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Enterococcus faecalis is a Gram-positive, commensal bacte-
rium that lives in the gastrointestinal tracts of humans and other
mammals. It causes severe infections because of high antibiotic
resistance. E. faecalis can endure extremes of temperature and
pH. Acyl carrier protein (ACP) is a key element in the biosyn-
thesis of fatty acids responsible for acyl group shuttling and
delivery. In this study, to understand the origin of high thermal
stabilities of E. faecalis ACP (Ef-ACP), its solution structure was
investigated for the first time. CD experiments showed that the
melting temperature of Ef-ACP is 78.8 °C, which is much higher
than that of Escherichia coli ACP (67.2 °C). The overall structure
of Ef-ACP shows the common ACP folding pattern consisting of
four a-helices (helix I (residues 3—17), helix II (residues 39 —53),
helix III (residues 60 —64), and helix IV (residues 68 -78)) con-
nected by three loops. Unique Ef-ACP structural features
include a hydrophobic interaction between Phe*® in helix IT and
Phe'® in the @, &, loop and a hydrogen bonding between Ser'® in
helix I and Ile*® in the @, loop, resulting in its high thermal
stability. Phe*>-mediated hydrophobic packing may block acyl
chain binding subpocket II entry. Furthermore, Ser®® in the
a,a; loop in Ef-ACP, which usually constitutes a proline in
other ACPs, exhibited slow conformational exchanges, result-
ing in the movement of the helix III outside the structure to
accommodate a longer acyl chain in the acyl binding cavity.
These results might provide insights into the development of
antibiotics against pathogenic drug-resistant E. faecalis strains.

Fatty acids are the central building blocks of life. Fatty acid
synthase (FAS)? is an important pathway for the production of
fatty acids and plays an important role in the formation of cell
membranes, energy storage compounds, and messenger sub-
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stances. Fatty acids also act as post-translational protein mod-
ifiers and modulate gene expression (1). In nature, there are two
types of FAS systems, type I and type II. Type I FAS systems are
found in mammals and fungi; this system is composed of a
single polypeptide chain of covalently linked domains that
forms large multienzyme complexes (2, 3). In contrast, type II
FAS systems are found in bacteria and eukaryotic organelles
and are dissociated so that all proteins are expressed as individ-
ual enzymes (4-7). Given the vast difference in these two sys-
tems between humans and bacteria, there has been a conscious
effort to target FAS in bacteria through novel antibiotics.

Acyl carrier proteins (ACPs) are small (9-kDa) acidic pro-
teins that are essential for numerous biosynthetic pathways
that play a role in acyl group transfer. ACPs are also required for
a variety of other mechanisms that require acyl group transfer
steps, such as polyketide antibiotic synthesis, lipopolysaccha-
rides, rhizobial modulation signaling factors, lipoteichoic acids,
and prohemolysin toxin activation (8 —11). However, the bio-
synthesis of fatty acids is the predominant role of ACP. ACPs
are highly conserved proteins typically consisting of 70-100
residues and are essential components in type I and type I FAS
systems (12, 13), which shuttle bound fatty acyl intermediates
in a hydrophobic pocket to facilitate interaction with various
enzyme partners (14). Therefore, ACP is believed to be a mobile
protein, and its flexibility is essential for its interaction with
functionally different enzyme partners.

Enterococci cause serious infections in animals and humans.
Almost all enterococcal infections are caused by Enterococcus
faecalis (15). E. faecalis is a bacterium that inhabits the gastro-
intestinal tracts of humans and other mammals. It also com-
monly resides in soil, water sewage, and contaminated food.
Furthermore, E. faecalis can tolerate oxidative stress and dry
conditions and can grow in 6.5% NaCl, 40% bile salts, and at a
broad range of pH (16, 17). In particular, E. faecalis is able to
grow in a high temperature range from 10 to 40 °C and can also
survive at 85 °C; this thermotolerance can allow it to survive in
hospital laundries (16, 18). E. faecalis also has a high resistance
to salinity, detergents, antibiotics drugs, sodium azide, and bile
acids, which kill most microorganisms (19, 20). E. faecalis can
survive in patient clothing for over 11 days, which is a relatively
long period (21). E. faecalis is able to cause life-threatening
infections in humans, especially in the hospital environment
(22—24). Furthermore, E. faecalis has the ability to become
resistant to vancomycin, penicillins, cephalosporins, and ami-
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noglycosides through mutation (20, 25-27). Vancomycin-re-
sistant enterococci in particular are important etiologic agents
of nosocomial infections and colonization in hospitalized
patients (28). Because FAS proteins of antibiotic-resistant
strains can be potential targets while designing novel antibiot-
ics, we have developed potent inhibitors for FabH from methi-
cillin-resistant Staphylococcus aureus and vancomycin-resist-
ant E. faecalis, which is a condensing enzyme in bacterial FAS
(29, 30).

The structures of various kinds of type II ACPs have been
studied. Solution structures of ACPs from Escherichia coli (31,
32), Bacillus subtilis (33), Mycobacterium tuberculosis (34),
Vibrio harveyi (32), Helicobacter pylori (35), Borrelia burgdor-
feri (36), and Plasmodium falciparum (37) have been deter-
mined by NMR spectroscopy. Also, NMR structures of ACP
domains of various type I FAS have been studied (38-40).
Structural studies of ACPs have revealed that ACPs are com-
posed of four helix bundles and a prosthetic group attached to a
conserved Ser residue located in helix II. Type II ACPs have
high sequence similarity; in particular, the acidic residues in
helix II that are important in interactions with FAS enzymes
and DSL motifs are highly conserved (41). However, despite
such considerable sequence similarity, the thermal stability of
E. faecalis ACP (Ef-ACP) is much higher than that of other
ACPs. In this study, to understand the origin of the thermal
stability of Ef-ACP, we determined for the first time the tertiary
structure of ACP from E. faecalis. In this work, we measured the
melting temperatures (7,,) of wild type and mutant Ef-ACPs
using CD experiments and compared these with the T, of other
ACPs to understand the origin of the high thermal stability of
Ef-ACP. We also monitored amide exchange rates to under-
stand the stability of the structural elements in Ef~ACP. To
investigate the importance of Ef-ACP structural flexibility, the
dynamic properties of Ef~-ACP were assessed by measuring spin
relaxation rates and were correlated with its thermal stability in
comparison with those of other ACPs.

