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Fatty acid synthases (FASs) iteratively condense and reduce two carbon ketide units
to produce fatty acids, which serve as precursors utilized in membrane development and
homeostasis, energy storage, cofactor biosynthesis, and signaling. The core enzymatic
activities of FASs are conserved, but they can exist as either large multidomain
megasynthases (type I) or as diffuse monofunctional proteins (type II). Central to FAS is the

small, 8kD acyl carrier protein (ACP), which carries thioester-linked pathway intermediates
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to each respective enzyme active site. Each FAS enzyme, or domain, must form productive
protein-protein interactions (PPIs) with ACP in addition to recognizing the ACP-tethered
cargo. The robust and modular biosynthetic logic of FASs, and the evolutionarily related
polyketide synthases (PKSs), make these synthases attractive metabolic engineering
platforms to produce either industrially relevant feed stocks or novel bioactive compounds.
Unfortunately, a fundamental lack of knowledge regarding ACP-mediated PPIs has led to
limited successes in combinatorial engineering efforts.

Here we use the Escherichia coli type 11 FAS as a model system to investigate ACP-
mediated PPIs and substrate processing by two important FAS enzymes, ketosynthases (KSs)
and malonyl-CoA ACP transacylases (MATs). The first chapter provides an up-to-date review
of ACP-mediated PPIs in E. coli type 11 FAS. In the second and third chapter we use this
well-characterized system to better understand ACP-KS PPIs and KS substrate
discrimination by structurally characterizing the E. coli elongating KSs, FabB and FabF, as
substrate/intermediate complexes with ACP that approximate states formed during catalysis.
In conjunction with molecular dynamics (MD) simulations and mutagenesis studies, these
structures reveal conformational changes mediated by two active site loops that regulate
substrate processing. Additionally, we developed three assays, one in vitro and two in vivo,
to systematically evaluate and characterize the ACP-KS interface.

In the fourth chapter, we investigate PPIs between E. coli AcpP and its cognate MAT,
FabD. We solved a high-resolution crystal structure of AcpP in complex with FabD and
thoroughly interrogate this system using enzyme assays and molecular dynamics simulations.
Results from these studies demonstrate that interfacial plasticity at the AcpP-FabD interface

serves to facilitate rapid FabD transacylation rates.
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Chapter 1. Structural Basis of Acyl-Carrier Protein Interactions in Fatty Acid

Biosynthesis

Introduction

Nature has evolved a unique, iterative biosynthetic pathway in de novo fatty acid
biosynthesis that polymerizes and reduces two carbon ketide units to produce fatty acids.
FAS enzymes can exist as one or more polypeptide chain megasynthases possessing distinct
catalytic domains (type I FAS) or as discrete catalytic enzymes (type Il FAS). The core FAS
enzymatic transformations include a decarboxylative thio-Claisen condensation reaction
between two thioester groups to form a B-keto species, which subsequently undergoes
ketoreduction, dehydration, and alkene reduction to produce saturated acyl intermediates.
This process is repeated, iteratively, until a mature fatty acid is produced. Both type I and
type II FAS require a small protein, the acyl carrier protein (ACP), that shuttles all building
blocks and intermediates to the FAS enzymes or domains. For decades the role of the ACP
was assumed to be simply a passive carrier for shuttling these intermediates. However, in
recent years a growing body of evidence indicates that the ACP must form productive
protein—protein interactions with each FAS enzyme in order to extend, modify, and offload
mature pathway products. We have learned that type I FAS ACPs must interact with multiple
enzymes or enzymatic domains outside of FAS to deliver intermediates for other metabolic
pathways. For example, within Escherichia coli alone, ACP must interact with at least nine
non-FAS enzymes, and the modes by which carrier protein engages these enzymes are

distinct from those formed during FAS.



We also know that the molecular logic of FAS was evolutionarily translated to the
polyketide synthase (PKS) family of enzymes. PKS pathways have evolved to repurpose the
catalytic machinery of FAS for the construction of complex, bioactive molecules. Like fatty
acids, polyketides (PKs) can be synthesized by both type I and II systems. In both cases,
these synthases often possess domains or operate with enzymes unique to PKS that further
increase the stereochemical and structural diversity of their products. PKSs also utilize ACPs
to shuttle reaction intermediates between enzymatic partners or domains. Therefore,
organisms have evolved sophisticated mechanisms to ensure that FAS and PKS machinery
operate orthogonally with no inter-pathway crosstalk. Protein—protein interactions likely play
an essential role in this regard, with differences in the sizes, shapes, and electrostatics of these
proteins dictating their specificities.

The regulation of pathway specificity through protein—protein interactions, while
necessary for proper cellular function, has undeniably impeded efforts in the fields of
metabolic engineering and combinatorial biosynthesis. Attempts to engineer organisms with
noncognate enzymes or to design novel pathways by mixing and matching enzymatic
elements from different pathways/synthases have yielded only modest successes. It has
become quite clear that in addition to characterizing the activities and substrate specificities
of these biosynthetic enzymes, a thorough understanding of their protein—protein interactions
will be required to manipulate these proteins rationally.

This chapter provides a comprehensive review of the advances made in the past
decade in our understanding of the structure, function, and properties of ACPs and their

interactions with associated partner proteins (PPs).



ACP Interactions in Type II FAS

Type II FAS systems are predominantly found in plant plastids and most bacteria.
They are also found in mitochondria where they often play an important role in lipoic acid
biosynthesis.!? A significant amount of the early work characterizing FAS was performed in
type Il systems, specifically in plants and bacteria, due to the comparative ease of isolating
and studying the individual biochemical components responsible for fatty acid (FA)
production. As such, our knowledge of these systems, and the role the ACP plays in
mediating biosynthesis, is more developed in type II than in type I FAS or in PKS enzymes.
An overview of type Il FAS in E. coli can be found in Figure 1.1. The following subsections
will explore the current knowledge and importance of ACP-mediated protein—protein
interactions in type II FAS, with special attention paid to the recent successes capturing

interactions between the E. coli ACP (EcACP), AcpP, in complex with its different PPs.

Structure and Biophysical Properties of Type Il FAS ACPs

Feodor Lynen and coworkers were the first to discover protein-bound acetoacetate
intermediates in their studies with yeast fatty acid synthase, which led to the proposal that all
intermediates formed during yeast FAS are protein-bound.? Subsequent work by Vagelos and
coworkers studying E. coli FAS resulted in the isolation and biophysical characterization of
a small, highly acidic 9 kDa protein that delivers substrates to FAS enzymes through a highly
labile thioester bond provided by a phosphopantetheine (PPant) arm posttranslationally
installed onto a conserved serine residue (Figure 1.2A).4%-Since the first structure of ECACP

was solved in 1988 using solution NMR, many structures of FAS and PKS ACPs with various



‘SH CoA malonyl-CoA
i <)

HOJ\/\ ‘
M st
ree @ ®- _/

‘ J\/\R g ‘sUR

FabF
NAD(P)* NAD(P)H
Fabl FabG
NAD(P)H NAD(P)*
Fabz
&' & @'
‘!/

branch point
FabA
.—SH . (R=CgH,)
O (0]
Ho)Wg\L ‘SKA\L
CSH11 CSH11

PIsB FabB
PIsC
i )
@ 2 @y
FabF

CsHyq CsHyy
NAD(P)* NAD(P)H
‘ Fabl FabG .
NAD(P)H NAD(P)*
o)
FabA

‘-s NI FabZ ‘)M
o @
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acyl-tethered moieties have been solved using both x-ray crystallography and NMR
methods.” 1% ACPs assume a canonical 4-helix bundle structure with the three long helices
(helices I, II, and IV) where helix I runs antiparallel to helices Il and IV and another smaller,
sometimes only transiently formed, helix III that is oriented perpendicularly to the three
larger helices (Figure 1.2A). Two notable flexible loop regions connect helix I to helix II
(loop I) and helix II to helix III (loop II). The N-terminus of helix II harbors a highly
conserved Asp-Ser-Leu, DSL, motif that serves as a recognition sequence and the site of
PPant modification by holo-ACP synthase (AcpS), which converts apo-ACP into its active
holo-ACP form.!-Cargo carried on the PPant arm is sequestered within the hydrophobic core
of the helical bundle, which protects the growing substrate thioester bond from premature
hydrolysis during FAS. The central hydrophobic pocket of ECACP can comfortably sequester
substrates up to 10 carbons in length.!! Therefore, in addition to forming protein—protein
interactions, type II ACPs must “desequester” and “resequester” acyl cargo during catalytic
events using a “chain flipping” mechanism.!?

The overall structure of ACPs is thought to be flexible and dynamic, and indeed, early
NMR studies of spinach ACP indicated two distinct conformations for the small protein and
later studies have verified this finding in other systems as well.!*"!> Other ACPs, such as
Vibrio harveyi ACP, are partially unstable at neutral pHs and can be stabilized by protein
binding events or divalent cations, such as calcium and magnesium. %!
Phosphopantetheinylation of the ACP’s conserved serine residue has been shown to stabilize
carrier protein structure by providing contacts between the PPant arm and residues on helix

IT and II1.'¢ The acylated forms of ACPs also have slightly different electrostatic surface
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Figure 1.2: The type I ACP structure and E. coli ACP interactome. (a) Structure, topology, and nomenclature
of ACP 4-helical bundle (PDB: 2FAE, 1.55 A). The PPant arm along with tethered C10 cargo is shown as ball
and stick sequestered inside the hydrophobic core of ACP. (b) The 21 catalytic partners from the E. coli “ACP
interactome.” Partners involved in FAS are in green, purple represents lipid A biosynthesis, blue represents
biotin biosynthesis, yellow represents haemolysin biosynthesis, and red represents lipoic acid biosynthesis.
Structures of crosslinked ACP=PP or noncovalent ACP—PP complexes are available for all partners labeled in
bold white font.



potential and structural characteristics due to FA sequestration into their hydrophobic
core.!%!! Changes in ACP structure due to the identity of its cargo have been hypothesized
to encourage interactions with the appropriate enzymatic partners in order to minimize
nonproductive protein—protein interactions. An NMR study characterizing the structures of
ACP intermediates during a full catalytic cycle of S. coelicolor FAS from hexanoyl-ACP to
decanoyl-ACP indicated that sequestration and changes in cargo identity induced
conformational changes in helix III, a region known to be important for ACP binding events
and recognition.” The dynamic nature and flexibility of ACP are hypothesized to impart the

small protein with its ability to interact effectively and efficiently with a multitude of PPs.

ACP-PP Interactions in Type II FASs

The E. coli “ACP interactome” includes 21 catalytic partners, as shown in Figure 1.2b,
and the number of PPs increases when including noncatalytic partners that serve as metabolic
regulatory elements. Despite the high number of PPs present in the cell, FAS is still a
remarkably robust pathway capable of supporting E. coli doubling rates of 20 min.!” Each
PP recognition event requires energetically costly protein binding and unbinding events;
therefore, these systems must employ higher order mechanisms of regulation that limit
nonproductive protein—protein interactions and ensure efficient flux through the FAS
pathway. Elucidating the structural basis of ACP interactions, especially by crosslinking
complexes in catalytically relevant states for subsequent structural biology work, is the most
direct approach to understanding the role ACPs and their cargo play in catalysis. Over the
past two decades, a significant number of ACP-PP and ACP=PP (where ‘=" denotes

crosslinked) complexes from type II FAS have been structurally characterized (Table 1).



Table 1.1: List of all known type Il FAS ACP—PP complexes.

ACP+<PP Complex PDB ID Method Pathway Organism Year DOI
BsACP-AcpS 1F80 X-ray Type Il FAS B. subtilis 2000  https://doi.org/10.1016/
S0969-2126(00)00178-7
EcACP+AcpS 2FHS  X-ray  Typell FAS E. coli 2006  10.1074/jbc.M608758200
ScACP-AcpS 4DXE  X-ray Type Il FAS S. coelicolor 2012 To be published
EcACP-FabA 4KEH  X-ray Type Il FAS E. coli 2014  10.1038/nature12810
HpACP-FabZ 4Z2JB  X-ray  Typell FAS H. pylori 2016 10.1038/cr.2016.136
EcACP-FabB 5KOF  X-ray Type Il FAS E. coli 2018  To be published
EcACP-FabZ TBP X-ray Type Il FAS E. coli 2019  To be published
EcACP-Biol 3EJB  X-ray Biotin B. subtilis 2008  10.1073/pnas.0805983105
EcACP-YchM 3NY7  X-ray lon transport  E. coli 2010 10.1016/j.str.2010.08.015
SfACP-BioH 4ETW  X-ray Biotin S. flexneri 2012  10.1073/pnas.1207028109
EcACP:LpxD 4IHF X-ray Lipid A S. coelicolor 2014  10.1038/nature12679
EcACP-LpxD 4IHG X-ray Lipid A S. coelicolor 2014 10.1038/nature12679
EcACP:LpxD 4HH  X-ray Lipid A S. coelicolor 2014 10.1038/nature12679




These structures have advanced our biophysical understanding of the mechanisms that

govern ACP binding events.

ACP-AcpS complex

Phosphopantetheinyl transferases (PPTases) are a conserved enzyme family present
in all domains of life. These enzymes use CoA as a substrate to install a prosthetic PPant arm
onto a conserved serine residue of ACPs, thereby converting them from their inactive apo-
form to active holo-form. In most type II FAS systems, holo-ACP synthase, AcpS, performs
this crucial function. However, a different class of PPTases, Sfp-type PPTases, serve as the
primary activators of carrier proteins in mammalian type I FAS, nonribosomal peptide
synthetase (NRPS), and PKS. Phosphopantetheinylation provides carrier proteins with a 20
A-long arm outfitted with a terminal thiol to deliver thioacyl-bound pathway intermediates
to the active sites of PPs. The importance of this posttranslational modification for ACP
activity makes PPTases attractive antibiotic targets.!® Structural and biochemical data
derived from these enzymes could aid in the development of future therapeutic treatments.
Nearly two decades ago, Somers and coworkers were the first to solve a crystal structure of
an AcpS-type PPTase in their work studying PPTases from the gram positive bacteria B.
subtilis."” Their study provided the apo-AcpS structure (PDB: 1F7T, 1.8 A), AcpS in
complex with CoA (PDB: 1F7L, 1.5 A), and fortuitously, AcpS in complex with CoA and
holo-BsACP (PDB: 1F80, 2.3 A). The AcpS structure is trimeric and each monomer is
composed of a five stranded b-sheet and three small N-terminal helices that, together, encase
a larger fourth helix (Figure 1.3a).The AcpS monomers trimerize with their B sheets oriented

toward the center of the complex and their helical portions facing outward (Figure 1.3).



Figure 1.3: Overview of AcpS structure, topology, and substrate binding. (a) AcpS monomer with its secondary
structure elements labeled. (b) Surface rendering of AcpS trimer with three bound CoA molecules with carbon
(white), oxygen (red), nitrogen (blue), and phosphate (orange). (c) Side view of single AcpS active site with
bound CoA molecule and magnesium ion (sphere, magenta) that aids in coordinating CoA and the deprotonation
the Ser36 residue of ACP during catalysis.
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An active site in the shape of a bowl-like depression is formed at the interface of each
monomer, resulting in a total of three catalytic centers (Figure 1.3b). CoA binds at the
interface of two monomers and conserved aspartate and glutamate residues coordinate a
catalytically important magnesium ion (Figure 1.3c). Upon binding ACP, a magnesium-
activated water molecule deprotonates the ACP Ser36 hydroxyl group facilitating the
nucleophilic attack of Ser36 on the CoA B-phosphate.!

ACP associates almost exclusively with one monomer of AcpS trimer near the active
site cleft, with the exception of a contact between Glu30 on ACP loop I and Arg45 at the
bottom of the long helix on the adjacent AcpS monomer. Interactions between the two
proteins, shown in Figure 1.4, are predominantly electrostatic with ACP helices II and III
forming contacts with AcpS helices I and II and the a4-B4 flexible loop. The hydrophobic
residues Leu37, Val40, and Met44 on ACP bind into hydrophobic pockets created by AcpS
residues Metl18, Arg24, Phe25, and Phe54 (Figure 1.4d).

This hydrophobic region of the interface is flanked by acidic residues at the top and
bottom of helix II that form electrostatic interactions with conserved AcpS arginine residues.
Argl4 of AcpS is an important and highly conserved residue that coordinates Asp35 and
Asp38 at the top of ACP’s helix II, thereby positioning Ser36 for attack on the B-phosphate
of CoA (Figure 1.4c). Helix III of ACP forms additional electrostatic and hydrogen bonding
interactions with the flexible a4-B4 loop. Interactions provided by Arg28 of AcpS pry apart
helix II and helix III allowing sequestration of acylated PPant moieties inside the central
cavity of ACP.

