
and St. pneumoniae), and is distinct from the position of this
helix in the S. coelicolor apo structure. The conservation of the
fold in this critical region between B. subtilis AcpS and Sc AcpS
gave support for the construction of a model for the
S. coelicolor ACP—AcpS complex as described in Experimental
Procedures (Figure 7A). The positive—negative charge re-
cognition is preserved when an AcpS—ACP complex is
modeled for S. coelicolor by superimposing the ACP (apo
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A

Figure 8. (A) ACP binding site on subunits A and B viewed from above,
with Sc AcpS in surface representation and CoA shown in bond
representation. The nitrogen atoms from the conserved arginines
around mobile helix 1 of Sc AcpS are colored blue. Regions that are
mobile in the ligand-free structure and change between the ligand-free
and ligand-bound structures are colored red. (B) Model described in
panel A viewed in the direction of the arrow shown in panel A, with ACP
also included in space-filling representation in yellow.

closest to the geometric average NMR structure) on B. subtilis
ACP and the ligand-bound Sc AcpS on B. subtilis AcpS. ArgB15
can interact with Asp41 (ArgB14 and Asp3S in B. subtilis);
ArgB22 is close to Glu47 (Arg2l and Glu4l in B. subtilis),
and ArgB29 can interact with GluS3 (Arg28 with Glu47 in
B. subtilis) (Figure 7B). Sc AcpS is able to phosphopantetheiny-
late E. coli FAS ACP, which has an overall fold similar to that of
act ACP.***" Superposition of this ACP provides a comparable
picture, with the residues that potentially interact all being
conserved and lying in suitable locations.

The activity measurements suggest that Asp41 is the most
important residue for the AcpS —ACP interaction, losing 100% of
its activity on mutation to an alanine and undergoing a 7-fold
reduction in activity upon mutation to a glutamate. Similarly, the
reciprocal mutation, R15A, reduced the activity of AcpS to
approximately 15% of that of the wild type despite having only
a weak effect on CoA binding and the K for ACP. Our model
suggests that this interaction is important for locking ACP and
specifically Ser42 into the correct position for phosphopantethei-
nylation to occur. Asp41 is in fact located in a region that can
swing down to form a salt bridge with ArgB15, bringing Ser42
near the active site. Substitution of the aspartate with a glutamate
might affect the precise positioning of Ser42 and could account
for the 7-fold reduction in activity. Alternatively, the geometry
could be appropriate for Asp41 to act as the base, directly
abstracting a proton from Ser42 in preparation for nucleophilic
attack on the 3-phosphate of CoA. In this model, ArgB1S might
complete a catalytic triad. The analogous aspartate, D35, has
been mutated to an asparagine in E. coli ACP, where it was also
observed to abolish activity with E. coli AcpS.**** However,
several studies have revealed that the more promiscuous Sfp-type

PPTases can tolerate an asparagine or serine at this position on
the ACP," ** suggesting it is not essential for catalytic activity, at
least within the group II enzymes.

GluS3, situated farther from Ser42 at the C-terminus of helix 2,
may play a smaller role in the precise positioning of ACP as there
is only a 25% loss of activity for the ES3A mutant. The reduction
in the activity of the D37A mutant is more difficult to rationalize
because Asp37 from ACP shows no direct interaction with
Sc Acp$ in our model or analogous cocrystal structures.® Instead,
the side chain hydrogen bonds with the amide of the residue
three positions before it in the primary sequence (i.e., Arg34 in
act ACP). This interaction stabilizes a partial turn of a-helix that
helps to assemble a core of hydrophobic residues. This conserved
acidic residue may therefore be important for preserving an active
structure of ACP and correct presentation of Ser42, rather than a
direct role in the interaction between ACP and AcpS. We have
previously shown that mutation of both D62 and L43 (Table 1)
can also have profound effects on activity despite having only
modest influences on binding affinity. Because neither of these
residues has a catalytic role in the transfer mechanism, this again
points to the highly sensitive nature of this interaction to
certain key amino acids and hence the orientation of the
complexed ACP.

Figure 8A shows a space-filling diagram of subunits A and B,
and the positions of the arginines that interact with helix 2 of
ACP are highlighted with their nitrogen atoms colored blue. The
four areas that change conformation on CoA binding are high-
lighted in red, and the three arginines are clustered into the top
flexible region, ML1, surrounding the active site of Sc AcpS.
These CoA-driven conformational changes would affect the
interaction with the ACP, and therefore, the binding of CoA
may act as a structural trigger for the binding of ACP. Inspection
of both the B. subtilis structures and the Sc AcpS—ACP model
also suggests that in addition to satisfying this charge alignment,
further conformational change needs to take place in the ACP
itself to allow Ser42 access to the CoA for phosphoryl transfer to
take place.

