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Abstract: Phosphate: acyl-acyl carrier protein (ACP) acyltransferase
PIsX is a peripheral enzyme catalyzing acyl transfer to
orthophosphate in phospholipid synthesis. Little is known about how
it recognizes substrates and catalyzes the acyl transfer reaction. Here
we show that its active site include many residues lining a long narrow
gorge at the dimeric interface, two positive residues forming a positive
ACP docking pad next to the interfacial gorge, and a number of strictly
conserved residues significantly contributing to the catalytic activity.
These findings suggest a substrate recognition mode and a catalytic
mechanism that is different from phosphotransacetylases catalyzing
a similar acyl transfer reaction. The catalytic mechanism involves
substrate activation and transition state stabilization by two strictly
conserved residues, lysine-184 and asparagine-229. Another
noticeable feature of the catalysis is the release of the acyl phosphate
product to membrane proximity which may facilitate its membrane
insertion.

Introduction

Fatty acids are a major component of phospholipids and are
synthesized de novo by the type Il fatty acid synthase in
bacteria.! They are generated as a thioester of an acyl carrier
protein (ACP) that is either directly used in synthesis of
phosphatidic acid or converted first to an acyl phosphate through
transferring its acyl group to inorganic orthophosphate by a
phosphate acyltransferase called PIsX.2® In a large set of
bacteria including many Gram-positive pathogens such as
Staphylococcus aureus and Streptococcus pneumonia,™ PlsX is
the only connecting enzyme between fatty acid synthesis and
phospholipid synthesis and is an attractive drug target. Besides
its catalytic function, PIsX has been scrutinized for its peripheral
localization to membrane, which features a punctate pattern in
either fixed cells® 3 or live cells.[?! These punctate foci are only
observed in the early log phasel™ and have been identified as fluid
membrane microdomains termed regions of increased fluidity
(RIFs).B° A short amphipathic a-peptide in the middle of the helix-
turn-helix interface of the dimeric enzyme has been found to
mediate RIFs localization through modulating its hydrophobic
interaction with the fatty acyl moieties of the cytoplasmic
membrane leaflet.’® Mutations disrupting this membrane
association were found to delay transition to the log phase and
cause a lower cell density in stationary phase, demonstrating
significance of the peripheral localization.[*0-1!

PIsX shares sequence homology with members of the
protein family Pfam01515 that includes phosphotransacetylase
(Pta) and phosphotransbutarylase (Ptb), which catalyze the

reversible transfer of an acetyl or butyryl group between
orthophosphate and coenzyme A (CoA-SH), respectively. It has
not been examined for its catalytic mechanism except simple
steady-state kinetic characterization,” but Pta has been
mechanistically investigated in depth using both biochemical and
structural methods. Early kinetic studies suggested that a ternary
complex is involved in the catalysis of Clostridium kluyveri Pta,*?
131 which is consistent with the failed attempt to detect an acetyl-
enzyme intermediate.*¥ In addition, kinetic and mutational
analysis of Pta from Methanosarcina thermophila identified a
nonessential cysteine and three conserved arginine residues at
the active site, of which one residue (Arg310) was suggested to
be a catalytic residue.> 8 In 2004, the crystal structure of
Methanosarcina thermophila Pta was determined in its apo form,
which features a dimeric architecture containing two o/ domains
in a monomer and a potential active site locating at the domain
interface.l'l Subsequently, CoA-SH was successfully soaked into
the active site,*® revealing its stabilization by hydrogen bonds
and hydrophobic interaction by multiple residues including the
previously identified arginine residues. Importantly, the soaked
crystal structure shows that three residues, namely Ser309,
Arg310, and Asp316, are proximal to the sulfhydryl group of the
CoA-SH substrate. On this basis, kinetic characterization of site-
directed mutants allowed proposal of a catalytic mechanism in
which Asp316 serves as a base to deprotonate CoA-SH for the
nucleophilic reaction, Arg310 orients and positions the acetyl
phosphate substrate, and Ser309 stabilizes the negative charge
of transition state by hydrogen bonding. The proposed roles of
Ser309 and Arg310 appear to be supported by a Pta-acetyl
phosphate complex structure in which their equivalents in the
Bacillus subtilis enzyme (Ser303 and Arg304) interact directly
with the phosphate group of one acetyl phosphate ligand, despite
the fact that they make no contact with another acetyl phosphate
ligand bound in proximity of the first one.[9

Three PIsX crystal structures have been determined for
comparison with Pta, two from Bacillus subtilis 1% 2% and one from
Enterococcus faecalis.?!! They are all dimeric without a natural
ligand and have an a/B/a sandwich structure consisting of a
twisted B-sheet of 11 mostly parallel strands flanked by 13 helices.
Two of the helices (a8 and a10) protrude from the main domain
as a long hairpin and form a four-helix bundle at the dimer
interface, which contains the amphipathic a-peptide sensor of
RIFs.9 Structural comparison found that PIsX and Pta are close
structural neighbors by DaliLite.?? In addition, two large
symmetric cavities are found at the PIsX dimer interface, which
occupy equivalent positions of the active sites in Pta. However,
the catalytic residues (Ser309, Arg310 and Asp316) and other
conserved residues in the M. thermophila Pta active site find no
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equivalents in the PIsX cavities, suggesting that the two enzymes
likely adopt a different strategy to recognize the substrates for
catalysis of the similar acyl transfer reaction.

