
RESEARCH ARTICLE

An inhibitory mechanism of AasS, an

exogenous fatty acid scavenger: Implications

for re-sensitization of FAS II antimicrobials

Haomin Huang1☯, Shenghai Chang2☯, Tao Cui3☯, Man Huang1, Jiuxin Qu4, Huimin Zhang5,

Ting Lu6, Xing Zhang2*, Chun Zhou7*, Youjun FengID
1,4*

1 Key Laboratory of Multiple Organ Failure, Ministry of Education; Departments of Microbiology and General

Intensive Care Unit of the Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou,

Zhejiang, China, 2 Center of Cryo-Electron Microscopy, Zhejiang University, Hangzhou, Zhejiang, China,

3 School of Life Sciences, Northwestern Polytechnical University, Xi’an, Shaanxi, China, 4 Department of

Clinical Laboratory, Shenzhen Third People’s Hospital, National Clinical Research Center for Infectious

Diseases, The Second Affiliated Hospital of Southern University of Science and Technology, Shenzhen,

Guangdong, China, 5 Cancer Center at Illinois, University of Illinois at Urbana-Champaign, Urbana, Illinois,

United States of America, 6 Department of Bioengineering, University of Illinois at Urbana-Champaign,

Urbana, Illinois, United States of America, 7 School of Public Health, Zhejiang University School of Medicine,

Hangzhou, Zhejiang, China

☯ These authors contributed equally to this work.

* xzhang1999@zju.edu.cn (XZ); chunzhou@zju.edu.cn (CZ); fengyj@zju.edu.cn (YF)

Abstract

Antimicrobial resistance is an ongoing “one health” challenge of global concern. The acyl-

ACP synthetase (termed AasS) of the zoonotic pathogen Vibrio harveyi recycles exogenous

fatty acid (eFA), bypassing the requirement of type II fatty acid synthesis (FAS II), a drug-

gable pathway. A growing body of bacterial AasS-type isoenzymes compromises the clinical

efficacy of FAS II-directed antimicrobials, like cerulenin. Very recently, an acyl adenylate

mimic, C10-AMS, was proposed as a lead compound against AasS activity. However, the

underlying mechanism remains poorly understood. Here we present two high-resolution

cryo-EM structures of AasS liganded with C10-AMS inhibitor (2.33 Å) and C10-AMP inter-

mediate (2.19 Å) in addition to its apo form (2.53 Å). Apart from our measurements for C10-

AMS’ Ki value of around 0.6 μM, structural and functional analyses explained how this inhibi-

tor interacts with AasS enzyme. Unlike an open state of AasS, ready for C10-AMP forma-

tion, a closed conformation is trapped by the C10-AMS inhibitor. Tight binding of C10-AMS

blocks fatty acyl substrate entry, and therefore inhibits AasS action. Additionally, this inter-

mediate analog C10-AMS appears to be a mixed-type AasS inhibitor. In summary, our

results provide the proof of principle that inhibiting salvage of eFA by AasS reverses the

FAS II bypass. This facilitates the development of next-generation anti-bacterial therapeu-

tics, esp. the dual therapy consisting of C10-AMS scaffold derivatives combined with certain

FAS II inhibitors.
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Author summary

An AasS-aided eFA recycling compromises the clinical efficacy of FAS II-directed antimi-

crobials. The C10-AMS compound is an effective inhibitor for AasS with the Ki value of

~0.6 μM. Efficient binding of AasS by C10-AMS blocks the entry of fatty acyl substrates of

various length. The C10-AMS inhibitor mimics an acyl-AMP adenylate to trap AasS in a

closed conformation rather than an open state. Collectively, inhibiting a bacterial eFA

scavenger AasS enables the re-sensitization of FAS II-targeted antimicrobials. This pro-

vides proof of concept that a combination of C10-AMS scaffold derivatives with appropri-

ate FAS II inhibitors constitutes a next-generation anti-virulence biotherapy.

Introduction

Antimicrobial resistance (AMR) is recognized by the World Health Organization (WHO) as a

top 10 challenge to global health and sustainable development, of which the main driver refers

to misuse and/or overuse of antimicrobials. WHO declared that AMR-caused global deaths

are estimated to rise from ~0.7 million in 2014 [1], to ~1.27 million, in 2019 [2]. Thereby, Jim

O’Neil predicted that annual deaths might reach 10 million by 2050 [1,3]. Because of limited

efforts to contain AMR spread during the COVID-19 period (from 2019 to 2022), it is

expected to worsen partially, which forms a cross-cutting, silent pandemic approaching alarm-

ing proportions [4]. As the top priority member of ‘ESKAPE’ pathogens, the resistant Escheri-
chia coli (E. coli) primarily causes life-threatening infections that might pose extensive health/

economic impacts over the next decade [5]. The close relative of E. coli, Vibrio harveyi (V. har-
veyi) is an opportunistic pathogen of shrimps and invertebrates in marine aquacultures [6].

Multiple drug resistances observed for certain V. harveyi isolates are due to an ever-increasing

number of acquired AMR determinants, like tetB and qnrA [7–9]. To tackle AMR crisis, a uni-

fied ‘one health’ approach is prioritized, comprising multiple sectors of humans, domestic/

wild animals, plants and the wild environments (i.e., ecosystems) [10].

Fatty acids (FA) are a group of energetically-expensive building blocks for membrane phos-

pholipid synthesis in the tree of life. Unlike eukaryotic cells with Type I Fatty Acid Synthesis

(FAS I) machinery, a giant multienzyme complex, diverse bacterial species exploit the type Il

FAS system (FAS II), consisting of multiple discrete subunits [11]. The essentiality of the two

FAS II metabolites [i.e., β-hydroxyl FA in Gram-negative bacterium [12], and pentadecanoic

acid, a branched-chain FA in Gram-positive pathogen [13]] enables the possibility of the FAS

II machinery as a druggable pathway. As expected, FAS II-directed mining of natural products

led to a repertoire of attractive lead compounds. Namely, they include, but not limited to (i)

cerulenin [14–16] and platensimycin [17], two selective FabB/F inhibitor (Fig 1A); (ii) platen-

cin, a natural product with dual targets FabH and FabB/F [18]; and (iii) an arsenal of FabI-tar-

geted antimicrobials (i.e., triclosan, a widely-used biocide [19–21]; isoniazid, the front-line

anti-TB drug [22]; and Staphylococcus-specific AFN1252 [23]). Apart from the FAS II pathway,

the majority of bacterial pathogens develop diverse mechanisms to recycle environment/exog-

enous FA (eFA) [12,24]. Unlike Gram-positive pathogens (Staphylococcus [25,26], and Strepto-
coccus [27,28]) having fatty acid kinase FakAB systems, Gram-negative bacterium relies on

either acyl-CoA ligase FadD [29] or acyl-ACP synthetase (Aas) exemplified with the E. coli
bifunctional Aas [30–32] and its relic AasC of Chlamydia [33]. This raises the possibility that

an eFA salvage compromises the effectivity of FAS II inhibitors by replacing de novo synthe-

sized FAs (Fig 1) [34–36]. In fact, S. aureus liberates host FAs from abundant low-density lipo-

proteins (LDL) [37], and the assimilated eFA favors staphylococcal anti-FAS II adaptation at
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the infection site [13,38]. In addition, staphylococcal FAS II bypass is in part, if not all, traced

to the polymorphism of fabD [39] and acc [40], two essential genes that initiate a FAS II path-

way [41]. A growing body of evidence explains the failure of FAS II antibiotic-based anti-

MRSA therapy in a mouse bacteremia model [38–40]. Combined with (p)ppGpp inducer of

stringent response, FAS II antimicrobials can block MRSA outgrowth, offering a synergistic

bi-therapy strategy [42]. Because staphylococcal anti-FAS II bypass is engendered via an eFA

scavenging by the FakAB system [37,38], it is in rational to formulate an alternative bi-thera-

peutics by using the anti-FAS II drug AFN1252 mixed with some FakAB inhibitor. Finally, we

are eager to find out whether or not an Aas enzyme mimicking FakAB machinery exclusively

in G-positive pathogens can confer G-negative bacterial adaptation to FAS II-directed

antimicrobials.

The Aas members belong to a ubiquitous group of acyl-activating enzyme (AAE), also

called adenylate-forming enzyme. The in vitro Aas activity is originally traced to the E. coli
bifunctional 2-acyl-glycerolphosphoethnomine (2-acyl-GPE) acyltransferase/acyl-ACP syn-

thetase [30]. The physiological role of the E. coli Aas enzyme denotes the ligation of an acti-

vated fatty acyl chain from acyl-ACP intermediate to the 1-position of Lyso-phospholipid

(LysoPL), a byproduct of lipoprotein synthesis [32,43]. Because the resultant acyl-ACP inter-

mediate is tightly bound by the Aas enzyme, it cannot access the membrane phospholipid/lipo-

polysaccharide (LPS)-lipid A pathway [12,24]. Indeed, the interfacial Aas of E. coli displays an

in vitro ‘artifact’ salt-dependent activity of synthesizing acyl-ACP thioester [30,32]. In contrast,

Fig 1. Targeting eFA salvage re-sensitizes bacterial pathogens to killing by cerulenin-included FAS II inhibitors.

A. eFA salvage coupled with FAS II pathway contributes to membrane phospholipid synthesis. Three mechanisms for

eFA scavenging were included here, namely (i) FadD acyl-CoA ligase [29]; (ii) FakA/B system composed of the FakA

kinase component and the FakB fatty acid-binding subunit [25,28]; (iii) Acyl-ACP synthetase, AasS [47,48]. Cerulenin

denoted the FabF inhibitor targeting a FAS II pathway. B. The combination of PlsB/Y-PlsC and PlsX/Y-PlsC

represented two alternative routes for the synthesis of membrane phospholipids. The pathway begins with G3P as a

recipient, and extends using different primer substrates (acyl-CoA/acyl-ACP for PlsB/PlsC vs acyl-Pi for PlsY/X, and

acyl-ACP for PlsC). Abbreviations: C10-AMS, 5’-O-(N-decanylsulfamoyl) adenosine; FadD, Acyl-CoA ligase; FakA/B,

Fatty acid kinase A in complex with fatty acid-biding subunit B; AasS, acyl-ACP synthetase; AccABCD, Acetyl-CoA

carboxylase composed of four subunits (namely (i) AccA, α-subunit of carboxyltransferase; (ii) AccB, biotin carboxyl

carrier protein (BCCP); (iii) AccC, biotin carboxylase (BC); and (iv) AccD, β-subunit of carboxyltransferase); FAS II,

Type II fatty acid synthesis pathway; FabI, Enoyl-ACP reductase; FabF, β-ketoacyl-ACP synthase II; FabG, Ketoacyl-

ACP reductase; FabZ, 3-hydroxyacyl-ACP dehydratase; G3P, Glycerol-3-phosphate; LPA, Lyso-phosphatidic acid; PA,

Phosphatidic acid; acyl-Pi, acyl phosphate; PlsB, G3P acyltransferase; PlsY, Acyl-Pi-dependent G3P acyltransferase;

PlsX, Phosphate: acyl-ACP transacylase; PlsC, LPA acyltransferase; G-, Gram-negative bacterium; G+, Gram-positive

bacterium.

https://doi.org/10.1371/journal.ppat.1012376.g001
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the marine bioluminescent bacterium V. harveyi AasS (VhAasS, thereafter called AasS) is a

cytoplasmic version of acyl-ACP synthetase [44–46]. Notably, this soluble AasS channels a

pool of eFA nutrients to build bacterial phospholipids as well as LPS-lipid A (Fig 1A and 1B)

[47,48]. This paradigmatic VhAasS is featured by its substrate promiscuity and is leveraged as

a versatile tool in synthetic biology [49–51]. So far, the toolbox of Aas enzymes contains four

additional members capable of eFA assimilation. Namely, they include (i) SynAas of Cyano-

bacteria [52,53] that is partially equivalent to AAE15, a cousin of the plant Arabidopsis [54];

(ii) AasC of the sexually-transmitted, obligate intracellular parasite Chlamydia trachomatis
[33]; (iii) AasN exclusively in the human pathogens Neisseria meningitis and N. gonorrhoeae
[55]; and (iv) two isoforms (AfAas1 for C12:0 & AfAas2 for C18:1) arising from Alistipes fine-
goldii, a representative resident in human gut microbiomes [56]. Very recently, an extensive

cryo-EM study revealed that unlike all the other AAE members with known structures (e.g.,

ttLC-FACS dimer [57]), AasS acts as ring-shape hexamer, and adopts a ‘conformational rear-

rangement’ pattern to execute its catalysis cycle [58]. The gating role of W230 is functionally

defined in the context of AasS action, allowing bacterial salvage of eFA nutrients [58]. This

represents the first structural landscape for acyl-ACP synthetase of versatility. It is an open

question to ask if the other pathogen cousins of AasS (such as AasC [33] and AasN [55]) also

feature a similar structural architecture.

The annual V. harveyi infection leads to a substantial economic loss in aquacultural produc-

tion. Combined with certain FAS II antimicrobials, development of AasS inhibitors, opens

perspectives of a dual-therapy against marine pathogens. Recently, the lead compound, 5’-O-

(N-decanylsulfamoyl) adenosine (termed as C10-AMS) was found to efficiently impair the

activities of AasS [59] and its paralogs like AasN/AasC (Fig 1A) [60]. Despite that it assumed

to mimic the decanoyl-adenylate intermediate (abbreviated as C10-AMP), how the broad

inhibitor C10-AMS antagonizes AasS-based eFA recycling is largely unclear. We solved two

high-resolution cryo-EM structures of AasS liganded with C10-AMS inhibitor (2.33 Å) and

C10-AMP intermediate (2.19 Å) in addition to its apo form (2.53 Å). Structural and biochemi-

cal comparison explains how the inhibition of AasS proceeds by the mixed-type inhibitor

C10-AMS. Altogether, this study constitutes a proof of concept for inhibiting an eFA scavenger

AasS (and/or its isoform AasN/AasC) to overcome bacterial bypass of anti-FAS II

antimicrobials.