Experimental Procedures

Cloning, Expression, and Purification of Ef-ACP—The acpP
gene encoding ACP was amplified from E. faecalis genomic
DNA. A restriction site (Ndel for the sense primer and BamHI
for the antisense primer) was attached to the 5'-end of each
primer to facilitate cloning. PCR was performed with 35 cycles
of denaturation for 1 min at 95 °C, annealing for 1 min at 54 °C,
and elongation for 1 min at 72 °C. The resulting product was
cloned into the Ndel and BamHI sites of the pET-11a vector
(Novagen, Madison, WI). The ligation mixture was trans-
formed into E. coli DH5a competent cells. For expression of
H/'*N/*3C-labeled ACP, plasmids encoding ACP were trans-
formed in E. coli BL21 (DE3) cells and then grown overnight as
subcultures and isolated by centrifugation. The resulting cell
pellet was mixed with 100 ml of M9 minimal media containing
1 g/liter ">’NH,Cl and [**C]glucose (Cambridge Isotope Labo-
ratories, Andover, MA) and 100 mg/liter ampicillin and grown
toan Agy, between 0.8 and 1.0. This culture was added to 1 liter
of the same minimal media, and protein expression was
induced by adding isopropyl B-p-thiogalactopyranoside at an
Agoo 0f 0.8 -1.0 and incubating at 25 °C for ~24 h. Ef~ACP was
SASBMB
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purified using a HiTrap™ QFF and Hiload 16/60 Superdex 75
column. The holo-ACPs were produced by enzymatic acylation
of apo-ACPs using E. coli holo-ACP synthase (AcpS) and coen-
zyme A (Sigma-Aldrich) (42), and the holo-ACP was separated
for apo-ACP using a Resource Q column. These samples were
analyzed by 20% native gel electrophoresis followed by Coo-
massie staining to distinguish the apo- and holo-ACPs (43).

CD Measurements of Purified ACP—CD measurements were
performed in a J810 spectropolarimeter (Jasco, Tokyo, Japan)
using a cell with a 1-mm path length. The CD spectra of Ef-ACP
in 25 mm MES buffer, pH 6.1, containing 5 mm CaCl, and 5 mm
dithiothreitol (DTT) at 25 °C were measured at 0.1-nm inter-
vals from 200 to 250 nm. The protein concentration was 50 M,
and data from five scans were averaged and smoothed using
J810 software. CD data were shown as the mean residue ellip-
ticity (0) in degrees cm® dmol *. Protein T, values were deter-
mined from a series of CD spectra obtained from 15 to 100 °C.

NMR Analysis and Structure Calculation—All NMR experi-
ments were performed at 25 °C on a Bruker Avance 700-, 800-,
and 900-MHz spectrometer at the Korea Basic Science Insti-
tute. All of the spectra were processed with NMRPipe (44) and
analyzed using Sparky (45). The compound 2,2-dimethyl-2-si-
lapentane-5-sulfonate was used as an internal standard. Ef-
ACP samples were prepared at 1 mm concentration in 25 mMm
MES bulffer, pH 6.1, containing 5 mm CaCl,, 5 mm DTT, 0.02%
NaNj;, and 10% D,O. For backbone assignments, HNCACB
and CBCA(CO)NH triple resonance spectra were recorded, and
assignments of aliphatic side chains were from HCCH-TOCSY
and CCH-TOCSY spectra.

Anisotropic orientational restraints were obtained from "°N-
labeled ACP with 40% strained polyacrylamide gel and com-
pared with "®N-labeled ACP lacking polyacrylamide gel. 'Jy;;
coupling measurements were performed using the IPAP-
HSQC method (46) with one-bond '">N—'H residual dipolar
couplings taken to be the difference between 'J,;; measure-
ments in isotropic and aligned samples. TALOS + (47) was used
in deriving backbone dihedral angle restraints (¢ and V) from
"Ha, '°N, '*Ca, *CB, and **C’ chemical shift values. The NOE
restraints were obtained from °N-edited NOESY-HSQC, *3C-
edited NOESY-HSQC spectra. CYANA version 3.9 (48, 49) was
used for automatic NOESY peak assignments and structure cal-
culations. NOESY peaks assigned automatically by CYANA
were used as a guide to further refine the structure. Residual
dipolar coupling refinement was performed using CYANA ver-
sion 3.9. The analysis of Ramachandran plots for the 20 lowest
energy structures was carried out using PROCHECK (50). The
protein structures were represented using PyMOL and MOL-
MOL (51). The chemical shifts, coordinates, and NMR-derived
constraints have been deposited in the Biological Magnetic Res-
onance Bank (accession number 25688; Protein Data Bank
(PDB) entry 2N50).

Spin Relaxation Experiments—The '*N-labeled samples of
ACPs contained 0.5 mM protein in 25 mm MES (pH 6.1), 5 mm
DTT, 0.02% NaNj,, and 10% D,0 in the presence of 5 mm CaCl,
and in the absence of CaCl,. All NMR experiments were per-
formed at 25 °C on a Bruker Advance 700-MHz spectrometer.
The longitudinal relaxation rates (R;) were measured with
relaxation delays of 0.002 (X2), 0.045, 0.100, 0.200, 0.315 (X2),
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EfACP : --MTREEVLQKVAKIISNHEDIEADGVTDQLNIKIIEN 3DEFGTElS : 58
BSACP : —----MADTLERVTKIIVDRLGVDEADVKLEASFKEMG 3DEFDMERS : 56
MtACP : MPVTQEEIIAGIAEIIEEVTGIEPSEITPEKSFVL)SMD 3DKYGVEMP : 60
SaACP : -——-—- MENFDKVKDIIVDRLGVDADKVTEDASFRI|MG JDEFGTEMP : 55
ECACP : ----MSTIEERVKKIIGEQLGVKQEEVTNNASFVEMG SEEFDTEMP : 56
BbACP : —----MSDIEQRVKQAVAEQLGLKAEEIKNEASFMOJMG SNDFDITHP : 56
DfACP : ---MLKSTFDDIKKIISKQLSVEEDKIQMNSNETKIMG JEKFNVIHS : 57
VhACP : —----MSNIEERVKKIIVEQLGVDEAEVKNEASFVLRNG SEEFDTEMP : 56
EfACP : BEDAEKIEMEGARVDYIVSNS————————————————m—mmm oo 79
BSACP : |BEDAEKIAMMYGDAVNYIQNQQ-———————=———=———————————— 77
MtACP : |BEDLAGLRYMYGDVVAYIQKLEEENPEAAQALRAKIESENPDAVANVQARLEAESK : 115
SaACP : WEEAEKINMMUGDAVKFINSLEK-———————=———————m—mm oo 77
ECACP : |BEEAEKITHMYOAARIDYINGHQA-——————————————————————— 78
BEbACP : |BEDSNEITHRYQSAIDYVTKKLG-——————————=————=—————————————————— 78
DfACP : QDALKINSYODAIDYIERNNKQ-———==—====—=———————————— e — : 80
VhACP : |SEEAEKITHRYQARIDYVNSAQ-———————=———————————————— : 77