To understand how PIsX recognizes its substrate and
catalyzes the acyl transfer reaction, we used bioinformatics
analysis and docking of natural ligands to identify potential active
site residues. The suspected residues were then varied by site-
directed mutagenesis and the resulting mutant proteins were
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characterized for their steady-state kinetics. Based on the
assessment of their catalytic contribution, we successfully
identified the residues involved in the catalysis and recognition of
various moieties of the natural substrates/products including ACP,
its phosphopantetheinyl linker, the phosphate group and the acyl
group. These results support a PIsX catalytic mechanism that is
different from that of phosphotransacetylases.
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Figure 1. Steady-state kinetics of PIsX. (A) The reversible reaction catalysed by PlIsX. (B) Reductive SDS-PAGE of the purified PIsX and ACP (apo form). apo-ACP
has a calculated molecular weight of 8.5 kDa and shows an abnormal mobility due to its low binding affinity for SDS. (C) UREA-PAGE of apo-ACP and its derivatives.
Both holo-ACP and palmitoyl-ACP were purified after preparation. (D) Michaelis—Menten kinetics of the forward reaction and Triton X-100 effect on the reaction rate.
(E) Michaelis—Menten kinetics of the reverse reaction and Triton X-100 effect on the reaction rate. See experimental section for the detailed conditions in the
determination of the steady-state kinetics. In (D) and (E), the solid lines are curve-fitting results using the Michaelis-Menten equation. Effects of Triton X-100 were
determined at saturating substrate concentrations: 10 pM palmitoyl-ACP and 500 uM phosphate for the forward reaction and 5 yM holo-ACP and 20 uM palmitoyl

phosphate for the reverse reaction.
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Results and Discussion

Steady-state kinetic characterization

Using radiolabeled substrates, Streptococcus pneumoniae
PIsX has been shown to catalyze both the forward and reverse
transfer of palmitoyl group between ACP and orthophosphate
(Figure 1A).? For the forward reaction, the enzyme is specific for
palmitoyl-ACP with no activity for palmitoyl-CoA and has a K
value of 300 pM and 140 pM for palmitoyl-ACP and
orthophosphate, respectively. To better correlate the kinetic
properties to crystal structures, we characterized the steady-state
kinetics of Bacillus subtilis PIsX, which shares 52.9% sequence
identity with the Streptococcus pneumoniae orthologue and has
had its structure determined to high resolution.[% 2°1 The protein
was overexpressed in E. coli with a C-terminal hexahistidine tag
and successfully purified to homogeneity (Figure 1B). apo-ACP
(8.5 kDa) from Bacillus subtilis was also prepared and purified to
homogeneity, which showed an abnormal mobility on SDS-PAGE
(~25 kDa, Figure 1B) due to its low binding affinity of the
detergent.?® holo-ACP and palmitoyl-ACP were subsequently
prepared from apo-ACP (Figure 1C) and used as substrates
together with palmitoyl phosphate or phosphate in the kinetic
characterization. The enzymic reaction was found to conform to
the Michaelis-Menten equation in both forward (Figure 1D) and
reverse (Figure 1E) reactions. For the forward reaction, Ky is 1.4
MM and 104 pM and ke is 0.76 min't and 0.62 min for palmitoyl-
ACP and orthophosphate, respectively; while for the reverse
reaction, Ky is 0.39 uM and 3.7 uM and Kkea is 148 mint and 167
min-t for holo-ACP and palmitoyl phosphate, respectively (Table
1). These kinetic data show that the reverse reaction is more than
200 time faster than the forward reaction under saturation
conditions and the enzyme’s catalytic efficiency (Kca/Kwm) is the
highest for holo-ACP with a value of 6.3 x 106 M*.s%. Considering
the fact that PIsX is a membrane protein,58 19 the neutral
detergent Triton X-100 was added to the enzymic reaction and
found to more than double the forward reaction rate at a high
concentration of 1% but have no effect at a lower concentration
of 0.1% (Figure 1D). However, this detergent had no effect on the
reverse reaction even at the high concentration (Figure 1E).

Table 1. Kinetics constant of Bacillus subtilis PIsX.

Substrate Keat (Min?t) Km (pM)
Palmitoyl-ACP 0.76 + 0.08 1.4+04
Phosphate 0.62 + 0.05 104 +19
holo-ACP 148 +8 0.39 £0.07
Palmitoyl phosphate 167 +10 3.7+0.7

For the forward reaction, Bacillus subtilis PIsX exhibits a
much higher affinity (lower Ky) for palmitoyl-ACP than
Streptococcus pneumoniae PIsX, demonstrating that it has a
much higher activity. There are two probable contributors to this
high activity of the Bacillus enzyme. One important factor is the
use of ACP from the same bacterial strain in the current study,
whereas the source of ACP was not specified in the previous
study.”l Another factor is the current use of real time
measurement of the rate, which was completed before the
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reverse reaction became significant enough to affect the
measurement accuracy. In contrast, the rate measurement took a
much longer time in the previous study,” which should be
significantly affected by the reverse reaction in consideration of
the fact that the reverse reaction is much faster than the forward
reaction. Taking these factors into consideration, PlsX is likely to
have a much higher activity as determined for the Bacillus subtilis
orthologue in this study.

Docking simulation

To understand how PIsX interacts with its substrates, the
natural ligands or their analogs were docked to the suspected
active site cavity using AutoDock.?4 Palmitoyl phosphate, a
product of the forward reaction and a substrate of the reverse
reaction, was first successfully docked at a long channel formed
by both subunits of the enzyme. The docked ligand is shown in
Figure 2A with all contact residues, of which most are from a8, the
37-to-a6 loop and the 38-to-a.7 loop from the other monomer. Its
alkyl chain binds in a twisted conformation to the lower part of the
interfacial channel, whereas the carboxyl phosphate head group
binds in the upper part. Interestingly, the alkyl chain interacts
favorably with hydrophobic side chain residues that form a
tortuous open channel, while the polar head group is stabilized by