Since the landmark paper by Somers and coworkers published in 2000, both the F.

coli ECACP—AcpS (PDB: 5VCB, 4.1 A) and Staphylococcus aureus SaACP—AcpS
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Figure 1.4: Holo-ACP-AcpS complex and protein—protein interactions: (PDB: 1F80, 2.3 A). (a) Overview of
the 3:3 ACP—AcpS structure. ACP is shown as pale cyan and AcpS monomers are shown in different shades of
green. (b) All ACP residues within 4 A with AcpS residues. (c) Electrostatic contacts are seen along helix II of
ACP. (d) Hydrophobic interactions between ACP and AcpS at the top of ACP helix II. (e) Electrostatic
interactions are along the helix II-loop II-helix III region of ACP.
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(PDB: 4DXE, 2.51 A) structures have been solved. These structures possess the same overall
structural topology and ACP binding modes seen in the B. subtilis ACP—AcpS structure. In
2017, the ECACP—AcpS complex was resolved by Barb and coworkers, who were the first to
crystallize E. coli AcpS as well as the ECACP-AcpS complex.?’-Their work resulted in a
low-resolution x-ray model EcCACP—AcpS complex (PDB: 5VCB, 4.1 A), but subsequent
NMR CSP and residual dipolar coupling (RDC) experiments served to validate their
structural models. Through additional experiments verifying a 3:3 EcACP—AcpS binding
stoichiometry, they determined a Kp of 2 uM for apo-ACP. Interestingly, holo-ACP was
found to bind AcpS with a Kp of 62 nM and subsequent /#0lo-ACP molecules bound with a
Kp of 1.2 uM, thereby indicating that AcpS binds its product (holo-ACP) with high affinity
and negative cooperativity. These findings have led to the proposal that AcpS activity is
controlled by the cellular concentrations of apo-ACP and holo-ACP as well as the CoA and
acetyl-CoA pool.?°

The initial work performed by Somers and coworkers provided the first structure of
an ACP-PP complex. The fundamental principles learned from the ACP—AcpS complex still
drive our basic understanding of ACP-mediated protein—protein interactions today. Most
ACP protein—protein recognition events are driven by electrostatic interactions (Figure 1.4c,e)
between the negatively charged ACP molecule and a positive patch at the active site entrance
of PPs. Helix II, loop I, and helix III are typically the most important structural motifs in all
ACP-PP complexes solved to date. In fact, helix II of ACP is now often referred to as the
“recognition helix” as it forms the most extensive interface contacts with respective PPs.?!

Analysis of subsequent structures in following sections will build on these basic principles.
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ACP-MAT Complex

Malonyl-CoA serves as the source of extender units in FAS, but the malonate group
must first be transferred from the CoA thioester to the terminal thiol of holo-ACP. This
crucial step is performed by a malonyl-CoA-ACP transacylase (MAT), a class of transferases
in the o/P hydrolase fold family that function through a conserved active site Ser-His catalytic
dyad. These enzymes use a ping-pong reaction mechanism that first results in transfer the
malonate group from malonyl-CoA to the active site serine residue of MAT to produce a
malonyl-MAT enzyme adduct. In a second half reaction, holo-ACP associates with MAT
and transfers the malonate moiety to its PPant thiol to produce malonyl-ACP (Figure 1.5).
This reaction therefore serves to “charge” holo-ACP with malonate, thereby producing the
pool of malonyl-ACP necessary for all subsequent condensation reactions performed by
ketosynthases.

The first MAT structure, E. coli MAT (EcFabD), was published in 1995 (PDB:
IMLA, 1.5 A) and since then at least 13 MAT structures from different organisms were
solved and are available in the PDB.?>"2° The core MAT structure is of the o/B hydrolase fold
family with residues 1-123 and 206-307 forming a 4-stranded parallel B-sheet sandwiched
by 12 helices.?>?¢ There is an additional small ferridoxin-like domain insertion between
residues 120 and 205 that is thought to form much of the putative ACP binding interface
(Figure 1.6).2” Crystal structures of E. coli FabD bound to malonyl-CoA show the active site
can be accessed at the groove between the core o/f hydrolase domain and the smaller
ferredoxin-like domain (Figure 1.6).%° Furthermore, transfer of malonate to the catalytic
serine of EcFabD serves to organize the active site residues for malonyl transfer to /holo-

ACP.? There are currently no available crystal structures of a type Il FAS ACP.?8
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Figure 1.6: MAT topology and substrate interactions. (a) Overview of MAT topology (PDB: 2G2Z, 2.8 A)
with the ferridoxin-like domain colored yellow-orange, the N-terminal helical domain colored ruby red, and the
core 0/f hydrolase fold colored as red. Malonyl-CoA is shown bound at the active site cleft with carbon (white),
oxygen (red), and nitrogen (blue), and phosphate (orange). (b) A close-up view of the interactions that
coordinate malonyl-CoA in the crystal structure. The active sites Ser92 and His201 are labeled in bold.
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There are currently no available crystal structures of a type Il FAS ACP-MAT complex, but
despite our lack of structural knowledge, the ACP-MAT interfaces of Helicobacter pylori
and S. coelicolor have been characterized extensively using NMR, binding kinetics, enzyme
assays, and computational docking protocols.

Interestingly, a significant number of PKS clusters in S. coelicolor do not contain a
MAT; therefore, it was postulated that the FAS MAT of S. coelicolor (ScFabD) could fill in
for these pathway deficiencies.?>*° In 2003, Stroud and coworkers solved the crystal structure
of ScFabD and performed macromolecular docking experiments using actinorhodin ACP
(actACP) as the S. coelicolor FAS ACP (ScACP) structure was not available.®> The best
scored complex featured loop I, the top of helix II, helix III, and the top of helix IV forming
extensive interactions with the o/ hydrolase domain of FabD (Figure 1.7a). Although this
initial model placed the conserved DSL motif in a reasonable position to deliver substrate to
the ScFabD active site, the binding mode of the docked ACP is not in alignment with what
is currently known about FAS ACP protein—protein interactions. Although, these differences
in binding mode may be attributed to the use of actACP instead of the FAS ScACP.

A more thorough follow-up study performed by Crosby and coworkers to
characterize ScFabD interactions with its cognate FAS ACP, ScACP, was performed using
a combination of NMR, docking simulations, binding kinetics, and enzyme assays.?’
Solution- phase NMR experiments were used to solve the structure of SCACP (PDB: 2G2Y,
2.26 A) as well as calculate SCACP CSPs during binding events with ScFabD. ScACP’s helix
I1, loop 11, and helix IIT undergo the largest chemical shifts, while only modest changes are
seen along loop I (Figure 1.7b). Binding kinetics and NMR CSP titration data were then used

as restraints during protein-protein docking simulations to produce a more accurate
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Figure 1.7: Comparison of ACP*MAT binding studies. (a) Docked model (PDB: 1NNZ) of actinorhodin-ACP
bound to S. coelicolor MAT (ScMAT, PDB: INM2, 2.0 A) from Stroud and coworkers overlaid with FabD
from E. coli bound to malonyl-CoA (PDB: 2G2Y, 2.26 A). The conserved Ser41 (Ser36 in E. coli) residue of
ACP is denoted in bold and an asterisk. (b) Weighted CSPs of ScACP titrated with SCMAT. Data were
interpreted from studies performed by Crosby and coworkers.?” The 10 largest CSP shifts, excluding 1159, are
shown as stick and represented with carbon (cyan), oxygen (red), and nitrogen (blue).
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ACP<FabD model. This new model identifies helix II as the main recognition motif where
electrostatic interactions surround a small number of hydrophobic contacts. Interestingly, no
changes in chemical shift for the amide protons of the ACP PPant arm were observed during
CSP titrations. However, it is worth noting that these experiments were performed with FabD
in its apo-form and malonylation of the active site serine residue may be necessary for ACP
to “chain flip” its PPant arm into the active site. A closer analysis of the docked complex
shows ACP forming more contacts with the ferridoxin-like domain than the N-terminal
helical domain of FabD. Mutation of an arginine residue on the ferridoxin-like domain near
the active site entrance to alanine, R189A, caused a fivefold decrease in ACP binding affinity.
Additionally, the equivalent residue in EcFabD, Argl90, forms an electrostatic interaction
with the 3* phosphate of the CoA ribose ring as seen in the crystal structure of E. coli FabD
in complex with malonyl-CoA. These observations support the role of Argl89 in ACP
recognition events and suggest that it is important for both CoA and ACP binding. The
proposed ScACP+FabD model by Crosby and coworkers fits well with our knowledge of
ACP binding modalities and currently serves as the most interrogated FAS ACP-MAT
interface study to date.

Shen and coworkers solved the H. pylori MAT, HpMAT, structure and also subjected
their model to docking protocols using the native H. pylori FAS, HpACP. In the docked
structures, Helix II from ACP forms favorable contacts with conserved electropositive and
hydrophobic residues near the HpMAT active site entrance.>*3! Additional contacts involve
residues at the top of helix I and Asp56 of ACP’s helix III. This interaction is of particular
interest as the crosslinked structures of the E. coli FAS ketosynthase (EcACP=FabB) and

dehydratases (EcCACP=FabA and EcACP=FabZ) also use Asp56 to coordinate with helix III
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of EcACP. In addition to favorable interface contacts, the serine hydroxyl group is well
oriented to deliver the PPant arm to the HpMAT active site. The results from this study are
in alignment with what is currently known about ACP—PP interactions and are in agreement
with the S. coelicolor ACP<FabD model proposed by Crosby and coworkers.?’

MATSs are essential enzymes that provide the pool of extender units for FAS as well
as the specificity of the starter unit. Despite a lack of structural information, our basic
understanding of ACP-MAT interactions has advanced significantly. While there have been
some successes in crystallizing ACPs with trans-ATs from type I PKS pathways, new

innovative approaches for trapping interactions with ATs will need to be explored.

ACP-KS Complex

KSs use a thio-Claisen condensation reaction to form carbon—carbon bonds in FAS
and PKS. This reaction is irreversible and serves as the committed step in FAS, ensuring
completion of the FAS catalytic cycle whereby the newly formed B-keto species is fully
reduced to the saturated FA. E. coli possesses three KS enzymes: FabB, FabF, and FabH,
which are representative of the three KS families KASI, KASII, and KASIII, respectively.
All three KS subfamilies are part of the larger thiolase fold family and exist as homodimers
in solution. FabH serves as the initiator in FAS by condensing acetyl-CoA with malonyl-
ACP to produce acetoacetyl-ACP.>* All subsequent rounds of extension are catalyzed by the
elongating KSs, FabF and FabB, using solely ACP derived starter and extender units.>* The
reaction mechanism of KSs is similar to the ping-pong mechanism used by MATSs.3%36 Acyl-
ACP must first associate with the KS and transfer its acyl cargo to the active site cysteine

residue, producing an acyl-enzyme intermediate. Malonyl-ACP then associates and through
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Figure 1.8: Ping-pong mechanism of elongating KSs. Acyl-ACP associates with the KS and the acyl group is
transferred onto the catalytic cysteine residue, shown as SH, producing an acyl-KS intermediate. Next, malonyl-
ACP associates with the KS and condenses with the enzyme-bound thioacyl intermediate through a
decarboxylative thio-Claisen condensation reaction, to subsequently form and offload pB-ketoacyl-ACP.
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a decarboxylative thio-Claisen condensation forms B-ketoacyl ACP (Figure 1.8). KS enzyme
mechanisms require multiple ACP association and dissociation events in a highly
choreographed manner. Thus, a greater understanding of ACP+KS recognition events is
essential to future work studying and engineering FAS and PKS pathways.

The elongating KSs, FabB and FabF, perform additional specific roles in E. coli FAS.
FabB knockouts are unsaturated FA auxotrophs and are not viable without media
supplementation of unsaturated FAs.?” It has been well demonstrated in vivo and in vitro that
FabB is responsible for the production of unsaturated FAs by working in concert with the
dehydratase FabA (Figure 1.1).3%3° FabA selectively isomerizes trans-2-decenoyl-ACP, the
immediate product of FabA-catalyzed dehydration, to cis-3-decenoyl-ACP. This unstable
intermediate is, subsequently, extended to cis-5-dodecenoyl-ACP by FabB, which
immortalizes the unsaturation.*®#%#! FabF does not perform this function in vivo, despite the
similarity it shares with its homologue FabB. Additionally, Cronan and coworkers have
shown that FabF regulates membrane fluidity in response to temperature changes by
increasing the amount of cis-vaccenic acid (18:1 (11Ac)) present in membrane lipids.***3
This temperature sensing feature of FabF is decoupled from gene regulation and the activity
of transferases at the membrane surface, and thus is governed by the structure and dynamics
of FabF.** Although the underlying molecular mechanisms responsible for KS substrate
discrimination at crucial branch points in E. coli FAS remain unknown, these early
biochemical studies demonstrate the importance of KS substrate preference in E. coli FAS
pathway flux and regulation. A better understanding of ACP-KS interactions and KS
substrate preference can be achieved by crystallizing ACP=KS crosslinked complexes with

substrate mimetics.
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Burkart, Tsai, and coworkers recently solved a crosslinked crystal structure of
EcACP=FabB at 2.4 A (PDB: 5KOF, 2.4 A), which is the first structure ACP-KS complex
from type II FAS.* The EcACP-FabB complex was trapped using a mechanistic
crosslinking pantetheineamide probe containing an electrophilic chloroacrylate warhead
loaded onto EcACP. A covalent bond is formed between the active site cysteine residue,
Cys163, and the reactive center on the PPant probe. The pantetheineamide carbonyl group
forms interactions with the two catalytic histidine residues, His298 and His333, mimicking
the state of malonyl-ACP during the condensation portion of the two-step reaction (Figure
1.9).

The EcACP-FabB interface consists of electrostatic interactions between the
negatively charged ACP and a positive patch formed at the FabB active site entrance near
the dimer interface. Most of the interactions occur along helix II of ACP, with the negatively
charged residues Asp35, Asp38, Glu4l, and Glu48 forming salt bridges with positively
charged arginine and lysine residues along the FabB dimer interface (Figure 1.10). The
majority of the FabB interactions with ACP are from the FabB monomer that is not
crosslinked to the ACP, with the exceptions being residues Arg45, Val270, and Met204.
Arg45 forms a salt bridge with Asp56 of ACP providing the only contact to helix III of ACP,
while Val270 and Met204 are part of a hydrophobic network coordinating the ECACP—FabB
interface at the active site entrance. Residues Met44, Val40, and Leu37 of ACP helix II form
hydrophobic interactions along the FabB interface (Figure 1.10d). Met44 and Val40 pack
into holes formed by residues 124—132 of FabB and Leu37 sits in a pocket created by FabB

residues Val270, Phe67, and Tyr132. This hydrophobic region of the interface is flanked by
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Figure 1.9: PPant interactions in crosslinked EcACP=FabB structure (PDB: S5KOF, 2.4 A). (a) and (b)
represent two viewing angles of all the relevant interactions between the crosslinked ECACP PPant arm and
FabB active site residues. The catalytic histidines, His298 and His333, can be seen coordinating the carbonyl
moiety of the PPant probe in a manner reminiscent to the expected interactions formed during association with
malonyl-ACP.
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Figure 1.10: Crosslinked EcACP=FabB complex and protein—protein interactions (PDB: SKOF, 2.4 4). (a)
Overview of the 2:2 EcACP=FabB crosslinked structure. The complex is shown as a transparent surface
representation with ACP (pale cyan) and FabB (bright orange). The PPant probe is represented with carbon
(green), oxygen (red), nitrogen (blue), and phosphate (orange). (b) All ACP residues that form contacts within
4 A with FabB residues. (c) Electrostatic contacts as seen along helix II of ACP. (d) Hydrophobic interactions
between ACP and FabB at the top of ACP helix II. The PPant probe is not shown for viewing purposes. (¢)
Electrostatic interactions along the helix II-loop II-helix III region of ACP.

Figure 1.11: EcACP-FabH interactions and electrostatics. (a) Electrostatic potentials mapped onto the surface
of FabH, which demonstrates a positive patch in the same region as residues assayed by Rock and coworkers.
(b) Overall topology of FabH dimer shown as cartoon. CoA (ball and stick) is shown accessing the active site
and residues assayed by Rock and coworkers. (c) A closer view of the FabH positive patch with assayed residues
shown as ball and stick. CoA is represented with carbon (white), oxygen (red), nitrogen (blue), and phosphate
(orange).
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electrostatic interactions and salt bridges that serve to lock the ECACP—FabB interaction in
place.

While no other structures of type II ACP-KS complexes are currently available, a
biochemically validated computational model of the ECACP-FabH complex was generated
using the NMR structure of ECACP (PDB: 1ACP) and the crystal structure of EcFabH (PDB:
1HNK, 1.9 A).% In this model, helix II of ECACP forms extensive contacts with conserved
positively charged residues near the active site entrance of FabH. Alanine scanning and
charge swap mutations of residues Lys214, Arg249, and Lys256 result in a 100-fold or
greater decrease in FabH activity.*’ Additionally, electrostatic potential maps of FabH
demonstrate an overall negative electrostatic potential except for a positive patch near the
enzyme active site that corresponds to the three mutated residues (Figure 1.11). These results
have provided the best model to date of the ACP—FabH complex.

With the recent structure of ACP=FabB, our understanding of ACP-KS interactions
have markedly improved. Currently, no complex of ACP=FabF or ACP=FabH has been
reported, but the recent development of new probes may provide these results in the near
future.**-3% High-resolution structures of all E. coli KSs in complex with ECACP may provide
answers to long-standing questions regarding the specific roles of FabF and FabB in E. coli

FAS. These data would certainly aid efforts to engineer FAS and PKS pathways.

Section 1.7 ACP-KR Complex
In type I and type I FAS, KRs are responsible for the NAD(P)H-dependent reduction
of B-ketoacyl-ACP to B-hydroxyacyl-ACP (Figure 1.1). KRs are in the large family of short-

chain dehydrogenase/reductase enzymes that utilize a Rossmann fold to bind an NAD(P)H
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Figure 1.12: Overall topology and structure of the E. coli KR (FabG) with NADP" bound. (a) Side view of the
FabG tetramer (yellow). (b) Top view of the FabG tetramer. NADPH is represented with carbon (green), oxygen
(red), nitrogen (blue), and phosphate (orange).