FIGURE 1. Sequence alignment of ACP. Sequence alignment of the Ef-ACP protein with three Gram-positive homologues (B. subtilis ACP (BSACP), M. tuber-
culosis ACP (MtACP), and S. aureus-ACP (SaACP)) and four Gram-negative bacterial homologues (E. coli ACP (EcACP), A. baumanni ACP (AbACP), P. falciparum
ACP (PfACP), and V. harveyi ACP (VhACP)). The conserved residues with 100% identity are shown in black. The prosthetic group attachment site, which is highly
conserved (Ser®® in E-ACP) is marked by a green box. Unique features of E-ACP are marked with orange (Ser'?), red (Phe'® and Phe**), and yellow boxes (Ser°®).
The residues marked with a red box form hydrophobic interactions with each other and are found only in £/-ACP. The residues in the yellow box are composed
of a proline in the a,a; loop of most ACPs, but Ef-ACP carries a serine residue in the a, a5 loop.

0.550, 0.800, and 1.000 s. The transverse relaxation rates (R,)
were measured with relaxation delays of 0 (X2), 0.01696,
0.03328, 0.05088 (X2), 0.0848, 0.11872, 0.18656, and 0.28832 s
(52). The heteronuclear cross-relaxation rate was measured by
heteronuclear Overhauser effect (h(NOE) experiments by using
the interleaving pulse sequences with and without proton sat-
uration. The recycle delay and proton saturation times in the
hNOE measurement were 4.5 and 3.0 s, respectively. All relax-
ation spectra were acquired and analyzed as described in our
previous reports (53, 54). hANOE was calculated from the ratio of
peak heights with and without proton saturation pulses. R; and
R, rates were determined by fitting the peak heights using
Sparky.

Site-directed Mutagenesis of Ef-ACP—Mutagenesis of the Ef-
ACP variant was performed using a Muta-Direct™ site-di-
rected mutagenesis kit (Intron Biotechnology, Seongnam,
Korea), and plasmid constructs of Ef~-ACP variants containing
mutations at positions His'”, Phe'®, Phe®®, and Phe>* were
cloned by PCR using the synthetic oligonucleotide primer pairs
5'-ATT TCA AAC GCG TTT GAT ATT GAA GCG-3’ (for-
ward) and 5'-CGC TTC AAT AAA CGC GTT TGA GAT
ATT-3' (reverse) for H17A, 5'-AGC GTA ATG GAG GCG
GTT TTA GAA CTT G-3' (forward) and 5'-CAA GTT CTA
AAA CCG CCT CCA TTA CGC T-3' (reverse) for F45A,
5'-GAT TAT CTC AAA CCA CGC GGA TAT TGA AGC
GGA TC-3' (forward) and 5'-GAT CCG CTT CAA TAT CCG
CGT GGT TTG AGA TAA TC-3' (reverse) for F18A, and
5'-ACT TGA AGA TGA AGC GGG AAC AGA GAT TT-3'
(forward) and 5'-AAA TCT CTG TTC CCG CTT CAT CTT
CAA GT-3' (reverse), using Ef~ACP DNA as a template. PCR
amplifications were performed using 10 fmol of template DNA,
1 uM each primer, 0.2 mMm each deoxyribonucleotide triphos-
phate, and 2 um Taq polymerase under the following thermo-
cycling conditions: 25 cycles of denaturation at 95 °C (30 s),
annealing at 54 °C (1 min), and primer elongation at 72 °C (1
min).

Hydrogen/Deuterium Exchange Experiments—Ef-ACP sam-
ples were prepared at a concentration of 0.5 mM protein in 25
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mMm MES buffer, pD 6.1,5mm DTT, and 0.02% NaN, containing
5 mM CaCl, and in the absence of CaCl,. Data acquisition was
started ~5 min after the addition of D, O to the protein. A series
of heteronuclear single quantum coherence spectroscopy
(HSQC) spectra were acquired every 10 min using two scans
and 1024 X 256 data points for 10 h; after 4 days, additional
HSQC spectra were acquired using the same conditions. Decay
of amide proton signal as a function of time was measured by
the decrease in peak height. To determine the exchange rate
constant of protein, decay curves were fit using a single-expo-
nential function (I = I, exp(—k.,t) + C), where I represents the
NH resonance intensities as a function time (¢), I, is initial
intensity, and k., is exchange rate of protein. The protection
factor was calculated by the comparison of measured hydro-
gen/deuterium exchange rates for protein (k,,,,) with the rates
for the random coil conformation (k,.) (55).

Results

Thermal Stability of the Ef~ACP—Ef-ACP is a highly acidic
protein with a pI value of 4.2 with 21 acidic residues. As shown
in Fig. 1, sequence alignments revealed that type II bacterial
ACPs have high sequence similarities with Ef~ACP. ACPs have
a strictly conserved serine residue where the 4'-phospho-
pantetheine prosthetic group is attached (marked with a green
box in Fig. 1). Some distinct features were noted in the sequence
of Ef~ACP. All ACPs have a conserved aromatic residue at the
end of helix II, whereas Ef-ACP has an additional Phe (Phe*?) in
the middle of helix II. In addition, EffACP has Phe'® at the
beginning ofloop I, resulting in stable hydrophobic interactions
with Phe*® (marked with a red box in Fig. 1). There are proline
residues in the a,a; loops connecting helix II and helix III in
most ACPs, including Ec-ACP (Pro®®), whereas in Ef-ACP, this
is replaced with a serine residue (Ser®®), providing more flexi-
bility (marked with a yellow box in Fig. 1). As shown in Fig. 1, all
ACPs are highly acidic; divalent cations reduce the severe elec-
trostatic repulsions between the acidic residues in ACP. Ef-
ACP has 11 Glu and 10 Asp residues, whereas Ec-ACP has 14
Glu and 6 Asp. It has been reported previously that Ec-ACP has
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FIGURE 2. CD spectra of Ef-ACP, Ec-ACP, and S. aureus ACP (Sa-ACP). A, CD spectrum of ACPs in the presence of Ca?* (O) and in the absence of Ca** (@) at
25 °C. B, temperature-induced folding change of ACPs as monitored by changes of ellipticity at 222 nm. The red dotted line indicates the T,, point of each graph.

two metal binding sites: site A consisting of Glu®°, Asp*?, and
Asp®® and site B consisting of Glu*’, Asp®', Glu®?, and Asp>®
(56).