Promiscuity of Sc AcpS for Alternative ACP Partners. The
activity of Sc AcpS with different ACP partners has been reported
previously.”” Sc AcpS was able to recognize E. coli FAS ACP,
Streptomyces rimosus oxytetracycline ACP, the type I FAS ACP
from rat, and the fungal type I ACP from the norsellinic acid
synthase from Aspergillus parasiticus. Although quantitative rates
were not measured, the AcpS was able to modify each ACP to
100% holo over a 90 min assay. AcpS must provide a binding site
that is sufficiently plastic to allow ACPs with slightly different
surface characteristics to bind with the key conserved arginine
groups of AcpS. ML3 possesses the flexibility necessary for this
initial interaction. In contrast to other structures determined,
CoA binding drives a conformational change in ML3 that makes
the ACP binding pocket wide and shallow (Figure 8B). Inspec-
tion of the alignment of AcpS sequences reveals considerable
variability in this region. The sequence of the S. coelicolor ML3
region is both shorter and also contains predominantly resi-
dues with small side chains, which impart increased flexibility
(sequence GAPAG vs GTGIGRQ in B. subtilis). Our model also
suggests that once AcpS has accommodated CoA no further
structural adjustments are necessary for ACP binding. This is in
contrast to B. subtilis, for which superposition of the holo
structure on the ACP—AcpS structure indicates that the 4'-PP
portion of CoA has to move to accommodate ACP association.
This region of the structure corresponds to the domain-swapped
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area that Reuter and co-workers proposed to be responsible for
determining the peptidyl carrier protein specificity in the B. subtilis
Sfp (Figure SD)."!

Promiscuity of Sc AcpS for Acyl CoAs. Sc AcpS can transfer
several aczl—phosphopantetheine chains from acyl-CoA to the
apo-ACP.* In Sc AcpSS, the 4'-PP chain binds to a pocket that
accommodates the chain neatly, and the acetyl-CoA structure
demonstrates that it can expand very little to accommodate the
extra volume of the modified CoAs known to be transferred (e.g,,
methylmalonyl- and benzoyl-CoAs). A space-filling representa-
tion of the model does, however, illustrate a possible route for the
extensions to CoA over the surface of AcpS (Figure 8A) that is
not obstructed by the binding of ACP (Figure 8B). The two
residues, LeuB70 and ThrB72, that lie on the lip of ML3 do not
obstruct this exit route, whereas large charged or polar residues
(Arg, Tyr, and Gln) are found in these positions in a range of
other AcpSs. Because the CoA binding site is essentially fixed or
preformed, a more compact ML3 may be the key to accommo-
dating CoAs with large acyl substituents.

Bl CONCLUSION

Although there have been a number of published studies of the
group I AcpSs and a number of deposited structures, a lack of
consistency in the bound metal ions and the use of a variety of
CoA analogues have meant that there is no reliable representa-
tion of a type I phosphopantetheine transferase. The structure of
the ligand-bound form of S. coelicolor AcpS presented here
contains a single magnesium ion and one molecule of CoA per
active site and provides the most biologically relevant represen-
tation of the enzyme reported to date. This study shows that the
Sc AcpS forms a homotrimer with an active site formed at the
interface of adjacent subunits. The presence of Mg”" at the ac-
tive site suggests an overall mechanism consistent with the group
II PPTases. Critically, GluB57 is available to deprotonate
the serine of ACP in preparation for nucleophilic attack at the
B-phosphate of CoA, whereas the analogous residue is trapped in
the coordination of Ca*" in a previous group I model. The high-
resolution structures of both the ligand-free and ligand-bound
forms show that the active sites contain a number of mobile loop
regions that accommodate binding of the CoA. In the CoA-
bound form, the mobile loops reorient to form a pocket that can
bind ACP in preparation for phosphopantetheine transfer. This
preformed pocket means that the binding of the CoA is not
dependent on the interaction with any particular ACP, which was
suggested for the B. subtilis AcpS. The compact mobile loop,
ML3, provides an exit channel that can facilitate the binding of
extended acyl-CoAs, allowing us to explain the observed pro-
miscuity of acyl-CoA transfer. ML3 therefore appears to play a
role similar to that of the equivalent mobile loop observed in the
dimeric human type II phosphopantetheine transferase. There-
fore, this study shows that there is a broadly similar active site and
binding site architecture between the group I and II PPTases.
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