Figure 1.13: Substrate-induced rearrangements of FabG. (a) Overlay of EcFabG in its apo- (light-gray) and
NADP*-bound (yellow) forms (apo-EcFabG PDB: 1101, 2.6 A; NADP*-bound EcFabG PDB: 1Q7B, 2.05 A).
Movements in the f4-04 and $5-a5 loops are indicated in the figure. Regions with no defined density in the B5-
a5 loops from apo-EcFabG are shown connected as dashed lines. Upon binding of the NADP* cofactor, these
loops move substantially, and the B5-a5 loop changes from an unstructured region with poor density into a well-
defined helical segment in the NADP*-bound structure. (b) A closer view of the NADP*-bound cofactor along
with the putative catalytic residues Tyr151, Lys155, and Ser138. In both panels NADP" is represented with
carbon (green), oxygen (red), nitrogen (blue), and phosphate (orange).
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cofactor. A conserved Ser-Lys-Tyr triad is used to protonate the alkoxide formed by
NADPH-dependent hydride reduction of the b-keto species.’! KRs exist as tetramers and
share the same fold and family as the ERs (Figure 1.12).

In E. coli and other bacteria, KRs are essential enzymes for cell viability.??*? Despite
the importance of KRs and their potential as a target for antibiotic discovery, these enzymes
are not well characterized in comparison with other FAS catalytic enzymes, specifically their
ER cousins which are established drug targets.>>>> Structural interest in these enzymes has
increased as of late>>°6-38  but there are still no structures of an ACP-FabG complex or any
relevant crosslinking probes to aid in these efforts.

Work in the early 2000s provided the KR structure from Brassica napus in complex
with the NADP* cofactor (PDB: 1EDO, 2.3 A) as well as the E. coli KR (FabG) in its apo-
form (PDB: 1101, 2.6 A) and NADP" bound form (PDB: 1Q7C, 2.5 A).515%%0 Comparison of
the apo- and NADP*-bound structures reveal significant structural rearrangements in the 4-
a4 and B5-a5 loops that occur upon binding the NADP* cofactor (Figure 1.13). These
structural changes serve to organize the KR active site and prepare the enzyme for association
with ACP. Binding studies demonstrate that NADPH binds with slight negative cooperativity,
which is markedly enhanced in the presence of ACP.>% It was found that in the presence of
NADPH, ACP binds tighter and in a 1:4 EcACP:FabG ratio, indicating that the active site
rearrange- ments that occur upon cofactor binding organize a higher affinity binding site for
ACP. Extensive interactions between the subunits of the tetrameric KR allow the
transmission of conformational changes from one monomer to another, which provides a

mechanism for controlling the binding and release of NADPH/NADP* and ACP.>%¢0
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Figure 1.14: EcACP-FabG interactions and electrostatics. (a) Electrostatic potentials mapped onto the surface
of FabG, which demonstrates a positive patch in the same region as the residues assayed by Rock and coworkers.
(b) Overall topology of FabG tetramer with four bound NADP" molecules. Positive patch residues, Argl29 and
Argl72, are also shown as balls and sticks. (¢) A closer view of the FabG positive patch residues. NADP" is
represented with carbon (green), oxygen (red), nitrogen (blue), and phosphate (orange). Potentials determined
using the Adaptive Poisson-Boltzmann Solver126—-129 and measured in atomic units (kTee—1).
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Figure 1.15: EcACP—FabG NMR titration studies. (a) The 10 largest CSP shifts shown on ACP from NMR
titration experiments between ECACP and EcFabG. Residues are shown as sticks and colored by atom with
carbon (pale cyan), oxygen (red), and nitrogen (blue). (b) Weighted CSPs of EcACP titrated with FabG.
Residues possessing the 10 largest CSPs are shown are sticks. Data were interpreted from studies performed by
Rock and coworkers.*’

29



Electrostatic potential mapping of FabG identified a hydrophobic patch surrounded
by a series of lysine and arginine residues on the enzyme surface adjacent to the entrance of
the active site (Figure 1.14).>* Mutating two of the conserved arginine residues, Argl29 and
Argl72, in this region to either alanine or glutamate resulted in a nearly 10-fold loss in KR
activity with ACP substrates, which was further confirmed by a marked loss in binding using
a fluorescence resonance energy transfer (FRET)-based assay.*” NMR titration experiments
also identified helix II as the primary interaction motif for the ECACP—FabG complex along
with additional residues on loop II (Figure 1.15). These results fit well with our current
knowledge of ACP-PP interfaces, but little work has been done in the past decade to further
elucidate the effects of ACP substrate recognition by FabG or the NADPH-mediated

allosteric events that occur upon binding and catalysis.

ACP-DH Complex

During the course of FAS, DHs catalyze the dehydration of B-hydroxyacyl-ACP
produced by KR-catalyzed reduction, producing enoyl-ACPs. E. coli and many other a and
y-protobacteria possess two dehydratases, FabA and FabZ. FabA and FabZ are
complementary enzymes with distinct substrate chain length preferences and activities.*8 E.
coli FabA, in addition to catalyzing the dehydration of B-ketoacyl-ACPs, possesses a unique
isomerization activity that is responsible for the introduction of cis-unsaturation into FAs
(Figure 1.1). It is important to note that FabA and FabZ-catalyzed dehydration is reversible
and under equilibrium conditions the B-hydroxyacyl precursor is favored; therefore,

S 61-63

downstream transformations are responsible for driving forward FA Thus, the relative

rates of association and dissociation, and consequently the protein—protein interactions
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Figure 1.16: Comparison of the topologies and electrostatic potentials of EcACP2=FabA: (a—c) and EcACP:-
FabZ> (d—f) dimer subunit. Note that the so-called positive patch in the ECACP>=FabA: is formed exclusively
by a single FabA monomer, whereas the corresponding “positive patch” in the ECACP>—FabZ: involves residues
from both FabZ monomers. Potentials determined using the Adaptive Poisson-Boltzmann Solver®%" and
measured in atomic units (kTee—1).
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Figure 1.17: Interfaces between the dehydratases FabA and FabZ with EcACP. EcACP is shown in grey and
the subunits of the FabA and FabZ dimer are shown in orange and light blue. (a) Interface between ECACP and
EcFabA from the crosslinked ECACP2=FabA2 (PDB: 4KEH, 1.9 A). (b) Interface between EcACP and EcFabZ
from the crosslinked EcCACP6=FabZ6 (unpublished results). (c) Interface between HpACP and HpFabZ from
HpACP1-HpFabZ2 structures (PDB: 4ZJB, 2.55 A). Residues that form the interface between the carrier
protein and the DHs are labeled and colored according to the monomer components to which they belong. D10X:
a sulfonyl-3-alkyne-based crosslinker (5, Fig. 3) that mimics FabA’s preferred decanoyl substrate; D6X: a
sulfonyl-3-alkyne-based crosslinker that mimics FabZ’s preferred hexanoyl substrate; PNS:
phosphopantetheine cofactor.

32



between the various FA synthases and EcCACP play a central role in determining the FA
profile of E. coli.

In 2014, Tsai, Burkart and coworkers reported the 1.9 A crosslinked structure of
EcACP=FabA (Figure 1.16a).°® Crosslinking was carried out using a chemoenzymatically
modified EcACP (crypto-EcACP), bearing a mechanistic crosslinking probe that would react
between the various FA synthases and EcCACP play a central role in determining the FA
profile of E. coli. In 2014, Tsai, Burkart and coworkers reported the 1.9 A crosslinked
structure of EcACP=FabA (Figure 1.16a).® Crosslinking was carried out using a
chemoenzymatically modified ECACP (crypto-EcACP), bearing a mechanistic crosslinking
probe that would react with the nucleophilic active site residue, His70. This approach has
proven successful not only in trapping the transient complex ECACP-FabA complex but also,
by virtue of the probe’s selectivity for FabA’s active site His70, ensures that crosslinking
preserves the complex in a functionally relevant state.

The crosslinked EcACP=FabA complex was crystallized as a 2:2 structure in
agreement with experimental sizing data. The interaction between the carrier protein and the
dehydratase is primarily electrostatic in nature with ECACP providing negatively charged
residues that interact, via salt bridge interactions, with the “positive patch” of Arg and Lys
residues found on the surface of FabA (Figure 1.16). In particular, Glu41, Glu47, Glu53,
Asp56, and Glu60 of EcCACP form salt-bridge interactions with R132, R136, and R137, and
K161 residues within the “positive patch” of FabA (Figure 1.17a). The importance of the
positively charged residues of FabA was evaluated by performing crosslinking experiments
on various “charge-swapped” mutants of FabA, including the R132E, R136E, R137E, and

K161E mutants; these mutants show reduced crosslinking activity toward crypto-EcACP
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designed to target His70. Nonetheless, not all interactions at the interface are electrostatic in
nature.

The salt bridges enumerated above are complemented by hydrophobic interactions
involving ECACP’s Leu37, Val40, and Met44 as well as FabA’s Leul06, Vall34, Leul38,
and Met140.°% Zhang and coworkers have reported a 2.55 A noncovalent complex structure
of H. pylori EcCACP3-FabZ6.”° The authors propose, on the basis of the 1:2 ACP to DH
stoichiometry of the crystallized structure, that FabZ operates via a see-saw mechanism
whereby each monomer of the dimeric FabZ subunit alternates in binding and reacting with
the ECACP. Closer inspection of the electron density suggests that the 1:2 ACP to DH
stoichiometry may be the consequence of crystal packing effects as an ACP from the nearest
neighboring asymmetric unit actually engages the “open” FabZ binding site “observed” in
the asymmetric unit (Figure 1.18). As is observed in the EcCACP=FabA structure, the protein-
protein interface between the carrier protein and FabZ subunit is dominated by electrostatic
interactions. Zhang and coworkers have identified the following interactions: EcCACP’s
Asp35 and Asp38 forms salt bridge interactions with Argl10 of FabZ; Glu41 and Glu47 form
salt bridges with Lys152 and Lys129, respectively. In addition to these polar interactions,
EcACP’s Leu37, Val40, and Met44 interact with a hydrophobic patch on FabZ formed by
Met102, Thr103, and Ile132.

More recently, Burkart, Smith, and coworkers have reported the structure of a 2.6 A
crosslinked EcACP=FabZ6 structure.”! This structure differs from the structure reported by
Zhang and coworkers in that it features 1:1 ACP to DH binding stoichiometry, suggesting
that the active sites of all FabZ monomers can be engaged simultaneously. In order to

solubilize FabZ for chemical crosslinking, a protein, Morc, was fused to the N-terminus of
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Figure 1.18: Comparison of Zhang and coworkers’ holo-HpACP*FabZ and Burkart and coworkers’
EcACP=FabZ structures. (a) Functional hexameric holo-hpACP—hpFabZ complex. (b) Hexameric
EcACP=EcFabZ (asymmetric unit, ECACP6=EcFabZ6) reported by Burkart, Smith and coworkers. (c)
Structure of the holo- HpACP—HpFabZ hexamer and components of its nearest neighbor, illustrating the
packing of an ACP from this neighbor onto the open ACP-binding site.

35



the dehydratase. The resulting FabZ-Morc fusion protein was subjected to crosslinking using
a 3-alkynyl-sulfone-pantetheinamide mimetic of hexanoyl-ECACP. Interestingly,
crosslinking performed using a mimic of B-hydroxydecanoyl-EcACP yielded only 10%
crosslinked product; however, a mimic of FabZ’s preferred substrate, B-hydroxyhexanoyl-
EcACP crosslinked much more efficiently. After crosslinking, the fusion protein was site-
specifically cleaved from the crosslinked construct using TEV protease. Like FabA, FabZ
reacted with the probe molecules through its active site histidine, His54. In contrast to FabA,
both monomers of the dimeric FabZ subunit form contacts with ECACP. In fact, most of the
protein—protein interactions formed between the carrier protein and FabZ involve the FabZ
monomer not crosslinked to the carrier protein. Likely owing to this “multi-monomer”
interface, the FabZ dimer buries a surface area of 745 A2 at the interface, a much larger area
of EcACP than does FabA (~530 A?) in the ECACP=FabA structure.’® The protein-protein
interface between the FabZ and EcACP features a number of ionic interactions. Asp35,
Asp38, and Glu41 form salt bridge interactions with Argl00 and Lys102 of the crosslinked
FabZ monomer, and Lys119, Argl21, Argl22, and Argl26 of the noncrosslinked FabZ
monomer interact with Glu4l, Glu47, Glu48, and Asp56 (Figure 1.17). Hydrophobic
interactions at the interface involve ECACP and the noncrosslinked monomer with Leul24
and Met144 of FabZ forming van der Waals contacts with Leu37, Val40, Val43, Met44, and

Alas9.

Section 1.9 ACP-ER Complex
The ER, like the KR, is an NAD(P)H-dependent reductase that catalyzes the reduction

of enoyl-ACP to acyl-ACP. Most ERs are also found in the short-chain
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dehydrogenase/reductase enzyme family and share the same tetrameric fold as their KR
cousins.’’’>7> There are some exceptions to this rule. For instance, Streptococcus
pneumoniae uses FabK, a flavin-dependent reductase, to reduce enoyl-ACPs.”? Little is
known about ACP interactions with the FabK class of ERs. Interestingly, the FabK class of
ERs is similar to the ER domains of yeast type I FAS.”® The ER plays an important role in
regulating FAS and has long been considered to be the rate- limiting step in the cycle.”* Early
studies show that palmitoyl-ACP inhibits ECER, Fabl, indicating that the ER also serves as a
site for feedback inhibition in FAS.”® Bacteria typically encode a single ER, and given their
importance in controlling flux in FAS, they serve as a promising target for the development
of antibiotics.” The ERs, Fabl from E. coli and InhA from Mycobacterium tuberculosis, are
confirmed targets of triclosan and isoniazid, respectively.>33>7%77 As such, most of the ER
structural work has been focused on the development of inhibitors instead of the evaluation
ACP-ER protein—protein interactions.

The apo- and NAD-bound structures of Fabl (PDB ID: 5CF2, 1DFI), as in KRs, also
show structural rearrangements near the active site upon cofactor binding.”® These
rearrangements may also organize the ER for ACP binding events. A structure of E. coli Fabl
in complex with EcACP has been solved (PDB: 2FHS, 2.7 A), but the ACP is poorly resolved
(Figure 1.19).7 Helix II appears to serve as the recognition motif, as it packs closely with
FabI’s a8 helix, but the residues at the ECACP—Fabl interface are unresolved. Short MD
simulations performed on the EcACP—Fabl complex indicate that the PPant tethered
substrate can enter through a smaller active site tunnel (minor portal) adjacent to ECACP

Ser36 (Figure 1.20). These results conflict with a structure of InhA in complex with a trans-
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Figure 1.19: Overview of EcACP—EcFabl structure (PDB: 2FHS, 2.7 A). (a) Top view of ECACP bound to a
dimer of two ER (purple) monomers at a 1:2 ratio. (b) A closer view of the interface of ACP and Fabl with the
minor and major portal entrances to the Fabl active site indicated in the panel. ACP is colored as pale cyan and
the unresolved portions of the structure are shown as dotted lines. The bound NADP* cofactor is represented
with carbon (green), oxygen (red), nitrogen (blue), and phosphate (orange).
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Figure 1.20: Comparison of the EcACP—EcFabl structure (PDB: 2FHS, 2.7 A) to SNAC-palmitate-bound M.
tuberculosis Fabl (PDB: IBVR, 2.8 A). (a) ACP is shown oriented toward the minor portal, which is the
purported substrate entrance by Rafi and coworkers.” The bound SNAC-palmitate molecule, wheat colored,
from 1BVR (InhA) is overlaid with the ECACP<Fabl structure for comparison. The orientation of SNAC-
palmitate indicates that the substrate entrance may be through the major portal. (b) A closer view of the active
site-bound SNAC-palmitate molecule (InhA, PDB: 1BVR, 2.8 A). Active site residues (Tyr157 and Lys163)
and the NADP*-bound cofactor demonstrates that the 3-position of the SNAC-palmitate group is well
positioned for hydride reduction.
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2-hexadecenoyl-(N-acetylcysteamine)-thioester substrate analog (PDB: 1BVR, 2.8 A),
which suggest a different results conflict with a structure of InhA in complex with a trans-2-
hexadecenoyl-(N-acetylcysteamine)-thioester substrate analog (PDB: 1BVR, 2.8 A), which
suggest a different entrance to the ER active site, the major portal (Figure 1.20).5° Without
more concrete structural evidence on the ACP-ER interface, no definitive conclusions can
be drawn. Recent efforts have been made to develop noncovalent crosslinking probes to
enhance the affinity between the ACP and the ER, but new structural and/or biochemical

information has not yet been reported.8!