Results and discussion

The AasS bypass of a druggable FAS II pathway

The FAS II pathway is a conserved mechanism for bacterial de novo fatty acid synthesis, and

provides diverse acyl chains for building phosphatidic acid, a precursor of membrane phos-

pholipid synthesis (Fig 1). The acetyl-CoA carboxylase (AccABCD) initiates the first-commit-

ted step of a FAS II pathway [61], giving malonyl-CoA, a cognate substrate for FabD (malonyl-

CoA: ACP transacylase) [62–64]. The resultant malonyl-ACP acts as a primer with the destina-

tion to enter a FAS II cycle consisting of four iterative steps (Fig 1A). Namely, these include (i)

condensation of malonyl-ACP by FabH (β-ketoacyl-ACP synthase III) to 3-ketobutyryl-ACP

intermediate [65–67]; (ii) reduction of β-ketoacyl-ACP by FabG (β-ketoacyl-ACP reductase)

[68,69]; (iii) dehydration of β-hydroxyacyl-ACP by FabZ (β-hydroxyacyl-ACP dehydratase)

[70–72]; and (iv) reduction of enoyl-ACP by FabI (enoyl-ACP reductase) [73–75]. Unlike

FabH that is restricted to an initial condensation [65–67], the FabF (β-ketoacyl-ACP synthase

II) specifically directs those β-ketoacyl-ACP species elongated with a 2-carbon unit per cycle

to reenter a FAS II route (Fig 1A) [76,77].
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In contrast to the two known systems (acyl-CoA synthetase FadD [12,29], and FakA/B

kinase complex [25,28,78]), the AasS acyl-ACP synthetase represents a third mechanism for

eFA recycling, which circumvents a druggable FAS II machinery (Fig 1A). This is because

long-chain (LC) acyl-ACP thioesters loaded by AasS from exogenous fatty acids replace par-

tially the nascent acyl species to participate in the formation of phosphatidic acids. In E. coli,
LC acyl-CoA (rather than acyl-ACP) is acylated on the 1 and 2-positions of glycerol-3-phos-

phate (G3P) by the PlsB/PlsC acyltransferase system (Fig 1B) [12,24]. Nevertheless, the LC

acyl-ACP ester that arises from activation of eFA pools by certain AasS isoenzyme (AasC

[24,33] and AasN [55]), is assumed to initiate phospholipid synthesis in certain human patho-

gens. Not surprisingly, the kind of activated acyl form is also converted by PlsX (phosphate:

acyl-ACP acyltransferase) to acyl-phosphate (acyl-P) intermediate [55,79], a canonical sub-

strate for PlsY, an acyl-P dependent G3P acyltransferase (Fig 1A) [79,80]. This is because the

PlsX/Y pair is dominant in relative to the PlsB/C system. Unlike the Gram-positive bacterium

that harbors Fak-PlsX/Y machinery and exploits acyl-P as a switcher for phosphatidic acid syn-

thesis [25,79], the Gram-negative organism carrying Aas-PlsX/Y system, generally adopts acyl-

ACP esters as an initiator for membrane phospholipid formation (Fig 1B) [11,55]. Given that

the AasS route for eFA acquisition circumvents the FAS II-directed inhibitor, esp., cerulenin,

harnessing an AasS-targeted antibacterial agent (e.g., C10-AMS) is plausible to reverse such a

FAS II bypass (Fig 1A).

Inhibition of AasS by C10-AMS

The decanoic acid (C10) as a favorable substrate, can be converted into C10-AMP by AasS

enzyme [48,58] (Fig 2A). Since C10-AMS compound resembles this C10-AMP intermediate

(Fig 2B), Currie and colleagues preliminarily presented its inhibition of AasS activity in vitro
[59] (Fig 2C). Whereas it awaited further experimental evidence to finely characterize its

inhibitory mechanism. As expected from our separation approaches with conformationally-

sensitive urea gel (Fig 2D and 2E), almost full activity with C10 fatty acid substrate was

assigned to AasS enzyme at the concentration of only 3.125 nM, much lower than 0.5 to

2.0 μM used by Jaremko’s group [59,60]. Also, the C10 acyl substrate added as low as 12 to

24 μM (rather than 1 mM) is sufficient to saturate AasS enzyme (Fig 2E). The C10-AMS inhib-

itor was shown to work well in a dose-dependent manner (Fig 2F), and its inhibition constant

(Ki) value was measured to be around 0.62 μM (Fig 2G). We thus speculated that C10-AMS

competes with C10 substrate (or C10-AMP intermediate) for binding to functional cavity of

AasS (S1A Fig).

To ascertain this hypothesis, we set up three combinations of AasS reaction with the varied

order of C10-AMS inhibitor added in relative to C10 substrate. Namely, these included (i)

addition of C10-AMS after C10 pre-incubation (S1B Fig), (ii) simultaneous addition of

C10-AMS and C10 (S1C Fig), and (iii) supplementation of C10-AMS prior to C10 (S1D Fig).

Obviously, a pre-incubation of C10-AMS exhibited appreciable stronger level of inhibiting

AasS enzyme (S1D Fig), when compared to the other two treatments (S1B and S1C Fig). The

semi-quantitative analyses displayed three distinguishable Ki values, namely (i) 0.67 μM for

condition 1#, (ii) 1.37 μM for condition 2#, and (iii) 2.13 μM for condition 3# (S1E Fig). Next,

we generated Michaelis-Menten curves of AasS enzyme to evaluate the inhibitory pattern of

C10-AMS against ATP cofactor and C10 acyl substrate (S2 Fig). With the presence of increas-

ing amount of C10-AMS while varying the ATP concentration, the Michaelis constant (Km)

of AasS was observed to increase, and its maximum velocity (Vmax) declined (S2A and S2B

Fig). This suggested that C10-AMS inhibitor could adopt a mode of mixed inhibition against

ATP ligand. Similarly, the inhibitory pattern of C10-AMS was also likely to be a mixed type of
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Fig 2. AasS activity with C10 fatty acid substrate is abolished by the C10-AMS inhibitor. Chemical structures of an intermediate C10-adenylate (A)

and the inhibitor C10-AMS (B). C. The principle for ligation of decanoic acid (C10) by AasS with holo-ACP to generate C10-ACP, and its inhibitory

mechanism by C10-AMS. Qualitative analysis (D) and relative quantitation curve (E) of C10-ACP conversion from C10 substrate in a dose-dependent

manner. In the reaction system of AasS (3 nM), unlike the ACP acceptor protein that was added at the constant level of 3 μg (panels D&E), the level of

C10 fatty acid varied markedly (6, 12, 24,. . ., to 240 μM). F. The AasS-catalyzed production of C10-ACP in vitro, is abolished by C10-AMS inhibitor in a
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inhibition for the C10 acyl substrate (S2C and S2D Fig). Retrospectively, a similar scenario has

been reported for its analog, OSB-AMS that functions as a mixed-type inhibitor of MenE, an

o-succinylbenzoyl-CoA synthetase [81,82]. In the context of inactivation for an AasS-catalyzed

eFA recycling pathway (Fig 1A), C10-AMS is assumed to behave in a manner of mixed inhibi-

tion, rather than the competitive inhibition initially proposed by Currie et al. [59].

Binding of AasS by C10-AMS inhibitor

To examine the binding affinity of C10-AMS inhibitor, we carried out an extensive isother-

mal calorimetry (ITC)-based investigation. Given that C10-AMP adenylate is produced in

the ‘first-half’ reaction of AasS catalysis, ATP molecules were preincubated with the AasS

sample before the C10 titration proceeded (Fig 3A). In contrast to malic acid and pimelic

acid, the two dicarboxylic acids that cannot be recognized by AasS enzyme [48,83], mono-

ethyl pimelic acid (E-C7) functions as a surrogate substrate [58,83]. As expected from our

ITC assays, unlike a scenario observed for E-C7 [58], none of the two dicarboxylic acids,

i.e., pimelate (S3A Fig) and malic acid (S3B Fig), was titrated with the AasS partner. It was

fully consistent with their inability of both being ligated with the ACP vehicle (S4A Fig),

and replacing E-C7 in the biotin bypass in vivo (S4B and S4C Fig). Also, this validated the

efficacy of our ITC performance to some extent. Distinct from the recent notion that an

E-C7 substrate binds to AasS with a mild affinity [58], the C10-AMP intermediate exhibits a

robust activity for AasS binding in our ITC experiments (Fig 3). Apart from its stoichiome-

try (n) that equals to ~0.77, close to the theoretical value of 1.0, the dissociation constant

(Kd) value of C10-AMP was measured to be 64.43±5.20 nM (Fig 3B). This is plausible because

the C10 fatty acid (rather than E-C7) is an optimal substrate for AasS [48]. A similar scenario

was also seen with the C10-AMS inhibitor in that it features the ‘n’ value of 0.97±0.16 (Fig 3C),

suggesting the molar ratio of C10-AMS vs AasS is 1:1. Whereas, in comparison with the

C10-AMP intermediate, this C10-AMS inhibitor seemed to bind more tightly AasS protein,

because its Kd value is 14.13±3.82 nM, significantly smaller than the equivalent of C10-AMP

(64.43±5.20 nM, Fig 3C). Overall, we believed that efficient binding of C10-AMS to AasS is a

prerequisite for blocking AasS-dependent eFA salvage.

Blocking of biotin bypass by C10-AMS compound

As earlier described by Lin and Cronan [83,84], the ΔbioC mutant of E. coli requires biotin for

its viability. The ability that AasS enzyme channels exogenous E-C7 to give E-C7-ACP

(Fig 4A), enables circumventing a ‘BioC-BioH’ primary step of biotin synthesis in the ΔbioC
mutant [58,83]. It is of possibility that C10-AMS blocks the bypass of biotin biosynthesis by

AasS. To examine this assumption, we sought experimental evidence in vitro and in vivo. As

shown in our assay with conformationally-sensitive urea gels, the conversion of E-C7-ACP by

AasS is inversely proportional to C10-AMS addition (Fig 4B). This largely agreed with the

reduction of AasS activity with C10 by C10-AMS inhibitor (Fig 2F). The Ki value of C10-AMS

was determined to be about 2.95 μM for E-C7 acyl substrate (Fig 4C). The in vitro inhibition

of E-C7 utilization by C10-AMS compound promoted our efforts to ascertain its potential of

blocking biotin bypass in vivo (Fig 4D). Indeed, an introduction of plasmid-borne AasS into

dose-dependent pattern. The conformationally-sensitive gel of 0.5 M urea/17.5% PAGE (pH9.5) was utilized to separate C10-ACP from its acceptor

holo-ACP (panels D&F). G. Semi-quantitative assays for inhibition of AasS catalysis by C10-AMS compound. The determined Ki of C10-AMS vs AasS is

0.62 μΜ. Except for the C10 substrate that was fixed at 80 μM, AasS reaction was established identically as described in Fig 2D and 2E. It was noted that

the ratio of C10-AMS inhibitor to AasS varied dramatically (ranging from 0:1, 250:1, 500:1, 1000:1, 2000:1, to 4000:1). Designations: ACP, acyl carrier

protein; ATP, adenosine triphosphate; PPi, pyrophosphate.

https://doi.org/10.1371/journal.ppat.1012376.g002
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the biotin auxotroph of E. coli ΔbioC mutant, engendered its occurrence on non-permissive

condition of M9 defined agar plates with E-C7 as sole carbon source (Figs 4E and S4B). How-

ever, a replacement for E-C7 carbon source with either malic acid (S4B Fig) or pimelic acid

(S4C Fig), led to loss of function in supporting bacterial viability of the E. coli ΔbioC mutant

on the biotin-deficient M9 medium, albeit expression of AasS. As expected from bacterial via-

bility, supplementation of C10-AMS inhibitor at the level of over 100 μM, markedly impaired

AasS-based bypass of biotin synthesis in the context of biotin-requiring ΔbioC mutant

(Fig 4E). The accumulated evidence demonstrated that C10-AMS inhibitor can physiologically

inactivate AasS bypass of biotin synthesis [83].

Fig 3. ITC analysis for binding of C10-AMS inhibitor to AasS enzyme. A. Scheme for an intermediate of C10-AMP generated from the C10 fatty acid

substrate via the ‘first-half’ reaction of AasS activation. B. Use of ITC to measure an interaction between AasS enzyme and its C10-AMP intermediate. C. ITC-

based assay for AasS specifically bound by the C10-AMS inhibitor. Designations: ITC, isothermal titration calorimetry; N, stoichiometry; Kd, dissociation

constant; DP, differential power; ΔH, enthalpy.

https://doi.org/10.1371/journal.ppat.1012376.g003
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Fig 4. Integrated evidence for the inhibition of AasS action with E-C7 fatty acid by C10-AMS compound. A. Schematic diagram of AasS-catalyzed ligation

of E-C7 with holo-ACP recipient to produce E-C7-ACP. B. Use of conformationally-sensitive PAGE to visualize the fact that the C10-AMS inhibitor displays

dose-dependent inhibition on the conversion of E-C7-ACP ester from its acceptor holo-ACP. A representative photograph of three independent trials was

given. C. Relatively-quantitative analysis (for the inhibitory efficacy of C10-AMS on AasS-catalyzed E-C7-ACP production. As for AasS reaction (panel B),

unlike the three components that are at constant levels, namely (i) AasS (31.25 nM), (ii) E-C7 (600 μM), and (iii) ACP (3 μg), C10-AMS inhibitor was

supplemented at varied ratio in relative to the AasS enzyme (ranging from 0:1, 25:1, 50:1, 100:1, 200:1, 300:1, 400:1, to 500:1). The ImageJ software was applied

to measure the relative percentage (%) of E-C7 fatty acylation in each AasS reaction. The resultant graphs were plotted from three independent experiments, in

which the output was expressed as means ± SD (standard deviations). D. Schematic diagram for C10-AMS inhibition of AasS-based bypass of biotin

requirement by the E. coli ΔbioC biotin auxotroph on the non-permissive condition. E. Altered viability of AasS-expressing E. coli ΔbioC strain suggested the in
vivo inhibition of C10-AMS in a dose-dependent manner. Using M9 defined medium with E-C7 as sole carbon source (displayed in panel on left hand), biotin

bypass assays were performed with the ΔbioC strain that produces AasS enzyme carried by a plasmid. Log-phase cultures in a series of 10-fold dilution (shown

in panel on right hand), were spotted on the x-gal-containing M9 agar plates supplemented with C10-AMS inhibitor at varied levels (0, 50, 100, to 500 μM).

