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Abstract

Fatty acid biosynthesis is essential to life and represents one of the most conserved pathways in
Nature, preserving the same handful of chemical reactions over all species. Recent interest in the
molecular details of the de novo fatty acid synthase (FAS) has been heightened by demand for
renewable fuels and the emergence of multidrug resistant bacterial strains. Central to FAS is the
acyl carrier protein (ACP), a protein chaperone that shuttles the growing acyl chain between
catalytic enzymes within the FAS. Human efforts to alter fatty acid biosynthesis for oil
production, chemical feedstock or antimicrobial purposes has been met with limited success in
part due to a lack of detailed molecular information behind the ACP-partner protein interactions
inherent to the pathway. This review will focus on recently developed tools for the modification of
ACP and analysis of protein-protein interactions, such as mechanism-based crosslinking, and the
studies exploiting them. Discussion specific to each enzymatic domain focuses first on mechanism
and known inhibitors, followed by available structures and known interactions with ACP. While
significant unknowns remain, new understandings into the intricacies of FAS point to future
advances in manipulating this complex molecular factory.
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1. Overview of Fatty Acid Biosynthesis

The de novo fatty acid synthase (FAS) is ubiquitous in nature and critical for life. New
technologies have emerged to coincide with renewed interest in FAS because of recent
societal demands. One such demand is the sustainable production of hydrocarbon fuels and
feedstocks, due to dwindling supplies of easily accessible fossil fuels. As the central
metabolic foundry for hydrocarbon production in Nature, the FAS is seen by many as the
first target for engineering diverse hydrocarbon production via synthetic biology. Another
pressing concern is the need for new antibiotics. Enzymes within the FAS pathway offer
untapped targets for future inhibitor development, as the arms race against antibiotic
resistance requires new drugs against such linchpin targets. Luckily, tools for interrogating
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and engineering the FAS have emerged in recent years to help address bottlenecks in our
understanding. While significant work in the 20" century identified and investigated the
proteins involved in FAS, only recently has it become possible, through structural biology
combined with mechanistic probes and advanced kinetics, to interrogate discrete enzymes
during productive interactions. This review will focus on such new tools and progress to
date that will inform meaningful future developments.

As a very well-studied system, much of the work discussed in this review will focus on the
Escherichia coli FAS, with care taken to denote other organisms as necessary. A thorough
understanding of FASs will allow for new engineering and exploitation, and many of the
tools discussed here should also prove useful in the study of FAS-related secondary
metabolites from polyketide synthases (PKS). PKSs are beyond the scope of this review, and
we refer to recent reviews from Khosla and Keatinge-Clay.[1~7]

Fatty acid biosynthesis (FAB) is an iterative series of enzyme reactions (Figure 1a) in which
an acyl chain is extended by two carbon units with each cycle. Initiation occurs when an
acyl carrier protein (ACP) is charged with a two-carbon starting unit by a transacylase. A
ketosynthase (KS) elongates the chain by two carbons via decarboxylative addition using
malonyl-ACP as a substrate. The resulting ketone is reduced to an (R)-alcohol by a
ketoreductase (KR), which is then eliminated to a trans-alkene by a dehydratase (DH). A
final reduction step by an enoyl reductase (ER) yields an elongated acyl chain, which can
then be subjected to the same cycle again until the desired chain length is reached.
Termination is achieved via chain release by either a thioesterase (TE) or chain transfer by
an acyl transferase (AT) for incorporation into fats, lipids and other metabolites.

FASs are classified into two categories, type | and type Il (Figure 1b). Type | FAS systems
use large, multidomain proteins arranged into a single complex such that a tethered ACP can
access all required active sites for iteration and synthesis. Type | FAS complexes are
common in animals and fungi. For example, the fungal type | FAS is encoded by two genes
that assemble as a agB® heterododecamer reaching 2.6 MDa (PDB: 2UVB, 2UVC).[8] The
mammalian type | FAS expresses as a single protein and assembles as a homodimer of 540
kDa (PDB: 2VvZ8).[°]

In contrast, type Il FASs employ many single domains expressed as discrete proteins in the
cytosol. Type Il FASs are common in bacteria and eukaryotic organelles, notably
chloroplast and mitochondria. Large amounts of FAS proteins are observed in type Il
systems, with the central and well-characterized E. coli ACPI1%] comprising up to 0.25% of
soluble protein during logarithmic growth.[12] The ACP shuttles the growing chain through
each step of the elongation cycle and must find the correct reaction partners in the crowded
cytosol. This necessitates multiple, low affinity protein-protein interactions, involving over
30 partners once regulatory and other primary and secondary metabolic interactions are
considered.[12.13]

FAB in archaea is largely uncharacterized, and its existence is controversial due to archaeal
membrane phospholipids lacking fatty acids.[*4] In 2012, homologs of components of
bacterial FAS Il were found in the archaeal genome, with the exception of ACP, suggesting
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the possibility of ACP-independent FAB.[15] In 2014, archaeal fatty acid biosynthesis was
proposed to be performed by bacterial-type enzymes of fatty acid f-oxidation and an
enzyme from the mevalonate biosynthesis pathway.[16]

2. The Acyl Carrier Protein — An Extended Toolkit

Due to ACP's central position in FAB, consideration of ACP-partner protein interactions is a
critical component of contemporary studies of FASs. New tools to examine and modify
ACPs have been developed to facilitate this over the past decade.

Classically, ACPs are small (~9 kDa) a-helical proteins. When part of a type |
megasynthase, the ACP domain is attached by flexible N- and C-terminal peptide linkers
allowing it to sample reaction partners for FAB. Computational work has suggested that the
ACP's motion is stochastic in type | FASs.[17] Discrete type 11 ACPs must travel through the
cytosol in bacteria to find reaction partners. The ACP is expressed as an inactive apo-ACP,
which is known to be cytotoxic in E. coli.[18] Activation by post-translational attachment of
a CoA-derived 4’-phosphopantetheine (PPant) to a conserved serine (Ser36 in E. coli) yields
holo-ACP (Figure 2b). FAB occurs using thioester-linked intermediates attached to the
terminal thiol of the PPant arm, forming acyl-ACP. Termination of FAS by TE or AT
activity regenerates holo-ACP.

Type I ACPs sequester the growing chain within a hydrophobic pocket formed in the core
of the helical bundle which expands based on the acyl chain length.[1] Sequestration has
been proposed to shape ACP for subsequent protein-protein interactions, define substrate
length, and/or protect the labile thioester bond from hydrolytic cleavage.[20-21] Recent work
exploiting solvatochromic probes!22] and vibrational probes[23] appended to the PPant arm
of ACPs have allowed direct observation of both sequestered and non-sequestered
microstates. Type | ACPs are not thought to sequester, as observed by a lack of structural
perturbations by NMR of the excised ACP[24] and solvatochromic probes.[22] Other studies
have revealed that the structure of the ACP is modulated by its acylation state, including gel
shifts observed by conformationally sensitive polyacrylamide gel electrophoresis[2>26] and
resonance shifts observed by NMR.[2728]

Observation of sequestration poses several intriguing questions. Are ACP-partner
interactions stochastic, or does ACP communicate its cargo's status? Some studies have
suggested cargo-mediated minor changes to the orientation of helix 11 may be involved(29],
but the importance of these small structural changes has not yet been thoroughly validated.
How does the ACP translocate the reactive chain to the partner protein? This process was
originally named the “switchblade mechanism” [3% but recently Cronan argued that “chain
flipping” (Figure 2a) may be a more accurate description, since no evidence of activated
release of the acyl chain has been observed.[31] Do structural changes to the ACP, when
sequestering elongated intermediates, signal for TE or AT release of the fatty acid?
Evidence has shown that a fully elongated acyl-ACP maintains a hairpin-like structure of the
acyl chain[32] that the TE may recognize.

In Nature, the ACP is post-translationally modified from apo- to holo- form by the enzyme
phosphopantetheinyl transferase (PPTase). A timely review discussed this class of enzymes
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in great detail,[33] and only a few key points will be mentioned here. PPTases utilize the
high-energy CoA as the substrate for transfer. Three different subfamilies of PPTases have
been observed. The AcpS (holo-ACP synthase) type PPTases activate type 1l FAS ACPs and
show very little promiscuity towards non-target ACPs.[34] In E. coli, AcpS is responsible for
activation of apo-ACP (Figure 2b). In contrast, Sfp type PPTases are highly promiscuous
and often used in conjunction with heterologous synthase expression.[3] Indeed,
heterologous expression of homogeneous holo-ACPs can be achieved by co-expressing
recombinant Sfp with recombinant ACP38], whereas without additional Sfp a mixture of
apo-ACP and holo-ACP is often expressed. The Sfp family is named for the archetypical B.
subtilis surfactin synthase activator. The third family is comprised of PPTases integrated in
type | fungal FAS megasynthases.

Generation of homogeneous apo-, holo-, acyl- and (unnatural cargo bearing) crypto-ACPs
has been critical to recent studies. Many new strategies have been employed to manipulate
the cargo attached to the ACP. Certain fatty acids can be directly ligated onto CoA using an
acyl-CoA ligase.[37] Once the acyl-CoA is prepared, addition of Sfp and apo-ACP generates
crypto-ACP. The primary limitation of this approach is the requirement of an acyl-CoA
ligase with activity for the desired fatty acid. Many studies of ligases are available[37-39],
with each ligase demonstrating substrate specificities. It also requires apo-ACP, which has
historically been challenging to obtain homogeneously. Finally, this method produces a
thioester, which can be beneficial in that it reflects the natural linkage but also suffers from
slow hydrolysis in solution. In long experiments, such as multidimensional NMR, such
hydrolysis may become detrimental.