ACP-PP Interactions Outside of FAS

The “EcACP interactome” includes 21 catalytic partners that are involved in FAS,
haemolysin, lipid A, lipoic acid, and biotin pathways (Figure 1.2b). Furthermore, it expands
to even greater numbers when including ACP-PP interactions with metabolic regulatory
elements.*!#2-85 These other distinct pathways often “intercept” intermediates produced
during FAS. For example, LipB encodes an octanoyl-ACP-protein transferase that
specifically recognizes octanoyl-ACP and transfers the octanoyl group from ACP to lipoyl-
accepting domains for further modification to lipoic acid, an essential metabolic cofactor.?%-87
A similar process occurs in the lipid A pathway, the Raetz Pathway®®, where LpxA, LpxD,
LpxL, and LpxM are transferases that specifically utilize ACP-derived FAS intermediates as
substrates. LpxA and LpxD both show strong preference for b-hydroxymyristoyl-ACP, while
LpxL and LpxM show a higher preference for lauroyl-ACP and myristoyl-ACP,

respectively.®*~%3 Production of the active exotoxin haemolysin HylA, a class of pore forming

toxins secreted by Gram-negative bacteria, also requires an ACP-dependent AT, HylC, which
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activates the HylA protein by attaching a FA to proHylA, HylA zymogenic precursor.”* ¢

The general biotin pathway, as shown in Figure 1.21, provides an even more unique use of
ACP by first using the methyltransferase BioC to methylate malonyl-CoA to produce a
malonyl-ACP methyl ester.”” Formation of the methyl ester allows entrance into the FAS
pathway for two rounds of elongation and reduction to deliver pimeloyl-ACP methyl ester.
An esterase, BioH, then hydrolyzes the methyl ester to produce pimeloyl-ACP, which then
associates with BioF, generating 7-keto-8-aminopelargonic acid by condensing alanine and
pimeloyl-ACP.%7-%8

All known ACP-dependent pathways on the periphery of FAS are either directly
linked to cell viability or play a role in virulence. Therefore, it is important to understand
how these secondary metabolic enzymes can recognize and intercept specific ACP-tethered
FAS pathway intermediates. Several structures of ACP in complex with enzymes outside of
FAS have been reported, but they will not all be discussed here”®!%; we will instead focus

on two recently characterized complexes available from the list of ACP PPs, namely

EcACP+BioH from the biotin pathway and EcACP+LpxD from the lipid A pathway.*

ACP-BioH

Biotin is a required cofactor for acetyl-CoA carboxylase, which converts acetyl-CoA
to malonyl-CoA. Therefore, biotin participates in the production of malonyl-CoA, and
subsequently malonyl-ACP, which is used for every condensation reaction during FAS.!%!
The order of catalysis in the biotin pathway remained cryptic until 2012.1°2 In the pathway
shown in Figure 1.21, the malonyl-ACP methyl ester undergoes two rounds of elongation to

form pimeloyl-ACP methyl ester. In order to prevent further chain extension, the ester group
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Figure 1.21: Biotin biosynthetic pathway. The pathway begins with the loading of malonyl-CoA onto holo-
ACP and ending with the production of biotin. The catalytic step performed by BioH (bottom center) converts
pimeloyl-ACP methyl ester to pimeloyl-ACP through hydrolysis of the methyl ester to the carboxylic acid.
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must be removed by a gatekeeper enzyme. The gatekeeper was thought to be BioH, but the
esterase is promiscuous and has been shown in vitro to act on a variety of short-chain p-
nitrophenol esters.!%

Additionally, the subsequent enzyme in the pathway, BioF, can also perform the
gatekeeper function, as it consumes the thioester group and later enzymatic steps could

hydrolyze the remaining ester.!??

Ambiguity in the pathway was resolved upon the
elucidation of a 2.05 A structure of pimeloyl-ACP methyl ester in complex with an S82A
mutant of BioH (PDB: 4ETW, 2.05 A).”® The structure shows that pimeloyl-ACP methyl
ester binds to the N-terminal 4-helical lid domain of BioH and the ester moiety is positioned
at the active site for hydrolysis (Figures 1.22 and 1.23).

The ACP+BioH interface is comprised of electrostatic interactions formed between
ACP’s helix II and a positive patch near the BioH active site entrance. Argl55 and Argl59
of BioH coordinate between ACP helices II and 11, thereby facilitating chain flipping of the
ACP cargo into the BioH active site (Figure 1.22). The PPant arm, along with its pimeloyl
tethered substrate, forms hydrophobic interactions along the PPant binding tunnel and
substrate-binding pocket (Figure 1.23). In the BioH active site, the carbonyl methyl ester
rests 3.1 A away from Ala82 (S82A), in a catalytically competent conformation. These

results taken together demonstrate that pimeloyl-ACP methyl ester is the native substrate of

BioH, thereby confirming BioH as the pathway gatekeeper.
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Figure 1.22: EcACP-BioH complex and protein—protein interactions. (a) Overview of the 1:1 pimeloyl-
EcACP—BioH structure (PDB: 4ETW, 2.05 A). The N-terminal lid domain and the a/b hydrolase core fold are
colored as light pink and hot pink, respectively. The ACP is colored pale cyan. The PPant probe is represented
with carbon (green), oxygen (red), nitrogen (blue), and phosphate (orange). (b)ACP residues that form contacts
within 4 A of BioH. (c) Electrostatic contacts as seen along helix II of ACP. (d) Hydrophobic interactions
between ACP and BioH at the top of ACP helix II (PPant probe not shown for viewing purposes). (e)
Electrostatic interactions along the helix II-loop II-helix III region of ACP.

43



|
Figure 1.23: Pimeloyl ACP methyl ester active-site interactions. (a) Hydrophobic residues coordinate the PPant
arm and tethered pimeloyl methyl ester group. The catalytic serine residue is replaced by alanine in the structure
and is labeled in bold (b) BioH active-site Ser/His/Gln catalytic triad is well positioned to catalyze hydrolysis
of pimeloyl methyl ester. (PDB: 4ETW, 2.05 A). BioH is colored light pink and residues are represented as
sticks with atoms colored carbon (light pink), oxygen (red), and nitrogen (blue). The PPant probe is represented
with carbon (green), oxygen (red), nitrogen (blue), and phosphate (orange).
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ACP-LpxD

Lipid A is a component of the lipopolysaccharides, also known as endotoxins, found
on the outer membrane of Gram-negative bacteria. The lipid A portion is a disaccharide
comprised of two glucose units connected through B(1-6) linkages and six esterified FA-
derived acyl groups (Figure 1.24).”3 All of the esterified FAs are supplied by ATs that
specifically require acyl-ACP as a substrate. Solved structures of ECACP in complex with
LpxD, the uridine diphosphate (UDP)-3-O-acyl-glucosamine N-AT that catalyzes the fourth
step of the lipid A pathway (Figure 1.24), provide a unique insight into the catalytic role of
ACP-PP and substrate—PP interactions.”®!4

LpxD is a trimeric enzyme with a globular N-terminal uridine binding domain, a core
lipid binding domain comprised of a 10-coil left-handed B-helix, and a C-terminal helical
extension comprised of two helices. An overview of the general structure and topology of
LpxD is provided in Figure 1.25. Raetz, Pemble, and coworkers solved the ACP-LpxD
complex in three distinct catalytic states. The first is with the bound B-hydroxy-myristoyl-
ACP substrate (PDB: 4IHF, 2.1 A), the second is a “hydrolyzed-intermediate” with Aolo-
ACP bound alongside B-hydroxy-myristic acid (PDB: 4IHG, 2.89 A), and the third is in
complex with the enzyme product, holo-ACP (PDB: 4IHH, 2.13 A).”° Additionally, there are
two molecules of B-hydroxymyristate present in the “hydrolyzed- intermediate” structure
(second state). One is derived from the hydrolysis of B-hydroxy-myristoyl-ACP, whereas the
other is bound to a hydrophobic region that coordinates the O-acyl group of the acyl acceptor,
UDP-3-0O-acyl-glucosamine. In this complex, the amine of UDP-3-O-acyl-glucosamine
would be well positioned to attack the B-hydroxy-myristoyl-ACP thioester, thereby

facilitating the transfer of the acyl unit. These structures together represent three distinct
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Figure 1.24: Overview of the LpxD catalyzed reaction in lipid A biosynthesis. LpxD catalyzes the fourth step
in the Lipid A pathway by converting UDP-3-O-acyl-glucosamine to UDP-2-N-3-O-bisacyl-glucosamine. The
final product of the 10-step pathway, Lipid A, is shown and the acyl groups transferred by LpxD from ACP are
shown in light orange.
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Figure 1.25: Overview of the EcCACP-LpxD complex (PDB: 4IHF, 2.1 A). (a) The overall topology of the p-
hydroxymyristoyl-ACP-bound structure with ACP colored pale cyan, the uridine binding domain (UBD)
colored light pink and the core lipid binding domain and C-terminal helical extension colored pale yellow. (b)

The same complex but viewed from the top. The PPant probe is represented with carbon (green), oxygen (red)
nitrogen (blue), and phosphate (orange).
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states that occur along the catalytic trajectory of lipid transfer from p-hydroxymyristoyl-ACP
to the amino group of UDP-3-0-acyl-glucosamine.

In the ACP—LpxD structures, three ACPs bind at the C-terminal region of the LpxD
trimer. Each ACP forms extensive contacts with the C-terminal helical extension (CHE) and
lipid-binding domain (LBD) domains and buries a surface area of 530 A2. The protein—
protein interactions are primarily electrostatic in nature and are provided by helix II, loop II,
and helix III. Interestingly, the ACP-LpxD interface contacts are notably different,
specifically along the loop II-helix III region, for each catalytically trapped state (Figure
1.26). In the substrate-bound complex B-hydroxymyristoyl-ACP—LpxD, the PPant arm, and
tethered B-hydroxymyristate are found in a horseshoe-like conformation. The acyl moiety
forms extensive hydrophobic contacts with LpxD that are further stabilized by the PPant arm
(Figure 1.26). Despite the extensive contacts between the PPant and acyl chain of B-hydroxy-
myristoyl-ACP with LpxD, there are only a few interactions between the ACP loop II helix
II region and the LpxD CHE. In comparison, ACP interactions in the “hydrolyzed
intermediate” and holo-ACP—LpxD structures have markedly different PPant conformations.
These changes are accompanied by alternate binding modes between ACP and LpxD, and
more specifically, between the ACP loop II-helix III region and the CHE domain of LpxD
(Figure 1.26). These structures indicate a distinct role for the PPant arm during catalysis,
whereby conformational changes after the acyl transfer reaction encourage dissociation of
the diacylated GIcN product.”® These correlated changes in PPant and ACP binding modes
suggest that both ACP-mediated protein—protein interactions and substrate—PP interactions

are important for LpxD catalysis.
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“pre-transfer complex” “hydrolyzed reaction intermediate” “post-transfer complex”

Figure 1.26: Overview of the PPant and ACP interactions with LpxD throughout a catalytic cycle of acyl
transfer from ACP to UDP-GlcNac. In each step of the catalytic cycle, both the substrate and ACP interactions
with LpxD change, indicating ACP plays an important role in catalysis. In all panels, only ACP-LpxD
interactions along the helix II-loop II-helix IIT region of ACP are shown as the most significant changes in
interactions occur here. All residues shown in the lower panels are within 4 A of PPant. (a) f-hydroxymyristoyl-
ACP-bound structure with top showing the protein—protein interactions between ACP and LpxD and the bottom
showing substrate interactions between cargo-tethered PPant and LpxD. (b) Hydrolyzed ACP with two bound
B-hydroxymyristate molecules representing the donor acyl group and the receiver binding site. The top panel
shows the protein—protein interactions between ACP and LpxD and the bottom shows substrate interactions
between cargo- tethered PPant and LpxD. All LpxD residues shown in the bottom panel are within 4 A of PPant.
(c) Holo-ACP-bound structure with top showing the protein—protein interactions between ACP and LpxD and
the bottom showing substrate interactions between cargo-tethered PPant and LpxD. All LpxD residues shown
in the bottom panel are within 4 A of PPant.
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Summary

Our understanding of ACP-mediated protein—protein interactions in type II FAS has
expanded over the past decade. The field now has a broad picture of the elements necessary
for productive interactions between an ACP and its PPs. Electrostatic interactions play a
significant role in complex formation. Helix II serves as a universal binding domain, or
recognition helix, while helix III serves to coordinate chain flipping of substrate from the
ACP hydrophobic cleft into the active sites of PPs.

Despite the seemingly consistent nature of ACP recognition events, differences are
present between complexes. NMR and crystallography data indicate that different residues
are responsible for coordinating protein—protein interactions in the E. coli ECACP=FabB
(ACP=KS) and EcACP=FabA (ACP=DH) structures. Specifically, ECACP’s Asp38 has been
identified as an important residue for complex formation with FabB. Interestingly, analysis
of the ECACP=FabA structure indicates Asp38 makes no discernable contacts with FabA.
Additionally, electrostatic surface potentials differ significantly between ACP PPs and stand
as an elegant way to drive ACP interactions and decrease the amount of sampling necessary
to allow complex formation. This distinction is also well demonstrated by ECACP=FabB and
EcACP=FabA structures (Figure 1.27). FabB has a higher overall negative potential than
FabA. This difference serves to drive ACP to the positive patch of FabB more efficiently,
thereby increasing the efficacy of ACP binding events during the more complex ping-pong
reaction mechanism of KSs.

Structural elucidation of ACP—PP and ACP=PP complexes has been invaluable, but
x-ray models only provide a static picture and usually one that represents the lowest energy

conformation. Therefore, these models cannot fully capture the dynamic nature of ACP-PP
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Figure 1.27: A comparison of the electrostatic potentials of EcACP=FabB and EcACP=FabA. Different ACP
PPs have different electrostatic potentials. This point is well demonstrated by the crosslinked structures of the
E. coli ketosynthase FabB and dehydratase FabA. Both FabA and FabB have a positive patch to bind ACP, but
FabB has a much larger overall negative surface potential that serves to channel ACP to the KS active site. (A)
Overall topology of ECACP=FabB and electrostatic surface potentials mapped onto structure and rendered as
surface. (B) Overall topology of ECACP=FabA and electrostatic surface potentials mapped onto structure and
rendered as surface.
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binding events. There may be distinct intermediate states formed along a catalytic trajectory
that include an “encounter complex” and/or a “dissociation complex”, as seen in the
discussion regarding ECACP—LpxD. Furthermore, the role that the ACP PPant arm and its
tethered substrates play in catalysis, also seen in ECACP-LpxD, has only just begun to be
explored. There are clearly additional mechanisms controlling processivity in type II FAS
that include ACP—substrate, ACP—PP, and substrate—PP interactions or any combination of
these components accessed during binding events. The structural elucidation of ACP—PP
complexes that approximate intermediate catalytic states along with thorough computational
interrogation of these systems will be needed in order to develop a more in depth

understanding of the complex chemical transformations mediated by type II FAS.
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Chapter 2: The Gating Mechanism of Elongating p-ketoacyl ACP Synthases
Abstract

Carbon-carbon bond forming reactions are essential transformations in natural
product biosynthesis. During de novo fatty acid and polyketide biosynthesis, B-ketoacyl-acyl
carrier protein (ACP) synthases (KS), catalyze this process via a decarboxylative Claisen-
like condensation reaction. KSs must recognize multiple chemically distinct ACPs and
choreograph a ping-pong mechanism, often in an iterative fashion. Here we report x-ray
crystal structures of substrate mimetic bearing ACPs in complex with the elongating KSs
from Escherichia coli, FabF and FabB, in order to better understand the stereochemical
features governing substrate discrimination by KSs. Complemented by molecular dynamics
(MD) simulations and mutagenesis studies, these structures reveal conformational states
accessed during KS catalysis. These data taken together support a gating mechanism that
regulates acyl-ACP binding and substrate delivery to the KS active site. Two active site loops
undergo large conformational excursions during this dynamic gating mechanism and are

likely evolutionarily conserved features in elongating KSs.