Despite high similarities between Ec-ACP and Ef-ACP, the
melting temperature of Ef~ACP was markedly different from
that of Ec-ACP. The CD spectrum of Ef~-ACP showed double
minima at 205 and 222 nm, which are characteristic of an a-hel-
ical structure (Fig. 24). Analysis of the thermal denaturation
curves obtained from 15 to 100 °C showed that the T, of Ef-
ACP with CaCl, is 6.3 °C higher than that in the absence of
Ca®" ions (Fig. 2B). Table 1 lists the T, values of various ACPs.
We measured the 7', values of Ec-ACP and S. aureus ACP, and
compared these with that of Ef~ACP by CD experiments. The
T, of Ec-ACP in the presence of Ca*>* was 67.2 °C, much higher
than 55.0 °C, the T,, of Ec-ACP in the absence of metal ions.
The T,, of S. aureus ACP in the presence of Ca®>" was 67.6 °C,
which was relatively lower than those of other ACPs, whereas
the T, of S. aureus ACP in the absence of metal ions was
57.5°C, an additional 10.1 °C lower than that with Ca*>*. For
Ec-ACP, as listed in Table 1, we compared our data with the
previously reported 7, measured by differential scanning cal-
orimetry and found that the buffer condition as well as the
measurement methods resulted in a small difference in T',, (57).
However, both results confirmed that the 7, of Ec-ACP in the
presence of Ca®" was >12 °C higher than that of Ec-ACP in the
absence of metal ions. Also, it has been reported that V. harveyi
ACP has an a-helical structure with a T, value of 66.4 °C in the
presence of Ca®", whereas this protein is unfolded in the
absence of Ca>" (58). The measurement of melting tempera-
tures implied that Ef~ACP has much higher thermal stability
than does other ACPs. Therefore, in this study, we investigated
the key factors that stabilize the specific conformations of
Ef-ACP.
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Chemical Shift Perturbations of Apo- and Holo-Ef-ACP—To
investigate the effect of the prosthetic group binding in Ef~-ACP,
chemical shift perturbations upon conversion of the apo- to the
holo-form were studied by comparing the "H-'">N HSQC spec-
tra of holo- and apo-ACPs (Fig. 3A4). This analysis showed that
the chemical shifts of apo- and holo-Ef-ACPs are very similar.
Upon this conversion by covalent modification of Ser®” by a
phosphopantetheine prosthetic group, large chemical shift
changes (>0.1 ppm) were observed near the prosthetic group
binding site at Ser®” and Ile**. The results are in reasonable
agreement with those of the most perturbed residues reported
for phosphopantetheinylation of B. subtilis ACP, Ec-ACP, and
M. tuberculosis ACP (33, 34, 59). In addition, the residues Ala®’,
Asp®®, Ser™!, Val*?, Met*3, and Glu™* near the site of prosthetic
group attachment undergo chemical shift changes (0.03 <
ppm < 0.1), as indicated with different colors on the ribbon
structure of holo-Ef-ACP (Fig. 3B). Furthermore, residues such
as Ile*?, Ser®®, 1le®®, and Ala”®, which form a hydrophobic cleft
and are affected by the prosthetic group, show chemical shift
perturbations (0.03 < ppm < 0.05) between the apo- and
holo-forms.

The Structure of EffACP—To understand the relationship
between the structure and the thermal stability of Ef~ACP, we
determined the tertiary structure of Ef-ACP. The three-dimen-
sional structure of Ef-ACP was calculated based on NMR con-
straints. A total of 1510 NOE distance restraints, 148 backbone
torsion angle restraints, and 72 orientational restraints were
identified for Ef-ACP (Table 2). The patterns of short and
medium range NOEs observed in the N and ">C HSQC-
NOESY spectra of Ef-ACP indicate that Ef-ACP possesses three
relatively long helices and one short helix. In the final structural
calculations, a total of 100 structures for ACP were calculated
using the program CYANA, and 20 structures with the lowest
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TABLE 1
Melting temperatures of ACPs

Buffer conditions Metal T,
°C
Ef-ACP 25 mm MES (pH 6.1), 5mm DTT None” 72.5?
5 mm CaCl, 78.8”
Ec-ACP 25 mm MES (pH 6.1), 5 mm DTT None” 55.0°
5 mm CaCl, 67.2°
S. aureus ACP 25 mm MES (pH 6.1), 5mm DTT None” 57.5°
5 mMm CaCl, 67.6°
Ec-ACP 50 mMm Sodium acetate (pH 6.1), 0.5 mm DTT None” 52.7 (57)°
8.4 mm CaCl, 64.3 (57)°
V. harveyi ACP 5 mm Hepes (pH 6.5) None” Unfolded (58)
2 mm CaCl, 66.4 (58)°

“ T,, was measured in the absence of metal ion.
b T, was measured by CD spectroscopy.
¢ T,, was measured by differential scanning calorimetry.