The addition of x-gal substrate enabled the occurrence of blue colonies for better photographing, and viable colonies were highlighted with yellow arrows.

https://doi.org/10.1371/journal.ppat.1012376.g004
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Complex structure of AasS liganded with C10-AMS inhibitor

Very recently, the AasS (533 aa) of V. harveyi was found to feature a large domain at N-termi-

nus (termed AasS_N) that is connected with a compact C-terminal domain by a flexible linker

(Fig 5A) [58]. To gain structural insights into the inhibitory mechanism of AasS action, we

Fig 5. Structural characterization of AasS complexed with its inhibitor C10-AMS. A. Linear presentation of full-length AasS enzyme composed of two

domains. The large domain AasS_N (residues 1–424) is connected by a short linker (residues 425–430) with the compact small domain, AasS_C (residues 431–

533). Ribbon illustration (B) and surface structure (C) of AasS hexamer liganded with C10-AMS inhibitor. The AasS hexamer (130 x 140 x 65 Å) essentially

behaves as a trimer of dimers, in which the subunit of monomer is numbered from I, II, . . ., to VI. The dimer interface was highlighted with a red arrow, and

the trimer interface was indicated with a blue arrow. The AasS top view (130 x 140 Å, in upper panel) was rotated 90˚ counter-clockwise, giving its front view

(65 x 140 Å, in bottom panel). The N-terminal domain of AasS was colored blue for AasS_N (or magenta for AasS’_N), and the C-terminal domain of AasS was

displayed in powder blue for AasS_C (or light pink for AasS’_C).

https://doi.org/10.1371/journal.ppat.1012376.g005
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solved three sets of single particle cryo-EM structures of AasS at high-resolution (Table 1). In

addition to the two controls we introduced, (i) AasS alone (S5 and S6 Figs) and (ii) its complex

with C10-AMP adenylate (S7 and S8 Figs), we focused on the complex of AasS liganded with

C10-AMS inhibitor (S9 Fig). As expected, a hexamer ring-like overall structure was invariantly

formed in all the three types of AasS particles, regardless of a cofactor/inhibitor. Unlike the

two controls that are characterized with a dimension of ‘140x150x80 Å’ (Figs 5, S6 and S8)

[58], the inhibitor-bound AasS architecture is relatively compact, because that its dimension is

only confined to ‘130x140x65 Å’ (Fig 5B and 5C). This raised the possibility that a configu-

rational alteration of AasS is induced by C10-AMS inhibitor. As for each protomer, overall

Table 1. Cryo-EM Collection, refinement and validation statistics of AasS enzyme liganded with C10-AMS inhibitor or C10-AMP intermediate.

Ligands AasS

Apo-form C10-AMS C10-AMP

Data collection and processing

Magnification 29,000 130,000 130,000

Voltage (kV) 300 300 300

Electron exposure (e-/Å2) 78 52 52

Defocus range (μm) 1.5~2.5 0.8~1.6 0.8~1.6

Pixel size (Å) 1.014 0.93 0.93

Symmetry imposed D3 D3 D3

Micrographs 2,329 3,058 3,339

Initial particle images (no.) 1,040,351 1,160,261 1,737,985

Final particle images (no.) 539,382 212,195 602,383

Map resolution (Å) (global) 2.53 2.33 2.19

FSC threshold 0.143 0.143 0.143

Map-sharpening B factor (Å2) -84 -89.4 -89.6

Refinement

PDB code 8HSY 8JYL 8JYU

Model resolution 2.6 2.5 2.3

FSC threshold 0.5 0.5 0.5

Model resolution range (Å) 2.5~38 2.3~45 2.2~36

Model composition

Non-hydrogen atoms 25320 25434 25542

Protein residues 3180 3162 3180

Ligands 0 12 18

B factors (Å2)

Protein 51.68 40.89 73.50

Ligand N/A 20.61 44.98

R.m.s. deviations (PHENIX)

Bond lengths (Å) 0.005 0.005 0.005

Bond angles (˚) 1.022 1.000 0.987

Validation

Mol Probity score 1.84 1.47 1.67

Clash score 7.52 8.64 6.37

Poor rotamers (%) 0.80 0.61 0.14

Ramachandran plot

Favored (%) 93.56 98.13 95.49

Allowed (%) 6.25 1.87 4.32

Disallowed (%) 0.19 0.00 0.19

https://doi.org/10.1371/journal.ppat.1012376.t001
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structure of AasS_N (and/or AasS_C) is similar to the counterpart of other known AAE ele-

ments (Fig 6) [85,86]. In brief, the pitcher-like AasS_N domain consists of three β-sheets

flanked by α-helices, and provides a centrally-localized cavity for substrate entry. Whereas, the

small cap-like AasS_C domain contains one two-stranded and one three-stranded β-sheets

surrounded by three α-helices, hovering on top of the AasS_N active sites (Fig 6). Obviously,

the pattern of AasS oligomerization is recognized as a trimer of dimers, which mainly relies on

two interfaces constituted by the AasS_N domain (Figs 5, S6 and S8).

It is long settled that the paradigm AAE member, 4-chlorobenzoate: CoA ligase (CBL)

catalysis involves the transition of two conformations, namely (i) adenylate-forming (open)

conformation, and (ii) thioester-producing (closed) conformation [87]. A similar scenario was

Fig 6. The binding of C10-AMS inhibitor promotes a markedly-conformational rearrangement of AasS enzyme. A-B. Ribbon and surface representation

of AasS protomer in an apo-form (PDB: 8HSY). As for apo AasS, its AasS_C domain colored pink, appears in an ‘open’ orientation. C-D. Cartoon and surface

structure of AasS protomer in complex with its product M-C7-ACP (PDB: 8I8D). In this complex, the AasS_C part colored yellow, displays a ‘closed’

orientation. The ACP partner is colored lime-green. Ribbon structure (E) and surface illustration (F) of an AasS enzyme liganded with a molecule of C10-AMP

intermediate per protomer (PDB: 8JYU). The occupancy of C10-AMP intermediate renders the AasS_C domain (colored hot-pink) in an ‘open’ orientation.

The C10-AMP molecule is given in a stick representation, whose carbon atoms are colored cyan. G-H. Cartoon and surface characterization of C10-AMS

inhibitor-liganded AasS protomer (PDB: 8JYL). The effective binding of C10-AMS inhibitor leads to a ‘closed’ orientation of AasS_C domain (in gold)

converted from its “open” orientation. Like a C10-AMP molecule, the C10-AMS inhibitor is also given in a stick representation, of which carbon atoms are

colored marine. Designations: AasS_C, C-terminal domain of AasS; AasS_N, N-terminal domain of AasS.

https://doi.org/10.1371/journal.ppat.1012376.g006
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recorded in the structural rearrangement of AasS, an additional AAE member [58]. In fact, the

apo-form of AasS (PDB: 8HSY) here, was captured to adopt an open conformation (Fig 6A

and 6B). This is largely opposite to the complex of AasS with its product M-C7-ACP (PDB:

8I8D), because that it is situated in a closed conformation (Fig 6C and 6D). Not surprisingly,

like the apo-AasS in a state ready for the adenylation (S10A and S10B Fig), an AasS/C10 ade-

nylate complex (PDB: 8JYU) was revealed to remain in an adenylate-forming conformation

(Fig 6E and 6F). Intriguingly, binding of C10-AMS inhibitor to apo-AasS (PDB: 8JYL) pro-

moted a marked shift from its initial open conformation to the thioester-forming statue (Fig

6G and 6H). Although that C10-AMS compound is a mimicry of C10-AMP adenylate (Fig 2A

and 2B), this inhibitor-induced conformation is unexpectedly analogous to the recently-

reported complex structure of AasS/M-C7-ACP (S10C and S10D Fig) [58], rather than resem-

bling that of C10 acyl adenylate (S1 and S10E and S10F Figs). Structural alignment of

C10-AMP adenylate-bound conformation with its C10-AMS inhibitor-liganded form, eluci-

dated that conformational transition is due to the 140˚ rotation of the compact AasS_C

domain (S10G Fig).

Recognition of AasS by C10-AMS inhibitor

To explore how this inhibitor targets AasS enzyme, a panel of substrate/ligand-binding cavities

were illustrated on the basis of three AasS structures. Apart from the C10-AMP intermediate-

loading channel (Figs 7A and 8A), its analog C10-AMS inhibitor-binding cavity (Figs 7B and

8B) was proposed, along with the known tunnel injected by the M-C7 moiety of M-C7-ACP

substrate (Fig 8C). As for the cavity for C10-AMP occupancy (S11A Fig), a C10-AMP mole-

cule contacts several AasS_C active site (Fig 7A). In brief, an adenine base is held in place by

the hydrophobic side chains of Y318 and I423, and the ribose hydroxyl groups form a hydro-

gen bond network with the two residues (D411 and R426). The K522 residue from the AasS_C

domain interacts with the ribose ring oxygen atom and the bridging oxygen atom of AMP via

two hydrogen bonds (Fig 7A). The AMP phosphate is coordinated by a Mg2+ atom as well as

the hydroxyl groups of S321. The carbonyl group of C10-AMP gives a hydrogen bond with

H226 site. The hydrophobic carbon chain of C10 is fixed in place by the four residues (V293,

I326, I329, and the conserved W230). Notably, the W230 residue plays a gatekeeper role in

eFA loading by AasS (Fig 7A), which is equivalent to the W234 of ttFACS [57].

As predicted, C10-AMS inhibitor (S11B Fig) was also found to bind an array of almost-

identical active sites in the AasS_N part (Fig 7B). However, AasS_C domain adopts a closed

conformation rather than an open state (Fig 6) to benefit its C10-AMS recognition. In place of

K522 exploited in C10-AMP binding (Fig 7A), the AasS_C K432 residue produces several

interactions with surrounding oxygen atoms (Fig 7B). Additionally, The W437 residue here

forms a hydrogen bond with the bridging oxygen atom. Because of the bulky W437 side chain,

it seemed likely that R426 rotates around 90 degrees to assure its interaction with the ribose.

The interaction of C10-AMS with K432 residue promoted its carboxyl group rotation away

from H226, rendering the basic residue H226 free. Given that the adenine moiety and carbon

chain in the C10-AMS/AasS structure are coordinated in parallel to that of C10-AMP adenyl-

ate-bound structure (Fig 7A and 7B), we selected three conserved and critical residues (D411,

R426, and K432) for further structure-guided functional study. First, three single mutants of

AasS enzymes with an alanine substitution (i.e., D411A, R426A, and K432A), were over-

expressed and purified to homogeneity (S12 Fig). As shown in our gel filtration analysis, none

of them is altered in the solution as a hexamer (S12A Fig). Next, the three AasS derivatives

(D411A, R426A and K432A, in S12B Fig) were examined for the altered abilities of ligating

C10 fatty acid to holo-ACP. As expected from our enzymatic assay with urea gel of
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conformational sensitivity, none of the three single mutations retains any detectable activity

with C10 acyl substrate (Fig 7C). Moreover, any one mutation of the three residues greatly

impairs the ability of AasS in biotin synthesis bypass in vivo (Fig 7D). The underlying mecha-

nism can be due to the loss of function in substrate/ligand recognition, and this is largely veri-

fied by two lines of biophysical data. In agreement with the result of microscale

thermophoresis (MST) (S13A and S13B Fig), ITC data showed that the mutant AasS (D411A)

fails to effectively bind its cognate C10 acyl substrate (Fig 7E). In summary, the combination

of enzymatic data in vitro and bacterial viability in vivo, constitutes a proof of concept for

mixed inhibition of AasS by C10-AMS compound (Fig 8).

Conclusions

The versatile AasS enzyme represents a druggable pathway of eFA scavenging exclusively

encoded in over 13 Vibrio species except for V. cholerae [58]. Functional replacement with its

two isoforms (Neisseria AasN [55] and Chlamydia AasC [33]) suggested an expansion of eFA

salvage as a promising drug target. This postulate was recently demonstrated by an observation

of C10-AMS as a broad inhibitor for acyl-ACP synthetases [60]. Given its potential relevance

to clinical anti-bacterial therapies, we integrated cryo-EM, a cutting-edge approach to address

the inhibitory mechanism of the lead compound C10-AMS on the basis of a paradigm AasS

enzyme. The data reported here enabled us to provide mechanistic insights into functional

impairment of eFA recycling by the mixed-type C10-AMS inhibitor via its efficient binding to

AasS (Fig 8D–8H). It is likely that C10-AMS could bind to the ATP and fatty acid binding

sites of the free enzyme as well as to the fatty acid binding site in the enzyme-ATP complex.

Prior to this study, a relatively-complete structural landscape of AasS catalysis was illustrated,

in which AasS is switched to a tetramer conformation from its dominant hexamer state by the

ATP-Mg2+ cofactor [58]. Each protomer of AasS hexamer appears as a tropical pitcher plant

composed of an N-terminal big body and a C-terminal compact cap (Fig 8F), of which the

body is situated by substrate-binding sites (Fig 8A–8C). Presumably, the AasS monomer

adopts an ‘open’ conformation to accept the sequential entry of various substrates ranging

from decanoic acid, ATP, to holo-ACP (Fig 8G). Compared to the C10-AMP intermediate

(Fig 8D), the C10-AMS inhibitor differs in its non-hydrolysable sulfamoyl linker (Fig 8E).

Unexpectedly, this inhibitor was found to trap AasS enzyme in a ‘closed’ conformation (Fig

8H), which likely represents the enzyme at the very beginning of the second step reaction

where the adenylate serves as a substrate, before the binding of the ACP thiol substrate. The

resultant blockade prevents other substrates from binding/entering AasS enzyme (Fig 8H).