Figure 2. Docking of ligands to the active site of PIsX. (A) Stereo diagram of the
active site with the docked palmitoyl phosphate. (B) Stereo diagram of the active
site with the docked palmitoyl 4’-phosphopantetheinyl thioester. The protein is
represented in cartoon and colored according to subunit with active site residues
in sticks, while palmitoyl phosphate and palmitoyl 4’-phosphopantetheinyl
thioester are represented in yellow and brown sticks, respectively. Underlined
residues interact with polar head group of palmitoyl phosphate and likely play
important roles in the catalysis. Gold dashed lines denote hydrogen bonds with
a distance < 3.6 A and the grey dashed line in (A) indicates a short distance of
2.9 A. Amino acid residues from a different subunit are labeled with a primed
number.
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ionic interactions and multiple hydrogen bonds. The carboxyl
oxygen atom of the acyl group is within a hydrogen-bonding
distance of 3.0 A to the amide nitrogen atom in the sidechain of
Asn229 in a8 and is interestingly close to the backbone carbonyl
oxygen atom of Gly141 at a distance of 2.9 A, which is apparently
positioned by a hydrogen bond between its a-N and the sidechain
carboxylate of Asp139 in the 37-to-a6 loop. The phosphoryl group
is mainly stabilized by residues in the loop connecting B8 to a7
from the other monomer, forming two ionic hydrogen bonds with
the sidechain ammonium ion of Lys184’ and one hydrogen bond
with the backbone carbonyl group of Val178'. It is also close to
the side chain amide of Asn229 with a distance of 3.6 A.

Palmitoyl 4’-phosphopantetheinyl thioester, a surrogate of
the palmitoyl-ACP substrate in the forward reaction, was also
successfully docked to the large cavity at the PIsX dimeric
interface with a similar orientation as palmitoyl phosphate (Figure
2B). Its acyl chain takes an alternative twisted conformation but
its carbonyl group makes similar contacts with Asn229, Lys184’
and Glyl141 in comparison to the acyl group of the docked
palmitoyl phosphate. Interestingly, the positive side chains of
Arg73 and Arg120 are located at the edge of the cavity at a short
distance of less than 7 A from the 4’-phosphoryl group of the
docked ligand (Figure 3). These residues, together with nearby
positive residues such as Arg70, Arg114 and Lys183’ on the
protein surface (Figure 3), may form a docking pad for recognition
of the negatively chargeda,-helix of ACP,?>?7 similar to those
found on acyl-ACP hydrolases such as BioW and BioH from the
biotin biosynthetic pathway.?® 2° Thus, this docking simulation
gives rise to a model for the binding of palmitoyl-ACP in which the
ACP moiety docks to the positively charged pad at the edge of the
interfacial cavity and allows the palmitoyl 4’-phosphopantetheinyl
thioester moiety to bind the full length of the long channel at the
dimer interface in a largely extended conformation. Such a
binding model is consistent with another recent structural
modeling of the substrates to PIsX.[*1]

Conservation of potential active site residues
To understand whether the identified amino acid residues in

Figure 3. The identified ACP docking pad. It is viewed along the axis of the
active site channel between the two subunits and is comprised of conserved
Arg73 and Arg120 labeled in purple. Other positive residues (labeled in black)
are not conserved. PIsX is represented in electron potential surface with all
positive residues in sticks, while the docked palmitoyl 4’-phosphopantetheinyl
thioester is represented in ball and stick with brown carbon atoms and only part
of the 4’-phosphopantetheinyl group is visible.
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the docking simulation are conserved, all reviewed PIsX
sequences in the UniProt database were withdrawn and filtered
at 50% sequence identity to obtain 95 non-redundant sequences
for multiple sequence alignment. A total of 13 amino acid residues
were found to be absolutely conserved, of which ten residues are
located in the long a8 helix, the B7-to-06 loop and the (8-to-a7
loop from the other subunit (Figure 2 and Figure 4). The other
three residues include Gly99, Gly207’ and Glu209’ , of which the
last two are close to the active site channel as shown in Figure 2.
Besides these strictly conserved residues, many other residues
forming the interfacial cavity are also conserved, including the few
residues interacting with the 4’-phosphoryl group of the docked
palmitoyl 4’-phosphopantetheinyl thioester (Figure 2) and the
residues that form most of the large hydrophobic pocket for the
acyl chain in two orientations (Figure 2A and Figure 2B). In
addition, Arg73 and Arg120 of the suspected ACP docking pad
(Figure 3) are replaced by lysine residues in a few orthologues
and are thus also highly conserved. However, the other suspected
positive residues, namely Arg70, Arg114 and Lys183’, are not
conserved at all and are thus very unlikely to be part of the
docking pad.

B-to-ag loop

Bs -to-a; loop og

PLSX_BACSU

PLSX_BACSU
PLSX_RHIEC
PLSX_ONYPE
PLSX_WOLPM
PLSX_CHLTE
PLSX_ACHLI

Figure 4. Strictly conserved amino acid residues at the active site of PIsX. The
residues shaded in red are strictly conserved among 95 reviewed PlsX
sequences filtered at 50% sequence identity from the UniProt database. The
aligned sequences are selected from these PIsX orthologues and named
directly with their UniProtKB mnemonic identifiers. The aligned secondary
structures are from the Bacillus subtilis PIsX structure (PDB ID: 6A1K).

Active site mutants and their kinetic properties

To test the veracity of the docking models, site-directed
mutagenesis was used to assess the contribution of key amino
acid residues to enzyme catalysis. The strictly conserved non-
glycine residues in direct contact with the docked ligands
including Lys184, Asn229, Lys233 and Glu236, were each
mutated to alanine. Lys184 was additionally mutated to arginine
or glutamine and Asn228 was additionally mutated to glutamine
because either residue interacts with the key functionalities in the
docked palmitoyl phosphate (Figure 2A). In addition, the strictly
conserved residues in proximity of the direct-contact residues,
including Glul81 and Glu209, were also individually mutated to
alanine. Moreover, the conserved positive residues of the
suspected ACP docking site, Arg73 and Argl20, were mutated
into alanine, while the non-conserved Arg114 in proximity was
also mutated to alanine as a negative control. A double mutant
with both Arg73 and Arg120 mutated to alanine, R73A/R120A,
was also constructed. All these mutation proteins were
overexpressed to a high level and were readily purified to
homogeneity like the hexahistidine-tagged wild-type PlIsX.
Analysis by circular dichroism spectroscopy showed no difference
between these mutant proteins and the wild-type protein,
indicative of negligible effect of the point mutations on the overall
structure of PIsX.