Interest in generating CoA analogs without using acyl-CoA ligase led to the development of
a “one-pot” chemoenzymatic synthesis.[4041] Synthetically obtained pantetheine
analogs4243] can be converted to the corresponding CoA analogs by exploiting CoA
biosynthesis through the use of a pantothenate kinase, phosphopantetheine adenylyl
transferase and dephosphocoenzyme A kinase (CoaA, CoaD, and CoaE, respectively, in E.
coli).[44] Once prepared (isolated or in situ), the CoA analog can be loaded onto apo-ACP by
a PPTase, commonly Sfp (Figure 2b). Due to the inherent promiscuity shown by all of the
“one-pot” proteins, probes of varying size and functionality, including fluorescent
molecules, intermediate analogs and activity-based warhead moieties, can be loaded onto the
ACP for visualization, isolation, functional and structural studies. Additionally, pantetheine
probes with an amide or oxoester linkage to replace the natural thioester linkage can be
loaded onto apo-ACP as a means of preventing slow hydrolysis in solution. The *“one-pot”
approach greatly broadens the scope of loadable substrates, but its application depends upon
access to homogenous apo-ACP.

In E. coli, the ratio of apo- to holo- ACP is thought to offer regulatory control of the
FAS.[18] The small protein ACP hydrolase/phosphodiesterase (AcpH) is responsible for
cleaving 4’-PPant from holo-ACP to generate apo-ACP.[4%] Since its discovery in the 1960s,
AcpH has been scarcely used in vitro due to its poor stability characteristics, although it was
observed to be very active.[4¢] In the past, a thiol-sepharose resin had been principally used
to separate holo-ACP away from apo-ACP through formation of a disulfide bond, but this
method suffered from the loss of large quantities of protein and was only possible with
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proteins lacking surface cysteine residues.[4] The use of a partially active AcpS mutant in

E. coli has also been successfully leveraged for the overexpression of mostly apo-ACP.[18]
Recently, the Pseudomonas aeruginosa AcpH has been developed as a much more amenable
alternative to generate apo-ACP.[48] Both resin-attached and free protein techniques have
been developed, allowing for the preparation of large quantities of apo-ACP and the
recycling of high-value, isotopically enriched ACPs for NMR use.[49:50] Reversible tagging
has also allowed for quantitative “apo-fication” of holo- and crypto-ACPs, yielding
homogenous apo-ACP for further modification (Figure 2b).

Due to their transient nature, ACP-partner protein interactions are difficult to directly
observe. In an attempt to trap this interaction, we developed crosslinking probes by
leveraging mechanism-based inhibitors incorporated into pantetheine analogs and attaching
them to ACP with “one pot” methods. These mechanism-based crosslinkers covalently
attach ACP with a partner protein and have been developed for KS,[44:51] DH,[52.53] and
TED455] gactivities, allowing for crystallographic and NMR studies of these complexes.
These studies will be discussed in the subsequent sections.

Another ACP cargo-manipulating tool has experienced renewed interest, with applications
both invitro and in vivo. The acyl ACP synthetase (AasS) uses ATP to ligate fatty acids
directly onto holo-ACP (Figure 2b). The Vibrio harveyi AasS has been shown to load a
range of unique carboxylic acids, including acids with azide, alkyne and halogen
functionalities, onto holo-ACP in vitro. AasS allows simple, direct production of acyl- and
crypto-ACPs with the natural thioester linkage, although there are some substrate
limitations.[56] In E. coli, no cytosolic AasS activity has been observed, and exogenous fatty
acids can only be degraded or used as substrate for glycerophospholipid synthesis depending
on chain length. By heterologous expression in E. coli with a recombinant AasS,
exogenously supplied unique carboxylic acids of varying structures can be imported directly
into the FAS pathway and extended. This provides a new avenue to long chain terminally
modified carboxylic acids that can be synthetically inaccessible and a way to incorporate
unique moieties into FAS and lipid products. 8]

3. Structural Techniques for Studying the Protein-Protein Interactions of

the FAS

Both nuclear magnetic resonance (NMR) and X-ray crystallography have been used
extensively to study FAS, and the two techniques complement each other. Solution-phase
NMR is well equipped to study small, dynamic proteins in a buffered environment, though
line broadening inhibits the study of large complexes. Crystallography is well suited for
ordered proteins and complexes but dynamic proteins and flexible regions are not ideal.

Computational approaches include Molecular Dynamics (MD), docking, and longer
timescale Accelerated Molecular Dynamics (AMD) simulations. These approaches have
been exploited significantly in the last few years, as computational power has risen and
available structural information has grown. Microscopic techniques will be discussed
briefly.
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3.1. X-ray Studies and Techniques

X-ray crystallography is a well-established technique for visualization of proteins trapped in
a rigid crystal lattice. Crystallographic studies of FASs have yielded many structures of both
type | and type Il FAS proteins. Due to their connected domain architecture, only type | FAS
complexes have yielded crystal structures where most or all of the individual enzymes have
been visualized together, while type Il FAS enzyme structures have mostly been elucidated
individually.

Crystal structures of type | megasynthases include the homodimeric mammalian
“gingerbread-man” topology (Figure 1d) (PDB: 2VZ8)[°], the Thermomyces lanuginosus
fungal agfg heterododecamer “soccer ball”(PDB: 2UVB, 2UVC)I8] and the differently-
scaffolded Saccharomyces cerevisiae yeast fungal FAS (PDB: 2UV8)[30]. One critical
challenge for crystallographers studying FASs is the highly dynamic ACP. Indeed, in type |
structures these dynamic regions are not resolved, with the exception of the stalled ACP in
the S. cerevisiae structure.

Crystal structures of individual type 11 disparate proteins are available, and will be discussed
in the following sections. Currently, only one crosslinked protein crystal structure from a
native FAS pathway has been solved, demonstrating the ACP trapped during interaction
with a partner (Section 8.3).[57] Significant conformational changes of the ACP are well-
visualized in the crosslinked structure with FabA (4KEH) in which helix 1l and helix 111 are
bound by multiple salt bridges and hydrophobic interactions to allow chain translocation,
and the hydrophobic pocket has collapsed. As a tool, X-ray crystallography has provided
much of the key topological information about FASs, which will be discussed in the
subsequent sections (5-10).

3.2. NMR Studies and Techniques

NMR studies enable observation of the dynamics of proteins and can provide structural data
on portions of type | FAS that cannot be observed by crystallography. Full structural
determination by NMR is data and time intensive, while simpler techniques such as
chemical shift perturbation (CSP) analysis offer easily accessible but limited information.
CSP analysis allows identification of important residues in protein-protein or protein-ligand
interactions by simple experiments.[58:59]

Structures have been solved for a series of acylated ACPs from the spinach type Il FAS,
revealing that ACP could comfortably sequester ten carbons but no more, and the solvent
exposed hairpin formed by longer chains may be a recognition motif for thioesterase
activity.[32] Structural calculations and CSPs observed when comparing different reactive
intermediates during extension and reduction of C6-ACP to C8-ACP demonstrated very
little perturbation of helix Il and cargo-mediated changes to helix 111.12%] The type |
mammalian ACP, when truncated from the megasynthase, did not demonstrate CSPs when
comparing acylated and holo-ACP, suggesting type | ACPs do not sequester their cargo.[24]

Dynamics observations are useful for determining which portions of proteins are undergoing
motion on a given timescale. Fast timescale dynamics can be accessed by classical
relaxation experiments.[89] The application of the Lipari-Szabo Model-free approach[61.62]
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allows quantification of flexibility residue by residue as a generalized order parameter,
revealing significant flexibility of the loop near the post-translationally modified serine.[28]

3.3. Computational Studies and Other Techniques

Computational studies have yielded significant information about protein dynamics and
flexibility. Classic MD simulations and docking studies have been used to predict binding
and develop inhibitors. In addition to the fast-timescale dynamics mentioned above, slow
timescale dynamics are observable using Accelerated Molecular Dynamics (AMD).

MD simulations of acylated ACPs have explored the sequestration preference of the acyl-
ACP and the flexibility in the acyl conformations.[83] Simulations of the ACP within the
type | fungal FAS have revealed that the ACP's motion is likely stochastic in nature.[17]
Optimized by NMR observed Residual Dipolar Couplings[®46], which encode long
timescale motions (us-ms),[66:671 AMD treatment to compare the long-timescale dynamics
of acyl-ACP and crosslinked ACP-DH revealed significant losses in flexibility, suggesting
the interaction is well ordered.[7] Docking studies will be explored in the sections below, as
part of the analyses of individual domains.

Electron microscopy (EM) is an important tool that has been gaining popularity for the
visualization of type | FASs. Early work allowed observation of the mammalian type | FAS
and the two multidomain monomers, but in limited resolution.[®8] Recent breakthroughs
include Grininger's 6 A EM map of the fungal FASI%®] and mycobacterial type | FAS.[70]
EM offers a promising method for study of the FAS in a variety of states and conformation
that are expected become more prominent in the future.