Indeed, this working model we established was well supported by loss-of-function mutations

of critical interface residues, dependent on our structure-guided alanine scanning mutagenesis

(Fig 7).

We are aware that the ability of AasS to recycle environmental fatty acids facilitates Vibrio
pathogens to circumvent FAS II inhibition [59,60]. As a dead-end substrate, C10-AMS com-

pound renders AasS locked in a ‘closed’ conformation, and catalytically inactive.

Fig 7. Parallels in binding of AasS to the C10-AMP adenylate intermediate and the C10-AMS inhibitor. Structural visualization for AasS

binding an intermediate C10-AMP adenylate (A) and its inhibitor C10-AMS (B). Mg2+ atoms are displayed as spheres and residues closer to

the position of ligands are shown in sticks form. New residues were seen as a result of the C-terminus rearrangement, as the pink sticks

showed, with K432 being especially important. C. The three mutants of AasS (D411A, R426A, and K432A) are inactive with the C10 fatty

acid substrate in vitro. Both AasS enzymatic reaction and conformationally-sensitive gel separation were conducted as described in Fig 2D

and 2F. D. In vivo evidence that the three single mutants of AasS (D411A, R426A, and K432A) lose the ability to bypass the physiological

requirement of biotin for the bioC isogenic mutant of E. coli on the non-permissive condition. The bacterial viability on M9 defined agar

medium was determined as performed in Fig 4E. E. ITC experiments revealed that WT of AasS binds to decanoic acid substrate, whereas the

AasS (D411A) mutant does not. The ITC assays were carried out as we conducted in Fig 3B.

https://doi.org/10.1371/journal.ppat.1012376.g007
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Consequently, this hampers eFA recycling/utilization via an AasS-ACP route. It is reasonable

that the use of C10-AMS might re-sensitize bacterial pathogens to FAS II inhibitors (e.g., ceru-

lenin). Additionally, it is plausible to ask the question of whether the other FakA/B system of

eFA recycling can be targeted through specific inhibitors to reverse the emergence of FAS II

Fig 8. Schematic diagram for inhibition of AasS by the C10-AMS inhibitor. A. The cut-away view of a C10-AMP intermediate-loaded cavity of AasS enzyme

(PDB: 8JYU). The C10-AMP molecule is shown in a stick representation and carbon atoms are colored in cyan. B. The cut-away view of AasS enzyme revealed

that C10-AMS inhibitor occupies the C10-AMP intermediate-binding cavity (PDB: 8JYL). Like a C10-AMP molecule, the C10-AMS inhibitor is also given in a

stick representation, of which carbon atoms are colored in yellow. C. The cut-away view of ACP cargo and released AMP in the substrate cavity of AasS/

M-C7-ACP complex (PDB: 8I8D). The carbon atoms of Ppan arm, M-C7 and AMP are colored in pink, green, and magenta respectively. Chemical structures

of C10-AMP intermediate (D) and C10-AMS inhibitor (E). It was given in ball-and-stick models. Red balls denoted oxygen atoms, blue balls referred to

nitrogen atoms, and orange balls indicated phosphate atoms. Except for a sulfamoyl moiety that replaces a phosphate group, the C10-AMS inhibitor resembles

the C10-AMP intermediate. F. Cartoon representation for open conformation of a two-subunit enzyme AasS, of which a large domain AasS_N contains a V-

shape cavity for sequential loading of three distinct substrates (S1 to S3). Namely, they included decanoic acid (S1), ATP (S2), and ACP (S3). G. A working

model for AasS in open conformation adapted to sequential binding its three unique substrates (S1 to S3). H. Scheme for C10-AMS inhibitor-induced closed

formation of AasS that blocks the entry of three substrates (S1 to S3).

https://doi.org/10.1371/journal.ppat.1012376.g008
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bypass in some Gram-positive pathogens (Fig 1) [34–36,88]. In summary, our discovery pro-

vides a molecular basis for targeting of AasS by the C10-AMS inhibitor, and benefits the devel-

opment of next-generation therapeutic, esp. the combination of FAS II inhibitors with

C10-AMS scaffold-originated derivatives as adjuvants.

Materials and methods

Strains, plasmids, primers, and growth conditions

The bacterial strains included here were derivatives of Escherichia coli MG1655 (S1 Table).

The BL21 (DE3) carrying pET28a::aasS was utilized to produce the recombinant AasS enzyme,

and the ΔbioC mutant E. coli, a biotin auxotroph STL96 [84], was applied to analyze AasS-

based bypass of BioC-directed initiating step of biotin bypass (S1 Table). Structure-guided,

site-directed mutagenesis was employed to create three single mutants of aasS with a putative

disruption in substrate/inhibitor binding (S2 Table). Namely, these mutants denoted D411A,

R426A, and K432A. The constitutive expression vector of pET21a-PrmpA we recently devel-

oped [89], was adopted to examine in vivo role of AasS and its three single mutants in the con-

text of biotin bypass (S1 Table) [58]. All the constructs were determined by direct DNA

sequencing and multiplex PCR assays (S2 Table). Apart from Luria-Bertani (LB) broth, bio-

tin-free M9 chemical defined medium was utilized for an AasS-aided assay of biotin bypass.

To select certain plasmids, some antibiotics were added accordingly, including (i) ampicillin

(100 μg/ml) for pET21a-PrmpA derivatives, and (ii) kanamycin (50 μg/ml) for pET28a-borne

AasS and its mutants.

Protein expression and purification

As described for the WT form of AasS [58], its three mutated versions, like AasS (D411A),

were overexpressed and purified to homogeneity. In brief, cell pellets from 1 liter of cultures

with pET28a-borne AasS expression were subjected to lysis with French press. The clarified

lysates were incubated with Ni-NTA agarose (Qiagen) to capture the 6x his-tagged AasS pro-

teins. After removal of contaminants, the AasS protein of interest was eluted with an elution

buffer containing 150 mM imidazole, and then dialyzed against gel filtration buffer (25 mM

Tris-HCl (pH 8.0), 150 mM NaCl and 2 mM DTT). Next, the AasS sample (~20 mg/ml), was

subjected to the size exclusion chromatography (SEC) analysis on AKTA Pure, using a Super-

dex 200 Increase 10/300 column (GE Healthcare). The protein sample collected from the peak

candidate was validated with SDS-PAGE (12%), which was followed by the in vitro enzymatic

assays and cryo-EM studies, as well as enzymatic assays in vitro.

In vitro enzymatic activity of AasS

As earlier established by Jiang and coworkers [47,48] with little alteration, we analyzed enzy-

matic activities of AasS and its mutants. In addition to the AasS addition, this reaction system

consisted of 100 mM Tris-HCl (pH 7.5), 10 mM MgSO4, 5 mM DTT, and 10 mM ATP, fatty

acyl substrate (~0.6 mM), and holo-ACP (~75 μg/ml). Two fatty acids tested here referred to

mono-ethyl pimeloyl ester (E-C7/E-pim) and decanoic acid (C10). To ascertain its inhibitory

effect on enzymatic activity, the varied level of C10-AMS inhibitor (BirdoTech, China) was

pre-incubated with AasS. After 0.5 h of maintenance of AasS reaction at 37˚C, the resultant

acyl-ACP products were separated with a conformationally-sensitive 17.5% PAGE gel (pH9.5)

containing 0.5 M urea [58]. Semi-quantitative curves were also plotted to determine how pro-

found binding of C10-AMS inhibitor is relative to the substrate E-C7 and/or C10.
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Assays for bypass of AasS in biotin synthesis

Given that AasS ligates E-C7 fatty acid with holo-ACP, giving E-C7-ACP, an alternative pre-

cursor for bacterial biotin synthesis, plasmid-borne aasS expression in ΔbioC biotin auxotroph

strain is assumed to overcome the requirement of the primary BioC step [58,83]. Apart from

its WT, three single mutants of AasS (D411A, R426A, and K432A) were examined in vivo, of

which the compromised activity is presumably proportional to the varied viability of the ΔbioC
reporter strains on the non-permissive M9 growth condition. To test its inhibitory effect, the

C10-AMS inhibitor in a series of dilution was supplemented [59].

Isothermal titration calorimetry

The assays of Isothermal titration calorimetry (ITC) were conducted to address the stoichiom-

etry of AasS binding to its C10-AMS inhibitor and C10-AMP intermediate. Since both malic

acid and pimelic acid are not substrates for AasS, the two dicarboxylic acids were assumed as

negative controls in our ITC analysis. Using a micro-calorimeter (MicroCal PEAQ-ITC) as

recently described for E-C7 with little change [58], totally 18 titrations (2 μl each at an internal

of 2.5 min) proceeded in the cell at room temperature. Prior to the titration, AasS protein

(~40 μM) was saturated with its ATP cofactor (120 μM) in the cell, and C10-AMS inhibitor (or

C10) was kept at 600 μM in the syringe. The titration buffer was composed of 150 mM NaCl,

25 mM Tris-HCl (pH8.0), 2 mM DTT, and 3 mM MgCl2. One set of site model by the Micro-

Cal PEAQ-ITC software enabled plotting the titration curves. Next, the stoichiometry (N) and

dissociation constant (Kd) were calculated. It was given as an average ± standard deviation

(SD) from three independent trials.

Microscale thermophoresis

To validate poor binding of AasS(D411A) to C10 fatty acyl adenylate observed in our ITC

assays, the relatively-more sensitive approach of microscale thermophoresis (MST) was addi-

tionally applied here as Jerabek-Willemsen et al. [90] described with minor alteration. Using

the Protein Labeling Kit (Protein Labeling Kit RED-NHS 2nd Generation, Nano Temper Tech-

nology), both the wild-type AasS and its D411A mutant were fluorescently labelled in the MST

buffer (150 mM NaCl, 25 mM Tris-HCl, 3 mM MgCl2, 0.05% Tween-20, pH 8.0). The ligand

C10-AMP used in MST assays was prepared by an equal mixture of C10 and ATP. In general,

an NT.115 Monolith instrument (Nano Temper Technology, Germany) was integrated, of

which the routine parameters included a RED/LED (20%) excitation power along with 60%

laser power for excitation. Then, the protein samples were siphoned into MST Premium

Coated capillaries for the determination of binding affinity at room temperature. The final

concentrations of different AasS samples were 40 nM for WT, and 180 nM for D411A, respec-

tively. The mixture of C10/ATP was diluted in a gradient (from 0.15 nM to 5.0 μM). Three

independent MST experiments were conducted here. The dissociation constants (Kd) were

calculated using the software MO. Affinity Analysis v2.3. Of note, this was largely dependent

on the KD model with a 1:1 stoichiometry per binding partner.

Cryo-EM grid preparation and data acquisition

Three kinds of cryo-EM grids were prepared, which separately corresponded to (i) AasS alone,

(ii) AasS-liganded with C10-AMP intermediate, and (iii) complex of AasS with its inhibitor

C10-AMS. As we recently established with little modification [58], the recombinant version of

AasS purified (~20 mg/ml, 3 μl) was applied on glow-discharged holey carbon grids (Quanti-

foil Cu R1.2/1.3, 300 mesh). The resultant grids were routinely blotted for 4 s under 100%
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humidity at 4˚C, followed by the plunge-freezing into liquid ethane using Vitrobot Mark IV

(Thermo Fischer Scientific). As for apo-AasS image collection, the 300 kV Titan Krios micro-

scope (Thermo Fischer Scientific) was operated with K2 detector (Gatan). To improve image

resolution of AasS complexes with C10-AMP ligand (or C10-AMS inhibitor), the same micro-

scope was equipped with Falcon 4 detector along with the additional Selectris energy filter

(Thermo Fischer Scientific). Unlike it apo-form featuring the calibrated magnification

(×29,000, a pixel size of 1.014 Å), the other two sets of AasS complexes were imaged at the

magnification (×130,000), yielding a pixel size of 0.93 Å on images. The defocus range was set

from −0.8 to −1.5 μm. Each micrograph was dose-fractionated to 40 frames under a dose rate

of 8 e− per pixel per second, with a total exposure time of 8 s for apo-form (or 6 s for its com-

plexes), resulting in a total dose of ~64 e− Å−2 for AasS alone, and 52 e− Å−2 for the complexes.

As for automatic data acquisition, a Serial EM software used for the apo-AasS version [91],

and a smart EPU software [92] was applied for the two complexes.

Image processing, 3D reconstructions, model building and refinement

Three sets of micrograph datasets we collected were subjected to automatic single particle

cryo-EM analysis with RELION 4.0 [93], which were followed by the beam-induced motion

correction with MotionCor2 [94]. Notably, Contrast Transfer Function (CTF) parameter were

settled with Gctf v1.18 [95] to assure the validation of data correction. Next, AasS protein par-

ticles auto-picked using Gautomatch v0.56 (Kai Zhang, MRC Laboratory of Molecular Biol-

ogy), were imported into cryoSAPRC3.3.1 [96] for 2D classification and two rounds of 3D

classification. In general, a subset of qualified particles was imported back to RELION 4.0 [96],

subjected to Bayesian polishing, and brought back to cryoSAPRC3.3.1 [96] for final recon-

struction with Non-uniform refinement.

As expected, three sets of high-resolution cryo-EM maps were produced. In brief, (i) 2329

micrographs of AasS alone gave a total of 1,040,351 particles, of which the good subset (i.e.,

334,713 particles) generated a final map at the global resolution of 2.53 Å (S5 Fig); (ii)

1,160,261 particles auto-picked from 3058 micrographs of C10-AMS-liganded AasS form,

enabled us to build a good subset of 212,195 particles, leading to a high-resolution map at 2.33

Å (S9 Fig); and (iii) as for the AasS complexed with C10-AMP intermediate, 3339 micrographs

we harvested, returned a total of 1,737,985 particles, of which 602,383 particles as a good

subset allowed a map at the global resolution of 2.19 Å (S7 Fig).