The steady-state kinetic constants, kcax and Ky, were
determined for the forward reaction for the mutant proteins. As
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Table 2. Kinetic constants of PIsX mutant proteins in the forward reaction.
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Protein Substrate Kcat(min-1) Keat(wt)/Kcat Km (M) Km/Km(wt) keat/Km (M-min)"  [kcayKm](Wt)/ KcarKm
Palmitoyl-ACP 0.76 £ 0.08 1.0 1.37£0.42 1.0 (5.6 +3.1) x 10° 1.0
wT Phosphate 0.62 £ 0.05 1.0 104 £ 19 1.0 (6.0+1.9)x10% 1.0
Palmitoyl-ACP 0.85+0.06 0.89 4.50 +0.46 3.28 (1.9+0.4) x 10° 29
R73A Phosphate 0.72+0.04 0.86 111+21 1.07 (6.5+2.0)x 10% 0.92
Palmitoyl-ACP 0.72 £0.04 1.06 1.70 £ 0.35 1.24 (4.2+1.4)x10° 1.3
R114A Phosphate 0.73+0.04 0.85 127 £ 23 1.22 (5.7+1.7)x 10% 1.1
Palmitoyl-ACP 0.77 +0.03 0.99 3.36+0.34 2.45 (2.3+0.4) x 10° 24
R120A Phosphate 0.74 £0.03 0.84 131+21 1.26 (5.6 +1.4)x 10° 11
R73A/ Palmitoyl-ACP nd? - - nd -
R120A Phosphate nd - - nd -
Palmitoyl-ACP 0.27 +0.02 2.81 1.35+0.20 0.99 (2.0+0.4) x 10° 2.8
E181A Phosphate 0.26 £0.01 2.38 239+37 2.30 (1.8 +0.3) x 10% 3.3
Palmitoyl-ACP 0.12+0.01 6.33 1.49+0.32 1.09 (8.1+3.1) x 10* 6.9
K184A Phosphate 0.14+0.01 4.43 802 + 137 7.71 (1.7 £0.5) x 102 35.3
Palmitoyl-ACP 0.15+0.01 5.00 2.02+0.46 1.47 (7.4+£2.8) x 10* 7.6
K184Q Phosphate 0.17 £0.01 3.65 425 + 59 4.09 (4.0+£0.9) x 102 15.0
Palmitoyl-ACP 0.40 +0.02 1.90 1.39+0.20 1.01 (2.9+0.7) x 10° 1.9
K184R Phosphate 0.41+0.02 1.51 52+8 0.50 (7.9+1.9)x10° 0.76
Palmitoyl-ACP 0.22 £0.02 3.45 1.24+0.24 0.91 (1.8 £0.6) x 10° 3.1
E209A Phosphate 0.20+0.02 3.10 93+14 0.89 (2.2+0.6) x 10% 2.7
Palmitoyl-ACP 0.06+0.01 12.7 6.00 + 0.86 4.38 (1.0 £0.4) x 10* 56.0
N229A Phosphate 0.06 £0.01 10.3 267 =60 2.57 (2.2+1.1)x 102 27.3
Palmitoyl-ACP 0.87 +0.08 0.87 3.04+041 222 (2.9+0.8) x 10° 1.9
N229Q Phosphate 0.75+0.05 0.83 126 £ 25 1.21 (6.0+2.0) x 108 1.0
Palmitoyl-ACP 0.18 £0.01 4.22 1.43+0.24 1.04 (1.3+0.3) x 10° 4.3
K233A Phosphate 0.20+0.02 3.10 136 +18 1.31 (1.5+0.4) x 10% 4.0
Palmitoyl-ACP 0.25+0.02 3.04 1.08 £0.22 0.79 (2.3+0.8) x 10° 24
E236A Phosphate 0.27 £0.01 2.30 151+ 18 1.45 (1.8+0.3) x 10° 3.3

[a] nd: not detected; no activity was detected with 1-10 uM mutant enzyme, 2-30 uM palmitoyl-ACP and 0.5-2 mM phosphate.

shown in Table 2, the catalytic activity of the negative control
mutant protein R114A is essentially the same as the wild-type
protein for both substrates. In comparison, R73A and R120A
cause a significant 2.5~3.3-fold increase in Ky for palmitoyl-ACP
without adverse effect on other kinetic constants, whereas double
mutations (R73A/R120A) diminish the activity to an undetectable
level even when measured at an increased concentration for the
protein and the substrates. This pattern of activity change is
consistent with those observed for known ACP docking pads, for
which removal of one positive residue leads to only mild decrease
in activity whilst removal of all positive residues causes severe
activity loss.?® 29I Among the remaining mutations, N229A causes
the greatest kca: decrease by more than 10 fold and increases Ky
by 4.4 and 2.6 fold for palmitoyl-ACP and phosphate, respectively.
However, most of the catalytic activity is recovered with a 2.2-fold
Kw increase for palmitoyl-ACP when glutamine is introduced into
the mutated position (in N229Q). These kinetic changes strongly
suggest an important role of the Asn229 side chain in stabilizing
the transition state and are fully consistent with its simultaneous
interaction with the carboxyl oxygen and phosphoryl group of the

docked palmitoyl phosphate (Figure 2A). In contrast, K184A
causes the greatest Ky increase of 7.7 fold for phosphate with no
Kw effect on the other substrate and also a significant 4.4~6.3 fold
kear decrease. The damage in catalytic activity remains little
changed when a glutamine is used to replace the strictly
conserved Lys184 (in K184Q), but the activity is basically
recovered with a mild ~2-fold kc.r decrease when an arginine is
introduced into the mutated position (in K184R). Consistent with
the docking results (Figure 2), these mutational results support a
crucial role of Lys184 in binding of the phosphate substrate and
in stabilizing the transition state. Finally, E181A is another mutant
protein that exhibits a significant 2.3-fold Ky increase for
phosphate without affecting the other substrate, suggesting that
Glul81 also contributes to binding of phosphate. The remaining
mutant proteins including E209A, K233A and E236A are similar
to the wild-type protein in Ky for both substrates, but exhibit a
modest 2-4 fold ke, decrease like E181A. Taken together, results
from these kinetic studies strongly support the interactions
between the ligands and the conserved active site residues
identified in the docking simulations (Figure 2), although the

This article is protected by copyright. All rights reserved.