A R 5
110
T $39 L o' Voo
g 115 A X T
e
g ',V"' .:..‘ .,
, 120 > o 5, B ¢
- e, ¢ o 40 ® o
s ) * . %o
e
125 L, X
‘d!
9 8 7

FIGURE 3. NMR data of apo- and holo-ACP. A, overlay of the 'H-">N HSQC
spectra of apo- (red) and holo-ACP (blue). B, chemical shift change value
ranges induced by 4’-phosphopantetheine prosthetic group modification of
apo-ACP are indicated in various colors in tubular drawings. Residues with
ppm >0.03 are shown with graduated larger ribbon diameters. N-term and
C-term, N and C termini, respectively. Red, >0.1 ppm; orange, 0.03 < ppm <
0.1; yellow, <0.03 ppm. Chemical shift perturbations were calculated using
the equation, AS,, = (0.5(A8("HM)? + (0.2A8("°N))?))"2.

target functions were selected and superimposed (Fig. 44). The
root mean square deviations of Ef-ACP were 0.18 = 0.02 A for
backbone (N, Ca, and C’) atoms, and 0.66 = 0.05 A for all heavy
atoms of residues 2—79, respectively. The solution structures of
Ef-ACPs consisted of four a-helices where o, (Arg®~His'”), a,
(Ser®*-Phe®?), a, (Glu®°~Lys®*), and a, (Val®®*~Asn”®) were
connected by three loops (Fig. 4B). Helix III was shorter relative
to the other helices. A shorter a,a; loop (Gly>*~Asp>®) con-
nected helix II to III, and a 3-residue asa, loop (Ile®®~Thr®”)
linked helices III and IV.

The a-helices of Ef-ACP have amphipathic character. Many
of the long range NOEs involved in packing of the helical bun-
dle arose from the contacts between the hydrophobic side
chains, corresponding to residues Val®, Val'®, and Ile'® in helix
I; Phe'® and Ile*! in the @, v, loop; Phe®®, Val*®, Leu®®, and Phe®?
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TABLE 2

Structural statistics and mean pairwise root mean squared deviations
for the 20 lowest energy structures of Ef-ACP

Distance restraints Ef-ACP
Total 1510
Intraresidual and sequential 752
Medium range 461
Long range 297
Dihedral angle restraints 148
Hydrogen bonds 44
Orientational restraints 72
Mean Cyana target function (+) 4.01 = 0.03
Coordinate precision”
Backbone (+) 0.18 = 0.02
Heavy atom (A) 0.66 * 0.05
Ramachandran plot statistics (%)”
Residues in most favored regions 82.9
Residues in additional allowed regions 17.1
Residues in generously allowed regions 0.0
Residues in disallowed regions 0.0

“ The average root mean square deviation for the overall structure between the 20
structures calculated for Ef-ACP.
’ Determined using the program PROCHECK (50).

in helix II; Ile®” in the a,a, loop; Ala® in helix III; and Ala”?,
Tyr’#, and Ile”” in helix IV. These residues form the hydropho-
bic cavity of Ef-ACP to accommodate the growing acyl chain, in
which hydrophobic interactions between these residues stabi-
lize the global fold of Ef~ACP. Unusually, Ef~ACP has three
phenylalanines, Phe'®, Phe**, and Phe®?, which play an impor-
tant role in hydrophobic packing of the helical bundle, as shown
in Fig. 4, Band C, whereas Ec-ACP has only two phenylalanines,
Phe?® and Phe®°. As commonly shown in most ACP structures,
Val®, Phe®?, and Ile”” at the top end of the hydrophobic cavity of
ACP have close hydrophobic contacts with each other (Fig. 4B).
Phe'®islocated at the beginning of the first long loop and forms
a hydrophobic interaction with Phe*® in helix II (Fig. 4C). We
also noted a unique structural feature that stabilizes the flexible
long &, a, loop of Ef-ACP; the side chain oxygen of Ser'® and the
backbone amide proton of Ile*° form a hydrogen bonding inter-
action (Fig. 4D). In addition, the backbone carboxyl group of
Glu®° and the backbone amide proton of Thr®* form a hydrogen
bonding interaction.

Dynamics of Ef-ACP—Fast backbone dynamics on a picosec-
ond-to-nanosecond time scale were studied by measuring the
R;, R,, and hNOEs of Ef-ACP (Fig. 5). The average R;, R,, and
hNOE values of Ef~-ACP were 1.76 * 0.027, 7.38 = 0.24, and
0.79 = 0.007 s~ *. The average R,/R, ratio for Ef-ACP was 3.93,
implying that Ef-ACP exists as monomer. Relaxation rates
showed relatively uniform behavior across the protein

SASBMB

VOLUME 291-NUMBER 4-JANUARY 22,2016



A

FIGURE 4. Structure of Ef-ACP. A, superposition of backbone (nitrogen, Cq,
and C’) atoms of the 20 lowest energy structures of holo-Ef~ACP. All residues
(positions 1-79) are shown, and N and C termini are labeled as N-term and
C-term, respectively. B, hydrophobic contacts of Val®, Phe®3, and Ille”” in holo-
Ef-ACP. C, hydrophobic interactions between Phe'® and Phe*. D, hydrogen
bond interactions between Ser'® and lle*° are depicted with black dotted
lines. In B-D, all structures are represented as schematic diagrams, and each
helix is labeled from a1 to a4. Each residue is depicted as green sticks.
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FIGURE 5. Spin relaxation rates of Ef-ACP in the presence of Ca®*. Relax-
ation data of Ef~ACP were measured at 298 K. The values of R;, R, and the
steady-state heteronuclear NOEs are plotted as a function of the residue
sequence number for Ef~ACP. Above the plots, the solid and filled bars repre-
sent the four helices of Ef~ACP.

sequence with the exception of the loop regions and the resi-
dues at the N and C termini. The R, values were uniform in all
regions except for [le®” and Ser®® in the a,a; loop region. Ser®®
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in Ef~ACP corresponds to Pro®® in Ec-ACP, which forms the
rigid bent structure right before helix IIL Ile®” (10.51 = 0.76
s~ ') and Ser® (39.86 * 1.04 s ') have high R, values, implying
that they have conformational exchange caused by the rela-
tively more flexible loop motions compared with those of Ile**
and Pro®® in Ec-ACP (59). As shown in Fig. 3B, these two resi-
dues show chemical shift perturbations (0.042 ppm in Ile®” and
0.037 ppm in Ser”®) induced by phosphopantetheine modifica-
tion. These results imply that the Ile®” and Ser®® loop region
might have a conformational exchange to generate enough
room to accommodate the longer acyl chains.