3.4. Inhibitors

In the partner domain sections (5-10) inhibitors will be discussed in detail. The search for
exploitable drugs has been a primary driving force for inhibitor development in the 20th
century. Since FAB is essential for life, and humans and bacteria harbor different
machinery, FASs have been a major target of interest. However, given the importance of this
target and the sheer number of druggable activities, relatively few FAS-targeting drugs have
been developed. More numerous are known inhibitor probes that have been discovered,
often by accident, over the course of the last few decades.[”X] Mechanism-based “suicide”
inhibitors have recently become additionally important in the development of useful probes
for elucidation of structure-function relationships in FASs. Noncovalent inhibitors have
allowed the study of transient interactions important for enzyme kinetics and structural
studies. Protein conformational changes that occur upon inhibitor, cofactor and/or substrate
binding can be used together to study important structural, kinetic and thermodynamic
properties. We will highlight known inhibitors of each catalytic function in the following
sections.

4. FAS Partner Domains

Sections 5-10 will focus on 6 FAS domains (MCAT, KS, KR, DH, ER, and TE/AT). A brief
description of the enzyme will precede what is known about its catalytic mechanism,
inhibitors with mechanisms of action, and what is currently known about interactions with
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ACP. Tools for modifying ACP and tools for visualizing protein-protein interactions
described earlier will be emphasized as applicable for each domain. This review highlights
that while the mechanisms and activities of individual domains are now well understood,
individual domain interactions with the ACP remain the next important step for studying the
FAS.

5. Malonyl-CoA:ACP Transacylase (MCAT)

Malonyl-CoA:ACP transacylase (MCAT) catalyzes the transacylation of malonate from
malonyl CoA to holo-ACP, which is the first step towards fatty acyl chain elongation
(Figure 3a). MCAT is a serine a/p hydrolase, in which the active site serine first becomes
malonylated (Ser92 in E. coli) and the enzyme then transfers the malonyl group to ACP. The
MCAT domain in E. coli, FabD, is specific for malonyl-CoA and unable to use acetyl-CoA
for loading. In vitro, many reaction partners have been observed including CoA, ACP,
pantetheine and N-(N-acetyl--alanyl)-cysteamine.[72]

Deletion of fabD in E. coli is lethall’3] whereas overexpression of fabD in E. coli leads to an
increase in cis-vaccenic acid (cis-11-octadecenoic acid) due to an increase in malonyl-ACP
concentration and enhanced ketosynthase activity.[”4 However, since MCAT does not
catalyze a rate-limiting step in FAB, overexpression of fabD in E. coli only leads to an 11%
increase in fatty acid content.[3]

5.1. Mechanism

MCAT completes malonyl transfer with the double-displacement or “ping-pong”
mechanism common to a/p hydrolases using its His-Ser catalytic domain (Figure 3b).[76.77]
Double-displacement is a two-step mechanism: First, the oxyanion hole of MCAT is
occupied by the binding of malonyl-CoA, and transacylation of malonate onto to the active
site serine forms an acyl-enzyme intermediate. Second, ACP binds to the surface of the
MCAT/malonyl complex, which triggers structural movement allowing transacylation to the
PPant sulfhydryl to form malonyl-ACP. This transformation has been computationally
modeled based upon the ECMCAT/malonyl/CoA complex structure (PDB 2G2Z).[78]

P. falciparum has an apicoplast localized FAS, and sequence alignment of the P. falciparum
MCAT (PfMCAT) with template sequences, EEMCAT and HsSMCAT, identified conserved
motifs and residues. These important motifs include pentapeptides GQGXG and GXSXG,
along with four key invariant residues: GIn109, Ser193, Arg218, and His305 in
PfMCAT.[78] Glutamine is responsible for stabilization of the oxyanion hole, and the nearby
arginine is responsible for the recognition and positioning of the substrate's free carboxyl
group via electrostatic interactions.[8% Serine provides the catalytic active site nucleophile,
which is stabilized and activated by a histidine.[”®] In the S. coelicolor MCAT (ScSMCAT)
crystal structure an acetate molecule is bound to GIn9 and Arg122 mimicking the carboxyl
end of the malonyl group corroborating this mechanistic proposal.[’7]

While the SSMCAT, ECMCAT and PEMCAT have a similar catalytic mechanism, the crystal
structure of the Mycobacterium tuberculosis MCAT (MtMCAT, PDB: 2QC3) reveals the C-
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O bond of the catalytic Ser91 turns upwards and results in a different orientation and shape
of the active site pocket and subsequently a new catalytic diad.[82]

5.2. Inhibition

MCAT has been considered as an antibacterial target.[82] The binding of ACP to MCAT was
found to be competitively inhibited by high CoA concentrations.[72] Some MCAT
antimicrobial drugs have been identified, including trifluoroperazine (Figure 3a).[83]

Screening against the MCAT from the apicomplexan parasite Eimeria tenella (EtMCAT)
identified an alkaloid natural product, corytuberine, with moderate inhibitory activity against
EtMCAT.[84] Virtual screening for inhibitors of PIMCAT was performed, and EDTA, p-
toluene sulfonyl fluoride, and a thiolactone derivative, “TLM-1" (Figure 3a), were found to
position in the binding pocket and form stable complexes with strong interactions.[7®]
Crystal structures solved of small molecules (glycerol and malonate) bound to the active site
of ECMCAT revealed that the length and amphiphatic character of the substrate define the
specificity of the enzyme, but true targeting of MCAT requires further information about
which of these structural elements are important to exploit.[8%]

5.3. ACP interaction

Four different MCAT-ACP interactions have been studied by modeling and revealed two
mechanisms of interaction, one largely electrostatic and one largely hydrophobic.

The interaction between the H. pylori MCAT (HpMCAT) (PDB: 2H1Y) and ACP was
studied using computational docking, glutathione Stransferase (GST) fusion protein pull-
down, and surface plasmon resonance (SPR). The HpMCAT active site is characterized by
Ser92 and His198, which are in a deep gorge between two subdomains (Figure 3c), and part
of the GXSXG conserved motif in a/p hydrolases. Helix 11 of HDACP recognizes a
conserved hydrophobic pocket between the two subdomains near the active site entrance of
HpMCAT.[78] Additionally, by computation the ACP binding site appears to be adjacent to
the GQGXQ motif.L[76] Similar to other FAS proteins, the ACP binding site was found to be
a positively charged region forming complementary electrostatic interactions.[85:86]

Information on the structural basis of the ping-pong mechanism was obtained
computationally by modeling the SSMCAT interaction with the S. coelicolor actinorhodin
polyketide synthase (act PKS) apo-ACP.["7] The structure of SSMCAT with active site
bound acetate, which mimics the carboxyl of the malonyl (PDB: 1NM2), suggests a ping-
pong mechanism where upon substrate binding the oxyanion hole was formed thereby
moving the active site from a “closed” to “open” conformation. The second half of the
mechanism, which involves ACP, showed a largely hydrophobic interaction between the
DSL motif at the prosthetic group attachment site serine of the PKS apo-ScACP and the
hydrophobic pocket formed by the helical flap adjacent to the GQGXQ turn of SSMCAT.[77]
However, this study did not use the cognate FAS ACP, and since PKS and FAS ACPs are
not easily interchangeable, these docking results await experimental validation.[87]

NMR CSP studies and further computational work on the interaction between the SSMCAT
and the FAS ScACP shed some light on the situation.[87] In silico macromolecular docking
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of these proteins returned three different models; the first mimics a model from Keatinge-
Clayl’7] where the loop region after helix | of FAS SCACP binds the residues near the
SCMCAT active site, the second mimics the binding of HOMCAT and HpACP with helix I
of FAS SCACP packing against SCMCAT, and the third binds the loop region after helix | of
FAS SCACP near the MCAT active site but in a rotated complex.[87] Holo-ScACP (FAS)
and SCMCAT NMR titration experiments showed small NMR shifts for negatively charged
residues in helix 11, suggesting this region interacts with SSMCAT, as shown by other ACP-
partner domain interactions studied.[88] However, all NMR shifts were inconclusively small,
suggesting ACP is in very fast exchange between its free and bound forms.[87]

The protein-protein interactions of MCAT from Xanthomonas sp. (XoMCAT) and PKS
SCACP (PDB 2AF8) were studied using computational docking, revealing that ACP binds to
the cleft between the two XoMCAT subdomains, as seen in the HoOMCAT-ACP model. A
positively charged ACP binding site was observed adjacent to the GQGXQ loop. Gly14 and
Ser15 from the GQGXQ loop of XoMCAT hydrogen bond with ACP residues. These
residues are near the oxyanion hole, and it is hypothesized this hydrogen bonding could
activate the oxyanion hole to initiate malony! transfer. Further clarification of this
interaction will require a co-crystal structure.[78]

6. Ketosynthase (KS)

Ketosynthase catalyzes carbon-carbon bond formation via decarboxylative Claisen
condensation (Figure 4a, 4b). Type | FASs contains only one KS, whereas type Il FASs
have two or three KSs. In E. coli, KSI, 11 and Il are encoded for by fabB, fabF and fabH,
respectively. The product of these reactions is 3-ketoacyl-ACP by condensation of acyl-ACP
with malonyl-ACP, with the exception of FabH (KS I11), which condenses malonyl-ACP
and acetyl-CoA (Figure 4b). FabH is involved in FAS initiation and FabB and FabF are
involved in chain extension. The acyl group is loaded onto an active site cysteine and
malonyl-ACP is extended by two carbon units after decarboxylative nucleophilic addition.