ChemBioChem

kinetic parameters of the mutant proteins were not determined for
the reverse reaction due to the chemical instability of palmitoyl
phosphate.

Substrate recognition

The modeling and mutational results reveal the mode of
substrate recognition of PIsX in which acyl-ACP is recognized by
multiple-pronged interactions spread throughout its structure
(Figure 5). Its ACP moiety is recognized by the ionic interactions

A(E?ﬁ. N R120
A\ R

(A)

H
L3
K184—N-H
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with the positive docking pad consisting of two conserved
residues Arg73 and Arg120 and a few hydrogen bonds at the 4’-
phosphoryl group and the pantothenate carbonyl (with the Gly141
backbone, Figure 2B). Meanwhile, its acyl carbonyl is likely
stabilized by a hydrogen bond with the side chain of Asn229 as
supported by a similar hydrogen bond for the docked palmitoyl
phosphate (Figure 2A) and a significant Ky increase for the
substrate caused by the N229A mutation (Table 2). Moreover, the
acyl group of this substrate is stabilized by many hydrophobic

Products

Products

/ P125

Figure 5. Proposed catalytic mechanism for PIsX. (A) The reaction mechanism of the forward reaction. (B) The reaction mechanism of the reverse reaction.
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side chains lining the binding channel (Figure 2B). The multiplicity
of the interactions and their balanced distribution throughout the
full length of the substrate ensure the high substrate specificity.
However, this multivalent mode of substrate recognition implies
that any individual binding residue contributes only a limited
portion to the overall binding energy. In consistence with this
binding mode, only moderate Ky increase of 4.4-fold or less is
found for any single point mutation (Table 2). This multivalent
binding mode may also underlie the fact that only two conserved
positive residues form the ACP docking pad, while at least three
such residues are involved in other ACP-binding proteins such as
BioH and Biow.[?8 2

The other substrate, phosphate, is recognized mostly by the
highly conserved 38-to-a.7 loop from the other subunit through two
ionic hydrogen bonds with Lys184’ and one neutral hydrogen
bond with the backbone amide of Val178’, like the binding of the
phosphoryl group of the docked palmitoyl phosphate (Figure 2A).
Glu181’ of this loop also contributes to phosphate binding as
indicated by the significant increase in Ky for E181A (Table 2).
This residue may directly interact with the substrate through
hydrogen bonding or may interact with the Lys184’ side chain to
orient it for optimal interaction with the substrate. In addition,
Asn229 also contributes to phosphate binding as suggested by its
hydrogen bonding with the phosphate group of the docked
palmitoyl phosphate (Figure 2A) and by the significant Ky
increase for N229A (Table 2). Since the Asn229 side chain also
interacts with the other substrate, this residue likely couples the
phosphate binding to the binding of acyl-ACP. This potential
coupling suggests that the phosphate binding site is fully formed
only after binding of acyl-ACP. In the phosphate binding, Lys184’
likely plays a dominant role as suggested by the largest Km
increase for its alanine mutant (Table 2).

Catalytic mechanism

After active site binding, acyl-ACP and phosphate are well
positioned for the acyl transfer from ACP to phosphate through a
nucleophilic addition reaction. The transition state is likely
stabilized by the side-chain amide of Asn229, the Lys184’ side
chain and the backbone amide of Val178’ (Figure 5A). In addition,
the strictly conserved Glu181 may also contribute to this
transition state stabilization either directly through interaction with
phosphate or indirectly through interacting with the proximal
Lys184’. The catalytic roles of these residues are consistent with
the significant ke decrease for the corresponding site-directed
mutant proteins, particularly for N299A (Table 2).

The same set of the binding and catalytic residues are also
suitable for binding the substrates of the reverse reaction and
efficiently catalyzing their reaction (Figure 5B). Specifically, the
palmitoyl phosphate substrate is tightly bound to the active site by
the polar interactions (with Asn229, Glu184’ and the backbone
amide of Val178’) and the hydrophobic interactions for the acyl
group, while holo-ACP is bound to the active site through the
interactions at the docking pad and the 4’-phosphoryl group and
pantothenate carbonyl in the prosthetic group. These binding
interactions are consistent with the docking results (Figure 2) that
are supported by kinetics of the site-directed mutant proteins.
Again, the bound substrates are well aligned for nucleophilic
attack of the thiol group of holo-ACP on the carbonyl group of
palmitoyl phosphate, going through a similar transition state that
is stabilized by the same conserved residues as for the forward
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reaction. Finally, the products are formed from the resulting
tetrahedral intermediate through a low barrier collapsing reaction.

In both forward and reverse reactions catalyzed by PIsX,
Asn229 plays the most important catalytic role by activating the
electrophile and stabilizing the transition state as well as serving
the oxyanion hole to stabilize the tetrahedral oxyanion
intermediate. No equivalent residue can be found in
Methanosarcina thermophila Pta that was proposed to use a
conserved serine (Ser309) to stabilize the oxyanionic tetrahedral
intermediate.*8! The proposed activation of the thiol substrate by
a conserved aspartate (Asp316) in Pta is another mechanistic
difference from PIsX, which has no apparent activation
mechanism for the thiol substrate and most likely uses a water
molecule to deprotonate the thiol group. Nevertheless, both PlsX
and Pta use a conserved positive residue to bind the acyl
phosphate substrate, namely Lys184’ in the former and Arg310 in
the latter, although this residue takes a totally different position in
the structure of the proteins (Figure 6). This comparison clearly
shows that PIsX uses a very different set of amino acid residues
to accomplish the similar acyl transfer reaction through a distinct
catalytic strategy (Figure 6).