Introduction

Fatty acid synthases (FASs) and polyketide synthases (PKSs) iteratively condense
and modify ketide units to produce a variety of natural compounds, ranging from fatty acids
to complex bioactive molecules.!> FASs and PKSs can exist as one or more polypeptide
“mega-synthases” that contain distinct catalytic domains (type I) or as discrete enzymes, each
possessing specific activities (type II).>® In these pathways, B-ketoacyl ACP synthases,

alternatively ketosynthases (KSs), catalyze car'bon-carbon formation via a precisely
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Figure 2.1: FAB cycle and known AcpP-PP complexes. a) A schematic representation of the chemical
transformations that occur during fatty acid biosynthesis, highlighting the importance of protein-protein
interactions required at each step for substrate processing. The four quadrants at the center of the scheme show
the structures of all FAS AcpP crosslinked complexes solved thus far. The top two structures are the crosslinked
AcpP-KSs (AcpP-FabF and AcpP-FabB) reported herein, while depicted below are the crosslinked AcpP-DHs
(AcpP-FabZ and AcpP-FabA) solved in previous publications.”!® Abbreviations for each domain as acyl carrier
protein (ACP), malonyl-ACP transacylase (MAT), ketosynthase (KS), ketoreductase (KR), dehydratase (DH),
enoylreductase (ER), and acyl transferase (AT). Structures depict AcpP-FabZ (PDB: 6N3P), AcpP-FabA (PDB:
4KEH). b,c) Cartoon representations of the crosslinked AcpP-FabB and AcpP-FabF dimers. AcpP is colored
cyan; the first KS monomer of AcpP-FabB and AcpPFabF is colored orange or light orange, respectively, while
the second is colored white in both structures. d) Electrostatic potentials (ESP) maps of the FabB and AcpP
monomers. e, ESP map of the FabF and AcpP monomers. In all cases, the ESP is mapped onto the Connelly
surfaces of the FabF and AcpP monomers using a blue to white to red color range, spanning from +15.0 kTee”
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choreographed decarboxylative Claisen-like condensation to produce a f-ketoacyl species.
In fatty acid biosynthesis (FAB, Figure 2.1a), complete reduction at the -position occurs
before further chain extension, while in polyketide biosynthesis (PKB), the B-positions of
pathway intermediates can be completely, partially, or not reduced to produce structurally
and functionally complex natural products.!!! The small, 4-helical acyl carrier protein (ACP)
is used to shuttle substrates and intermediates to each catalytic domain or discrete enzyme in
these pathways.!>!3 ACPs are initially translated to an inactive apo form and are subsequently
post-translationally modified to an active holo form via attachment of a 4’-
phosphopantetheine (PPant) arm at a conserved serine residue, providing a thiol moiety that
ligates substrates and pathway intermediates to the ACP.!2 Protein-protein interactions (PPIs)
between ACPs and their enzymatic partners (or domains) regulate the catalytic activities of
FASs and PKSs and additionally provide a mechanism to ensure pathway orthogonality
between primary (i.e. FAB) and secondary metabolism (i.e. PKB).>7-%:14-18

KS-catalyzed carbon-carbon bond formation is an essential reaction common to both
FAB and PKB. The decarboxylative condensation reaction provides a thermodynamic
driving force for the formation of complex natural products.'®2° Additionally, KS domains
play an important role in chain length determination, ensuring product fidelity and controlling
pathway flux.!62122 Therefore, efforts to engineer FASs and PKSs will depend on our ability
to manipulate the specificities and activities of these domains/enzymes, as evidenced by the
recent successes engineering the yeast FAS 2227

KSs can be classified as elongating or initiating based on their role within a given
pathway. Initiating KSs serve to catalyze the first condensation reaction of FAB or PKB

pathways, converting holo-ACP to acyl-ACP, while all subsequent condensation reactions
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are catalyzed by elongating KSs.>* Despite their distinct biosynthetic roles, both types of KS
operate via a common ping-pong reaction mechanism, which can be disaggregated into two
discrete steps.?>2%2° In the first step, an acyl-ACP associates with a KS, and its acyl cargo is
transferred from the PPant arm to a conserved, active site cysteine, producing a covalent acyl-
KS adduct and holo-ACP. In the second step, malonyl-ACP replaces holo-ACP as the KS’s
binding partner, subsequently undergoing a decarboxylative Claisen-like condensation with
the acyl-KS adduct that produces B-ketoacyl-ACP (Figure S2.1). During the course of this
ping-pong process, two distinct ACPs must sequentially interact with the KS, and thus must
enforce exquisite temporal and spatial discrimination among the subtly different chemical
states of these acyl-ACPs. The mechanisms used by KSs to coordinate these two half-
reactions and how this coordination determines substrate specificity remains cryptic despite
extensive biochemical and structural characterization.

The E. coli type Il FAS has served as a model system for understanding ACP-
mediated PPIs and FAB.!%-2039-36 We used this well-characterized system to better understand
ACP+KS PPIs and KS substrate discrimination by structurally characterizing E. coli
elongating KSs, FabB (KASI family KS) and FabF (KASII family KS), as
substrate/intermediate complexes with ACP that approximate states formed during catalysis.
In conjunction with molecular dynamics (MD) simulations and mutagenesis studies, these
structures provide the first dynamical descriptions of an ACP*KS complex, revealing
conformational changes that regulate substrate processing. Specifically, we propose that the
KS employs two conserved active site loops that open and close through a double
drawbridge-like gating mechanism in order to regulate substrate processing.’” When open,

the drawbridge expands the KS active site in order to accommodate PPant-tethered acyl-
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AcpP substrates. The structural features underlying this gating machinery are conserved in
related enzymes and similar conformational transitions will likely determine substrate
selectivity and processing in other FAB and PKB pathways.

Results

Crosslinking and crystallization of AcpP-KS Complexes. We synthesized C12-a-
bromo- (1a) and C16-a-bromopantetheineamide (1b) and loaded them onto the E. coli ACP
(AcpP) using a one-pot chemoenzymatic method®® to produce crypro-la-AcpP (C12AcpP)
and crypto-1b-AcpP (C16AcpP) that bear a reactive warhead on their PPant arm*®#° (Figure
2.2). These crypto-AcpPs were then reacted with FabF and FabB to produce uniformly
crosslinked complexes, referred to herein as AcpP-KS, where the “-*“ denotes a crosslinked
complex (Figures S2.1, S2.22). Using this method, we grew crystals of C12AcpP-FabF and
C16AcpP-FabF and obtained x-ray crystallographic data sets with 2.35 A and 2.30 A
resolution, respectively. The crystallographic asymmetric unit (ASU) of these complexes
were identical and contained one monomer of FabF crosslinked to a single AcpP.
Additionally, C12AcpP-FabB crystals diffracted to 1.55 A and C16AcpP-FabB diffracted to
2.50 A. The C12AcpP-FabB and C16AcpP-FabB ASUs both contain the functional FabB
dimer crosslinked to two AcpP molecules.

The AcpP-KS interface. The AcpP-KS interacting surfaces are electrostatic (Figure
2.1b-e) and composed largely of flanking charged and polar groups surrounding a central
hydrophobic patch (Figure 2.3). The AcpP and KS monomers provide negatively and
positively charged residues, respectively, to the interface. Figure 2.3 provides a comparison

of the AcpP-FabF and AcpP-FabB interfaces from this work. A thorough analysis of the
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Figure 2.2: KS pantetheineamide crosslinking probes and ACP one-pot method. a) Pantetheineamide-
derived a-bromo and chlorovinyl crosslinking probes used in this study. b) An illustration of the one-pot
chemoenzymatic loading of apo-ACP with panetheinamide probe 1c to produce crypto-1c-ACP using the
coenzyme A biosynthetic enzymes CoaA, CoaD, and CoaE and a promiscuous phosphopantetheinyl
transferase (PPTase) Sfp.
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Region 1 Region 2 Region 3

Figure 2.3: AcpP-FabF and AcpP-FabB interface interactions. The FabF (light orange) and FabB (bright
orange) interfaces can be broken up into three regions, the first two are comprised of electrostatic interactions
and the third is a hydrophobic patch. The above panels provide close-up views of these three regions and the
cartoon inset provides context to the viewing angle and the positional relationship of AcpP (cyan) to the overall
AcpP-KS complex. Additionally, the white hole represents the active site to which the viewed AcpP is
crosslinked as the majority of contacts are provided by the KS monomer not covalently crosslinked to AcpP.
a) A close-up view of the AcpP-FabF region 1 electrostatic interactions. b) A close-up view of the AcpP-FabF
region 2 electrostatic interactions. ¢) A close-up view of the AcpP-FabF region 3 hydrophobic interactions. d,
A close-up view of the AcpP-FabB region 1 electrostatic interactions. e) A close-up view of the AcpP-FabB
region 2 electrostatic interactions. f, A close-up view of the AcpP-FabB region 3 hydrophobic interactions.
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AcpP-FabB interface was recently reported by Milligan et al.>* Herein, we report the first
example of a KASII-type KS in complex with an ACP, AcpP-FabF. The AcpP-FabF and
AcpP-FabB complexes can be broken into three regions. Region 1 electrostatic interactions
include Lys65, Arg68, and Lys69 of FabF interacting with Glul3, GIn14, Asp35, and Asp38
of AcpP (Figure 2.3a). Additionally, Thr270 of FabF, which sits on a flexible loop that
undergoes conformational rearrangements upon acyl-AcpP binding, interacts with Asp35 of
AcpP. Region 2 interactions are formed between Argl27, Lys128, and Arg206 of FabF and
Glud7, Glu48, Glu53, and Asp56 of AcpP (Figure 2.3b). The central hydrophobic patch is
comprised of interactions between Met44, Val40, and Leu37 of AcpP and Ile129, Ser130,
Pro131, Phel32, Ala205, and Arg206 of FabF (Figure 2.3c).

Comparisons of the AcpP-FabF and AcpP-FabB interfaces reveal that they share
similar chemical features, but structural alignments of the KS subunits show that the
orientations of AcpPs in the AcpP-KS complexes are distinct (Figures S2.3a,b). In FabF,
individual ACP monomers, AcpP1 and AcpP2, bury surface areas of 671.2 A2 and 675.4 A2,
respectively, while in FabB, AcpP1 and AcpP2 bury surface areas of 597.5 A2 and 607.4 A2,
respectively. These small contact areas are consistent with the transient nature of molecular
recognition between ACP and its binding partners.®!? In addition, the differences in contact
areas of AcpP-FabF and AcpP-FabB interfaces are consistent with the differing orientations
that the AcpPs adopt relative to their KS partners. It is also worth noting that when comparing
the interfaces of these AcpP-KS complexes, AcpP’s helix I forms more extensive contacts
with FabF than FabB, while FabB forms more hydrophobic interactions at region 3 (Figure
2.3). While the differences at these interfaces are subtle, the manner in which AcpP engages

with each of its cognate KSs may modulate the activities of FabF and FabB.*!4?
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Changes in the FabF active site accompany substrate binding. Electron density
maps calculated using the 2.30 A C16AcpP-FabF data set demonstrate adequate density for
ACP’s Ser36, the PPant moiety, and acyl cargo. The FabF active site cysteine residue
(Cys163) forms a covalent bond with the a-carbon of the fatty acid substrate mimetic (1b),
and the resulting stereocenter is found in the S configuration (Figure 2.4a). The carbonyl
group of the substrate coordinates to the FabF active site histidine residues, His303 and
His340, in a manner similar to the published structure of AcpP-FabB3* (PDB: 5KOF ) (Figure
2.4b). Modeling and refinement of the crosslinker’s acyl chain required the remodeling of
two active site loops. The first of which is the conserved GFGG loop (loop 1, residues 399-
402) adjacent to the active site that contains the putative Phe400 gating residue®®, and a
second less conserved loop (loop 2, residues 265-275) that caps loop 1 (Figure 2.5a). These
loops undergo significant conformational changes, revealing a hydrophobic pocket that
accommodates the acyl chain (Figures S2.4a-c). This pocket is distinct from the substrate
binding site identified in the crystallized acyl-KS intermediate structures 2GFY* and 1EK4*
(Figure 2.4c). Close analysis of the C16AcpP-FabF structure indicates that crystal contacts
do not play a role in the conformational changes seen in these loops.

C16AcpP-FabF adopts an open conformation. A comparison of the apo-FabF
(PDB: 2GFW%), acyl-FabF (PDB: 2GFY*), and C16AcpP-FabF structures shows that
Phe400 of loop 1 moves ~7 A, as measured by changes in the Phe400 Co. position, into a
pocket revealed by a conformational rearrangement of loop 2 (Figure 2.5a). Gly399 and

Gly402 of loop 1 act as pivot points as the loop transitions from a closed conformation to an
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Figure 2.4: FabF active site interactions with C16 substrate analog. a) Schematic representation of the 4'-
phosphopantetheineamide crosslinker within the FabF active site. The disorganized oxyanion hole is shown as
a yellow circle. b) Active site interactions depicting the PPant crosslinker and C16 acyl chain from the crystal
structure of C16AcpP-FabF. H340 and H303 coordinate the carbonyl of the acyl mimetic (blue dotted lines)
and the active site oxyanion hole is disorganized. AcpP and FabF are colored cyan and light orange, respectively.
¢) Comparison of acyl binding pocket and associated gating residues, F202 and 1108, in dodecanoyl-FabF (12:0-
FabF) (2GFY*, light purple), and C16AcpP-FabF (60KG, light orange). d) Representation of the 4'-
phosphopantetheine crosslinker within the FabB active site. The organized oxyanion hole is shown as a
transparent yellow circle with associated backbone amides and coordinated PPant carbonyl shown in red. e)
The carbonyl of the acyl mimetic in the crystal structure of C12AcpP-FabB is coordinated in the active site
oxyanion hole formed by backbone amides of Cys163 and Phe392 (Phe400 in FabF). f) Comparison of acyl
binding pocket in dodecanoyl-FabB (12:0-FabB) (PDB ID: 1EK4*, bright purple), and C12AcpP-FabB (PDB
ID: 60KC, bright orange). Residues in panels are numbered according to their respective protein, FabF is
numbered in FabF residue numbering and FabB is numbered in FabB residue numbering. Hydrogen-bonding
interactions are represented as dotted lines, all side chain residues are represented as sticks, and the 4'-
phosphopantetheinyl arm is represented as sticks while the acyl chains are represented as ball and stick.
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Figure 2.5: Conformational changes in FabF active site loops. a) Comparison of F400, loop 1, and loop 2
conformations of apo-FabF (light grey, PDB: 2GFW*), dodecanoyl-FabF (light purple, PDB: 2GFY*), and
C16AcpP-FabF (light orange, PDB: 60K Q). b) Interactions that stabilize the open-conformation of the B-turn
motif of loop 1 in C16AcpP-FabF and associated Ramachandran analysis of the conserved GFGG sequence
within loop 1 from 1.5 ps of 10:0-AcpP+FabF, 12:0-AcpP<FabF, 16:0-AcpP+FabF (total of 4.5 us) of molecular
dynamics (MD) simulation data. ¢) Interactions that stabilize the closed-conformation of the B-turn motif of
loop 1 in apo-FabF (light grey) and associated Ramachandran analysis of the conserved GFGG sequence within
loop 1 from 1.5 pus of MD simulation data of apo-FabF. d) Loop 2 overlay of apo-FabF (light grey, PDB: 2GFW)
and C16AcpP-FabF (light orange) with the crosslinked AcpP colored cyan. e) Interactions that stabilize the -
turn “open conformation” of loop 2 in C16AcpP-FabF (light orange) and Ramachandran analysis of key loop 2
residues of FabF monomers of acyl-AcpP<FabF complexes (“gate-open” conformation) from 1.5 ps of 10:0-
AcpPeFabF, 12:0-AcpPsFabF, 16:0-AcpP<FabF (total of 4.5 ps) of MD simulation data. f) Interactions that
stabilize the loop 2 “closed conformation” in apo-FabF (white) and Ramachandran analysis of key loop 2
residues of FabF of apo-FabF (“gate-closed” conformation) from 1.5 ps of MD simulation data of apo-FabF. In
a, b, c, d, e, and f residues are shown as sticks and colored according to element. Hydrogen-bond interactions
are highlighted using dotted lines. In b, ¢, e, and f simulated backbone ¢ and y dihedrals were binned using
widths of 5°. Color bars indicates density of data points within each 2D bin.
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open conformation (Figure 2.5b,c). The open conformation is stabilized by a network of
hydrogen-bonding interactions between the backbone amides of Gly399, Phe400, Gly401,
and Gly402 and the side chains of Asn404 and Asp265 from loop 2 (Figure 2.5b,c). Overlays
of the apo-FabF and C16AcpP-FabF structures indicate that the C16-acyl chain of 1b would
clash with Phe400 in the closed conformation of loop 1 (Figure 2.5a). These results indicate
that these loop rearrangements may act as a gate to provide access to the active site for acyl-
ACP substrates. Interestingly, the backbone amide of Phe400 provides one of the two
hydrogen bonds that form the FabF oxyanion hole when loop 1 assumes the closed
conformation; therefore, the open conformation is likely catalytically inactive.

In apo-FabF, loop 2 rests on top of loop 1 and must undergo a rearrangement to allow
loop 1 to assume the open conformation. A comparison of apo-FabF to our C16AcpP-FabF
structure demonstrates that loop 2 pivots about a Pro-Pro motif, whereby Pro273 undergoes
a 165° change in its y angle, causing the loop to swing outward by 5 A towards the bound
AcpP (Figure 2.5d). Analysis of the loop 2 backbone dihedral angles suggests that the loop
transitions from a type VIII B-turn in the closed conformation to a type I B-turn in the open
conformation. In the closed conformation, loop 2 is stabilized by a Ser271(0)C-His268(H)N
main-chain hydrogen bond, a Thr270-His268 side-chain hydrogen bond, and a Pro273-
Tyr267 C-H = interaction* (Figure 2.5¢,f). Transition to the open conformation causes the
B-turn backbone hydrogen-bonding pattern to flip from Ser271(0)C-His268(H)N to
Ser271(N)H-His268(O)C and Thr270 breaks its hydrogen bond with His268 to interact with
Asp35 of AcpP.

C12AcpP-FabB trapped in closed acyl transfer conformation. Analysis of the

1.55 A C12AcpP-FabB data (Figure S2.4d) demonstrates well-resolved electron density for
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the 4'-phosphopantetheineamide arm and the C12-acyl chain. In this structure, loops 1 and 2
are found in a catalytically competent closed conformation (Figure 2.4d-f). Like the catalytic
cysteine of FabF, Cys163 of FabB, reacts stereoselectively with the a carbon of 1a to produce
the S stereoisomer (Figure 2.4d). The carbonyl group of the substrate is coordinated to the
oxyanion hole formed by the backbone amides of Cys163 and Phe400, and the probe’s acyl
chain is positioned inside FabB’s fatty acid binding pocket (Figure S2.4d,e). Interestingly,
the recently deposited AcpP-FabB structure (PDB: 5KOF)* does not feature these
interactions, and instead the carbonyl group forms hydrogen bonds with His298 and His333.

Comparison of CI12AcpP-FabB and dodecanoyl-FabB (C12-FabB, PDB:
1EK4**)demonstrates that the active site and acyl chain geometries are nearly identical in the
two structures (Figure 2.4f). The similarity between the C12-FabB and C12AcpP-FabB
indicates that the latter approximates a catalytically relevant state for the transfer of substrate
from acyl-AcpP to FabB’s active site cysteine. Both steps of the KS reaction form a
tetrahedral intermediate that is stabilized by the oxyanion hole, which is only organized when
loop 1 and the associated Phe392 residue (Phe400 in FabF), is in the gate-closed
conformation.