E. coli FabH uses acetyl-CoA as its main substrate, with butyryl-CoA demonstrating much
lower activity and hexanoyl-CoA demonstrating no activity.[8%] FabH has been shown to be
essential to FAB in vivo.[9% Overexpression of fabH leads to a decrease in cis-vaccenate and
an increase in myristic acid (C14).[911 FabH is regulated by feedback inhibition by high
concentrations of long chain acyl-ACPs.[89]

FabB (KS1) shows activity with C6 to C14 saturated fatty acyl-ACPs, although it is only
weakly active on C14-ACP.[92] FabB is unsaturation tolerant and catalyzes the condensation
of cis-3-decenoyl-ACP, cis-5-dodecenoyl-ACP and 7-tetradecenoyl-ACP each with
malonyl-ACP.[93] fabB deletion leads to auxotrophy for unsaturated fatty acids, and
overexpression increases unsaturated fatty acids if fabA is also overexpressed. FabF (KSII)
shows activity for C6 to C14 fatty acyl-ACP esters, however C14 is a weak substrate.[9]
FabF also shows low activity for C16 and carries out the last step in the unsaturated pathway
by elongating cis-9-hexadecenoyl-ACP.[92] Overexpression of fabF is lethal,[94] although
interestingly, expression of increased amounts in E. coli did not lead to cell death.[44]
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Reconstitution of the cyanobacterium Synechococcus sp. PCC 7002 FAS revealed that FabH
was the sole rate limiting step, in contrast to the E. coli FAS with rate limiting Fabl (ER)
and FabZ (DH) steps.[95]

6.1. Mechanism

KSs adopt a ping-pong mechanism like MCAT. All three E. coli ketosynthases have been
crystallized and show invariant hydrophobic residues that line their acyl pocket to facilitate
binding of the acyl chain. Each has a catalytic triad that lies at the bottom of the pocket in
the structures (Figure 4d), and the acyl chain folds into an extended U-shaped
conformation.[%6]

With all three KS enzymes, the initial transthioesterification occurs via cysteine attack to
form a tetrahedral intermediate, with the oxo group of the bound fatty acid thioester situated
in an oxyanion binding site.[%6] FabB and FabF both have a Cys-His-His active site triad.
The entrance of the FabF active site is blocked by an aromatic “gate keeping” residue,
Phe400, and it has been proposed that it must shift in order for the acyl substrate to gain
access to the active site and the condensation reaction to occur.[%7] A Cys163GIn mutant in
EcFabF mimics acyl-KS. In this structure the phenylalanine residue blocking the active site
is moved to an open conformation, allowing the second half of the “ping-pong”
mechanism.[98] Of the two nearby histidine side chains, one is proposed to abstract a proton
from the carboxylic acid leaving group of the malonyl residue, while the other histidine
accepts a hydrogen bond and then makes contact with the thioester oxo group of the malonyl
residue inducing a partial negative charge on that group. These two processes prompt the
decarboxylation reaction, which is followed by condensation.[96.97]

FabH on the other hand, has a different proposed decarboxylating Claisen mechanism. The
FabH catalytic triad consists of Cys-His-Asn. The histidine and asparagine make an
oxyanion binding site, which binds the malonyl thioester oxo group and promotes
decarboxylation.[9]

6.2. Inhibition

The fungal polyketide cerulenin targets KSs of FAS and PKS pathways Figure 4a).[100]
Cerulenin is a covalent inhibitor that selectively targets FabB and FabF through
modification of the active-site cysteine sulfhydryl (Figure 4c). A crystal structure with FabF
reveals that cerulenin binds in a hydrophobic pocket at the dimer interface and covalently
attaches to the active site cysteine, mimicking the condensation transition state. Phe400 and
11e108 completely rotate for this to occur, as seen with the Cys163GIn EcFabF acyl-KS
mimic, providing access to the active site cysteine and opening a hydrophobic picket for the
tail of the inhibitor.[101]

Thiolactomycin (TLM) is a natural product that inhibits all FAS condensing enzymes,
including FabH.[102] A FabB-TLM crystal structure shows that TLM mimics malonyl-ACP
in the active site, and both active site histidines aid the protein-antibiotic interaction. This
explains the greater inhibition of FabB than FabH with TLM, since FabH harbors different
catalytic machinery.[193] Additionally TLM inhibits two ketosynthases from Mycobacterium
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tuberculosis, KasA and KasB, which are involved in chain extension like FabB and
FabF.[104] Neither cerulenin nor thiolactomycin are used in the clinic. Cerulenin also inhibits
the KS function of the mammalian FAS, while the total synthesis of thiolactomycin is
problematic due to its inherent instability.[105.106]

Platensimycin, a natural product isolated from Streptomyces platensis, is a selective FabB/F
inhibitor with potent antibiotic properties. The formation of the acyl-enzyme complex is
essential for platensimycin binding. The compound was found to be 200 fold more potent
than cerulenin and 50 times more efficient than thiolactomycin in inhibiting FabF.[%]

6.3. Interactions with ACP

All three KSs from E. coli have been crystallized, but only the interactions of FabH and
FabF with ACP have been shown by modeling studies.[5>:85] No co-crystal structure of an
ACP bound to a type Il FAS KS has been published.[13]

ACP-protein interactions were investigated using computational analysis to dock the NMR
structure of ECACP with the crystal structure of EcFabH, and the generated model was
experimentally validated by in vitro characterization of FabH mutants.[8%] The EcFabH
catalytic triad sits at the bottom of a tunnel, and the entrance to the active site is flanked by
four conserved basic residues (Arg36, Argl151, Lys214, Arg249) and two conserved
aromatic residues (Trp32 and Phe213), thereby giving it hydrophobic and electropositive
character.[991 ECACP docked to the area adjacent to the active site of EcFabH, and a
conserved arginine (Arg249) in this patch was required for docking, as seen by an ACP-
dependent assay and direct binding studies monitored by surface plasmon resonance. This
patch also included alanine residues, which were proposed to be important for the close
approach of the two proteins. Zhang et. al. analyzed the crystal structures of FabA, FabD,
Fabl, FabF, and LpxA and noted a conserved arginine/lysine residue in an electropositive/
hydrophobic patch adjacent to their active sites (within 10 to 14 A). ACPs from a variety of
species have a highly conserved region from residues 32 to 50, which encompasses helix I1.
Glu41 predicted to interact with Arg249 of FabH, is conserved in all 49 ACP sequences
known at the time. The Ser36 of ACP, the point of PPant attachment, is oriented correctly in
the docked model, but a 10 A movement would be required for the chain to reach the FabH
active site. The “chain-flipping” mechanism is proposed, in which dissociation of the acyl
group from ACP upon binding with FabH promotes this proposed conformational change in
ACP and subsequent 10 A movement.[85]

Wothington et al. designed an E-chloroacrylamide probe as an active site crosslinking
reagent to covalently crosslink KSs and ACPs. The warhead portion of the probe is a
Michael acceptor that, when attacked by the KS active site cysteine residue, undergoes
tandem 1,4-conjugate addition and f-chloro-elimination to yield a stable covalent linkage
between the probe and active site (Figure 4c). The chloroacrylamide compound was used to
crosslink ECACP with EcFabB and EcFabF. Since EcFabH did not readily crosslink, but
does bind ACP subsequent to priming by acetyl-CoA, it is proposed that EcFabH goes
through a conformational change upon substrate loading before ACP can bind.[44]

Chembiochem. Author manuscript; available in PMC 2016 March 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finzel et al.

Page 13

Further studies utilizing the chloroacrylamide probe revealed that select ACPs from
polyketide synthases, the frenolicin synthase carrier protein (FrenACP) from Streptomyces
roseofulvus and the oxytetracycline synthase carrier protein (OtcACP) from Streptomyces
rimosus, were able to crosslink with EcFabB. EcFabB was unable to crosslink with
nonribosomal peptide synthase carrier proteins.[1] Additionally, Chlamydomonas
reinhardtii chloroplastic cACP crosslinked with EcFabF.[5] Crosslinking was used as a
measure of interaction strength between ACP and KS since it is dependent on the ability of
KS to recognize the carrier protein via protein-protein interactions and react with the
substrate analog. Crosslinking showed that EcFabF-ACP has tighter binding than EcFabB-
ACP as seen by crosslinking efficiency. EcFabF also acts more efficiently than EcFabB on
longer substrate mimics, with a 4-fold larger preference, in accordance with its native
substrate specificity. The two enzymes have equal preference for shorter substrate
mimics.[107]

7. Ketoreductase (KR)

3-Ketoacyl-ACP is reduced to (R)-3-hydroxyacyl-ACP by an NAD(P)H dependent KR, a
member of the short-chain dehydrogenases/reductases (SDR) family (Figure 5a). FabG, the
KR from E. coli, was first purified and characterized in 1966[108] and found to be active
over a wide range of different 3-ketoacyl-ACPs.[19%] FabG can function on acyl-CoAs but
with much lower efficiency.[108]

FabG is ubiquitously expressed in all bacteria, conserved across all species and the only
known enzyme to catalyze the ketoreduction step in fatty acid biosynthesis.[71] Experimental
evidence for gene essentiality has been reported for E. coli, Salmonella enterica,
Mycobacterium tuberculosis and Pseudomonas aeruginosa.l110-1131 Qverexpression of fabG
in E. coli increases the content of C16 acid two-fold and C18 acid three-fold.[114]

7.1. Mechanism

During the catalytic reaction, the 3-keto group is reduced to a p-hydroxy group by the
pro-4S hydride ion from the nicotinamide cofactor and a proton donated by the hydroxyl of
an adjacent tyrosine (Figure 5b).[115-117] FahG is a tetramer and exhibits negative
cooperativity, as seen by the binding of NADPH to one active site increasing the affinity at
that site for ACP and decreasing the affinity for the cofactor elsewhere.[118] KRs exhibit an
ordered kinetic mechanism, with the NADPH cofactor binding first and the NADP* being
the last product to leave.[116]

The structure of E. coli FabG in binary complex with NADPH reveals mechanistically
important conformational changes that result from cofactor binding (Figure 5c¢). The
cofactor binds in a two-stage mechanism, and when bound the cofactor is in the syn
conformation and the nicotinamide ribose is stabilized in the active site via hydrogen bonds
from Tyr151 and Lys155. In the structure of the Y151F EcFabG mutant, the nicotinamide
ribose is disordered and not bound to the active site. Once NADPH was bound to wildtype
FabG, there was a rearrangement of active site triad residues Ser138, Tyrl51 and Lys155
and the associated 5-a5 loop, as well as a shift of the f4-a4 loop and dimer interface.
These conformational changes were functionally important because they primed the active

Chembiochem. Author manuscript; available in PMC 2016 March 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finzel et al.