Motif | Motif Il

ol
0000000000000

=

Motif Il

PLSX_BACSU

PLSX_BACSU 179G
PTAS_METTE 2105
PTAS METTE

Figure 6. Comparison of key active site residues distributed in three structural
motifs in Bacillus subtilis PIsX and Methanosarcina thermophila
phosphotransacetylase (Pta). Catalytic residues in PIsX are indicated by brown
triangles while those in Pta are indicated by red triangles. The sequences of the
two proteins are aligned with the secondary structure in their corresponding
crystal structures (PIsX PDB ID: 6A1K and Pta PDB ID: 2AF4).

Conclusion

In summary, we have successfully identified the active site
of PIsX that allows the acyl-ACP product from the fatty acid
biosynthetic pathway to dock on protein surface facing the cytosol,
with its prosthetic phosphopantetheinyl and the attached acyl
chain to bind vertically and linearly in a long and narrow interfacial
channel all the way down to the other side of the protein facing
plasma membrane. This mode of interaction facilitates not only
the binding of the acyl-ACP substrate from the cytosol and release
of the ACP product after acyl transfer to the cytosol, but also likely
the insertion of the acyl phosphate product into cell membrane
where it is used to synthesize phosphatidic acid precursor of
phospholipids. In catalysis of PIsX, a strictly conserved
asparagine (Asn229) plays a dual role of activating the
electrophilic substrate and stabilizing the transition state of the
acyl transfer reactions in a mechanism distinct from the
structurally ~ homologous Ptal*®l  or other  bacterial
acyltransferases.% These findings for the first time establish the
catalytic mechanism of PIsX as a representative peripheral acyl
transferase and allow better understanding of the first chemical
step of the biosynthesis of phospholipids in most bacteria.

Experimental Section
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Synthesis of palmitoyl-phosphate and palmitoyl-CoA. Palmitoyl-
phosphate was synthesized according to a reported method with minor
modifications.? 31 Briefly, 1.20 mmol silver phosphate and 12.25 mmol
anhydrous phosphoric acid were dissolved in 10 ml dry diethyl ether and
stirred at room temperature for 15 h. Palmitoyl chloride (2.90 mmol)
dissolved in 5 ml diethyl ether was added dropwise and the reaction
mixture was stirred at room temperature for 1.5 h. After filtering and
washing the precipitate twice with 5 ml ethyl ester, the palmitoyl phosphate
product in the filtrate was removed off the solvent by rotavaporation. The
product was then re-dissolved in 2 ml warm benzene and was
recrystallized by cooling to room temperature. After removal of benzene
by filtration, the resulting white crystals were washed once with cold
benzene and dried in vacuo. The final isolated yield of palmitoyl phosphate
was 1.5%. *H NMR (CD30D, 400 MHz): 5 0.92 (t, J = 6.0 Hz,3 H), 1.31 (s,
25 H), 1.65 (m, 2 H), 2.46 (t, 2 H, J = 7.0 Hz).

Palmitoyl-CoA was also synthesized with previously reported
methods with modifications.[3235] In the synthesis, 25 mg CoA-SH (Sigma)
was dissolved in 10 ml THF-H20 solution (v/v, 7:3) and the resulting
solution was adjusted to pH = 8.0 by sodium hydroxide, added 50 pl of
palmitoyl chloride, and then stirred for 1.5 h. The reaction mixture was kept
at pH 7-8 by adding sodium hydroxide during the reaction. After the
reaction, the mixture was removed of THF by rotavaporation and
centrifuged at 15,000 g for 2 min to obtain aqueous supernatant, which
was collected and added 200 pl 10% HCIO4 to precipitate the palmitoyl-
CoA product as white solid. The precipitated product was collected by
centrifugation at 15,000 g for 2 min and washed twice with cold diethyl
ether before being dried in vacuo. The final isolated yield of palmitoyl-CoA
was 45%. Identity of the product was confirmed through comparison with
commercial palmitoyl-CoA (Sigma) by its retention factor on silica thin-
layer chromatography plates and mass spectrometry (ESI MS: m/z = 1028
[M + NaJ*).