Next, de novo atomic model of AasS alone was initially built in Coot [97], based on its 2.53

Å cryo-EM map. The resultant model of apo-formed AasS acted as a template enabled further

solving the models of C10-AMP-bound AasS and its inhibitor-liganded form. Finally, struc-

ture models we obtained, were refined in PHENIX against cryo-EM maps for real-space

refinement (Table 1), and all-atomically validated with the software of MolProbity [98].

Supporting information

S1 Table. Bacterial strains and plasmids used in this study.

(DOCX)

S2 Table. Primers used in this study. *The bold letters represent the codons dedicated to cer-

tain mutation, and the underlined letters denoted restriction sites.

(DOCX)

S1 Fig. The order of C10-AMS addition affects its inhibitory efficacy on AasS activity. A.

Cartoon model of two opposite conformational states for AasS catalysis. Unlike the “open”

conformation of AasS liganded with C10 substrate or C10-AMP intermediate, a “closed”
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conformation was observed for AasS upon binding an inhibitor of C10-AMS. The small

domain of AasS_C was indicated with a pearl-shape colored orange, and the large domain of

AasS_N was given with a bitten apple colored purple. The three small molecules are shown in

a model of sticks. Like the C10 substrate, C10-AMP intermediate was colored green. Whereas

the C10-AMS inhibitor was highlighted in magenta. B. Use of conformationally-sensitive gel

to assay altered activity of AasS with C10 fatty acid substrate, followed by the addition of

C10-AMS inhibitor. C. Evaluation of decreased activity of AasS with C10 substrate, simulta-

neously incubated with the varied level of C10-AMS inhibitor. D. Visualization for an inter-

fered C10 acylation of holo-ACP by the AasS enzyme pre-incubated with the C10-AMS

inhibitor. E. Semi-quantitative curves demonstrated that the addition order of C10-AMS vs

C10 substrate might affect the inhibitory efficacy. The enzymatic reaction system (50 μl) was

consisted of (i) 3 nM of AasS, (ii) 3 μg of holo-ACP acceptor, and (iii) 80 μM of C10 substrate.

The level of C10-AMS inhibitor was added in a series of 2-fold dilution (varying from

0.78 μM, 1.57 μM, . . ., to 25 mΜ, panels B-E). The 0.5 M urea/17.5% PAGE (pH9.5) was uti-

lized to separate C10-acylated ACP from its acceptor holo-ACP (panels B-D). As described for

E-C7 fatty acylation in Fig 4C, the ImageJ software was also applied to quantitate the relative

activity (%) of C10 fatty acylation in AasS reaction. The graphs were plotted from three inde-

pendent experiments, and the output was presented in average ± SD. Designations: the symbol

“—” denotes no addition of C10-AMS inhibitor; The top triangle on right hand represents the

addition of C10-AMS at varied level.

(TIF)

S2 Fig. Use of Michaelis-Menten curves to evaluate inhibition mode of AasS by the

C10-AMS molecule. Michaelis-Menten curves of AasS reaction for the ATP cofactor (A) and

C10 acyl substrate (C), on the condition of C10-AMS inhibitor supplemented at varied con-

centrations. C10-AMS was added at different level (ranging from 0, 125, 250, to 500 nM).

Based on the dogma of Michaelis-Menten equation, a number of crosspoints of two vertically-

intersecting dashed-lines (indicated with arrows) were given to determine the values of Km

and Vmax. Of note, the coordinate (x,y) of the resultant crosspoint denotes the number (Km,

Vmax /2). The values of Km and Vmax for AasS inhibited by C10-AMS in relative to ATP

cofactor (B) and C10 substrate (D). The decline tendency of both Km and Vmax suggested

that C10-AMS inhibitor exerts effects on AasS action in the mixed mode. Designations: Km,

Michaelis constant; Vmax, Maximum velocity.

(TIF)

S3 Fig. ITC-based evidence that two dicarboxylic acids (pimelic acid and malic acid) can-

not bind to the AasS enzyme. A. The ITC measurement revealed no binding of AasS to the

dicarboxylic acid, pimelic acid. B. The ITC analysis for the other dicarboxylic acid of malic

acid without an ability of binding the AasS enzyme. The inside chemical molecules separately

refer to pimelic acid (panel A), and malic acid (panel B). Notably, unlike pimelic acid, malic

acid is a dicarboxylic acid with an α-positional hydroxyl modification (colored magenta). Des-

ignations: ITC, Isothermal titration calorimetry; N, Stoichiometry; Kd, dissociation constant;

DP, differential power; ΔH, enthalpy.

(TIF)

S4 Fig. AasS cannot utilize the two dicarboxylic acids (pimelic acid and malic acid) in vitro

and in vivo. A. In contrast to E-C7 substrate, the two dicarboxylic acids of pimelic acid and

malic acid are inactive with AasS enzyme. The conformationally-sensitive gel of 0.5 M urea/

17.5% PAGE (pH9.5) was applied to separate fatty acylated ACP from its acceptor holo-ACP

(panel A). B. Failure of AasS-based biotin bypass for the biotin auxotroph ΔbioC when grown
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on the M9 defined medium with pimelic acid as sole carbon source. C. Expression of AasS can-

not bypass biotin requirement of the biotin auxotroph ΔbioC on the condition of malic acid as

sole carbon source. Three different fatty acids tested here include (i) mono-ethyl pimelic acid

(E-C7), (ii) malic acid, and (iii) pimelic acid (panels B&C). The biotin-deficient M9 minimum

medium that contained varied fatty acids as sole carbon source was applied to evaluate sub-

strate specificity of AasS in the context of bacterial growth of the biotin auxotroph of E. coli
ΔbioC strain.

(TIF)

S5 Fig. Image-processing flowchart for apo-AasS. A. Cryo-EM images of apo-AasS protein.

B. 2D classification of negatively-stained sample of AasS in apo-form. C. Image processing

flowchart for the collection of apo-AasS data. D. The Fourier shell correlation (FSC) curve dis-

plays a final resolution of 2.53 Å for apo-AasS. E. Distribution of local resolution for apo-AasS

density map in various views.

(TIF)

S6 Fig. Overall structure of AasS enzyme in apo-form. A. Cryo-EM structure of apo-AasS

hexamer in ribbon form. B. Surface structure of apo-AasS hexamer. The apo-form of AasS

hexamer (150 x 140 x 80 Å) essentially acts as a trimer of dimers, of which monomeric unit

(AasS/AasS’) is orderly numbered from I, II, . . ., to VI. The dimer interface was indicated with

a red arrow, and the trimer interface was highlighted with a blue arrow. The top view (150 x

140 Å) was given in upper panel. Following the rotation of 90˚ counter-clockwise, its front

view (150 x 80 Å) was presented in bottom panel. The AasS_C/AasS’-C domain was colored

hot-pink or chartreuse, and the AasS_N/AasS’-N domain was displayed in purple or light-

orange.

(TIF)

S7 Fig. Image-processing flowchart for AasS bound by an intermediate C10-AMP. A.

Cryo-EM images of protein AasS accompanied by C10-AMP adenylate. B. Selected class aver-

ages from 2D classification of C10-AMP-liganded AasS enzyme. C. Image processing flow-

chart for AasS liganded with C10-AMP intermediate. D. Fourier shell correlation (FSC) curve

reveals a final resolution of 2.19 Å for AasS/C10-AMP complex. Notably, the gold standard

FSC is equal to 0.143. E. Distribution of local resolution for the AasS/C10-AMP complex den-

sity map in various views.

(TIF)

S8 Fig. Overall architecture of AasS liganded with an intermediate of C10-AMP adenylate.

A. Ribbon structure of AasS accompanied by the C10-AMP intermediate. B. Surface presenta-

tion of AasS liganded with the C10-AMP adenylate. Regardless of binding to the ligand,

C10-AMP adenylate, AasS constantly forms a hexamer, i.e., a trimer of dimers (150 x 140 x 80

Å). The monomeric unit AasS/AasS’ is sequentially numbered from I, II, . . ., to VI. Unlike the

dimer interface that is indicated with a brown arrow, the trimer interface was shown with a

blue arrow. The rotation of 90˚ counter-clockwise allowed the conversion of AasS from its top

view (150 x 140 Å, in upper panel) to the front view (150 x 80 Å, in bottom panel). The

AasS_C/AasS’_C domain was colored lime-green or grey, and the AasS_N/AasS’_N domain

was displayed in cyan or hot-pink.

(TIF)

S9 Fig. Image-processing flowchart for AasS liganded with the C10-AMS inhibitor. A. A

representative of cryo-EM images from the protein AasS complexed with C10-AMS inhibitor.

B. Selected class averages from 2D classification of AasS/C10-AMS complex. C. Image
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processing flowchart for the AasS/C10-AMS complex. D. Combined with the gold standard

FSC of 0.143, the analysis of fourier shell correlation (FSC) curve enabled an assignment of

AasS/C10-AMS inhibitor complex with a final resolution of 2.33 Å. E. Local resolution distri-

bution of density map of AasS/C10-AMS complex in different views.

(TIF)

S10 Fig. Structural comparison of various AasS complexes in distinct conformations. A-B.

Structural alignment of C10-AMP adenylate-bound AasS with its apo-form. The AasS_C

domain is colored pink or magenta, and both are in an ‘open’ orientation. C-D. Structural

superposition of the C10-AMS inhibitor-liganded AasS with its substrate M-C7-ACP complex.

The AasS_C domain is colored gold or yellow, and both are in a ‘closed’ orientation. The ACP

is colored lime-green. E-F. Structural comparison of AasS/C10-AMS inhibitor to its interme-

diate adenylate complex. The AasS_C domain (in gold) arising from AasS/C10-AMS complex

presents a ‘closed’ conformation. Whereas the counterpart (in magenta) of AasS/C10-AMP

complex gives an ‘open’ conformation. G. Side-by-side view of the AasS_C domain of

C10-AMS-bound AasS in comparison to its form liganded with an intermediate C10-ATP.

The same β-strand and α-helix in the two AasS_C domains were highlighted in magenta to

show the 140˚ rotation.

(TIF)

S11 Fig. Cryo-EM densities for two ligands, C10-AMP adenylate and its analog C10-AMS.

A. Cryo-EM density (blue mesh) for the C10-AMP adenylate from AasS complexed with its

reaction intermediate (PDB: 8JYU, 2.3 Å). B. Cryo-EM density of the C10-AMS inhibitor

bound by AasS enzyme (8JYL, 2.5 Å). The two well-resolved ligands (i.e., C10-AMP and

C10-AMS) were contoured at 2σ, and displayed as sticks. Additionally, magnesium ions were

shown as green spheres.

(TIF)

S12 Fig. Purification and verification of the AasS enzyme and its three mutants. A. SEC

analysis of AasS and three mutated versions. The SEC profile of AasS eluted at the position of

~11.73 ml suggested that all the three mutants retain the solution structure of hexamer. In

addition to WT, the three AasS mutants included D411A, R426A, and K432A, respectively. B.

SDS-PAGE (12%) profile of the purified AasS derivatives. The AasS protein of ~65 kDa was

highlighted with an arrow. Abbreviations: SEC, Size exclusion chromatography; kDa, kilo-Dal-

ton; M, protein marker.

(TIF)

S13 Fig. MST-based evidence that the AasS(D411A) mutant cannot bind to C10 fatty acyl

substrate. A. MST assays suggested efficient binding of C10 acyl adenylate by the wild-type

AasS enzyme. B. The alanine substitution of D411A rendered AasS enzyme to lose its ability of

binding C10 acyl adenylate in the MST experiments. The data was presented in mean ± SD (n,

3 independent trials). The data generally agreed with the conclusion by our ITC analyses.

Abbreviations: MST, Microscale thermophoresis; ΔFnorm, the difference in normalized fluores-

cence against the concentration of its non-fluorescent ligand molecule.

(TIF)

S1 Data. Source data for Figs 2E, 2G, 3B, 3C, 4C and 7E.

(XLSX)

S2 Data. Source data for S1E, S2A, S2C, S3A, S3B, S12A, S13A and S13B Figs.

(XLSX)

PLOS PATHOGENS Inhibitory mechanism of AasS by C10-AMS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012376 July 15, 2024 22 / 28

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012376.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012376.s013
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012376.s014
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012376.s015
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012376.s016
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012376.s017
https://doi.org/10.1371/journal.ppat.1012376


Acknowledgments

We would like to thank Dr. Lingyun Wu in the Center of Cryo-Electron Microscopy (CCEM),

Zhejiang University for technical assistance on AasS Cryo-EM data collection.

Author Contributions

Conceptualization: Youjun Feng.

Data curation: Haomin Huang, Shenghai Chang, Youjun Feng.

Formal analysis: Tao Cui, Huimin Zhang, Ting Lu, Xing Zhang, Chun Zhou, Youjun Feng.

Funding acquisition: Youjun Feng.

Investigation: Youjun Feng.

Methodology: Haomin Huang, Shenghai Chang, Chun Zhou, Youjun Feng.

Project administration: Youjun Feng.

Resources: Tao Cui, Man Huang, Jiuxin Qu, Huimin Zhang, Ting Lu, Youjun Feng.

Software: Shenghai Chang, Tao Cui, Jiuxin Qu, Xing Zhang, Chun Zhou, Youjun Feng.

Supervision: Youjun Feng.

Validation: Shenghai Chang, Tao Cui, Man Huang, Huimin Zhang, Ting Lu, Xing Zhang,

Chun Zhou, Youjun Feng.

Visualization: Man Huang, Jiuxin Qu, Xing Zhang, Youjun Feng.

Writing – original draft: Chun Zhou, Youjun Feng.

Writing – review & editing: Youjun Feng.

References
1. O’Neil J. Antimicrobial resistance: Tackling a crisis for the health and wealth of nations. Review on Anti-

microbial Resistance. 2014.

2. Antimicrobial Resistance C. Global burden of bacterial antimicrobial resistance in 2019: a systematic

analysis. Lancet. 2022; 399(10325):629–55. Epub 2022/01/24. https://doi.org/10.1016/S0140-6736(21)

02724-0 PMID: 35065702; PubMed Central PMCID: PMC8841637.