Page 14

site for catalysis; allowed the substrate access to the active site; and created a hydrogen-
bonded network of ribose hydroxyls, the catalytic triad and four water molecules to relay a
proton to tyrosine after it donates a proton to the substrate during catalysis.[116] Finally, the
B. napus FabG and NADP™* cofactor binary complex suggests that the a.6/a7 subdomain
rotates to enclose the active site and create a well-defined tunnel as the final step in ternary
complex formation.[11°]

7.2. Inhibition

Studies suggest that FabG could be susceptible to inhibition at its cofactor binding site.[120]
Inhibition studies for FabG commonly follow the consumption of NADPH by absorbance as
FabG acts on a substrate, acetoacetyl-coenzyme A, for example.[111]

Epigallocatechin gallate, the major component of green tea extracts, and other related plant
polyphenols were found to inhibit FAS |1 by targeting FabG and Fabl. The galloyl moiety of
the catechins is essential for inhibition, disrupting cofactor binding by associating with the
cofactor free FabG.[*21] |soflavonoids and flavonoid derivatives inhibit FabG from H. pylori
(HpFabG) in a noncompetitive manner with respect to acetoacetyl-CoA and NADPH.[122]
The first inhibitor of microbial origin, macrolactin S from Bacillus sp. AT28, showed dose
dependent selective inhibition of S aureus FabG (SaFabG), but did not inhibit SaFabl.[123]

The crystal structure of FabG from P. falciparum (PfFabG) was solved, and four structural
analogues of triclosan were found to have 75% inhibition in vitro against PfFabG:
hexachlorophene, bithionol, di-resocinol sulphide and bromochlorophen. The inhibitors
displayed non-linear competitive inhibition with NADPH, but further mechanistic studies
performed by varying substrate concentrations were inconclusive.[122-125] The above
potential inhibitors, however, are largely natural product extracts facing drug development
challenges and have not reached clinical usage.[111]

Recently an allosteric inhibitor-binding site at the inter-subunit interface in FabG from
Pseudomonas aeruginosa (PaFabG) was identified. Two hydrophobic cavities at the “dimer-
dimer” interface formed from residues in helices a4 and a5, not seen in apo-PaFabG, were
induced upon ligand binding. The size of the cavity was dependent on the inhibitor size,
demonstrating induced fit. These conformational changes were shown to propagate to the
catalytic triad (Ser141, Tyr154, Lys158), resulting in an active site conformation that was
incompatible with NADPH binding. All ligands tested adopted almost planar conformations
and contained key hydrogen bond donors and acceptors. Absence of this cavity in the non-
inhibited enzyme reveals a limitation of most present-day, docking-based virtual screening
methods for drug discovery.[111]

7.3. Interactions with ACP

KRs remain poorly investigated, but NMR and in silico studies of the ACP binding site have
been performed. No co-crystal structure of an ACP with a KR has been solved.

Two surface residues, Arg129 and Argl72, located in a positive hydrophobic patch adjacent
to the EcFabG active site (Figure 5c), were mutated and showed a decrease in ability to use
ACP thioester substrates but were fully active on a non-ACP substrate analog, -
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ketobutyryl-CoA.[86] These two residues are conserved in PfFabG as well.[1241 NMR
chemical shift perturbations (CSPs) revealed that EcFabG-ACP interactions occur along
ACP helix 11 and extend into the adjacent loop 2.[8¢] The acylated prosthetic groups are seen
to reside in the hydrophobic cavity between helices 11 and 111,[126] and therefore the acyl
chain of the prosthetic group would interact with residues in loop 2. NMR titration studies
showing a shift in 1le54 from loop 2 of ACP suggest that FabG interactions alter the acyl
chain binding site in ACP to facilitate the release of the prosthetic group for
modification.[88] These studies from 2003 were validated by the X-ray structures of
hexanoyl-, heptanoyl-, and decanoyl-ACP solved in 2007 that showed the tethered substrate
interacting with loop 2.[2°]

Based on computational docking of ECACP to EcFabG-NADPH, the FabG ACP binding site
is found closest to the active site of an adjacent monomer in the tetramer (Figure 5c).
Substrate delivery via the PPant arm takes place across the dimer interface. Argl72 of the
ACP binding site moves towards 11136, which is at the base of the active site pocket, by 1.3
A when the cofactor binds, showing the conformational change preparing for ACP
interaction. The H-bonding of Glu168 located between the two sites also changes upon
cofactor binding and is hypothesized to facilitate ACP interaction and substrate delivery.
Additionally in this region of EcFabG is the f5-a5 loop, which becomes ordered upon
cofactor binding and contains the conserved Asn145 residue, suggesting this may bind the
pantetheine moiety.[116.119]

8. Dehydratase (DH)

The dehydration of (R)-3-hydroxyacyl-ACP to the enoyl moiety is performed by f-
hydroxyl-ACP dehydratase via the elimination of water. The DH catalyzes syn elimination
of the pro-2Shydrogen and (3R)-hydroxy group producing a trans product.l!27] In E. coli
there are two DHs encoded by fabA and fabZ. Besides dehydration, FabA isomerizes
trans-2-decenoyl-ACP into cis-3-decenoyl-ACP, which is the first reaction towards the
synthesis of unsaturated fatty acids (Figure 6a).[128] Bacteria and anaerobes employ a dual
DH system to achieve unsaturation, as seen with FabA in E. coli, whereas other organisms
utilize desaturases to achieve unsaturation.[12% The DH domain is a homodimer comprised
of monomers with double-hotdog topology in which a helixes are wrapped by f3 sheets.

FabA and FabZ exhibit broad overlapping chain length specificities. The substrate
preference for FabA is intermediate chain length acyl-ACPs centered on 10 carbons. FabZ
demonstrates preference for shorter chains yet also has low activity for 16-carbon substrates.
FabA does not participate in elongating unsaturated acyl-ACPs, so only FabZ is part of the
unsaturated fatty acid arm of the pathway after FabA performs the initial isomerization.[130]
Insight into why these two enzymes have different substrate specificities has yet to be
elucidated.

E. coli overexpressing both fabA and fabB produced an enhanced amount of unsaturated
fatty acids.[32] Deletion and overproduction of fabA leads to a decrease in unsaturated fatty
acid content of phospholipids and an increase in saturated fatty acids.[13%] Deletion of fabz
leads to reduced (3R)-hydroxymyristoyl-ACP activity suggesting an enhanced amount of 3-
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hydroxymyristoyl-ACP could be found in vivo.[132] Heterologous overexpression of fabZ
leads to a 2-fold increase in palmitic acid and stearic acid.[114]

8.1. Mechanism

Crystal structures of E. coli FabA (EcFabA), P. aeruginosa FabZ (PaFabZz) and P.
falciparum hexameric FabZ (PfFabz) show active site tunnels formed between two
monomers that accommodate the growing acyl chain. A catalytic diad, a conserved histidine
from loop B and conserved glutamate (FabZ) or aspartate (FabA) from the N-terminal
region of the central helix, each from a different subunit are responsible for dehydrating the
acyl substratel133-135]

3-hydroxydecanoyl-N-acetylcysteamine (3-hydroxydecanoyl-NAC) bound in the
pantetheine tunnel in the PaFabA crystal structure yields insight into the catalytic
mechanism.[136] The NAC molecule hydrogen-bonds with loop C as well as with a water
molecule bridging the other subunit. The NAC moiety binds closely to catalytic residues
Asp84 and His70 (the same residues found in EcFabA). His70Asn and Asp84Asn mutants
show a complete loss in PaFabA activity. His70 abstracts the proton from C2 while Asp84
hydrogen bonds the C3 hydroxyl along with a water molecule, and only the R configuration
puts the hydroxyl group in proximity of Asp84. The mechanism for the protonation of the
hydroxyl has yet to be elucidated.[13¢]

FabAs have a conserved al1-B1 loop that is larger than in FabZ sequences. PaFabA and
EcFabA structures shows this loop contributes extensively to the alkyl-binding tunnel,
whereas the a3-B3 loop is the major contributor to the alkyl-binding tunnel in Fabz.[136]

8.2. Inhibition

Studies of FabZ as a drug target exploit crotonyl-CoA as a substrate, monitoring the reverse
reaction by decrease in absorbance at 260 nm. Crotonyl-CoA studies give a lower Ky than
B-hydroxybutyryl-CoA.[137]