The average hNOE values in the helix regions, «, (Arg®-
His'”), a, (Ser**-Phe®®), a; (Glu®°-Lys®*), and «a, (Val®®*-
Asn”®) were high, which implied structural rigidity: 0.81, 0.82,
0.77, and 0.81. Residues at each end of helix II, such as Asp®®
and Glu®, exhibited relatively lower hNOE values. Asp>® is
located at the end of the long «,a, loop region (Phe'®*—Asp>®)
near the prosthetic group binding sites, and Glu®® is at the flex-
ible a5 loop region of Ef-ACP. Significantly reduced hNOE
values were observed for the N and C termini because of the
flexibilities of the terminal regions in protein structure. The
hNOE value of Ser”® at the C terminus was not negative but was
low because the peak for Val*>® was overlapped with the peak for
Ser”®. The hNOE values for the «,a, loop are relatively high in
consideration of its length, resulting from hydrogen bonds
between Ser'® and Ile*. Therefore, the structural rigidity and
thermal stability of Ef-ACP resulted from the hydrophobic
interactions between the residues forming the hydrophobic
cleft of Ef-ACP.

Hydrogen/Deuterium Exchange Experiments—Amide hydro-
gen/deuterium exchange rates provide information about the
amides buried in stable protein structures, which result in slow
exchange rates at a second-level time scale. To understand how
the dynamic behaviors in slow time scales are related to the
structural stability of Ef~ACP, hydrogen/deuterium exchange
experiments were performed, and the protection factors were
calculated to obtain information about the degree of protection
of protein amide protons against hydrogen/deuterium ex-
change. The first HSQC spectrum was acquired 5 min after the
addition of D,O to the protein. Many residues showed rapid
exchange, and only 53 amide peaks among 78 remained after 10
min in the first HSQC spectrum. The helical regions of Ef-ACP
with the exception of the short helix III had high protection
factor values in the presence of Ca®>" (Fig. 64). This implies that
the residues in helices I, II, and IV were involved in stable folds
unlike the residues in the other regions, and this result agrees
well with the hNOE data. Although some residues, such as
Phe'®, Ile*®, GIn**, Leu®®, lle®!, Lys®?, Asp®*, Leu®, and Thr>,
were in the loop region, they showed high protection factors
(logP > 2). Fig. 6B shows the examples of fitting results of the
slow hydrogen/deuterium-exchanging residues (Ser'®, Phe',
Phe*®, and Phe®®). The exchange rates shown in Fig. 6B are
1.58 X 103 min~* (Ser'®), 5.82 X 102 min~! (Phe'®), 4.74 X
10" *min~" (Phe*), and 1.15 X 10> min~ ' (Phe®?®). Although
Phe'® is located in the a;«, loop, the exchange rate is slow,
resulting from a stable hydrophobic interaction with Phe*.
Phe®? plays important roles in hydrophobic interactions in the
hydrophobic cleft of Ef~ACP, and its exchange rate (1.15 X
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FIGURE 6. Hydrogen/deuterium exchange experiment of Ef-ACP in the
presence of Ca?*. A, the protection factor of Ef~ACP is depicted by a bar
graph as a function of the residue sequence number of Ef-ACP. The solid and
filled bars above the plots represent the four helices of Ef-ACP. B, time course of
exchange showing signal loss due to hydrogen/deuterium exchange as a
function of time after the addition of D, O for each of the four residues. Peak
height is in arbitrary units.

103 min ") is similar to the previously reported value of Phe®°,
the corresponding residue in Ec-ACP (4.61 X 10> min ") (60).
Hydrogen bonds between Ser'” and Ile*° result in slow
exchange rate of the amide proton of Ile*® in the «,a, loop as
well. Amide protons of GIn** and Leu® form hydrogen bonds
with Glu*' and Thr*°, respectively, and demonstrate slow
hydrogen/deuterium exchange rates. Ef-ACP contains one turn
from Ile®! to Leu®” in the a; @, loop, resulting in the decrease of
exchange rates of Ile*', Lys®?, Asp®*, and Leu®”. Previous work
on Ec-ACP has also reported that residues in the C-terminal
portion from 26 to 34 in the a;a, loop also exhibit greater
protection factors than do residues at the N-terminal region of
this loop (60). Hydrogen bonding interaction between Thr®®
and Glu®® decreased the exchange rate of the amide proton of
Thr®®. Even after 4 days, the EffACP spectrum still showed
many peaks for the residues located in helices I, II, and IV.
These residues are Val®, Leu’, Val'°, Ala'!, Ile'?, and Ile'* in
helix I; Val*®, Leu?”, Glu*®, Leu®®, Glu®°, and Phe®® in helix II;
and Val®®, Ala”", Val’?, Asp’?, Tyr’*, Ile””, and Val”® in helix IV.

Effect of Ca®" on E~ACP—To investigate the effect of Ca®>*,
fast backbone dynamics were studied by measuring the R}, R,,
and hNOEs of Ef~ACP in the absence of Ca>" (Fig. 7, A-C). In
the absence of Ca®", the average R,, R,, and hNOE values of
Ef-ACP were 1.76 + 0.021, 7.66 = 0.15, and 0.81 * 0.020 s~ *,
which are very similar to those in the presence of Ca*>*. Similar
to the data in the presence of Ca®>*, Ser®® in the a, a3 loop region
showed high R, values, 38.49 = 2.16 s~ " in the absence of Ca>™,
implying that they have conformational exchange in both con-
ditions. The hydrogen/deuterium exchange rates in both con-
ditions were also very similar (Figs. 64 and 7D), except over the
short helix III region. In the case of metal-free conditions, helix
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FIGURE 7. Spin relaxation rates and Protection factor of Ef-ACP in the
absence of Ca®*. The values of R, (A), R, (B), and the steady-state heteronu-
clear NOEs (C) are plotted as a function of the residue sequence number for
Ef-ACP. Above the plots, the solid and filled bars represent the four helices of
Ef-ACP. D, protection factor of Ef-ACP in the absence of Ca®* depicted by a bar
graph as a function of the residue sequence number of Ef-ACP. The solid and
filled bars above the plots represent the four helices of Ef-ACP. All NMR data of
Ef-ACP were measured at 298 K.

IIT of Ef-ACP has higher protection compared with in condi-
tions with Ca®" ions. This may be because Asp®' and Glu®® in
this helix may be the Ca®" binding site and must be exposed to
bind to Ca®>" ions, whereas in the absence of Ca®>", they are
buried inside and protected. Overall, the protection factors of
Ef-ACP in both conditions are very similar. These results agree
well with the thermal stability of Ef~-ACP because the difference
between T, of Ef~ACP in the calcium-bound form and in the
calcium-free form is only 6 °C.