Preparation of holo-ACP and palmitoyl-ACP. Apo-ACP from Bacillus
subtilis was expressed as a C-terminal fusion of the protein Gb1 with a N-
terminal hexahistidine tag and a HRV protease 3C cleavable linker in E.
coli BL21 (DE3) transformed with a plasmid from laboratory stock. For
protein expression, the recombinant cells were streaked on LB agar plates
supplemented with 100 pg/ml ampicillin and incubated at 37°C overnight.
Next day, a single colony was picked to inoculate 10 ml Luria-Bertani broth
(LB) containing 100 ug/ml ampicillin and grown overnight at 37°C with
shaking at 250 rpm to give a starter culture. The starter culture was used
to inoculate 4 L LB medium supplemented with 100 pg/ml ampicillin and
the cells were grown at 37°C with shaking at 250 rpm until ODeoo reached
0.8-1.0. Then isopropyl-B-D-thiogalactopyranoside (IPTG) was added to a
final concentration of 0.2 mM to induce protein expression at 37°C for 3 h.
The cell culture was cooled on ice and the cells were harvested by
centrifugation and washed once with ice-cold TE buffer (10 mM Tris.HCI,
pH 8.0, 1 mM EDTA). The harvested cells were then re-suspended in the
start buffer (20 mM Tris.HCI, pH 8.0, 500 mM NaCl, 20 mM imidazole, 10%
glycerol) and lysed by sonication. The cell lysate was centrifuged at 30,000
g for 15 min to remove cell debris and the supernatant was loaded onto a
5 ml HisTrap HP column (GE Healthcare) pre-equilibrated with the start
buffer. The column was washed by 50 ml start buffer and Gb1-ACP was
eluted in ~20 ml 20 mM Tris.HCI buffer (pH 8.0) containing 500 mM Nacl,
200 mM imidazole, and 10% glycerol. The eluted protein solution was
concentrated with Amicon® Ultra 15 mL Centrifugal Filters (3 kDa,
Millipore) and was desalted into the storage buffer (20 mM Tris pH8.0, 150
mM NaCl) using a HiPrep 26/10 desalting column (GE Healthcare).
Subsequently, the desalted protein solution was added 100 pl 8 mg/ml
HRV protease 3C with C-terminal hexahistidine tag from laboratory stock,
incubated at 25°C for 1 h, and reloaded onto 5 ml HisTrap HP column (GE
Healthcare) pre-equilibrated with storage buffer. ACP was collected from
the earliest fractions, concentrated to 28 mg/ml using Amicon® Ultra 15
mL Centrifugal Filters (3 kDa, Millipore), and flash-cooled by liquid nitrogen
for storage at -20°C. Protein purity was over 95% examined by SDS-PAGE
and densitometry analysis. However, using Urea Polyacrylamide Gel
Electrophoresis (UREA-PAGE),3¢39 the resulting protein solution was
found to contain apo-ACP as a major component and to also contain holo-
ACP and oxidized holo-ACP dimer as minor components.
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Holo-ACP and palmitoyl-ACP were prepared from apo-ACP using
the 4'-phosphopantetheinyl transferase Sfp, which was expressed and
purified as described previously.*% 41 Following a previously reported
method,*? palmitoyl-ACP was formed from a mixture of 240 uM apo-ACP,
500 pM palmitoyl-CoA, 3.4 uM Sfp, 1 mM MgClz, 150 mM NacCl in 50 mM
MES (2-(N-morpholino) ethanesulfonic acid) at pH 6.0. The reaction
mixture was incubated at 37°C for 4 h and then at room temperature
overnight to increase yield and to oxidize holo-ACP to its dimeric form. In
this step, almost all apo-ACP was converted to palmitoyl-ACP and most
holo-ACP was converted to a dimer as examined by UREA-PAGE. The
reaction solution was concentrated with Amicon® Ultra 4 mL Centrifugal
Filters (3 kDa, Millipore) and further purified by Superdex-200 10/30 gel
filtration column (GE Healthcare) pre-equilibrated with the buffer
containing 20 mM Tris, pH 8.0 and 150 mM NaCl. The eluted protein was
collected and concentrated to 4 mg/ml, flash-frozen in liquid nitrogen and
stored at -20°C. The concentration of the protein was determined by
measuring the UV absorbance at 280 nm using an extinction coefficient of
1490 M cm? calculated with ProtParam.*¥! The purity of the isolated
palmitoyl-ACP was over 90% as estimated from UREA-PAGE and
densitometry analysis.

Similarly, holo-ACP was prepared by mixing 500 uM ACP, 1 mM
CoA-SH and 10 uM Sfp in the buffer containing 50 mM MES (2-(N-
morpholino) ethanesulfonic acid) pH 6.0, 10 mM MgClz and 150 mM NacCl.
After incubation at 37°C for 4 h, the reaction mixture was loaded onto a 5
ml HisTrap HP column (GE Healthcare) that was pre-equilibrated with the
start buffer (20 mM Tris.HCI, pH 8.0, 500 mM NacCl, 20 mM imidazole and
10% glycerol) and eluted out by the same buffer to remove Sfp.
Subsequently, the eluted protein solution was concentrated with Millipore
YM-3 and further purified by HiPrep 26/10 desalting column (GE
Healthcare) that was pre-equilibrated with the storage buffer (20 mM Tris,
pH 8.0, 150 mM NaCl and 10% glycerol). The purified holo-ACP was
collected and concentrated to 8 mg/ml, flash cooled by liquid nitrogen and
stored at -20°C. Protein purity was over 85% examined by UREA-PAGE
and densitometry analysis. Since holo-ACP was easily oxidized to its
dimeric form, 1 mM dithiothreitol (DTT) was added to the stock solution
prior to use.

Preparation and activity assay of PIsX and its mutants. A previously
reported procedure was followed exactly to express and purify B. subtilis
PIsX.[' The expression plasmid in the pET28a vector (Novagen) was
used as the template for mutation using the QuikChange Il XL site-directed
mutagenesis kit (Agilent) and the primers listed in Table 3. For production
of the double mutant, the R73A-expressing plasmid was used as the
template for introducing the second mutation, R120A, into the plsX gene.
The sequence of the mutated codon and the rest of the gene was verified
with full-length DNA sequencing by Beijing Genomics Institute (BGl,
Shenzhen, China). The resulting plasmids were transformed into E. coli
C43 (DE3) (Lucigen) and the resulting cells were used for expression and
purification of the mutant proteins exactly like the wild-type PIsX. The
proteins were stored until use at -20°C in 10 mM HEPES, pH 7.5, 150 mM
NaCl, and 10% glycerol. Oligodeoxynucleotide primers used in the site-
directed mutagenesis are listed in Table 3.