Helicabacter pylori FabZ (HpFabZ) exists as a hexamer in its native state, with its active
site located in a dimer interface. The substrate binding tunnel is long, narrow and
hydrophobic, with the catalytic histidines and glutamate residues half way down the
tunnel.[138] |soflavonoids, flavonoid derivatives and synthetic inhibitors have been reported
to inhibit HpFabZ as competitive inhibitors of the substrate crotonyl-CoA, blocking the
active site and extending to the groove around the pantetheine-binding tunnel.[122.125,139]
The natural product juglone (Figure 6a) was found to potently inhibit HpFabZ in a
competitive fashion (it also targets HpFabD as an uncompetitive inhibitor). The HpFabZ-
juglone crystal structure revealed that juglone experienced r-m interactions with tyrosine and
proline residues, was stabilized by H-bonds with water and inserted deeply into the active
site pocket.[140] The discovery of binding fragments that occupy various positions in the
PaFabA active site may help future inhibitor design. Two fragments were found to block the
pantetheine-binding tunnel and partly mimic the flavonoids and synthetic inhibitors reported
for HpFabz.[136]
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The catalytic site of PfFabZ is also located in a deep narrow pocket formed at the dimer
interface. PfFabZ experiences multimeric state regulation by pH control. An inactive form
of PfFabZ was discovered existing as a dimer rather than the active hexamer. As the pH
decreases, the dimeric form prevails, and the two active site histidines have electrostatic
repulsion, resulting in their expulsion from the active site. This was proposed to help aid in
drug design by designing inhibitors to stabilize the inactive dimeric state.[14]

There are currently no published inhibitors for FabA, although it is an interesting drug target
due to its essential isomerase activity and absence from type | systems. Enterococcus
faecalis was found to have two FabZ homolog dehydratases, one with isomerase activity
(FabN) and one without (FabZ). Lu et al. constructed EfFabZ/N chimeric proteins in an
attempt to transform the FabZ into an isomerase. Single point mutations of FabZ were not
sufficient, but the addition of the B3-B4 region of EfFabN to the EfFabZ showed a gain of
isomerase activity, 38% of the original EfFabN. Isomerase activity likely depends on the
shape of the substrate binding tunnel, controlled by the positioning of the B-strands
surrounding the long central helix, and not the catalytic machinery of the active site.
Disruptions to the active site shape eliminate isomerase activity.[142]

8.3. Interaction with ACP

A mechanism-based crosslinker was used to trap the transient interaction of AcpP and
EcFabA to obtain a crystal structure. The crosslinked AcpP-EcFabA complex shows AcpP
in two different conformations, one presumably a snapshot of the AcpP in transition and one
when docking was complete (Figure 6¢).[7]

The dehydratase-specific mechanistic crosslinking probe was designed and synthesized to
covalently link FabA and ACP. The probe utilizes a 3-alkynyl sulfone warhead, where the
sulfone mimics the natural thioester, yet is safe from hydrolysis. The warhead gets
deprotonated and forms a reactive allene intermediate, which is attacked by the FabA active
site His70, forming a covalent linkage (Figure 6b). Subsequently, when loaded onto ECACP
the 3-alkynyl sulfone probe and was demonstrated to be fully sequestered by ACP,
indicating that it mimics the hydrophobicity of the natural DH substrate.[52:53]

The FabA-AcpP complex crosslinked crystal structure, along with chemical shift
perturbations from NMR titration experiments between either holo-ACP or octanoyl-ACP
and FabA, were used to elucidate a four step mechanism by which FabA prompts the release
of the sequestered acyl chain from AcpP for dehydration. First, a “positive patch” of
EcFabA interacts with the PPant attached to Ser36 of AcpP, which is consistent with
previous studies,[30.143-145] that show these charge complementary surfaces dictate protein-
protein interactions. Secondly, Arg132 and Lys161 of EcFabA form salt bridges with Glu41
and Glu47 of AcpP to anchor the complex. Thirdly, Arg136 and Arg137 of EcFabA interact
with Ala59 and Glu60 of AcpP to pry away helix Ill. Finally, Leu138 and Val134 of
EcFabA have hydrophobic interactions with Leu37 and Val40 from AcpP helix Il to further
stabilize the complex.[57] Interestingly, one FabA pries apart the AcpP, facilitating acyl
chain translocation into the cleft between the FabA monomers, but the other monomer
presents the active-site histidine for crosslinking.
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These four events together stabilize AcpP in its open conformation so the acyl substrate can
be released into the binding pocket of EcFabA. As this occurs, five hydrophobic pocket
residues between helices 11 and 111 of AcpP move inward and collapse the substrate pocket.
This provides experimental evidence for the previously proposed switchblade (or chain-
flipping) mechanism.[30.31]

Additionally, the gate-keeping residues Phe165 and Phel71 at the entrance to the active site
were seen to be completely rotated or displaced in the crosslinked structure as compared to
apo-EcFabA. This active site entrance control is also seen in HpFabZ, where the top of the
active site is controlled by an aromatic residue, Tyr100. It switches between open and closed
conformations helping to control substrate acceptance and product exit.[146]

9. Enoyl Reductase (ER)

Enoyl-ACP reductase (ER) is a member of the short-chain dehydrogenase (SDR) family and
performs the last step in each fatty acid biosynthetic cycle by reducing 2-enoyl-ACP to fatty
acyl-ACP (Figure 7a). In E. coli there is a single enoyl-ACP reductase, Fabl, which is
essential.[147] Since the KR and DH activities that precede the ER are both reversible, Fabl
plays a determinant role in completing each elongation cycle and is thought to be the rate-
limiting step.[248] Overexpression of fabl in E. coli did not result in growth defect but also
did not influence fatty acid accumulation.[!14] Three other ER isozymes have been reported
in bacteria: FabL and FabV in the SDR family and FabK, a TIM barrel flavoprotein
unrelated to the SDR family.[149-151]

9.1. Mechanism

In E. coli, NADPH reduction of the double bond proceeds by conjugate syn-addition of the
pro-4S hydrogen from NAD(P)H to carbon 3 of the trans-2-acyl group, forming an enolate
anion intermediate which is stabilized by a lysine residue in the ER active site. Protonation
of C2 to form the final product acyl-ACP is performed by an active site tyrosine residue
(Figure 7b).[152.153] |n InhA, the ER from M. tuberculosis, the stabilization of the enolate
anion intermediate is presumed to be by a tyrosine rather than a lysine, because in the X-ray
structure of InhA in complex with NAD* and a C16 fatty acyl substrate (PDB 1BVR),
Tyr158 is seen to make a direct hydrogen bond with the fatty acyl substrate thioester
carbonyl oxygen (Figure 7c).[154]

9.2. Inhibition

Fabl is inhibited by low concentrations of palmitoyl-CoA.[247] Additionally, there are
currently three well-known small molecule inhibitors of ER: triclosan, isoniazid and
diazoborines (Figure 7a), which bind to the active site of ER and form a tight complex with
the nicotinamide cofactor.[12%] |soniazid, the primary anti-tuberculosis drug, is a prodrug
that must first undergo activation to a free radical by KatG prior to acylation of the NAD*
radical, forming a covalent complex with the cofactor nicotinamide ring.[’1] This species has
been found to inhibit InhA from M. tuberculosis as well as ER domains from other
mycobacteria. Acyl-ACP substrates can prevent isoniazid inhibition of InhA, suggesting the
activated isoniazid interacts with the substrate-binding region.[154]
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Triclosan was added to consumer products, such as antiseptic soaps, toothpaste and
cosmetics, prior to understanding its target. In 1999, the EcFabl-NAD™-triclosan complex
was reported.[15%] Triclosan was found to non-covalently interact with the 2’-hydroxyl of
ribose through hydrogen bonds while also hydrogen bonding to the catalytic tyrosine residue
and experiencing - stacking interactions with the pyridine ring of the charged
cofactor.[155.156] |n the same year, a conformational change of the 1le192-Ser198 loop of
EcFabl was shown to close the active site and allow this region to form van der Waals
interactions with the inhibitor and hydrogen bond the bound NAD™*. This appears critical for
the enhanced binding activity of triclosan.[57] In addition, triclosan has been found to
inhibit Fabl from the malarial causative apicomplexan P. falciparum, but the validity of FAS
Il as a drug target against P. falciparum is currently under debate after the findings that the
microorganism can scavenge fatty acids during the blood stage, leaving no indispensible role
to FAS 11.[158]

Diazoborines are a class of heterocyclic boron-containing compounds that inhibit Fabl by
covalent attachment of the boron atom with the 2’-hydroxyl of the NAD* ribose.[156]
Additionally, diazoborines r stack with the nicotinamide ring, and the boron and hydroxyl
group occupy the space of the enolate intermediate. Diazoborines are not clinically used due
to their undesirable inhibition of RNA processing.[*59] Isoniazid and triclosan are used
clinically, however a single point mutation in the M. smegmatis and M. bovis Fabls confers
resistance to isoniazid.[*54] As of 2009, 30% of clinical isolates of M. tuberculosis were
isoniazid resistant.[159] Also, mutants of the EcFabl active site, G93C for example, acquire
resistance to triclosan by interfering with the formation of a stable Fabl-NAD™-triclosan
ternary complex.[155]

More recently, cyperin, a natural compound of fungal origin, was found to inhibit ER from
Arabidopsis thaliana, mimicking the binding of triclosan.[16% Cephalochromin, a fungal
secondary metabolite, inhibits Fabl but the mechanism has not been elucidated.[161]
Pyridomycin, a natural product with potent anti-tuberculosis activity, inhibits InhA with a
new mechanism not yet seen. Pyridomycin is a competitive inhibitor of NADH binding in
InhA and blocks both the NADH cofactor and fatty acid substrate binding pockets. This

inhibitor's unique mechanism can be a starting point for future inhibitor design (Figure
7a).1162]