3. de Kraker ME, Stewardson AJ, Harbarth S. Will 10 million people die a year due to antimicrobial resis-

tance by 2050? PLoS Med. 2016; 13(11):e1002184. Epub 2016/11/30. https://doi.org/10.1371/journal.

pmed.1002184 PMID: 27898664; PubMed Central PMCID: PMC5127510.

4. Walia K, Mendelson M, Kang G, Venkatasubramanian R, Sinha R, Vijay S, et al. How can lessons from

the COVID-19 pandemic enhance antimicrobial resistance surveillance and stewardship? Lancet Infect

Dis. 2023; 23(8):e301–e9. Epub 2023/06/09. https://doi.org/10.1016/S1473-3099(23)00124-X PMID:

37290476.

5. WHO. Health and economic impacts of antimicrobial resistance in the Western Pacific Region, 2020–

2030. 2023:https://www.who.int/publications/i/item/9789290620112.

6. Zhang XH, He X, Austin B. Vibrio harveyi: a serious pathogen of fish and invertebrates in mariculture.

Mar Life Sci Technol. 2020; 2(3):231–45. Epub 2020/05/19. https://doi.org/10.1007/s42995-020-00037-

z PMID: 32419972; PubMed Central PMCID: PMC7223180.

7. Wang R, Lin X, Zha G, Wang J, Huang W, Wang J, et al. Mechanism of enrofloxacin-induced multidrug

resistance in the pathogenic Vibrio harveyi from diseased abalones. Sci Total Environ. 2022;

830:154738. Epub 2022/03/26. https://doi.org/10.1016/j.scitotenv.2022.154738 PMID: 35331762.

8. De Silva L, Wickramanayake M, Heo GJ. Occurrence of virulence and antimicrobial resistance determi-

nants in Vibrio harveyi isolated from marine food fish cultured in Korea. Microb Drug Resist. 2022; 28

(2):255–65. Epub 2021/09/28. https://doi.org/10.1089/mdr.2020.0618 PMID: 34569863.

9. De Mesa CA, Mendoza RM, Penir SMU, de la Pena LD, Amar EC, Saloma CP. Genomic analysis of

Vibrio harveyi strain PH1009, a potential multi-drug resistant pathogen due to acquisition of toxin

PLOS PATHOGENS Inhibitory mechanism of AasS by C10-AMS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012376 July 15, 2024 23 / 28

https://doi.org/10.1016/S0140-6736%2821%2902724-0
https://doi.org/10.1016/S0140-6736%2821%2902724-0
http://www.ncbi.nlm.nih.gov/pubmed/35065702
https://doi.org/10.1371/journal.pmed.1002184
https://doi.org/10.1371/journal.pmed.1002184
http://www.ncbi.nlm.nih.gov/pubmed/27898664
https://doi.org/10.1016/S1473-3099%2823%2900124-X
http://www.ncbi.nlm.nih.gov/pubmed/37290476
https://www.who.int/publications/i/item/9789290620112
https://doi.org/10.1007/s42995-020-00037-z
https://doi.org/10.1007/s42995-020-00037-z
http://www.ncbi.nlm.nih.gov/pubmed/32419972
https://doi.org/10.1016/j.scitotenv.2022.154738
http://www.ncbi.nlm.nih.gov/pubmed/35331762
https://doi.org/10.1089/mdr.2020.0618
http://www.ncbi.nlm.nih.gov/pubmed/34569863
https://doi.org/10.1371/journal.ppat.1012376


genes. Heliyon. 2023; 9(4):e14926. Epub 2023/04/08. https://doi.org/10.1016/j.heliyon.2023.e14926

PMID: 37025802; PubMed Central PMCID: PMC10070647.

10. One Health High-Level Expert P, Adisasmito WB, Almuhairi S, Behravesh CB, Bilivogui P, Bukachi SA,

et al. One Health: A new definition for a sustainable and healthy future. PLoS Pathog. 2022; 18(6):

e1010537. Epub 2022/06/24. https://doi.org/10.1371/journal.ppat.1010537 PMID: 35737670; PubMed

Central PMCID: PMC9223325.

11. Radka CD, Rock CO. Mining fatty acid biosynthesis for new antimicrobials. Annu Rev Microbiol. 2022;

76:281–304. Epub 2022/06/02. https://doi.org/10.1146/annurev-micro-041320-110408 PMID:

35650664.

12. Yao J, Rock CO. How bacterial pathogens eat host lipids: implications for the development of fatty acid

synthesis therapeutics. J Biol Chem. 2015; 290(10):5940–6. Epub 2015/02/05. https://doi.org/10.1074/

jbc.R114.636241 PMID: 25648887; PubMed Central PMCID: PMC4358231.

13. Frank MW, Yao J, Batte JL, Gullett JM, Subramanian C, Rosch JW, et al. Host fatty acid utilization by

Staphylococcus aureus at the infection site. mBio. 2020; 11(3):e00920–20. Epub 2020/05/21. https://

doi.org/10.1128/mBio.00920-20 PMID: 32430471; PubMed Central PMCID: PMC7240157.

14. Price AC, Choi KH, Heath RJ, Li Z, White SW, Rock CO. Inhibition of beta-ketoacyl-acyl carrier protein

synthases by thiolactomycin and cerulenin. Structure and mechanism. J Biol Chem. 2001; 276

(9):6551–9. Epub 2000/10/26. https://doi.org/10.1074/jbc.M007101200 PMID: 11050088.

15. D’Agnolo G, Rosenfeld IS, Awaya J, Omura S, Vagelos PR. Inhibition of fatty acid synthesis by the anti-

biotic cerulenin. Specific inactivation of beta-ketoacyl-acyl carrier protein synthetase. Biochim Biophys

Acta. 1973; 326(2):155–6. Epub 1973/11/29. https://doi.org/10.1016/0005-2760(73)90241-5 PMID:

4587717.

16. Trajtenberg F, Altabe S, Larrieux N, Ficarra F, de Mendoza D, Buschiazzo A, et al. Structural insights

into bacterial resistance to cerulenin. FEBS J. 2014; 281(10):2324–38. Epub 2014/03/20. https://doi.

org/10.1111/febs.12785 PMID: 24641521.

17. Wang J, Soisson SM, Young K, Shoop W, Kodali S, Galgoci A, et al. Platensimycin is a selective FabF

inhibitor with potent antibiotic properties. Nature. 2006; 441(7091):358–61. Epub 2006/05/20. https://

doi.org/10.1038/nature04784 PMID: 16710421.

18. Wang J, Kodali S, Lee SH, Galgoci A, Painter R, Dorso K, et al. Discovery of platencin, a dual FabF and

FabH inhibitor with in vivo antibiotic properties. Proc Natl Acad Sci U S A. 2007; 104(18):7612–6. Epub

2007/04/26. https://doi.org/10.1073/pnas.0700746104 PMID: 17456595; PubMed Central PMCID:

PMC1863502.

19. Qiu X, Janson CA, Court RI, Smyth MG, Payne DJ, Abdel-Meguid SS. Molecular basis for triclosan

activity involves a flipping loop in the active site. Protein Sci. 1999; 8(11):2529–32. Epub 1999/12/14.

https://doi.org/10.1110/ps.8.11.2529 PMID: 10595560; PubMed Central PMCID: PMC2144207.

20. Levy CW, Roujeinikova A, Sedelnikova S, Baker PJ, Stuitje AR, Slabas AR, et al. Molecular basis of tri-

closan activity. Nature. 1999; 398(6726):383–4. Epub 1999/04/14. https://doi.org/10.1038/18803

PMID: 10201369.

21. McMurry LM, Oethinger M, Levy SB. Triclosan targets lipid synthesis. Nature. 1998; 394(6693):531–2.

Epub 1998/08/26. https://doi.org/10.1038/28970 PMID: 9707111.

22. Baldock C, Rafferty JB, Sedelnikova SE, Baker PJ, Stuitje AR, Slabas AR, et al. A mechanism of drug

action revealed by structural studies of enoyl reductase. Science. 1996; 274(5295):2107–10. Epub

1996/12/20. https://doi.org/10.1126/science.274.5295.2107 PMID: 8953047.

23. Karlowsky JA, Kaplan N, Hafkin B, Hoban DJ, Zhanel GG. AFN-1252, a FabI inhibitor, demonstrates a

Staphylococcus-specific spectrum of activity. Antimicrob Agents Chemother. 2009; 53(8):3544–8.

Epub 2009/06/03. https://doi.org/10.1128/AAC.00400-09 PMID: 19487444; PubMed Central PMCID:

PMC2715641.

24. Yao J, Rock CO. Exogenous fatty acid metabolism in bacteria. Biochimie. 2017; 141:30–9. Epub 2017/

07/03. https://doi.org/10.1016/j.biochi.2017.06.015 PMID: 28668270; PubMed Central PMCID:

PMC5665373.

25. Parsons JB, Broussard TC, Bose JL, Rosch JW, Jackson P, Subramanian C, et al. Identification of a

two-component fatty acid kinase responsible for host fatty acid incorporation by Staphylococcus aureus.

Proc Natl Acad Sci U S A. 2014; 111(29):10532–7. Epub 2014/07/09. https://doi.org/10.1073/pnas.

1408797111 PMID: 25002480; PubMed Central PMCID: PMC4115530.

26. Parsons JB, Frank MW, Jackson P, Subramanian C, Rock CO. Incorporation of extracellular fatty acids

by a fatty acid kinase-dependent pathway in Staphylococcus aureus. Mol Microbiol. 2014; 92(2):234–

45. Epub 2014/03/29. https://doi.org/10.1111/mmi.12556 PMID: 24673884; PubMed Central PMCID:

PMC4007170.

27. Gullett JM, Cuypers MG, Frank MW, White SW, Rock CO. A fatty acid-binding protein of Streptococcus

pneumoniae facilitates the acquisition of host polyunsaturated fatty acids. J Biol Chem. 2019; 294

PLOS PATHOGENS Inhibitory mechanism of AasS by C10-AMS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012376 July 15, 2024 24 / 28

https://doi.org/10.1016/j.heliyon.2023.e14926
http://www.ncbi.nlm.nih.gov/pubmed/37025802
https://doi.org/10.1371/journal.ppat.1010537
http://www.ncbi.nlm.nih.gov/pubmed/35737670
https://doi.org/10.1146/annurev-micro-041320-110408
http://www.ncbi.nlm.nih.gov/pubmed/35650664
https://doi.org/10.1074/jbc.R114.636241
https://doi.org/10.1074/jbc.R114.636241
http://www.ncbi.nlm.nih.gov/pubmed/25648887
https://doi.org/10.1128/mBio.00920-20
https://doi.org/10.1128/mBio.00920-20
http://www.ncbi.nlm.nih.gov/pubmed/32430471
https://doi.org/10.1074/jbc.M007101200
http://www.ncbi.nlm.nih.gov/pubmed/11050088
https://doi.org/10.1016/0005-2760%2873%2990241-5
http://www.ncbi.nlm.nih.gov/pubmed/4587717
https://doi.org/10.1111/febs.12785
https://doi.org/10.1111/febs.12785
http://www.ncbi.nlm.nih.gov/pubmed/24641521
https://doi.org/10.1038/nature04784
https://doi.org/10.1038/nature04784
http://www.ncbi.nlm.nih.gov/pubmed/16710421
https://doi.org/10.1073/pnas.0700746104
http://www.ncbi.nlm.nih.gov/pubmed/17456595
https://doi.org/10.1110/ps.8.11.2529
http://www.ncbi.nlm.nih.gov/pubmed/10595560
https://doi.org/10.1038/18803
http://www.ncbi.nlm.nih.gov/pubmed/10201369
https://doi.org/10.1038/28970
http://www.ncbi.nlm.nih.gov/pubmed/9707111
https://doi.org/10.1126/science.274.5295.2107
http://www.ncbi.nlm.nih.gov/pubmed/8953047
https://doi.org/10.1128/AAC.00400-09
http://www.ncbi.nlm.nih.gov/pubmed/19487444
https://doi.org/10.1016/j.biochi.2017.06.015
http://www.ncbi.nlm.nih.gov/pubmed/28668270
https://doi.org/10.1073/pnas.1408797111
https://doi.org/10.1073/pnas.1408797111
http://www.ncbi.nlm.nih.gov/pubmed/25002480
https://doi.org/10.1111/mmi.12556
http://www.ncbi.nlm.nih.gov/pubmed/24673884
https://doi.org/10.1371/journal.ppat.1012376


(44):16416–28. Epub 2019/09/19. https://doi.org/10.1074/jbc.RA119.010659 PMID: 31530637;

PubMed Central PMCID: PMC6827280.

28. Shi Y, Zang N, Lou N, Xu Y, Sun J, Huang M, et al. Structure and mechanism for streptococcal fatty

acid kinase (Fak) system dedicated to host fatty acid scavenging. Sci Adv. 2022; 8:eabq3944. https://

doi.org/10.1126/sciadv.abq3944 PMID: 36054360

29. Black PN, DiRusso CC, Metzger AK, Heimert TL. Cloning, sequencing, and expression of the fadD

gene of Escherichia coli encoding acyl coenzyme A synthetase. J Biol Chem. 1992; 267(35):25513–20.

Epub 1992/12/15. PMID: 1460045.

30. Ray TK, Cronan JE Jr., Activation of long chain fatty acids with acyl carrier protein: demonstration of a

new enzyme, acyl-acyl carrier protein synthetase in Escherichia coli. Proc Natl Acad Sci U S A. 1976;

73(12):4374–8. Epub 1976/12/01. https://doi.org/10.1073/pnas.73.12.4374 PubMed Central PMCID:

PMC431460. PMID: 794875

31. Rock CO, Cronan JE Jr., Solubilization, purification, and salt activation of acyl-acyl carrier protein syn-

thetase from Escherichia coli. J Biol Chem. 1979; 254(15):7116–22. Epub 1979/08/10. PubMed PMID:

378999.