MSA analysis suggests conservation of loops 1 and 2. Multiple sequence
alignments (MSA) of type II FAS elongating KSs indicate that residues of loop 1 are highly
conserved across the KASI (FabB) and KASII (FabF) families of KSs, while loop 2 is only
conserved within, but not between, the two families (Figure S2.5). The consensus sequence
for loop 1 is comprised of the conserved GFGG B-turn motif flanked by two conserved
asparagine residues, Asn396 and Asn404 (FabF numbering). Interestingly, Asn404 interacts

with a highly conserved Asp265 found at the start of loop 2 in both the open and closed states,
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providing a physical basis for the (proposed) coordinated movement of loops 1 and 2 (Figure
2.5b,c). The conserved nature of loop 1 and Asp265 suggests that their proposed gating
function is a general feature of type Il FAS elongating KSs.

To determine if these proposed gating elements are conserved in condensing enzymes
outside of type II FAS, we aligned E. coli FabF with representative KSs from type II PKS,
type I FAS, and type I PKS (Figure 2.6a). Loop 1 of FAS and PKS KSs is generally conserved,
although there is modest sequence variation. Notably, the Phe400 FabF gating residue is
conserved in type I FAS and type II PKS but is replaced by valine or isoleucine in the KS
domains of the type I PKS deoxyerythronolide B synthase (DEBS). Modification of the
gating residue may modulate substrate specificity, as the KS domains from DEBS accept and
extend substrates with B-substituents and utilize bulkier a-branched extender units, namely
methylmalonyl-CoA.#’

Loop 2 of these KSs is significantly less conserved than loop 1. Only Asp265 can be
considered highly conserved, as it is present in all KSs except the KS monomer (actKS) of
the heterodimeric type II PKS KS/chain length factor (CLF) complex from actinorhodin
biosynthesis.*®** In contrast to FAS KSs, these enzymes iteratively extend a growing
polyketide within the KS binding pocket only unbinding the polyketide once multiple
extensions using malonyl-ACP have been catalyzed to produce the fully extended poly-p-
keto-ACP. The size of the polyketide produced by actKS is determined by CLF, which
accommodates the growing polyketide chain, mediating substrate dissociation when the
polyketide intermediate can no longer be accommodated within its binding pocket.>

Therefore, given that iterative type I KSs do not accept acyl-ACPs and instead only process
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Figure 2.6: Loop 1 and 2 Sequence conservation and mutagenesis. a) Sequence alignment of loops 1 and 2 of
FabF with representative KS sequences from non-iterative type II PKS (Igall, ApeO), iterative type II PKS
(act-KS), type I FAS (Human-FAS-KS), and type I PKS (DEBS KSs). The putative gating residue (Phe400 in
FabF) for each synthase is outlined in a black box. b) Single time point crosslinking gels of 1¢-AcpP (C2aBr-
AcpP) and 1a-AcpP (C12aBr-AcpP) with FabF gating mutants. c¢) Single time point crosslinking gels of 2b-
AcpP (C3Cl-AcpP) and 2a-AcpP (C8CI-AcpP) with FabF gating mutants. d) Densitometric analysis of single
time-point crosslinking efficiency of 1e-AcpP (C2aBr-AcpP) and 1a-AcpP (C12aBr-AcpP) with FabF mutants.
e) Densitometric analysis of single time-point crosslinking efficiency of 2b-AcpP (C3Cl-AcpP) and 2a-AcpP
(C8Cl-AcpP) with FabF mutants. All crosslinking experiments from b and ¢ were performed as biologically
independent experiments (n = 3) and all data represented in d and e are the average crosslinking efficiency of
each mutant normalized to the average of wt FabF crosslinking efficiency. The error bars in d and e are
represented as standard deviation (+ SD) and the individual normalized measurements from each independent
experiment are overlaid on top of the associated bar plot as open circles. Source data for all experiments are
provided as a Source Data file.
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malonyl-ACPs, these iterative type I KSs may need to disfavor gating events to prevent
premature product off-loading and ensure the growing polyketide is transferred back to the
KS cysteine after condensation with malonyl-ACP. In actKS, this is may be realized by
disfavoring the open conformation of loops 1 and 2, relative to type Il FAS KSs, through the
substitution of the negatively charged Asp265 residue of loop 2 with an Asn residue (Figure
2.6a), as the ion*dipole interactions involving Asp265 found in FabB or FabF are substituted
with weaker dipolesdipole interactions in actKS. Interestingly, in KSs from non-iterative type

1°1:52 and ApeO?’, that require substrate offloading in-between

II polyene PKSs, such as Igal
condensation steps, the same substitution is not observed, instead these enzymes possess the
conserved Asp265 found in type II FAS KSs.

Mutagenesis studies of FabF gating mutants. To determine if the proposed gating
function of loops 1 and 2 have any effect on KS activity, we identified a panel of FabF
mutations that we hypothesized would attenuate FabF’s ability to accept and/or process acyl-
AcpP substrates. These mutations were designed to alter the FabF’s proposed gate function
by modulating loop 1’s flexibility (flex modulation), destabilizing (disfavoring) the gate-
open conformation (destabilization), or occluding the pocket occupied by Phe400 in the gate-
open conformation (pocket blockage). To test this hypothesis, we adapted a crosslinking
assay that utilizes a-bromo and chloroacrylate mechanistic crosslinkers with different fatty
acid chain lengths as substrate mimetics*® (Figure 2.2a). We hypothesized that our panel of
FabF gating mutants would generally retain wildtype (wt) activity towards smaller C2 and
C3 chain length crosslinkers, 1c and 2a, but would crosslink less efficiently with longer C8

and C12 chain length crosslinkers, 2b and 1a, which would require transitions between gate

conformations to access the KS active site.

77



Before assaying these gating mutants, we first evaluated the crosslinking activity of
a gate removal mutant, F400A. The results show that both F400A and wt FabF crosslink with
generally equal efficiency with short- and long-chain acyl-AcpP substrates (Figure 2.6).
Interestingly, the F400A mutant underwent crosslinking with the C8Cl (2b) with higher
relative efficiency to wt (133%) both in our single time point assay and at a faster rate in our
time-course crosslinking studies (Figures S2.6-S2.11). These results suggest that mutating
Phe400, a key gating residue?®, to alanine enhances the accessibility of probe to the KS active
site cysteine.?® Additionally, we prepared two FabF interface mutants, K65E and
K65A/K69A, to demonstrate that crosslinking can also report on PPIs. Both of these mutants
showed reduced crosslinking towards all probes, but crosslinking efficiency was most
significantly reduced with long-chain crosslinkers (Figure 2.6). These results suggest that
well-coordinated PPIs are important for chain-flipping>* substrates into the KS active site.

To prevent loop 1 transitions from the closed to open conformation, we mutated
FabF’s Gly310 to a phenylalanine or methionine residue to introduce a bulky amino acid at
a position that would occlude the pocket occupied by Phe400 in the open conformation
(pocket-blockage, Figure S2.12). Interestingly, G310F and G310M crosslink with 73% and
70% efficiency with C2aBr (1c) but only 33% and 30% efficiency with C12aBr (la),
respectively. Differential crosslinking activity between short and long substrates was more
pronounced for the chloroacrylate crosslinkers as G310F and G310M crosslinked with 85%
and 82% efficiency with C3Cl (2a) but only 5% and 1% efficiency with C8Cl (2b),
respectively (Figure 2.6). These results indicate that blocking the open conformation reduces
FabF’s ability to accept longer acyl-ACP substrates but not that of smaller substrates that

more closely resemble malonyl-AcpP.
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Similar patterns emerge when examining the crosslinking efficiencies of our D265A and
D265N mutants of loop 2. These mutants are hypothesized to disfavor the open conformation
by replacing the ionedipole interactions involving the conserved Asp265 from loop 2 with
weaker interactions. These mutations should therefore disrupt the conserved D265
coordinated hydrogen-bonding network between loops 1 and 2 that stabilizes the open
conformation. D265A and D265N mutants crosslinked with 72% and 77% efficiency with
C2aBr (1c) and 51% and 64% efficiency with C12aBr (1a), respectively. Furthermore,
D265A and D265N crosslinked with 63% and 73% efficiency with C3Cl (2a) but only 2%
and 1% efficiency with C8CI (2b), respectively.

In contrast, loop flexibility-modulated mutants, G399A and G402A, did not
demonstrate pronounced differences in crosslinking relative to wt FabF in our assay. The
G399A mutant reacted with all crosslinkers with similar efficiency as wt FabF, while
crosslinking efficiencies of the G402A mutant only showed differential crosslinking activity
when comparing C3ClI (2a) (87%) and C8CI (2b) (24%) (Figure 2.6). G399A also crosslinked
similarly to wt FabF in our time-course crosslinking assay (Figure S2.6). While it was
expected that the G399A mutant would show a difference in crosslinking efficiency, it is
important to note that such a substitution is observed in nature, as the KSs from type II

13152 and ApeO°3, both have alanine at this position (Figure 2.6a).

polyene synthases, Igal
Additionally, the dihedral angles of G399A in both the closed and open conformation are not
in the Ramachandran forbidden zone (Figure 2.5b,c) and can therefore be reasonably
accessed by the G399A mutant.

MD simulations support a KS gating mechanism. Using these AcpP-KS crystal

structures as initial coordinates, we performed MD simulations of C10, C12, and C16-
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AcpP+KS complexes, where “s” denotes a noncovalent complex (Figures S2.1, S2.13), to
probe the dynamic properties of the gating processes in acyl-AcpP*KS complexes. Models
of the ACP-bound acyl-AcpP+*KSs were constructed by manually replacing the crosslinkers
present in the crystal structures with natural saturated substrates encountered by the KSs
(Online Methods). In addition, simulations of apo-FabB and apo-FabF were performed using
previously reported crystal structures (PDB: 2VB9° and 2GFW#, respectively) as initial
coordinates. Lastly, in an attempt to computationally visualize the transition between the
open and closed conformations of loops 1 and 2, we performed additional MD simulations
of apo-FabF and apo-FabB using KS structures prepared by removing the AcpP monomers
from the AcpP-KS complexes reported herein. We distinguish these structures from the
crystallographic apo-FabB and apo-FabF structures by referring to them as apo-FabB* and
apo-FabF*. Because these apo-structures feature their loops in conformations that may not
be stable in the absence of an associated acyl-ACP, we hypothesized that they may more
readily undergo conformational transitions. Each of the ten systems described above was
subjected to three independent 500 ns MD simulations. Replicates were initiated using
different velocities and a total of 15 ps of MD data were collected. General analysis for all
simulated systems is provided in Figures S2.14-S2.27.

From this data, no transition between the closed and open loop conformations was
sampled during the course of any simulation, suggesting that the coordinated movement of

loops 1 and 2 between their open and closed states is a relatively slow process, likely
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Figure 2.7: Loop dynamism sampled via computer simulations. Root mean square fluctuations (RMSFs) of a)
apo-FabBa; b) apo-FabB>* (apo structure derived from AcpP2-FabB: structure); ¢) AcpP2eFabB»; d) apo-FabFa;
e) apo-FabF>* (apo structure derived from AcpP»-FabF: structure); f) AcpP2eFabF ». Larger (per residue)
backbone RMSF values correspond to a thicker “sausage”; color range (blue to white to red) illustrates (per
residue) side chain RMSFs with the blue-to-red color range indicating small-to-large RMSF values.
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occurring on timescales of 10s or 100s of us.>® Nonetheless, analysis of the per residue
backbone and side chain root mean square fluctuations (RMSFs) of the loop residues, shown
in Figure S2.7d-i and Figures S2.28-S2.30, suggests the following: Firstly, while the loops
of apo-FabB and apo-FabF have similar RMSFs, the loops of apo-FabF* and the acyl-
AcpPeFabF complexes show greater fluctuations than do those of apo-FabB* and the acyl-
AcpP<FabB complexes, respectively. Of the structures shown in Figure S2.7d-i, apo-FabF*
is the most significant. RMSF analysis shows that loop 2 of apo-FabF* fluctuates more in
this structure than any other simulated structures. Despite this dynamism, apo-FabF*’s loop
1 remains fairly rigid. It is possible that the transition of loop 2 from its open to closed
conformation first requires the motion of loop 1 toward the active site. In fact, this movement
of loop 1 would restore the oxyanion hole absent in the C16AcpP-FabF structure (Figure 2.3).
Therefore, the large RMSFs observed for apo-FabF*s loop 2 reveal a so-called frustrated
loop unable to assume its preferred open conformation in the absence of acyl-AcpP (Figure
2.7). These findings, along with published studies of PKS ACPs!?, suggest that ACPs may
not only be responsible for substrate delivery but also may induce loop motions that promote
catalysis through allostery.

Identification of this frustrated loop suggests that the motions of loops 1 and 2 are
associated. To evaluate this hypothesis, we determined the average correlations of the
motions of residues of loops 1 and 2 sampled during the course of the MD simulations of
apo-KS, apo-KS*, and acyl-AcpP+KS structures. Both FabB and FabF appear to form the
same general network of interloop interactions to choreograph loop motion (Figure 2.8).
Nonetheless, the “co-relatedness” of the loops are distinct in the open (Figure 2.8c,e) and

closed (Figure 2.8a-d) states, with a greater correlation found in the closed conformation.
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Figure 2.8: Average cross correlations of the motions of key loop 1 and 2 residues sampled computationally.
Cross correlations were determined by computing a motion vector for each residue of loop 1 and loop 2 from
its prior position to its current over the course of each simulation. In this manner, motion vectors for each pair
of residues of loop | and 2 are calculated for each frame of simulation data. Heat maps generated from the
cross-correlation analysis of the motions of loop 1 and 2 residues of a) apo-FabF, b) apo-FabB, ¢) apo-FabF*,
d) apo-FabB*, e) acyl-AcpP+FabF, and f) acyl-AcpP+FabB, respectively, sampled using molecular dynamics
(MD) simulations. In a, the heat map has been divided into four quadrants; quadrants II and III illustrates cross
correlations of the motions of residues within loops 1 and 2, respectively. Inter-loop cross correlations are
shown in quadrants I and IV. Note that each heatmap is symmetric about the diagonal that bisects quadrants II
and II1.
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Furthermore, the average correlation of loop 1 and 2 residues is slightly greater in simulations
of acyl-AcpP+FabF complexes than simulations of either apo-FabF or apo-FabF*. On the
basis of this analysis, it is evident that loops 1 and 2 move in concert with one another and
that the GFGG “hinge” motif is found to be most correlated to the highly conversed Asp265
residue of loop 2. Interestingly, these motifs are more highly correlated in FabF than in FabB,
although higher positive average correlations between Asp265 and intra-loop 2 residues
Pro271, Ser272, and Gly273 are observed in simulations of apo-FabB and its acyl-AcpP
complexes.

The residues of loop 1 and 2 of FabB and FabF, regardless of enzyme state, that are
most strongly correlated are residues of the GFGG motif of loop 1 and Asp265 of loop 2. In
fact, the closed and open conformations of these loops can be clearly distinguished by
differences in these intra- and interloop interactions. That we do not observe changes in these
networks of interactions within any KS simulation indicates the stability of the open and
closed states. According to simulation data, the open conformation (apo-FabF* and acyl-
AcpPeFabF) is characterized by hydrogen-bonding interactions involving the GFGG motif
and Asp265 and Asn404. Namely, Gly399 forms a hydrogen bond with Asn404 while the
negatively charged Asp265 residue simultaneously coordinates Asn404 and the backbone
amides of all residues of the GFGG motif. In the open conformation of FabF, average
distances of 5.09 A, 3.91 A, 3.66 A, and 4.12 A, respectively, are computationally observed
between the center of mass of the carboxylate moiety of Asp265 and the backbone amide
nitrogens of Gly399, Phe400, Gly401, and Gly402 (Figure 2.9). Given the highly conserved

nature of Asp265 and its substitution with a less potent hydrogen-bond acceptor (e.g., Asn265
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apo-FabF

apo-FabB

apo-FabF* apo-FabB*

acyl-AcpP+FabF acyl-AcpP+FabB

Figure 2.9: Analysis of the fluctuations of inter-loop hydrogen bonding networks. Histograms showing the
distances between the hydrogen-bond donating Asp265 and highly conversed (hydrogen-bonding accepting)
resudes, Gly399, Phe400, Gly401, Gly402, and Asn404 sampled computationally. Histograms of these
distances sampled in molecular dynamics (MD) simulations of a) apo-FabF, b) apo-FabB, ¢) apo-FabF*, d)
apo-FabB*, e) acyl-AcpP<FabF, and f) acyl-AcpP<FabB, respectively.
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in actKS) in iterative type II KSs, it is reasonable to postulate that the coordination of the
motion of loop 1 and loop 2 is mediated by Asp265.