9.3. Interaction with ACP

EcFabl is a tetramer, and a combination of X-ray crystallography and molecular dynamics
(MD) simulation show that two ACPs loaded with a 2-dodecenoy! acyl group react with one
EcFabl. This is unusual since each EcFabl has 4 active sites. The Fabl-acyl ACP complex of
E. coli is stabilized by largely electrostatic interactions between the acidic residues in the
ACP helix Il (Asp35, Asp38, Glu41, Glu48) and a patch of basic residues (Lys201, Arg204,
Lys205) adjacent to the EcFabl substrate-binding loop, consistent with the structural and
modeling studies of ACP with AcpS, FabA, FabH, and FabG. The ACP PPant is proposed to
deliver the enoyl substrate to the minor portal between EcFabl helix a8 and the mobile loop
of residues 152-156. However, the absence of electron density for the ACP pantetheine
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hindered the ability to predict how the ACP delivers the substrate into the EcFabl active site
(Figure 7c).[163]

When the substrate binds, EcFabl does not experience an overall conformational change, but
rather the substrate-binding loop (residues 191-200) goes through a major conformational
change upon complexation with ACP. In the triclosan-EcFabl crystal structure, triclosan was
shielded from the solvent by the substrate-binding loop, but in the EcFabl-acyl ACP
complex crystal structure the loop adopts an open lid conformation, presumably because of
the interaction with ACP in this area. Details of this interaction could not be elucidated from
the crystal structure due to missing side chain density. In regards to the catalytic triad
(Tyrl46, Tyrl56, and Lys163 in EcFabl and Phe149, Tyr158 and Lys165 in M. tuberculosis
InhA); Tyrl56 does not play a significant role in the reduction and the substrate carbonyl
group is pointing away from it in the crystal structure. Tyr146 is directly involved in
catalysis and hydrogen bonds with the substrate carbonyl. This differs from than the
corresponding Phe149 in InhA, which is proposed to position the cofactor for hydride
transfer. Finally, the function of Lys165 is not yet established.[163]

InhA, the enoyl reductase from M. tuberculosis, prefers long chain fatty acyl substrates, C16
and longer. The InhA crystal structure with NAD* and a C16 acyl substrate, trans-2-
hexadecenoyl-(N-acetylcysteamine)-thioester, revealed that the substrate binds in a “U-
shaped” conformation, with the trans double bond positioned adjacent to the nicotinamide
ring of NAD™. Hydrophobic residues from the substrate-binding loop (residues 196-219)
engulf the fatty acyl chain portion of the substrate. The substrate-binding loop is longer than
EcFabl, creating a deeper binding pocket to accommodate longer chain acyl substrates.[154]
The interaction of InhA with ACP has not yet been elucidated.

10. Thioesterase (TE)/Acyl Transferase (AT)

After the iterative chain elongation cycle, FAB is terminated either by offloading the fatty
acid from the ACP by an acyl-ACP thioesterase releasing a free fatty acid or by
transesterification onto a lipid by an acyltransferase (Figure 8a). Most often, prokaryotes
utilize ATs and eukaryotes utilize TEs.

In E. coli, the acyl group is directly transferred from ACP to glycerol-3-phosphate by a
glycerol-3-phosphate AT, PIsB (a membrane protein). Free fatty acids are not found as
intermediates in bacterial lipid biosynthesis.[164] A plsB mutant in E. coli leads to the
cessation of phospholipid biosynthesis, an accumulation of long chain acyl-ACP and the
inhibition of de novo fatty acid biosynthesis.[165] A conserved domain containing histidine
and aspartic acid separated by four residues (HX4D) was identified for ATs from bacterial,
plant and animal kingdoms. The catalytic histidine is thought to function as a base to
deprotonate the hydroxyl moiety of the acyl acceptor. The PIsB[His36Ala] mutant lacked
AT activity. The PIsB[Asp311Ala] mutant also lacked activity and did not assemble into the
membrane, suggesting that proper folding and membrane insertion is also dictated by the
active site aspartic acid.[166] Additionally, a conserved glycine is involved in catalysis by
playing a steric role in the active site, and an invariant arginine is critical for glycerol 3-
phosphate binding, as seen by a 13-fold higher Ky, for EcPIsB mutant Arg354Cys.[167] This
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acyl transferase is one of the proteins that controls chain length in E. coli.[164] However, in
spite of this mechanistic insight, very little is known about PIsB protein-protein interactions,
and little has been done with this enzyme in terms of metabolic engineering. TEs from
plants, algae and bacteria have been used extensively in metabolic engineering of FAB and
will be the focus of the remainder of this section.

As of 2010, there were 23 families of TEs grouped by their substrate and tertiary structure,
and these were almost completely unrelated by primary structure. Of these 23 families, only
6 break bonds between acyl groups and ACP (the other TEs act on CoA, glutathione and
other proteins). Two of the groups (TE14 and TE15) contain TEs found in plants, algae, and
bacteria and have a typical hotdog fold, whereas the remaining groups are found in fungi
and mammals and are TEs with an a/p hydrolase fold (TE16-TE19). The most characterized
TEs that have garnered interest for metabolic engineering fall into the TE14 family.[168] The
N-terminal hot dog domain has been shown by chimeric enzyme construction to control
chain length specificity.[16%] E. coli has seven hotdog TEs, but none are believed to be
dedicated acyl-ACP TEs and are therefore not directly involved in fatty acid or lipid
biosynthesis.[17%] TesA and TesB do work on acyl-ACP and are more active on longer chain
fatty acids. However, TesA and TesB activity for palmitoyl-ACP is 0.6% and 0.1% the rate
they work on palmitoyl-CoA, respectively.[171] When tesA is overexpressed in E. coli,
without targeting periplasmic sequence, the amount of free fatty acids is increased,
producing titers as high as 0.32 g/L.[172.173]

In plants the TEs can be the sole factor in determining fatty acid chain length. There are two
distinct TE gene classes in higher plants that are dedicated acyl-ACP TEs, fatA and fatB.
fatA encodes a TE with preference for 18:1-ACP and a minor preference for 18:0 and 16:0-
ACP. fatB encodes a TE with a preference for short/medium chain saturated fatty acids
ranging from 8 to 16 carbons.[174175] When plant TEs are overexpressed in E. coli, the fatty
acid profile is altered by the specificity of the TE.[1721 When the C12:0-ACP selective TE
from Umbellularia californica (UcFatB1) was overexpressed in E. coli, a 500-fold increase
in C12:0 fatty acid production was seen.[176.177]

10.1. Mechanism

The a/B hydrolase TEs have a conserved catalytic triad: a nucleophile-histidine-acid triad,
with the nucleophile commonly being a serine residue. The acid stabilizes the basic
histidine, which accepts a proton from the nucleophile. The nucleophilic serine forms a
tetrahedral intermediate with the substrate before it is attacked by water.[178] The active site
residues in TEs are on the surface of the protein, rather than buried in an acyl-binding pocket
as seen with other FAS domains (Figure 8c). The hotdog-fold TEs lack defined non-solvated
binding pockets and conserved catalytic residues, and therefore a variety of catalytic
residues and mechanisms exist.[17%] Plant TEs likely have a papain-like catalytic triad, as
they are inhibited by thiol inhibitors and carry a conserved histidine required for

catalysis .[179] A bioinformatics-guided site-directed mutagenesis study proposed the
catalytic triad for the A. thaliana TE (FatB) to be Cys264, His229, and Asn227, but there is
currently no structural verification.[180.181]
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10.2. Inhibition

Plant TEs have a cysteine catalytic residue and therefore are generally inhibited by
compounds that are known to react with thiols. Animal and bacterial TEs have a serine
catalytic residue and are inhibited by serine reactive reagents.[179]

When the Umbellularia californica plant TE (UCTE) was pre-incubated with
diethylpyrocarbonate, a 97% loss in activity was seen (Figure 8a).[182] Diethylpyrocarbonate
acts by covalently modifying histidine at the N-Q-2 nitrogen of the imidazole ring, showing
the evidence for a catalytic histidine residue. UCTE was also completely inhibited by N-
ethylmaleimide suggesting an active-cysteine mechanism, since it acts as a Michael acceptor
for soft nucleophiles.[183]

10.3. Interaction with ACP

There has been considerable interest in the metabolic engineering of plant TEs, but thus far
it has been met with limited success due to a lack of structural information.

In one recent study, the Jatropha curcas FatA and FatB were docked with 4’-PPant
substrates 4’-PPT-16:0, 4’-PPT-18:0 and 4’-PPT-18:1, and the top models bound to the
active catalytic triad. These models were then used for protein-protein docking between
spinach ACP and JcFatA or JcFatB. For 5 JcFatB models and 9 JcFatA models, ACP

docked near the catalytic triad, and the serine of ACP was oriented towards the TE active
site.[184]

Unlike plants, green algae only have one TE, Fatl. Some plant TEs have been engineered
into E. coli and other various plants, and this led to changes in fatty acid quantity and profile
observed.[55] However, engineering plant TEs into algae has been unpredictable, likely due
to mismatched protein-protein interactions. Cr-cACP and CrTE from Chlamydomonas
reinhardtii were docked, identifying a protein-protein recognition surface. The fatty-acyl
thioester attached to Cr-cACP docked closely to the active site cysteine of CrTE.