32. Cooper CL, Hsu L, Jackowski S, Rock CO. 2-Acylglycerolphosphoethanolamine acyltransferase/acyl-

acyl carrier protein synthetase is a membrane-associated acyl carrier protein binding protein. J Biol

Chem. 1989; 264(13):7384–9. Epub 1989/05/05. PMID: 2540190.

33. Yao J, Dodson VJ, Frank MW, Rock CO. Chlamydia trachomatis scavenges host fatty acids for phos-

pholipid synthesis via an acyl-acyl carrier protein synthetase. J Biol Chem. 2015; 290(36):22163–73.

Epub 2015/07/22. https://doi.org/10.1074/jbc.M115.671008 PMID: 26195634; PubMed Central PMCID:

PMC4571967.

34. Brinster S, Lamberet G, Staels B, Trieu-Cuot P, Gruss A, Poyart C. Type II fatty acid synthesis is not a

suitable antibiotic target for Gram-positive pathogens. Nature. 2009; 458(7234):83–6. Epub 2009/03/

06. https://doi.org/10.1038/nature07772 PMID: 19262672.

35. Balemans W, Lounis N, Gilissen R, Guillemont J, Simmen K, Andries K, et al. Essentiality of FASII path-

way for Staphylococcus aureus. Nature. 2010; 463(7279):E3; discussion E4. Epub 2010/01/22. https://

doi.org/10.1038/nature08667 PMID: 20090698.

36. Parsons JB, Rock CO. Is bacterial fatty acid synthesis a valid target for antibacterial drug discovery?

Curr Opin Microbiol. 2011; 14(5):544–9. Epub 2011/08/25. https://doi.org/10.1016/j.mib.2011.07.029

PMID: 21862391; PubMed Central PMCID: PMC3193581.

37. Delekta PC, Shook JC, Lydic TA, Mulks MH, Hammer ND. Staphylococcus aureus utilizes host-derived

lipoprotein particles as sources of fatty acids. J Bacteriol. 2018; 200(11):e00728–17. Epub 2018/03/28.

https://doi.org/10.1128/JB.00728-17 PMID: 29581406; PubMed Central PMCID: PMC5952394.

38. Kenanian G, Morvan C, Weckel A, Pathania A, Anba-Mondoloni J, Halpern D, et al. Permissive fatty

acid incorporation promotes Staphylococcal adaptation to FASII antibiotics in host environments. Cell

Rep. 2019; 29(12):3974–82 e4. Epub 2019/12/19. https://doi.org/10.1016/j.celrep.2019.11.071 PMID:

31851927.

39. Morvan C, Halpern D, Kenanian G, Hays C, Anba-Mondoloni J, Brinster S, et al. Environmental fatty

acids enable emergence of infectious Staphylococcus aureus resistant to FASII-targeted antimicrobi-

als. Nat Commun. 2016; 7:12944. Epub 2016/10/06. https://doi.org/10.1038/ncomms12944 PMID:

27703138; PubMed Central PMCID: PMC5059476.

40. Gloux K, Guillemet M, Soler C, Morvan C, Halpern D, Pourcel C, et al. Clinical relevance of type II fatty

acid synthesis bypass in Staphylococcus aureus. Antimicrob Agents Chemother. 2017; 61(5):e02515–

16. Epub 2017/02/15. https://doi.org/10.1128/AAC.02515-16 PMID: 28193654; PubMed Central

PMCID: PMC5404599.

41. Morvan C, Halpern D, Kenanian G, Pathania A, Anba-Mondoloni J, Lamberet G, et al. The Staphylococ-

cus aureus FASII bypass escape route from FASII inhibitors. Biochimie. 2017; 141:40–6. Epub 2017/

07/22. https://doi.org/10.1016/j.biochi.2017.07.004 PMID: 28728970.

42. Pathania A, Anba-Mondoloni J, Gominet M, Halpern D, Dairou J, Dupont L, et al. (p)ppGpp/GTP and

malonyl-CoA modulate Staphylococcus aureus adaptation to FASII antibiotics and provide a basis for

synergistic Bi-therapy. mBio. 2021; 12(1):e03193–20. Epub 2021/02/04. https://doi.org/10.1128/mBio.

03193-20 PMID: 33531402; PubMed Central PMCID: PMC7858065.

43. Jackowski S, Jackson PD, Rock CO. Sequence and function of the aas gene in Escherichia coli. J Biol

Chem. 1994; 269(4):2921–8. Epub 1994/01/28. PMID: 8300626.

44. Fice D, Shen Z, Byers DM. Purification and characterization of fatty acyl-acyl carrier protein synthetase

from Vibrio harveyi. J Bacteriol. 1993; 175(7):1865–70. Epub 1993/04/01. https://doi.org/10.1128/jb.

175.7.1865–1870.1993 PMID: 8384617; PubMed Central PMCID: PMC204243.

PLOS PATHOGENS Inhibitory mechanism of AasS by C10-AMS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012376 July 15, 2024 25 / 28

https://doi.org/10.1074/jbc.RA119.010659
http://www.ncbi.nlm.nih.gov/pubmed/31530637
https://doi.org/10.1126/sciadv.abq3944
https://doi.org/10.1126/sciadv.abq3944
http://www.ncbi.nlm.nih.gov/pubmed/36054360
http://www.ncbi.nlm.nih.gov/pubmed/1460045
https://doi.org/10.1073/pnas.73.12.4374
http://www.ncbi.nlm.nih.gov/pubmed/794875
http://www.ncbi.nlm.nih.gov/pubmed/378999
http://www.ncbi.nlm.nih.gov/pubmed/2540190
https://doi.org/10.1074/jbc.M115.671008
http://www.ncbi.nlm.nih.gov/pubmed/26195634
https://doi.org/10.1038/nature07772
http://www.ncbi.nlm.nih.gov/pubmed/19262672
https://doi.org/10.1038/nature08667
https://doi.org/10.1038/nature08667
http://www.ncbi.nlm.nih.gov/pubmed/20090698
https://doi.org/10.1016/j.mib.2011.07.029
http://www.ncbi.nlm.nih.gov/pubmed/21862391
https://doi.org/10.1128/JB.00728-17
http://www.ncbi.nlm.nih.gov/pubmed/29581406
https://doi.org/10.1016/j.celrep.2019.11.071
http://www.ncbi.nlm.nih.gov/pubmed/31851927
https://doi.org/10.1038/ncomms12944
http://www.ncbi.nlm.nih.gov/pubmed/27703138
https://doi.org/10.1128/AAC.02515-16
http://www.ncbi.nlm.nih.gov/pubmed/28193654
https://doi.org/10.1016/j.biochi.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28728970
https://doi.org/10.1128/mBio.03193-20
https://doi.org/10.1128/mBio.03193-20
http://www.ncbi.nlm.nih.gov/pubmed/33531402
http://www.ncbi.nlm.nih.gov/pubmed/8300626
https://doi.org/10.1128/jb.175.7.1865%26%23x2013%3B1870.1993
https://doi.org/10.1128/jb.175.7.1865%26%23x2013%3B1870.1993
http://www.ncbi.nlm.nih.gov/pubmed/8384617
https://doi.org/10.1371/journal.ppat.1012376


45. Shen Z, Fice D, Byers DM. Preparation of fatty-acylated derivatives of acyl carrier protein using Vibrio

harveyi acyl-ACP synthetase. Anal Biochem. 1992; 204(1):34–9. Epub 1992/07/01. https://doi.org/10.

1016/0003-2697(92)90135-t PMID: 1514693.

46. Byers DM, Holmes CG. A soluble fatty acyl-acyl carrier protein synthetase from the bioluminescent bac-

terium Vibrio harveyi. Biochem Cell Biol. 1990; 68(7–8):1045–51. Epub 1990/07/01. https://doi.org/10.

1139/o90-154 PMID: 2223012.

47. Jiang Y, Morgan-Kiss RM, Campbell JW, Chan CH, Cronan JE. Expression of Vibrio harveyi acyl-ACP

synthetase allows efficient entry of exogenous fatty acids into the Escherichia coli fatty acid and lipid A

synthetic pathways. Biochemistry. 2010; 49(4):718–26. Epub 2009/12/24. https://doi.org/10.1021/

bi901890a PMID: 20028080; PubMed Central PMCID: PMC2888595.

48. Jiang Y, Chan CH, Cronan JE. The soluble acyl-acyl carrier protein synthetase of Vibrio harveyi B392 is

a member of the medium chain acyl-CoA synthetase family. Biochemistry. 2006; 45(33):10008–19.

Epub 2006/08/16. https://doi.org/10.1021/bi060842w PMID: 16906759.

49. Campopiano DJ. ACP-AasS you like it. Chem Biol. 2014; 21(10):1257–9. Epub 2014/11/07. https://doi.

org/10.1016/j.chembiol.2014.10.005 PMID: 25373341.

50. Beld J, Finzel K, Burkart MD. Versatility of acyl-acyl carrier protein synthetases. Chem Biol. 2014; 21

(10):1293–9. Epub 2014/10/14. https://doi.org/10.1016/j.chembiol.2014.08.015 PMID: 25308274;

PubMed Central PMCID: PMC4224610.

51. Xu Y, Yang J, Li W, Song S, Shi Y, Wu L, et al. Three enigmatic BioH isoenzymes are programmed in

the early stage of mycobacterial biotin synthesis, an attractive anti-TB drug target. PLoS Pathog. 2022;

18(7):e1010615. Epub 2022/07/12. https://doi.org/10.1371/journal.ppat.1010615 PMID: 35816546;

PubMed Central PMCID: PMC9302846.

52. von Berlepsch S, Kunz HH, Brodesser S, Fink P, Marin K, Flugge UI, et al. The acyl-acyl carrier protein

synthetase from Synechocystis sp. PCC 6803 mediates fatty acid import. Plant Physiol. 2012; 159

(2):606–17. Epub 2012/04/27. https://doi.org/10.1104/pp.112.195263 PMID: 22535424; PubMed Cen-

tral PMCID: PMC3375928.

53. Kaczmarzyk D, Fulda M. Fatty acid activation in cyanobacteria mediated by acyl-acyl carrier protein

synthetase enables fatty acid recycling. Plant Physiol. 2010; 152(3):1598–610. Epub 2010/01/12.

https://doi.org/10.1104/pp.109.148007 PMID: 20061450; PubMed Central PMCID: PMC2832271.

54. Kaczmarzyk D, Hudson EP, Fulda M. Arabidopsis acyl-acyl carrier protein synthetase AAE15 with

medium chain fatty acid specificity is functional in cyanobacteria. AMB Express. 2016; 6(1):7. Epub

2016/01/23. https://doi.org/10.1186/s13568-016-0178-z PMID: 26797881; PubMed Central PMCID:

PMC4722043.

55. Yao J, Bruhn DF, Frank MW, Lee RE, Rock CO. Activation of exogenous fatty acids to acyl-acyl carrier

protein cannot bypass FabI inhibition in Neisseria. J Biol Chem. 2016; 291(1):171–81. Epub 2015/11/

15. https://doi.org/10.1074/jbc.M115.699462 PMID: 26567338; PubMed Central PMCID:

PMC4697154.

56. Radka CD, Frank MW, Rock CO, Yao J. Fatty acid activation and utilization by Alistipes finegoldii, a rep-

resentative Bacteroidetes resident of the human gut microbiome. Mol Microbiol. 2020; 113(4):807–25.

Epub 2019/12/27. https://doi.org/10.1111/mmi.14445 PMID: 31876062; PubMed Central PMCID:

PMC7176543.

57. Hisanaga Y, Ago H, Nakagawa N, Hamada K, Ida K, Yamamoto M, et al. Structural basis of the sub-

strate-specific two-step catalysis of long chain fatty acyl-CoA synthetase dimer. J Biol Chem. 2004; 279

(30):31717–26. Epub 2004/05/18. https://doi.org/10.1074/jbc.M400100200 PMID: 15145952.

58. Huang H, Wang C, Chang S, Cui T, Xu Y, Huang M, et al. Structural and catalytic landscapes of exoge-

nous fatty acid (eFA) recycling by a versatile enzyme AasS. Nat Struc Mol Biol. 2024; In press.

59. Currie MF, Persaud DM, Rana NK, Platt AJ, Beld J, Jaremko KL. Synthesis of an acyl-acyl carrier pro-

tein synthetase inhibitor to study fatty acid recycling. Sci Rep. 2020; 10(1):17776. Epub 2020/10/22.

https://doi.org/10.1038/s41598-020-74731-4 PMID: 33082446; PubMed Central PMCID:

PMC7575536.

60. Todorinova M, J. B, Jaremko. A broad inhibitor of acyl-acyl carrier protein synthetases. Biochem Bio-

phys Rep. 2023; 35:101549. https://doi.org/10.1016/j.bbrep.2023.101549 PMID: 37771604

61. Cronan JE. The classical, yet controversial, first enzyme of lipid synthesis: Escherichia coli acetyl-CoA

carboxylase. Microbiol Mol Biol Rev. 2021; 85(3):e0003221. https://doi.org/10.1128/MMBR.00032-21

PMID: 34132100

62. Zhang L, Liu W, Xiao J, Hu T, Chen J, Chen K, et al. Malonyl-CoA: acyl carrier protein transacylase

from Helicobacter pylori: Crystal structure and its interaction with acyl carrier protein. Protein Sci. 2007;

16(6):1184–92. Epub 2007/05/26. https://doi.org/10.1110/ps.072757307 PMID: 17525466; PubMed

Central PMCID: PMC2206670.