Discussion. KSs catalyze multi-step reactions that require the association and
dissociation of two distinct acyl-AcpPs and involve the intermediacy of an acyl-enzyme
adduct. Enzymes that catalyze such complex chemical transformations often implement
gating mechanisms to control solvent access, exert mechanistic selectivity, and/or control
reaction order.>’” Zhang and colleagues previously showed that Phe400 of Streptococcus
pneumoniae FabF (SpFabF) acts as a KS gating residue.?® The F400A mutant of SpFabF has
reduced catalytic activity relative to wt for its native reaction, but efficiently produces
triacetic acid lactone (TAL), a common shunt product of condensing enzymes that results
from the mispriming and extension of malonyl-ACP. These results suggest a compromised
gating system that no longer controls reaction order. The proposed gating role of Phe400 is
also supported with previously published structural data.?®#->7 In structures of apo-FabB and
apo-FabF, Phe400 initially blocks access to the active site cysteine but after transacylation
rotates away to form the malonyl-ACP binding site for the pong half-reaction.?%43>7

Results reported herein not only confirm and build upon the role of Phe400 as a KS
gating residue but also provide additional context for its mechanism and regulation. With this
new information, we propose that elongating KSs use a double drawbridge-like gating
mechanism®’ to direct substrate binding and control the timing and sequence of the
transacylation and condensation half-reactions. From this study we propose the model shown
in Figure 2.10. Here, ACP binds to apo-KS, upon which ACP chain-flips>* its cargo into the
KS active site as KS loops 1 and 2 move in a coordinated manner to assume an open

conformation, forming a transient, hydrophobic delivery/extraction pocket that temporarily
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Figure 2.10: Proposed gating mechanism of elongating ketosynthases. Figure demonstrates the active site
conformational changes that facilitate acyl-chain transfer in elongating KSs as demonstrated by trapped
crystallographic states from this work and previous studies. a), The apo-form of the KS active site illustrated
by a 2D schematic of the active site architecture (top) and the crystal structure of apo-FabF (PDB: 2GFW)
(bottom). b) Active site reorganization to the “gate-open” conformation upon association of acyl-AcpP with
KSs as seen in the C16AcpP-FabF structure reported herein with a 2D schematic of the active site (top) and
pymol rendering of the active site (bottom). ¢) Active site of C12AcpP-FabB, illustrating the “gate-closed”
transacylation competent form of the active sites of elongating KSs shown as 2D schematic (top) and pymol
rendering (bottom). Residues are represented in FabF numbering. d) the acyl-enzyme adduct form of FabF
(PDB: 2GFY) shown as a schematic (top) and rendering (bottom). Active site catalytic residues Cys163, His303,
His340, and Phe400 are provided in FabF residue numbering, represented as sticks, and colored according to
element (C-white, O-red, N-blue, S-yellow). Hydrogen-bonding interactions are represented as dotted lines.
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accommodates the substrate (Figure 2.10b). Loops 1 and 2 then return to their closed
conformations, directing the substrate’s acyl chain into the acyl binding pocket while
simultaneously restoring the oxyanion hole that facilitates transacylation (Figure 2.10c).
Upon transacylation, holo-ACP dissociates and Phe400 rotates to form the malonyl-ACP
binding pocket (Figure 2.10d).

The proposed gating mechanism coordinated by loops 1 and 2 is in agreement with
our mutagenesis studies, MD simulations, and MSA analysis. FabF pocket-blockage mutants,
G310M and G310F, and loop 2 destabilization mutants, D265A and D265N, show reduced
crosslinking with long-chain acyl-AcpP substrates as compared to short-chain substrates.
These results, taken together, indicate that blocking transitions to the gate-open conformation
or disfavoring the gate-open conformation by disruption of the Asp265 coordinated
interaction network impairs KS activity with acyl-AcpPs. Interrogation of these trapped
catalytic states using long time-scale MD simulations demonstrates that the open and closed
conformations of FabF are stable and coordinated by a conserved network of hydrogen
bonding interactions. Furthermore, this network of interactions serves to correlate the
motions of loops 1 and 2 and is generally conserved in elongating KSs in type I PKS, type I
FAS, and type II PKS.

Given our gating model (Figure 2.10), we now propose a general mechanism used by
these synthases to regulate substrate processing and catalysis. Transition to the open-
conformation disrupts the oxyanion hole, which suggests that (trans)acylation of the active
site cysteine occurs after the gate adopts the closed conformation. Consequently, the gate

could act as a sensor that only reorganizes the oxyanion hole when the correct substrate is
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bound. Therefore, the gate and F400 may prohibit FAS KSs from reacting with fatty acyl
intermediates that are not appropriate condensation substrates (i.e. B-hydroxy-acyl-ACPs).

A careful consideration of loops 1 and 2 and their potential specific functions reveals some
interesting insights as well. Ramachandran analyses of the GFGG motif’s fluctuations during
MBD simulations illustrate the rigidity of loop 1 in both the closed and open conformations.
The ¢ and y angles of the GFGG residues sampled computationally are narrowly distributed
with hinge residues, Gly399 and Gly402, possessing distinct backbone dihedral angles in the
open and closed conformations (Figure 2.5b,c). This is in contrast to Ramachandran analysis
of the hinge residues in loop 2, which shows that although the ¢ and y angles of Pro272 and
Pro273 are distinct in the open and closed states in our crosslinked structures, they sample
similar @, y angle distributions during simulations (Figure 2.5e,f and S2.31,S2.32). These
results, along with the increased sequence variation in different condensing enzyme families,
suggests loop 2 may modulate loop 1 gating events, potentially conferring different activities
or substrate specificities to distinct KSs. This is an appealing hypothesis, as loop 2 sits on top
of loop 1, effectively capping it in when in the closed conformation. Furthermore, the
dynamism of loop 2 in our apo-FabF* simulations indicates that acyl-AcpP substrates
stabilize the gate-open conformation. In fact, AcpP binding or the chain flipping of acyl cargo
into the KS active site may serve to trigger gating events by stabilizing loop 2’s open position.
Movement of loop 2 would thereby allow loop 1 to assume the gate-open conformation,
raising the drawbridge and allowing substrate access to the active site. While more work is
needed to test this hypothesis, a recent study by Robbins et al. demonstrated that mutation of
S315A from loop 2 of DEBS KS1 increased the formation of propionate, which results from

the decarboxylation of the methylmalonyl-ACP substrate.® These findings suggest an
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important role for loop 2 residues in DEBS and that the altered S315A mutant activity may
be indicative of an impaired gating system.

The importance of KS-catalyzed carbon-carbon bond formation in biosynthetic
pathways cannot be overstated. These enzymes perform complex reactions and employ
poorly understood biochemical regulatory mechanisms to ensure substrate specificity and
product fidelity. Here, the combination of chemical, structural, and computational biology
together support a gating mechanism used by elongating KSs to recognize and process acyl-
ACP substrates. These results provide broadly applicable insights into KS activity, function,
and substrate selectivity as well as further our understanding of the E. coli AcpP interactome.
Methods

Ketosynthase protein production, purification, and tag cleavage: The N-terminal
His8-tag FabF and FabB recombinant proteins were expressed in E. coli BL21 and cultured
in Terrific Broth (MilliporeSigma). Cells were grown in the presence of 50 mgeL!
kanamycin, induced with 0.5 mM Isopropyl -d-1-thiogalactopyranoside (IPTG) at OD600
= 0.8, and incubated at 37 °C for 4 h. The cells were spun down by centrifugation at 500 xg
for 30 min and the collected pellets were resuspended in lysis buffer (50 mM Tris, 150 mM
NaCl, 10% glycerol, pH 8.0) along with 0.5 mgemL! lysozyme (Worthington Biochemical
Corp). The pelleted cells were lysed by sonication (4 s pulses for 5 min), followed by another
centrifugation at 17,400 xg for 30 min to clear the lysate. The proteins were purified using
Ni-NTA resin (Thermo) in the column and were washed sequentially with wash buffer (50
mM Tris, 150 mM NaCl, 10% glycerol, pH 8.0) followed by elution with 250 mM buffered
imidazole. The His8-tags of purified proteins were cleaved with bovine thrombin (2 U per 1

mg protein) for 16 h at 6 °C while dialyzing against the dialysis buffer (50 mM Tris pH 8.0,
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150 mM NaCl, 10% glycerol, .5mM TCEP). Resulting solutions were re-purified using Ni-
NTA resin (Thermo Fisher Scientific) to trap the un-cleaved proteins. The FabF and FabB
were further purified by FPLC using the HiLoad Superdex 200 (GE Biosciences) size
exclusion column. The eluted proteins were collected and concentrated to 2-4 mgemL™! using
Amicon Ultra Centrifuge Filters (MilliporeSigma) with 10 kDa molecular weight cut off.

Native AcpP recombinant protein purification: Native AcpP recombinant protein was
expressed in E. coli BL21 (DE3) and grown in Terrific Broth (Source). Cells were grown at
37 °C in the presence of 100 mgeL~!' ampicillin, induced with 0.5 mM IPTG at OD600 = 0.8,
and incubated at 18 °C for 16 h. The cells were spun down by centrifugation at 500 xg for 30
min, and the collected pellets were resuspended in lysis buffer (50 mM Tris, 5% glycerol, pH
7.4) along with 0.1 mgemL~! lysozyme (Worthington Biochemical Corp). The pelleted cells
were lysed by sonication (4 s pulses for 5 min). Due to the high stability of AcpP, irrelevant
proteins were precipitated by dripping in same volume of isopropanol into the lysate at the
speed of 0.1 mLes!. The resulting mixture was spun down by centrifugation at 11,200 xg for
1 h and the supernatant was injected directly into FPLC. AcpP was purified by HiTrap Q HP
anion exchange chromatography column in 50 mM Tris buffer with a gradient of NaCl from
0 M to 1 M and the native AcpP eluted around 0.3 M NaCl. The eluted protein was collected
and concentrated using Amicon Ultra Centrifuge Filters (Millipore) with 3 kDa molecular
weight cut off.

Holo-AcpP apofication and apo-AcpP purification: The purified protein was resulted
in a mixture of holo-AcpP and apo-AcpP. The phosphopantetheine moiety on holo-AcpP was
removed by acyl carrier protein hydrolase (AcpH) in lysis buffer for 16 h.>® Final reaction

concentrations: 5 mgemL—1 AcpP mixture, 0.01 mgemL—1 AcpH, 50 mM Tris (pH 7.4), 10%
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glycerol, 10 mM MgCI2, 5 mM MnClI2, 0.25 % DTT. The resulting pure apo-AcpP, was
analyzed by conformationally sensitive urea PAGE (2.5 M urea), and further purified by
FPLC using HiLoad 16/600 Superdex 75 PG (GE Biosciences) size exclusion column to
remove AcpH. The eluted protein was collected and concentrated using Amicon Ultra
Centrifuge Filters (Millipore Sigma) with 3 kDa molecular weight cut off.

Apo-AcpP loading and crypto-AcpP purification: All crosslinkers were loaded onto
apo-AcpP using a one-pot chemoenzymatic method.®® This method utilizes three CoA
biosynthetic enzymes (CoaA, CoaD, CoaE) to form CoA analogues and a
phosphopantetheinyl transferase (PPTase, Sfp) to load them onto apo-AcpP, resulting in
crypto-AcpP. Final reaction concentrations: 1 mgemL™! apo-AcpP, 0.04 mgemL"! Sfp, 0.01
mgemL~! CoaA, 0.01 mgemL™' CoaD, 0.01 mgemL"! CoaE, 50 mM potassium phosphate pH
7.2,12.5 mM MgCl12, 1 mM DTT, 0.2 mM pantetheineamide probe (1a,1c or 2a,2b) (Figure
2.2), and 8 mM ATP. The stock solutions of crosslinkers 1a-1c, 2a, and 2¢c were prepared by
dissolving them in DMSO to a final concentration of 50 mM. Reactions were incubated at
37 °C for 16 h and then purified by HiLoad Superdex 75 (GE Biosciences) size exclusion
column. The eluted protein was collected and concentrated using Amicon Ultra Centrifuge
Filters (Millipore Sigma) with 3 kDa molecular weight cut off up to a concentration at 1-3
mgemL!,

Crosslinking reaction and crosslinked complex purification: The crosslinking
reactions were carried out by mixing crypto-AcpP with its partner protein (FabF or FabB) in
5:1 ratio at 37 °C for 16 h. Reactions were examined by 12 % SDS PAGE and purified by
HiLoad 16/600 Superdex 200 PG (GE Biosciences) size exclusion column using minimal

buffer (20 mM Tris, 50 mM NacCl, pH 7.4). The resulting protein complex was greater than
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95 % in purity, determined by SDS PAGE, and was concentrated to 8-10 mgemL™' using
Amicon Ultra Centrifuge Filters (MilliporeSigma) with 30 kDa molecular weight cut off.
The concentrated crosslinked complex was immediately used for protein crystallization or
flash-frozen and stored in —80 °C freezer for later use.

Construction of ketosynthase mutants: Ketosynthase mutants were generated using
the site directed mutagenesis method developed by Liu and Naismith.%® All constructs were
verified via sanger sequencing (Eton Bioscience Inc.). Primers used for mutagenesis can be
found in Figure S2.33.

Crosslinking assay: Each reaction was set up to contain 40 uM of crypto-AcpP, 20
uM of FabF, and buffer (25 mM Tris, 150 mM NacCl, 10% glycerol, 0.5 mM TCEP, pH 7.4).
To stop the reaction at the designated time point, 2.5 pL of the reaction solution was mixed
with 10 pL of 3X SDS dye. Samples were analyzed by 12% SDS-PAGE and the intensity of
protein bands was measured by Imagel.®! The crosslinking efficiency was calculated by
[(Icrosslink)/(Icrosslink+IFabF)] x 100% where “I” stands for band intensity. All reactions
were performed in biological triplicate and the crosslinking efficiency of mutants was
normalized to the average wild type crosslinking efficiency to obtain a normalized relative
crosslinking efficiency. The plotted data represents the average normalized crosslinking
efficiency of each mutant and the error bars are represented as standard deviation (+=SD).
General synthetic methods: General synthetic methods are provided as a supplementary note
(Supplementary Note 8) and NMR characterization of compounds and intermediates is
provided in Supplementary Note S2.8.

Crystallization, structure determination and refinement. The crystals of the

crosslinked complexes were grown by vapor diffusion at 6 °C. In detail, 1 uL. of crosslinked
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complex (8-10 mgemL™') was mixed with 1 uL of corresponding crystallographic condition
and the mixture was placed inverted over 500 puL of the well solution (hanging-drop method).
The AcpP-FabF complexes crystallized in 26-30 % PEG 8K, 0.1 M sodium cacodylate pH
6.5, and 0.3 M NaOAc, yielding numerous orange rods amongst a heavy precipitate. Seeding
trials were performed to increase size and quality of the samples. The C12AcpP-FabB
complexes produced crystals in two conditions: 20% PEG 8K, 0.2 M Mg(OAc),, 0.1 M
sodium cacodylate pH 6.5 as well as 30% PEG 8K, 0.2 M (NH4)2SO4, 0.1 M sodium
cacodylate, pH 6.5. Both conditions yielded square plates and required one to two weeks for
complete growth of crystals. The C16AcpP-FabB complexes produced crystals in 18-24 %
PEG 8K, 0.1 M sodium cacodylate, and 0.3 M NaOAc, pH 6.5.

All data were collected at the Advanced Light Source (ALS) synchrotron at Berkeley.
Data were indexed using iMosflm®? then processed and scaled using aimless from the CCP4
software suite62,63.9%4 Scaled reflection output data was used for molecular replacement
and model building in PHENIX®. For AcpP-FabF complexes, phases were solved using
molecular replacement by first locating the larger FabF (PDB: 2GFW**) monomer followed
by a second search function to place the smaller AcpP (PDB: 2FAC%®) molecule in the
residual density. For C12AcpP-FabB and C16AcpP-FabB complexes, initial phases were
solved using molecular replacement by first performing a search function using the FabB
monomer (PDB: 1G5X30) and then manually placing the AcpP molecules in the residual
electron density. The parameter file for the covalently bonded 4’-phosphopantetheine was
)64

generated using Jligand (CCP4)°*. Manually programmed parameter restraints were used to

create the associated covalent bonds between 4’-phosphopantetheine to Ser36 and Cys163
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during refinement. These parameters are provided in the parm-file folder located in the online
Source Data file.

Preparation of apo-KS structures for MD simulations: Simulations of apo-FabB and
apo-FabF were performed using two sets of initial coordinates: one derived from previously
reported 1.55 A apo-FabB (PDB: 2VB9°%) and 2.40 A apo-FabF (PDB: 2GFW*) and a
second set generated by modifying the crosslinked structures of E. coli AcpP-FabB and
AcpP-FabF reported herein by deleting coordinates corresponding to atoms from AcpP.

Preparation of acyl-AcpP<KS structures for MD simulations: The crosslinked
structures of E. coli AcpP-FabB and AcpP-FabF reported herein were used to prepare the
initial coordinates used to perform molecular dynamics. The asymmetric unit of the AcpP-
FabF structure is —unlike that of crosslinked AcpP-FabB— the 1:1 AcpPeFabF complex. In
order to prepare coordinates for the (functional) biological unit, AcpP2¢FabF2, the
asymmetric unit of the AcpP1-FabF1 structure was rotated about the twofold symmetry axis
of the AcpP-FabF biological unit. The 2:2 complexes of acyl-AcpPs shown in Scheme S1
and either FabB or FabF were constructed by manually modifying the chemical crosslinker
present the experimental structures. Modifications of this moiety were performed using
Avogadro 1.1.1%7, Gaussview 5.0.9, and Pymol v.1.8.6, and Pymol v.2.2.3. Schrodinger was
used to add poorly resolved C- and N-terminal residues omitted in the dimeric AcpP+FabB
and AcpP<FabF complexes. The protonation state of titratable residues in the apo-KSs and
acyl-AcpP+KS didomains were assigned using the H™" webserver, with the exception of the
active site Cys163 of FabB and FabF; this residue was simulated in as a thiolate.®®7°

Histidine protonation states were inspected manually.
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Parameter generation for acyl-AcpP: For each simulated AcpP*KS complex, the acyl
substrate, phosphopantetheine cofactor, and the conserved serine residue of AcpP to which
the cofactor is affixed were treated as a single nonstandard residue. AMBER (ff14SB’") and
GAFF? type force field parameters were assigned to the atoms of these nonstandard residues
using ANTECHAMBER?. Partial charges for all atoms in all nonstandard residues were
determined using the RESP methodology’. All quantum calculations were performed using
Gaussian 09.