Additionally, an a-bromopalmitic pantetheine activity-based probe was utilized to
investigate ACP-TE interactions. This probe is very electrophilic at the a carbon and allows
for nucleophilic attack by the active site TE nucleophile, leading to covalent attachment of
the probe (Figure 8b). When the probe is chemoenzymatically loaded onto ACP and a
partner TE is added, a covalent crosslinked complex is achieved. CrTE, UCTE and ChTE
orient in a similar conformation to Cr-cACP in computational docking studies. However,
only Cr-cACP and CrTE successfully formed a crosslinked complex, showing that vascular
plant TEs do not interact with CrACP in vitro. Far less complex formation of CrcACP-CrTE
was seen with a a-bromohexanoic pantetheine probe than with the C16 analog, showing that
protein-protein interactions, along with chain length, govern the hydrolysis by TE.[4]

11. Conclusions and Outlook

This review has established that the mechanistic, structural and inhibition understanding of
type Il FAS is substantial. However, drug resistance, a lack of clinical viability and
unachieved FAS engineering prospects highlight the need for a new generation of studies
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focusing on protein-protein interactions with ACP. Future investigations will delve deeper
into the fundamentals of the FAS to future inhibitor design and metabolic engineering
efforts.

It is evident that protein-protein interactions are necessary for substrate modification
attached to ACP in the FAS.[23] Each interaction between ACP and its partners must be
specific enough to allow precise chain flipping and substrate presentation, but weak enough
to allow rapid turnover.[8%] In 2000, the ACP-AcpS crystal structure allowed the first
visualization of domain-ACP interactions and served as a starting point for future work.
However, AcpS acts only on serine, not the PPant arm of ACP, raising questions about the
generality of the observed interactions. In 2001, Zhang et. al. anticipated that ACP
conformational changes facilitate the presentation of cargo and the release post-
modification, but could not demonstrate how.[8%] It was not until 2006 that a crystal
structure of a partner domain (Fabl) and ACP was solved, but the lack of resolution of the
PPant and nearby side chain density precluded insight into substrate delivery (Section
9.3).1185] |t was not until 2014 that the crosslinked crystal structure of ACP and FabA was
elucidated, allowing a snapshot of the AcpP in transition and when fully interacting with a
native partner (Section 8.3). Using new technologies, including a functional AcpH resin, a
“one-pot” chemoenzymatic reaction for crypto-ACP preparation and mechanistic
crosslinking probes (Section 2), along with protein crystallography and NMR experiments
(Section 3), among others we have been able to directly observe substrate delivery.

Some directions for future work could include the design, synthesis and application of
mechanistic crosslinking probes for cofactor dependent ER and KR domains, since these
domains are essential and their protein-protein interactions could prove to be an ideal target
for inhibitor design. Additionally, cryo-electron microscopy has been used recently to study
large type | FAS complexes in motion.[70.186] The application of mechanistic crosslinking
probes to stabilize type | FAS complexes for better resolution can enhance future cryo-EM
studies. To build upon current in vitro studies, AasS can be utilized as a means to study the
FAS and subsequent products in vivo by loading unique visualization and activity based
acids onto ACP in a fast and efficient manner.[5€]

The outlook for FAS research is bright. New tools are available, allowing visualization of
previously unobservable states. Our understanding of the ACP interaction with partner
proteins allows future studies of processivity, sequestration and new cargo-dependent
conformational changes. Specifically, studies on the ACP interaction with the TE will yield
crucial information for engineering attempts to modify fatty acid profiles, in the same
manner that unsaturation may be controlled by careful engineering of dehydratases. Finally,
while the chemistry of FAB is conserved between type | and type Il FAS systems,
sequestration and ACP-partner interactions are different, providing an opportunity for
directed development of antibiotics.
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A) Schematic diagram of the FAB cycle. B) Comparison of domain organization in type |

and type Il FAS systems. C) Nomenclature of E. coli Fab enzymes, listed underneath their
domain activities. D) A color-coded diagram of the type | mammalian FAS, demonstrating
an overall “gingerbread-man” topology (PDB: 2VZ8). The TE and the ACP are not

observed due to dynamics.
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Figure 2.
A) Demonstration of chain flipping: at left is ACP sequestering a C7 chain (PDB: 2FAD)

and at right is an ACP from the crosslinked complex with DH (PDB: 4KEH). B) Schematic
of tools utilized to modify ACP naturally in vivo, and in vitro. Often, due to endogenous
PPTase activity, heterologous expression of ACPs yields a mixture of apo- and -holo-ACP
species . R’, R” and R’ are used to denote variability limited by the specificity of the
pathway. R’ can be acyl chains, azides, alkynes, or halogens limited by the specificity of
AasS. R” is limited by the promiscuity of the specific CoA ligase used. R’ can be many
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different probes, from acyl chains to fluorescent moieties, and replacement of the thioester
by an amide.
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«n SH = PPant

>

Malonyl-CoA

Thiolactone “TLM-1" Trifluoroperazine

Figure3.
A) Schematic of MCAT chemistry, with several known inhibitors. B) Diagram of MCAT

“Ping-pong” mechanism. C) Examination of MCAT's active site. MCAT has been
malonylated (cyan) and CoA (green) is present (PDB: 2G2Z). Active-site residues are
marked in red. Top-left: global topology of MCAT with critical residues marked in red.
Top-right: surface diagram of the active site, demonstrating depth and accessibility. Bottom-
left: malonylation of the active-site serine, positioning of CoA. Bottom-right: positioning of
catalytic triad.
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Figure4.
A) Schematic of FabB and FabF chemistry, with known inhibitors. R is an acyl chain, length

C1to C13 (odd values). The two ACP proteins are denoted as ACP1 and ACP to clarify the
transformation. B) Demonstration of FAS initiation by FabH activity on malonyl-ACP wtih
acetyl-CoA, and a known inhibitor. C) Inhibition by Cerulenin, and mechanism-based
chloroacrylamide crosslinker based on Cerulenin. D) Comparison of FabB, FabF and FabH
demonstrating depth of active site (both FabB and FabF exhibit shallow active sites, while
FabH exhibits a deep pocket) and active site geometry. (PDBs: FabB=2VB8; FabF=2GFY;
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FabH=1HNJ). FabB shows thiolactomycin (green) bound and the catalytic triad (Cys163,
His298, His333; red); FabF shows covalently attached C12 fatty acid (green) and the
catalytic triad (Cys163, His303, His340; red); and FabH has Malonyl-COA (green)
occupying the tunnel and the catalytic triad (Cys112, His244, Asn274; red). The active site
geometries of FabB and FabF portray one histidine in position to abstract a proton from the
leaving group, and the other in position to provide hydrogen-bond stabilization.
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Figure5.
A) Schematic of KR chemistry, with several known inhibitors. R is an acyl chain, length C1

to C15 (odd values). B) Diagram of NAD(P)H based reduction mechanism. C)
Demonstration of active site restructuring due to NAD* binding. Top left: KR topology with
NADP* highlighted in red; middle left: surface filled close up on NADP* binding and
remote Arg129, Argl72 patch for ACP binding (PDB: 1Q7B). For comparison, Top right:
KR topology without NADP*; middle right: surface close up demonstrating different
topology, and highlighted arginine patch Arg129, Arg172 (PDB: 1101). At bottom,
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demonstration of distance between cofactor binding site and ACP binding site, requiring
chain translocation for activity (PDB: 1Q7B).
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Figure6.
A) Schematic of DH chemistry, with known inhibitors. R is an acyl chain, length C1 to C15

(odd values). FabA isomerization is depicted, but observed only when R is C5-C9 with
preference for C7. The anti-periplanar pro-2R hydrogen is highlighted for elimination. B)
Diagram of mechanism-based crosslinking activity described in text. C) Demonstration of
EcFabA topology and a comparison of conformational changes induced by substrates. The
catalytic His70 is shown in gray at the bottom of the active site. Top left: overall topology of
the DH, FabA; top right: wireframe topology of empty active site (PDB: 1IMKB). Middle
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left: wireframe topology of occupied active site, covalently attached to 3-Decynoyl-N-
acetylcysteamine (marked in red) (PDB: 1IMKA). Middle right: wireframe topology of
occupied active site when crosslinked to ACP using the mechanism-based crosslinker
described in B; Bottom, cartoon of ACP when crosslinked to FabA with overlayed
electrostatic surface, demonstrating unfolding of helix I11 by interaction with arginine (gray
sticks) from the FabA (PDB: 4KEH).
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Figure7.
A) Schematic of ER chemistry and several known inhibitors. B) Diagram of ER mechanism

with enolate intermediate. C) Comparison of binding of substrates and inhibitors for InhA,
the MtFabl. Top left: overall topology with NAD* (green) bound, with transparent overlay
of electrostatic surface; top right: active site occupation by NAD* (green) and the fatty acid
trans-2-hexadecenoyl-(N-acetyl-cysteamine)-thioester (cyan) with the hydrogen bond
positioning tyrosine (Tyr158, red) (PDB: 1BVR). Middle-left: binding of triclosan (cyan)
and NAD™ (green), with positioning tyrosine (Tyr158, red), forming a tight-binding but
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noncovalent complex (PDB: 2B35). Middle-right: binding of pyridomycin (cyan), with
Tyr158 (red) in the absence of NAD™ (PDB: 4BIl). Transparent surface over cartoon of the
EcACP interface with EcFabl, with residues not resolved (PDB: 2FHS).
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Figure8.
A) Schematic of AT and TE chemistry, with inhibitors of TE. R’ = substrate of AT activity,

including sugars, proteins and small molecules. B) Diagram of TE crosslinker mechanism
C) Demonstration of catalytic triad of a Bacteroides thetaiotaomicron TE. At left: overall
topology; at right: close-up on triad orientation and nearness to protein surface (PDB:
2ESS). The catalytic triad (Asn172, His174, Ser209) is denoted in red.
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