PLOS PATHOGENS Inhibitory mechanism of AasS by C10-AMS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012376 July 15, 2024 26 / 28

https://doi.org/10.1016/0003-2697%2892%2990135-t
https://doi.org/10.1016/0003-2697%2892%2990135-t
http://www.ncbi.nlm.nih.gov/pubmed/1514693
https://doi.org/10.1139/o90-154
https://doi.org/10.1139/o90-154
http://www.ncbi.nlm.nih.gov/pubmed/2223012
https://doi.org/10.1021/bi901890a
https://doi.org/10.1021/bi901890a
http://www.ncbi.nlm.nih.gov/pubmed/20028080
https://doi.org/10.1021/bi060842w
http://www.ncbi.nlm.nih.gov/pubmed/16906759
https://doi.org/10.1016/j.chembiol.2014.10.005
https://doi.org/10.1016/j.chembiol.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25373341
https://doi.org/10.1016/j.chembiol.2014.08.015
http://www.ncbi.nlm.nih.gov/pubmed/25308274
https://doi.org/10.1371/journal.ppat.1010615
http://www.ncbi.nlm.nih.gov/pubmed/35816546
https://doi.org/10.1104/pp.112.195263
http://www.ncbi.nlm.nih.gov/pubmed/22535424
https://doi.org/10.1104/pp.109.148007
http://www.ncbi.nlm.nih.gov/pubmed/20061450
https://doi.org/10.1186/s13568-016-0178-z
http://www.ncbi.nlm.nih.gov/pubmed/26797881
https://doi.org/10.1074/jbc.M115.699462
http://www.ncbi.nlm.nih.gov/pubmed/26567338
https://doi.org/10.1111/mmi.14445
http://www.ncbi.nlm.nih.gov/pubmed/31876062
https://doi.org/10.1074/jbc.M400100200
http://www.ncbi.nlm.nih.gov/pubmed/15145952
https://doi.org/10.1038/s41598-020-74731-4
http://www.ncbi.nlm.nih.gov/pubmed/33082446
https://doi.org/10.1016/j.bbrep.2023.101549
http://www.ncbi.nlm.nih.gov/pubmed/37771604
https://doi.org/10.1128/MMBR.00032-21
http://www.ncbi.nlm.nih.gov/pubmed/34132100
https://doi.org/10.1110/ps.072757307
http://www.ncbi.nlm.nih.gov/pubmed/17525466
https://doi.org/10.1371/journal.ppat.1012376


63. Misson LE, Mindrebo JT, Davis TD, Patel A, McCammon JA, Noel JP, et al. Interfacial plasticity facili-

tates high reaction rate of E. coli FAS malonyl-CoA:ACP transacylase, FabD. Proc Natl Acad Sci U S A.

2020; 117(39):24224–33. Epub 2020/09/16. https://doi.org/10.1073/pnas.2009805117 PMID:

32929027; PubMed Central PMCID: PMC7533678.

64. Magnuson K, Oh W, Larson TJ, Cronan JE Jr., Cloning and nucleotide sequence of the fabD gene

encoding malonyl coenzyme A-acyl carrier protein transacylase of Escherichia coli. FEBS Lett. 1992;

299(3):262–6. Epub 1992/03/26. https://doi.org/10.1016/0014-5793(92)80128-4 PMID: 1339356.

65. Heath RJ, Rock CO. Inhibition of beta-ketoacyl-acyl carrier protein synthase III (FabH) by acyl-acyl car-

rier protein in Escherichia coli. J Biol Chem. 1996; 271(18):10996–1000. Epub 1996/05/03. https://doi.

org/10.1074/jbc.271.18.10996 PMID: 8631920.

66. Lai CY, Cronan JE. Beta-ketoacyl-acyl carrier protein synthase III (FabH) is essential for bacterial fatty

acid synthesis. J Biol Chem. 2003; 278(51):51494–503. Epub 2003/10/03. https://doi.org/10.1074/jbc.

M308638200 PMID: 14523010.

67. Tsay JT, Oh W, Larson TJ, Jackowski S, Rock CO. Isolation and characterization of the beta-ketoacyl-

acyl carrier protein synthase III gene (fabH) from Escherichia coli K-12. J Biol Chem. 1992; 267

(10):6807–14. Epub 1992/04/05. PMID: 1551888.

68. Rawlings M, Cronan JE Jr., The gene encoding Escherichia coli acyl carrier protein lies within a cluster

of fatty acid biosynthetic genes. J Biol Chem. 1992; 267(9):5751–4. Epub 1992/04/04. PMID: 1556094.

69. Hu Z, Ma J, Chen Y, Tong W, Zhu L, Wang H, et al. Escherichia coli FabG 3-ketoacyl-ACP reductase

proteins lacking the assigned catalytic triad residues are active enzymes. J Biol Chem. 2021;

296:100365. Epub 2021/02/06. https://doi.org/10.1016/j.jbc.2021.100365 PMID: 33545175; PubMed

Central PMCID: PMC7973133.

70. Kimber MS, Martin F, Lu Y, Houston S, Vedadi M, Dharamsi A, et al. The structure of (3R)-hydroxyacyl-

acyl carrier protein dehydratase (FabZ) from Pseudomonas aeruginosa. J Biol Chem. 2004; 279

(50):52593–602. Epub 2004/09/17. https://doi.org/10.1074/jbc.M408105200 PMID: 15371447.

71. Heath RJ, Rock CO. Roles of the FabA and FabZ beta-hydroxyacyl-acyl carrier protein dehydratases in

Escherichia coli fatty acid biosynthesis. J Biol Chem. 1996; 271(44):27795–801. Epub 1996/11/01.

https://doi.org/10.1074/jbc.271.44.27795 PMID: 8910376.

72. Dodge GJ, Patel A, Jaremko KL, McCammon JA, Smith JL, Burkart MD. Structural and dynamical ratio-

nale for fatty acid unsaturation in Escherichia coli. Proc Natl Acad Sci U S A. 2019; 116(14):6775–83.

Epub 2019/03/16. https://doi.org/10.1073/pnas.1818686116 PMID: 30872475; PubMed Central

PMCID: PMC6452729.

73. Heath RJ, Rock CO. Enoyl-acyl carrier protein reductase (fabI) plays a determinant role in completing

cycles of fatty acid elongation in Escherichia coli. J Biol Chem. 1995; 270(44):26538–42. Epub 1995/11/

03. https://doi.org/10.1074/jbc.270.44.26538 PMID: 7592873.

74. Bergler H, Wallner P, Ebeling A, Leitinger B, Fuchsbichler S, Aschauer H, et al. Protein EnvM is the

NADH-dependent enoyl-ACP reductase (FabI) of Escherichia coli. J Biol Chem. 1994; 269(8):5493–6.

Epub 1994/02/25. PMID: 8119879.

75. Baldock C, Rafferty JB, Stuitje AR, Slabas AR, Rice DW. The X-ray structure of Escherichia coli enoyl

reductase with bound NAD+ at 2.1A resolution. J Mol Biol. 1998; 284(5):1529–46. Epub 1999/01/08.

https://doi.org/10.1006/jmbi.1998.2271 PMID: 9878369.

76. Garwin JL, Klages AL, Cronan JE Jr., Structural, enzymatic, and genetic studies of beta-ketoacyl-acyl

carrier protein synthases I and II of Escherichia coli. J Biol Chem. 1980; 255(24):11949–56. Epub 1980/

12/25. PMID: 7002930.

77. Garwin JL, Klages AL, Cronan JE Jr., Beta-ketoacyl-acyl carrier protein synthase II of Escherichia coli.

Evidence for function in the thermal regulation of fatty acid synthesis. J Biol Chem. 1980; 255(8):3263–

5. Epub 1980/04/25. PMID: 6988423.

78. Broussard TC, Miller DJ, Jackson P, Nourse A, White SW, Rock CO. Biochemical roles for conserved

residues in the bacterial fatty acid-binding protein family. J Biol Chem. 2016; 291(12):6292–303. Epub

2016/01/18. https://doi.org/10.1074/jbc.M115.706820 PMID: 26774272; PubMed Central PMCID:

PMC4813577.

79. Lu YJ, Zhang YM, Grimes KD, Qi J, Lee RE, Rock CO. Acyl-phosphates initiate membrane phospho-

lipid synthesis in Gram-positive pathogens. Mol Cell. 2006; 23(5):765–72. Epub 2006/09/05. https://doi.

org/10.1016/j.molcel.2006.06.030 PMID: 16949372.

80. Zhang YM, Rock CO. Membrane lipid homeostasis in bacteria. Nat Rev Microbiol. 2008; 6(3):222–33.

Epub 2008/02/12. https://doi.org/10.1038/nrmicro1839 PMID: 18264115.

81. Matarlo JS, Evans CE, Sharma I, Lavaud LJ, Ngo SC, Shek R, et al. Mechanism of MenE inhibition by

acyl-adenylate analogues and discovery of novel antibacterial agents. Biochemistry. 2015; 54

(42):6514–24. Epub 2015/09/24. https://doi.org/10.1021/acs.biochem.5b00966 PMID: 26394156;

PubMed Central PMCID: PMC4624480.

PLOS PATHOGENS Inhibitory mechanism of AasS by C10-AMS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012376 July 15, 2024 27 / 28

https://doi.org/10.1073/pnas.2009805117
http://www.ncbi.nlm.nih.gov/pubmed/32929027
https://doi.org/10.1016/0014-5793%2892%2980128-4
http://www.ncbi.nlm.nih.gov/pubmed/1339356
https://doi.org/10.1074/jbc.271.18.10996
https://doi.org/10.1074/jbc.271.18.10996
http://www.ncbi.nlm.nih.gov/pubmed/8631920
https://doi.org/10.1074/jbc.M308638200
https://doi.org/10.1074/jbc.M308638200
http://www.ncbi.nlm.nih.gov/pubmed/14523010
http://www.ncbi.nlm.nih.gov/pubmed/1551888
http://www.ncbi.nlm.nih.gov/pubmed/1556094
https://doi.org/10.1016/j.jbc.2021.100365
http://www.ncbi.nlm.nih.gov/pubmed/33545175
https://doi.org/10.1074/jbc.M408105200
http://www.ncbi.nlm.nih.gov/pubmed/15371447
https://doi.org/10.1074/jbc.271.44.27795
http://www.ncbi.nlm.nih.gov/pubmed/8910376
https://doi.org/10.1073/pnas.1818686116
http://www.ncbi.nlm.nih.gov/pubmed/30872475
https://doi.org/10.1074/jbc.270.44.26538
http://www.ncbi.nlm.nih.gov/pubmed/7592873
http://www.ncbi.nlm.nih.gov/pubmed/8119879
https://doi.org/10.1006/jmbi.1998.2271
http://www.ncbi.nlm.nih.gov/pubmed/9878369
http://www.ncbi.nlm.nih.gov/pubmed/7002930
http://www.ncbi.nlm.nih.gov/pubmed/6988423
https://doi.org/10.1074/jbc.M115.706820
http://www.ncbi.nlm.nih.gov/pubmed/26774272
https://doi.org/10.1016/j.molcel.2006.06.030
https://doi.org/10.1016/j.molcel.2006.06.030
http://www.ncbi.nlm.nih.gov/pubmed/16949372
https://doi.org/10.1038/nrmicro1839
http://www.ncbi.nlm.nih.gov/pubmed/18264115
https://doi.org/10.1021/acs.biochem.5b00966
http://www.ncbi.nlm.nih.gov/pubmed/26394156
https://doi.org/10.1371/journal.ppat.1012376


82. Tian Y, Suk DH, Cai F, Crich D, Mesecar AD. Bacillus anthracis o-succinylbenzoyl-CoA synthetase:

reaction kinetics and a novel inhibitor mimicking its reaction intermediate. Biochemistry. 2008; 47

(47):12434–47. Epub 2008/11/01. https://doi.org/10.1021/bi801311d PMID: 18973344; PubMed Cen-

tral PMCID: PMC2710618.

83. Lin S, Hanson RE, Cronan JE. Biotin synthesis begins by hijacking the fatty acid synthetic pathway. Nat

Chem Biol. 2010; 6(9):682–8. Epub 2010/08/10. https://doi.org/10.1038/nchembio.420 PMID:

20693992; PubMed Central PMCID: PMC2925990.

84. Lin S, Cronan JE. The BioC O-methyltransferase catalyzes methyl esterification of malonyl-acyl carrier

protein, an essential step in biotin synthesis. J Biol Chem. 2012; 287(44):37010–20. Epub 2012/09/12.

https://doi.org/10.1074/jbc.M112.410290 PMID: 22965231; PubMed Central PMCID: PMC3481302.

85. Schmelz S, Naismith JH. Adenylate-forming enzymes. Curr Opin Struct Biol. 2009; 19(6):666–71. Epub

2009/10/20. https://doi.org/10.1016/j.sbi.2009.09.004 PMID: 19836944; PubMed Central PMCID:

PMC3313645.

86. Zhang Z, Zhou R, Sauder JM, Tonge PJ, Burley SK, Swaminathan S. Structural and functional studies

of fatty acyl adenylate ligases from E. coli and L. pneumophila. J Mol Biol. 2011; 406(2):313–24. Epub

2010/12/28. https://doi.org/10.1016/j.jmb.2010.12.011 PMID: 21185305; PubMed Central PMCID:

PMC3040979.

87. Reger AS, Wu R, Dunaway-Mariano D, Gulick AM. Structural characterization of a 140 degrees domain

movement in the two-step reaction catalyzed by 4-chlorobenzoate:CoA ligase. Biochemistry. 2008; 47

(31):8016–25. Epub 2008/07/16. https://doi.org/10.1021/bi800696y PMID: 18620418; PubMed Central

PMCID: PMC2666193.

88. Parsons JB, Frank MW, Subramanian C, Saenkham P, Rock CO. Metabolic basis for the differential

susceptibility of Gram-positive pathogens to fatty acid synthesis inhibitors. Proc Natl Acad Sci U S A.

2011; 108(37):15378–83. Epub 2011/08/31. https://doi.org/10.1073/pnas.1109208108 PMID:

21876172; PubMed Central PMCID: PMC3174620.

89. Liu L, Lou N, Liang Q, Xiao W, Teng G, Ma J, et al. Chasing the landscape for intrahospital transmission

and evolution of hypervirulent carbapenem-resistant Klebsiella pneumoniae. Sci Bull (Beijing). 2023; 68

(23):3027–47. Epub 2023/11/11. https://doi.org/10.1016/j.scib.2023.10.038 PMID: 37949739.
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