The activity of PIsX or its mutant for the forward reaction was
determined by measuring the release of free coenzyme A through coupling
with the Ellman's Reagent (5,5-dithio-bis-(2-nitrobenzoic acid) or
DTNB).* A typical assay reaction contained 0.5-1.0 yM PlsX, 500 uM
DTNB, 1 mM MgClz, and phosphate and palmitoyl-ACP at varied
concentrations in 50 mM Tris pH 7.5. The enzyme was added last to initiate
the reaction for real-time monitoring of the formation of 2-nitro-5-
thiobenzoate (TNB) by its UV absorbance at 412 nm with an extinction
coefficient of 14,150 Mt cm™.[1 Under these conditions, the coupling
reaction was tested to be significantly faster than the enzymatic reaction
without rate-limiting the overall reaction. The enzyme-catalyzed reverse
reaction was assayed with the EnzChek™ Phosphate Assay Kit that used
purine nucleoside phosphorylase (PNP) to convert 2-amino-6-mercapto-7-
methylpurine riboside (MESG) and the released phosphate ion to ribose
1-phosphate and 2-amino-6-mercapto-7-methylpurine, the latter of which
could be monitored by its specific UV absorbance at 360 nm with an
extinction coefficient of 11,000 Mt cm™.46l The assay was performed in
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200 pl solution containing 5 nM PlIsX, 200 yM MESG, 1 unit of PNP, 1 mM
MgClz, and holo-ACP and palmitoyl phosphate at varied concentrations in
50 mM Tris pH 7.5. The reaction was also initiated by addition of the
enzyme and monitored at 360 nm by a UV-VIS spectrometer (Shimadzu).
Again, the coupling reaction was carefully tested not to limit the overall
reaction. All assay experiments were performed in triplicate at 25 °C and
the rate data were fitted with the Michaelis-Menten equation using
GraphPad Prism 5.

Table 3. Oligodeoxyribonucleotide primers.

Name Sequence

K184A-1 CGTCAGTTCGTTTCCTGCTTTATCTTCTGTTCCGACATTTA
AAAGTCCG

K184A-2 CGGACTTTTAAATGTCGGAACAGAAGATAAAGCAGGAAAC
GAACTGACG

K184Q-1 TCGTCAGTTCGTTTCCCTGTTTATCTTCTGTTCCGACATTTA
AAAGTCCG

K184Q-2 CGGACTTTTAAATGTCGGAACAGAAGATAAACAGGGAAAC
GAACTGACGA

K184R-1 CGTCAGTTCGTTTCCTCTTTTATCTTCTGTTCCGACATTTAA
AAGTCC

K184R-2 GGACTTTTAAATGTCGGAACAGAAGATAAAAGAGGAAACG
AACTGACG

N229A-1 CAGCGTTTTGAGTGTAACAGCCCCGGTAAAGCCGTCTGTT

N229A-2 AACAGACGGCTTTACCGGGGCTGTTACACTCAAAACGCTG

N229Q-1 CAGCGTTTTGAGTGTAACCTGCCCGGTAAAGCCGTCTGT

N229Q-2 ACAGACGGCTTTACCGGGCAGGTTACACTCAAAACGCTG

R73A-1 GATGAGTTCTTTTTTCTTGCCACGGCACGGACCGGTT

R73A-2 AACCGGTCCGTGCCGTGGCAAGAAAAAAGAACTCATC

R114A-1 GACGGTCAATTCCTTTAATTGCCCCGACAATAAAGAGACC
GG

R114A-2 CCGGTCTCTTTATTGTCGGGGCAATTAAAGGAATTGACCG
TC

R120A-1 GAGCAAGCGCCGGAGCGTCAATTCCTTTAATTCTCC

R120A-2 GGAGAATTAAAGGAATTGACGCTCCGGCGCTTGCTC

E181A-1 CAGTTCGTTTCCTTTTTTATCTGCTGTTCCGACATTTAAAAG
TCC

E181A-2 GGACTTTTAAATGTCGGAACAGCAGATAAAAAAGGAAACG
AACTG

E209A-1 CTAAAAGGTCTCGCGCTGCCACGTTTCCGATAAAA

E209A-2 TTTTATCGGAAACGTGGCAGCGCGAGACCTTTTAG

K233A-1 CAGAGCCTTCCAGCGTTGCGAGTGTAACATTCCCGG

K233A-2 CCGGGAATGTTACACTCGCAACGCTGGAAGGCTCTG

E236A-1 GACAACGCAGAGCCTGCCAGCGTTTTGAGTG

E236A-2 CACTCAAAACGCTGGCAGGCTCTGCGTTGTC
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Structural analysis, sequence alignment and docking simulation.
PyMOL version 1.3%7 was used to perform structural analysis of the
protein crystal structures and to generate all graphics. The protein
interfaces were analyzed and the quaternary structure was determined
using PISA,*8 while the electrostatic potential surface was calculated
using PDB2PQR plus APBS.[*) Reviewed PIsX or Pta orthologues from
UniProt®% were clustered with a 50% sequence identity and were aligned
and analyzed by Clustal Omega.51 The alignment was presented with the
Bacillus subtilis PIsX crystal structure (PDB ID: 6A1K) using ESPript 3.0.154
Docking of small molecule ligands to the crystal structure of PlsX
from Bacillus subtilis (PDB ID: 6A1K) was performed with Autodock (4.2.6)
and the graphical user interface AutoDockTools (1.5.6.).24 The ligands
palmitoyl-phosphate, palmitoyl 4’-phosphopantetheinyl thioester or others
were created by the online SMILES translator and structure file generator
and optimized by eLBOW in Phenix software suite.[53 The grid box was
centered near the interface of the PIsX dimer and set to 100 spots in each
dimension with a spacing of 0.3 A. The Genetic Algorithm was chosen for
the docking calculation process with its run number set to 25 and with a
population size of 150. All other parameters were set to their default values.
The docking results were visualized by AutoDockTools (1.5.6.) and the
structure with the lowest binding energy was selected for analysis.
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The peripheral phosphate acyltransferase PIsX is shown to have an active site architecture different from phosphotransacetylases
and to catalyze a similar acyl transfer reaction through a different mechanism. The catalysis likely involves substrate activation and
transition state stabilization by two conserved residues, a lysine and an asparagine.
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