Mutagenesis Studies of Ef~ACP—To assess the effects of spe-
cific residues on the thermal stability of Ef-ACP, site-directed
mutagenesis was performed to generate five single-point muta-
tions of Ef~-ACP, S15G, H17A, F18A, F45A, and F53A, and their
T, values were determined using CD spectroscopy, as shown in
Table 3. The T,, of the S15G mutant of Ef~ACP was 60.1 °C,
18.7 °C lower than that of the wild type protein, and the helical
content was also much lower than that of the wild type Ef~-ACP,
implying that the hydrogen bond between Ser' and Ile*® in the
long o, &, loop might be the key factor in stabilizing the confor-
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TABLE 3

Melting temperatures of mutant Ef~ACPs in 25 mm MES buffer, pH 6.1,
containing 5 mm CaCl,

Wild
type  S15G  HI7A FISA  F45A  F53A
Melting temperature®  78.8°C  60.1°C  623°C  695°C 529°C 547°C

“ Melting temperature was measured by CD spectroscopy.

mation. The T, of the H17A mutant was 62.3 °C, 16.5 °C lower
than that of the wild type, whereas its overall secondary struc-
ture was similar to that of wild type Ef~ACP. This implies that
His'” might play an important role in conformational stabiliza-
tion by reducing the electrostatic repulsion between the nega-
tively charged residues but that mutation of His'” does not
induce substantial conformational change. The 7', of F18A was
also 9.3 °C lower than that of the wild type, and the helical
content was a little lower than that of wild type ACP. In con-
trast, the T, of the F45A mutant was 52.9 °C, 25.9 °Clower than
that of the wild type, and the helical content of F45A mutant
Ef-ACP was much lower than that of wild type Ef~ACP. The
HSQC spectrum showed that F45A mutation caused partial
unfolding of protein structure (data not shown). The mutations
of Phe®® with alanine at F53A also exhibited a big influence
(24.1 °C) on stability and on the Ef-ACP structure as well. These
results imply that the hydrophobic interactions between Phe*®
and Phe'®, as well as other hydrophobic interactions in the
hydrophobic cleft, including those between Val®, Phe®, and
Ile”®, play critical roles in the proper folding and structural sta-
bility of Ef-ACP. These results demonstrate that electrostatic as
well as hydrophobic interactions in Ef~ACP are key factors in
thermal and structural stability in Ef~-ACP.

Discussion

To provide insights into understanding the thermal stability
of Ef~-ACP, we identify the key factors in its stability by investi-
gating its structure, dynamics, and melting temperatures of
mutants. In previous studies, Ec-ACP has been reported to
exhibit higher melting temperatures (64.3 °C) in the presence of
calcium ion compared with Ec-ACP in the absence of calcium
ion (52.7 °C) (57). In addition, in the presence of calcium ion,
V. harveyi ACP has an a-helical structure with a T, of 66.4 °C;
however, in the absence of calcium ion, this protein is unfolded
(58). As shown in Fig. 9 (A-C), severe electrostatic repulsions
exist in helix IT and in the a; a, loop near the metal binding site
A in both Ec-ACP and V. harveyi ACP. The low thermal stabil-
ity of Ec-ACP and V. harveyi ACP in conditions of the absence
of calcium results from the severe electrostatic repulsion
between negatively charged residues, which reduces the stabil-
ity of Ec-ACP. In previous reports, the neutralization of acidic
residues in helix II was shown to stabilize V. harveyi ACP con-
formation (12). In the case of Ec-ACP, His”® at helix IV retained
a stable native conformation by shielding the electrostatic
repulsion between negatively charged residues (59). Further-
more, V. harveyi ACP, which has an alanine instead of histidine
at the C terminus, becomes unfolded, whereas the A75H muta-
tion restores proper folding of the a-helical structures by
reducing the electrostatic repulsion (58, 61, 62).

As shown in this study, Ef~ACP is more thermally stable than
are other ACPs in the absence of calcium, and the thermal sta-
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bilities of Ef~-ACP in calcium-bound (78.8 °C) and calcium-free
conditions (72.5 °C) are only 6.3 °C different, which is a rela-
tively small difference compared with other ACPs, as shown in
Table 1. Also, the relaxation rates as well as hydrogen/deute-
rium exchange data of Ef-ACP are similar for both conditions.
This may result from His'”, which is unique in Ef~ACP, at the
end of the first helix. As shown in Fig. 9C, His'” in Ef-ACP
reduced the electrostatic repulsion between negatively charged
residues in the a;a, loop and helix II. The H17A mutant was
identified to have a 12°C decrease in melting temperature.
Because distribution of negatively charged residues in Ef-ACP
is different from those of Ec-ACP and V. harveyi ACP, the metal
binding sites of Ef-ACP might differ from those of other ACPs,
which needs to be investigated in further studies.

Most type II ACPs have a flexible long «;a, loop between
helix I and helix I, resulting in low hNOEs and in the deuterium
exchange experiment (4, 35, 59, 60). In addition, most ACPs,
such as Ec-ACP, oxytetracycline-ACP, and frenolicin-ACP,
have large amplitude motions and show lower NOE values in
the o, loop. The average hNOE value of the a;a, loop in
frenolicin-ACP is 0.49 *+ 0.038 s~ !, whereas that in E~ACP is
0.78 = 0.007 s~ * (59, 63, 64). This loop rigidity results from the
hydrogen bonds between the side chain oxygen of Ser'” in helix
I and the backbone amide of Ile*° in the loop and a hydrophobic
interaction between Phe'® (a; &, loop) and Phe® (helix II). As
shown in Table 3, the T, of the S15G mutant was 18 °C lower
compared with that of wild type Ef-ACP, implying that this
hydrogen bonding interaction is essential for the thermal sta-
bility of Ef-ACP.

Previous molecular dynamics simulations on Ec-ACP
showed that there were two different acyl chain binding pock-
ets, resulting in the splitting of the hydrophobic binding cavity
(14). Subpocket I is located between helices II, III, and IV, and
subpocket I1is located more toward helix I, between helices I, II,
and IV. The entrance of these pockets is close to the N-terminal
end of helix II, which is near the prosthetic group binding site,
at Ser®® in Ec-ACP. In Ec-ACP, a side chain reorientation of
Leu™® and Leu is required to act as a switch to determine the
direction of acyl chain binding between the two pockets (14). In
contrast, for EFXACP, a hydrophobic interaction between Phe*”
at helix IT and Phe'® at the beginning of the «, &, loop may block
the entrance into subpocket II, which otherwise would accom-
modate the growing acyl chain between helices I, I, and IV as
shown in Fig. 8.

Superimposing only the Ca atoms in Ef-ACP onto other type
I1 ACPs gave root mean square deviation values of 2.62 A for
Ec-ACP, 2.38 A for M. tuberculosis ACP, 3.24 A for P. falcipa-
rum ACP, and 2.87 A for B. subtilis ACP (32—34, 37). Sequence
alignments shown in Fig. 1 indicated that the similarity between
Ef-ACP and other ACPs was high (Gram-positive: B. subtilis
ACP, 72.2%; M. tuberculosis ACP, 63.0%; and S. aureus ACP,
74.7%; Gram-negative: Ec-ACP, 69.6%; Acinetobacter bau-
manni ACP, 69.6%; P. falciparum ACP, 67.1%; and V. harveyi
ACP, 68.4%). Comparisons of the structures of other ACPs with
that of Ef~ACP indicate that they all have similar global folds
with similar secondary structural elements, with the four-helix
bundle fold being well conserved among ACPs (Fig. 9, D-G). In
comparison with the B. subtilis ACP structure, the distinctive
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difference between that of Ef~ACP appears at the a,a; loop,
which protrudes outward in the latter. The distance between
the Ca of phosphopantethylated Ser®® and the Ca of Ser®® at
the a,a; loop was 16.6 A, whereas the corresponding distances
in M. tuberculosis ACP, Ec-ACP, B. subtilis ACP, and P. falcip-
arum ACP are 12.9,12.9, 13.5, and 14.4 A, respectively. There-
fore, this results in the outward movement of helix I1I to expand
the hydrophobic cavity for stable binding of the growing acyl
chains in E-ACP compared with other ACPs. Because Phe**-
mediated hydrophobic interaction may block the entrance into
subpocket IT in Ef~ACP, to accommodate the long growing acyl
chain, Ser®® in the a,a; loop of EfACP might facilitate the
movement of this flexible loop and of helix III further outside
the main structure compared with other ACPs. The relaxation
rates confirmed the flexibility of Ser®® in the a,, a5 loop as well.
The R, rates were uniform in all regions of Ef~ACP with the
exception of the R, rates of Ile*” and Ser®®, implying the flexi-

FIGURE 8. Surface representation of subpockets in the hydrophobic cav-
ity. Phe®® in Ef-ACP has hydrophobic interactions with Phe'®, resulting in
blockage of the entrance into the alternate binding cavity of Ef~ACP between
helices|, Il, and IV. The arrows represent the direction of the path of the grow-
ing acyl chain.

A

a2

bility of the a,o; loop in Ef~ACPs. Within the a,a; loop of
Ec-ACP, Ile** and Pro®®, showed uniform R, value because pro-
line had a tendency to form a rigid bent structure in the loop in
our previous study (59). These results imply that the Ile®” and
Ser®® loop region might have a conformational exchange to
release and accept the acyl chain and generate enough room to
accommodate the longer acyl chains.

It has been reported that the a, a5 loop is important in inter-
actions between ACP and FabA in fatty acid synthesis because
perturbing the a,a; loop is required for these protein-protein
interactions (60). In previous studies, Ile®* in Ec-ACP, which
corresponds to Ile®” in Ef~ACP, shows a large chemical shift
perturbation in the ACP spectra by the addition of FabA (65).
Here, conformational exchange in Ile®” and Ser® in the a,a,
loop was observed for the first time, and the flexibility of the
a,a; loop might play an important role in its interaction with
other FAS enzymes that could promote release of the growing
acyl moieties from the hydrophobic pocket of ACP.

It has been reported that the Glu and Asp residues in helix I
of Ec-ACP are important to recognize FabA, FabB, FabD, FabG,
MCAT, AcpS, and FabH (61, 65-68). For example, Arg**’ in
the basic surface of FabH is critical for interaction with Glu* of
Ec-ACP (69). NMR and mutagenesis studies have shown that
Glu*' and GIu*® in E. coli are important for FabG binding (67).
Also, negatively charged residues in helix II of Ec-ACP have
electrostatic interactions with basic residues of AcpS (70).
Because Ef-ACP also has many negatively charged residues in
helix II and suitable for binding with FAS proteins similar to
Ec-ACP, molecules that mimic helix II and the a,a; loop of
Ef-ACP may inhibit these interactions with various FAS pro-
teins and can be attractive candidates as therapeutic agents
against drug-resistant strains of E. faecalis.

In conclusion, Ef-ACP has unique features, including hydro-
phobic interactions between Phe*® and Phe'® and hydrogen
bonds between Ser'® and Ile*° in the «, a, loop, resulting in the

FIGURE 9. Electrostatic potential surface structure and structural comparison of ACPs. A-C, electrostatic potential of Ec-ACP (PDB entry 2K93) (A), V. harveyi
ACP (PDB entry 2L0Q) (B), and Ef~ACP (PDB entry 2N50) (C). The residue numbers are labeled. Positive and negative charge residues are colored in blue and red,
respectively. The His'” residue is colored in green. This surface structure is rotated about the y axis by 90° compared with that shown in Fig. 4A. D-G, structural
comparison of Ef~ACP with other ACPs; overlay of structures of Ef~ACP (red; PDB entry 2N50) and Ec-ACP (yellow; PDB entry 2K93) (D), Ef-ACP and M. tuberculosis
ACP (blue; PDB entry 1KIP) (E), E-ACP and P. falciparum ACP (cyan; PDB entry 2QFO0) (F), and Ef-ACP and B. subtilis ACP (green; PDB entry 1HY8) (G). Each helix is
labeled from a1 to a4, and this overlay structure has the same orientation as the structure shown in Fig. 4A.
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high thermal stability of Ef~ACP. Furthermore, Ser®® in the
a,a loop of Ef~ACP can provide loop flexibility and allow
the provision of room to accommodate a longer acyl chain.
Further studies on the structures and dynamics of acylated Ef-
ACP will provide insight to understand the optimum length of
the acyl chain bound in the hydrophobic pocket of Ef-ACP and
to clarify the specific recognition mechanisms between acyl-
ACP and functionally different enzyme partners in the FAS
pathway. This study may provide insights to develop useful
inhibitors for fatty acid synthesis as potent antibiotics against
pathogenic drug-resistant strains.
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