Preparation of simulation cells: Proteins were solvated in a water box with TIP3P7°
water molecules. Using TLEAP, the simulation cell was constructed such that its edges were
placed 10 A away from the closest proteinogenic atom. TLEAP was used to neutralize and
salt the water box to mimic physiological conditions (0.15 M). Counterions (Na* and CI")
were also added to the simulation cell randomly.

Simulation details: Amberl6 and Amberl8 were used to perform all molecular
dynamics (MD) simulations. All simulations were performed using the ff14SB”! and GAFF’?
force fields. A 2 fs time-step was utilized via the SHAKE algorithm, which constrains all
nonpolar bonds involving hydrogen atoms’®. Long-range electrostatic interactions were
treated using the Particle Mesh Ewald (PME) method with a 10 A cutoff for all non-bonded
interactions’’. Both solvated protein complexes were energy minimized in a two-step fashion.
In a first step, solvent molecules and counterions were allowed to relax, while all protein
atoms were restrained using a harmonic potential (k = 500 kcal mol! A~2). This geometry
optimization was followed by an unrestrained energy minimization of the entire system. The
thermal energy available at a physiological temperature of 310 K was slowly added to each

system over the course of a 3.5 ns NVT ensemble simulation. The solvated complexes were
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then subjected to unbiased isobaric-isothermal (NPT) simulations for 25 ns in order to
equilibrate the heated structures. Three independent 500 ns production MD (NPT ensemble)
of each system were performed with different initial velocities. For both NVT and NPT
simulations, the Langevin thermostat (A = 5.0 ps™') was used to maintain temperature
control84. Pressure regulation in NPT simulations (target pressure of 1 atm) was achieved
by isotropic position scaling of the simulation cell volume using a Berendsen barostat.
Analysis and visualization of simulation data: Analysis was performed using
CPPTRAJ Version V4.14.0 (AmberTools V19.00), PYTRAJ v2.02.devO0, a Python front-end
for the CPPTRAJ analysis code, and MDTRAJ v1.9.385. Trajectories were visualized using
VMD 1.9.4 and Pymol v1.8.6 and Pymol v2.2.3. Coordinate data was written to disk every

10 ps.
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Figure S2.1: Chemistry and biology of ketosynthases. a. ACP “Interactome” in E. coli. Proteins are colored by
biosynthetic pathway (red: fatty acid biosynthesis, purple: lipid A biosynthesis, Blue: biotin biosynthesis,
yellow: hemolysin activation, green: lipoyl activation of lipoate-dependent enzymes. b. Proposed reaction
mechanism of elongating B-ketoacyl-AcpP-synthase FabB (KASI) and FabF (KASII). Top row of mechanism
shows the transacylation half-reaction, while the bottom portion illustrates the condensation half-reaction. c.
Crosslinking workflow scheme demonstrating apofication and loading of ACP with crosslinking probes to
produce crypto-ACP, which is then mixed with partner protein to produce a crosslinked complex. d.
Comparison of acyl-AcpP to crypto-AcpP loaded with substrate or crosslinking substrate mimetic, respectively.
S1, S2, and S3 indicate the acyl-AcpPs subjected to simulations as constituents of acyl-AcpP+*KS complexes
reported herein e. Crosslinking gels of C12AcpP-FabF, C16AcpP-FabF, C12AcpP-FabB, and C16AcpP-FabB
that were used to verify the formation of crosslinked complex before purification and crystallization.
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Figure S2.2: [llustration of crosslinking reactions between the a-bromo pantetheineamide probe and KS active
site cysteine residues. Hypothetical crosslinking reactions of C16aBr-crypto-AcpP and C12aBr-crypto-AcpP
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Figure S2.3: Comparison of Cl16AcpP-FabF and C12AcpP-FabB binding modes. a. b. Superposition of
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Figure S2.4: Comparison of alkyl chain electron density and substrate*KS interactions in Cl16AcpP-FabF,
CI12AcpP-FabB, and C16AcpP-FabB crystal structures. AcpP is shown as cyan in all panels. FabF is shown in
light orange and FabB is shown in bright orange. a. Electron density of C16 alkyl chain in conformations a
(Cl6a) and b (C16b) from the C16AcpP-FabF structure contoured with 2Fo-Fc maps at 1.0 ¢ b. All FabF
residues within 4 A of alkyl chain conformation a (C16a). c. All residues within 4 A of alkyl chain conformation
b (C16b). d. Electron density of C12 alkyl chain from C12AcpP-FabB structure contoured at 1.0 . e. All FabB
residues within 4 A of the C12 alkyl chain substrate analog. f. Electron density of C16PPant probe from the
C16AcpP-FabB structure contoured at 1.0 . g. Attempts to model a C16 probe reveal a constricted active site
that places alkyl chains bound within the active site of both KS monomers in close proximity to one another
and in unfavorable conformations
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Figure S2.5: Analysis of loop 1 and 2 conservation by multi-sequence alignment (MSA). a. MSA alignment of
FabB and 100 FabF orthologues comparing the Loop 1 GFGG B-turn region and surrounding conserved residues
(FabF numbering). b. MSA Alignment of FabB and 100 FabF orthologues comparing the loop 2 sequence and
surrounding conserved residues (FabF numbering).
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Time course crosslinking
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Figure S2.6: Time-course crosslinking results of of wt FabF and select gating mutants. C8-chloroacrylate-
AcpP (a) and C12-a-Bromo-AcpP (b). Results in panel a indicate that the F400A gate removal mutant
crosslinks faster than the wt enzyme using C8Cl probes and G399 crosslinks similarly to wt FabF. Results using
the C120Br probes in panel b show that the gating mutant K65A/K69A, pocket-block mutant G310M, and
destabilization mutant D265N all crosslinked at slower rates as compared to wt FabF, G399A, and F400A.
G310M and K65A/K69A show the most pronounced reduction in crosslinking rate. All gel-based time-course
crosslinking assays were run as biologically independent experiments (n = 3) and analyzed by densitometry
using ImagelJ. The data are plotted as the average crosslinking efficiency at each respective time point and error
bars are represented as standard deviation (= SD). The scanned images of associated gels can be found in
Supplementary Figs. 10 and 11. wt FabF (black square), F400A (white square), G399A (black circle),
K65A/K69A (white circle), G310M (black triangle), D265N (white triangle). Source data for all experiments
are provided as a Source Data file.
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Figure S2.7: Single time point crosslinking gels of la-AcpP (C12aBr) and 1c-AcpP (C2aBr). The gels shown
above are the full scans of the single time point crosslinking gels of 1e-AcpP (C2aBr) and 1a-AcpP (C12aBr)
with FabF gating mutants from three independent biological experiments (n = 3). More specifically, these gels
represent the raw crosslinking gel data used for the data reported in panels d and e of Figure 2.6 in the main
text. a. Biological independent experiments (n = 3) of 1e-AcpP (C2aBr) crosslinking experiments with FabF
mutant. Lane 1 - ladder, lane 2 — wt FabF, lane 3 — K65E, lane 4 — K65A/K65E, lane 5 — G310F, lane 6 —
G310M, lane 7 — F400A, lane 8 — D265A, lane 9 — D265N, lane 10 — G402A, lane 11 -G399A. b. Biological
independent experiments (n = 3) of 1a-AcpP (C12aBr) crosslinking with FabF mutant panel. Lane 1 - ladder,
lane2 — wt FabF, lane 3 — K65E, lane 4 — K65A/K65E, lane 5 — G310F, lane 6 — G310M, lane 7 — F400A, lane

1c-AcpP (C2aBr)
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Figure S2.8: Additional G399A4 and G4024 single time point crosslinking gels of la-AcpP (C12aBr) and 1c-
AcpP (C2aBr). a. The gel shown above is the full scan of single time point crosslinking analysis of 1¢-AcpP
(C20Br) and 1a-AcpP (C12aBr) with FabF gating mutants G399A and G402A performed separately from the
original experiments due to an outlier measurement in G399A (see lowest open circle in G399A in graph found
in panel b). These data represent three additional independent biological experiments (n = 3) for G399A and
G402A with 1c-AcpP (C2aBr) and la-AcpP (C12aBr). b. Densitometric analysis of single time-point
crosslinking efficiency of 1e-AcpP (C2aBr-AcpP) and 1a-AcpP (C12aBr-AcpP) with FabF mutants including
the three additional biologically independent data points derived from the G399A and G402A crosslinking
assay shown in panel a. All crosslinking experiments from were performed as biologically independent
experiments (n = 3), except for G399A and G402 A which were done in sextuplicate (n = 6). All data represented
in b are the average crosslinking efficiency of each mutant normalized to the average of wt FabF crosslinking
efficiency. The error bars in d and e are represented as standard deviation (+ SD) and the individual normalized
measurements from each independent experiment are overlaid on top of the associated bar plot as open circles.
Source data for all experiments are provided as a Source Data file.
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Figure S2.9: 2a-AcpP (C8CI) and 2b-AcpP (C3Cl) crosslinking gels. The gels shown above are the full scans
of the single time point crosslinking gels of 2b-AcpP (C3Cl) and 2a-AcpP (C8Cl) with FabF gating mutants
from three independent biological experiments (n = 3). More specifically, these gels represent the raw
crosslinking gel data used for the data reported in panels ¢ and f of Figure 2.6 in the main text. a. Biological
independent experiments (n = 3) of 2b-AcpP (C3Cl) crosslinking experiments with FabF mutant panel. Lane
1 - ladder, lane2 — wt FabF, lane 3 — K65E, lane 4 — K65A/K65E, lane 5 — G310F, lane 6 — G310M, lane 7 —
F400A, lane 8 — D265A, lane 9 — D265N, lane 10 — G402A, lane 11 -G399A. b. Biological independent
experiments (n = 3) of 2a-AcpP (C8CIl) crosslinking experiments with FabF mutant panel. Lane 1 - ladder,
lane2 — wt FabF, lane 3 — K65E, lane 4 — K65A/K65E, lane 5 — G310F, lane 6 — G310M, lane 7 — F400A, lane
8 —D265A, lane 9 — D265N, lane 10 — G402A, lane 11 -G399A. All reactions were run in parallel for 8 hours
then quenched with SDS loading buffer and boiled.
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Figure S2.10: 2a-AcpP (C8CI) time course crosslinking gels. The gels shown above are the full scans of the
time course crosslinking gels of 2a-AcpP (C8Cl) with FabF gating mutants run as three independent biological
experiments (n = 3). More specifically, these gels represent the raw crosslinking gel data used for the data
reported in Figure S2.6a. a. Biological independent experiments (n = 3) of 2a-AcpP crosslinking with wt FabF.
b. Biological independent experiments (n = 3) of 2a-AcpP crosslinking with FabF mutants F400A and G399A.
All reactions were run in parallel and quenched at their respective timepoints by boiling after treatment with
SDS loading buffer.
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Figure S2.11: /a-AcpP (C12aBr) time course crosslinking gels. The gels shown above are the full scans of the
time course crosslinking experiment gels of 1a-AcpP (C12aBr) with FabF gating mutants run as three
independent biological experiments (n = 3). More specifically, these gels represent the raw crosslinking gel data

used for the data reported in Figure S2.6b. a. Biological independent experiments (n

3) of 1a-AcpP

crosslinking with FabF wt and K65A/K69A FabF interface mutant. b. Biological independent experiments (n
= 3) of 1a-AcpP crosslinking with FabF mutants G310M and F400A. c. Biological independent experiments
(n =3) of 1a-AcpP crosslinking with FabF mutants D265N and G399A. All reactions were run in parallel and
quenched at their respective timepoints by boiling after treatment with SDS loading buffer.
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Figure S2.12: Pocket block mutations. Figures were generated by mutating Gly310 into bulky hydrophobic
residues in PyMOL. G310, when replaced by larger amino acids, occupies the same pocket as Phe400 in the
open conformation (light orange) and would likely inhibit transitions of loop 1 from the closed conformation
(light-grey) (PDB: 2GFW) to the open conformation (light orange) (C16AcpP-FabF, PDB: 60KG). a. wt G310
FabF. b. G310M. ¢. G310F. d. G310L.
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Figure S2.13: Acyl-AcpP substrates used in simulations of the acyl-AcpP2+FabB2 and acyl-AcpP2*FabF?2

complexes.
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acyl-AcpP+FabB acyl-AcpP-FabF

Figure S2.14: Root mean square fluctuations (RMSFs) of acyl-AcpP2*FabB2 and acyl-AcpP2*FabF?2
(determined from simulations) “mapped” onto the x-ray crystal structure of the crosslinked acyl-AcpP-FabB
and acyl-AcpP-FabF complexes. Larger (per residue) backbone RMSF values correspond to a thicker “sausage”;
color range (blue to white to red) illustrates (per residue) side chain RMSFs with the blue-to-red color range
indicating small-to-large RMSF values.
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Figure S2.15: Analysis of the substrate binding pocket determined using POVME (POcket Volume
Measurer). a, acyl-AcpPeFabB. b,acyl-AcpP-FabF.
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Figure S2.16: RMSDs of acyl-AcpP2+FabB2 complexes sampled during cMD simulations. Each blue curve
represents an independent 500 ns simulation. Plots were generated by taking every 10th snapshot of the
simulation data.
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Figure S2.17: RMSDs of acyl-AcpP2+FabF2 complexes sampled during cMD simulations. Each blue curve
represents an independent 500 ns simulation. Plots were generated by taking every 10" snapshot of the
simulation data.
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Figure S2.18: RMSDs of ketosynthase domains of acyl-AcpP2+FabB2 complexes sampled during cMD
simulations. Each red curve represents an independent 500 ns simulation. Plots were generated by taking every
10% snapshot of the simulation data.

115



10:0-AcpP.FabF,

——— Lk o e At s o AL LI Aty

0 100 200 300 400 500
Time (ns)

12:0-AcpP2*FabF;

A L Ll S s S N L PO R PR RS ss

T

0 100 200 300 400 500
Time (ns)

16:0-AcpP.*FabF,

6.0
= 4.0
S 2.0

o T s e AT st SO DA A T A g

0 100 200 300 400 500
Time (ns)

Figure S2.19: RMSDs of ketosynthase domains of acyl-AcpP2+FabF2 complexes sampled during cMD
simulations. Each red curve represents an independent 500 ns simulation. Plots were generated by taking every
10t snapshot of the simulation data.
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Figure S2.20: RMSDs of AcpPs of acyl-AcpP2+FabB2 complexes sampled during cMD simulations. Each blue
(AcpP1) and red (AcpP2) curve represents data from an independent 290 ns simulation. Plots were generated
by taking every 10" snapshot of the simulation data.
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Figure S2.21: RMSDs of AcpPs of acyl-AcpP2+*FabF2 complexes sampled during cMD simulations. Each blue
(AcpP1) and red (AcpP2) curve represents data from an independent 500 ns simulation. Plots were generated
by taking every 10" snapshot of the simulation data.
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Figure S2.22: RMSDs of loop 1 region of FabB within acyl-AcpP2*FabB2 complexes sampled during cMD
simulations. Each blue (loop 1 of FabB1) and red (loop 1 of FabB2) curve represents data from an independent

500 ns simulation.
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Figure S2.23: RMSDs of loop 2 region of FabB within acyl-AcpP2*FabB2 complexes sampled during cMD
simulations. Each blue (loop 1 of FabB1) and red (loop 1 of FabB2) curve represents data from an independent

500 ns simulation.
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Figure S2.24: RMSDs of loop 1 region of FabF within acyl-AcpP2*FabF2 complexes sampled during cMD
simulations. Each blue (loop 1 of FabF1) and red (loop 1 of FabF2) curve represents data from an independent
500 ns simulation.
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Figure S2.25: RMSDs of loop 2 region of FabF within acyl-AcpP2*FabF2 complexes sampled during cMD
simulations. Each blue (loop 2 of FabB1) and red (loop 2 of FabB2) curve represents data from an independent
500 ns simulation.
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Figure S2.26: RMSDs of the nonstandard residue of acyl-AcpP2*FabB2 complexes sampled during cMD
simulations. Each blue (FabB1) and red (FabB2) curve represents data from an independent 500 ns simulation.
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Figure S2.27: RMSDs of the nonstandard residue of acyl-AcpP2*FabF2 complexes sampled during cMD
simulations. Each blue (FabF1) and red (FabF2) curve represents data from an independent 500 ns simulation.
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Figure S2.28: Root mean square (RMS) fluctuations each residue of loops 1 and 2 of FabB and FabF monomers
of the apo-AcpP+KS sampled during MD simulations. a. Per residue RMSF of loop 1 of either monomer of apo-
KS dimer. b. Per residue RMSF of loop 1 of either monomer of apo-KS dimer derived from the crosslinked
AcpP=KS (apo-KS*) structure. c. Per residue RMSF of loop 2 of either monomer of apo-KS dimer. d. Per
residue RMSF of loop 2 of either monomer of apo-KS dimer derived from the crosslinked AcpP=KS (apo-KS*)
structure. The bar graphs show the per residue backbone RMS fluctuations (blue, measured using backbone
heavy atoms) and the side chain RMS fluctuation of sidechains (orange, measured using each residue’s
sidechain heavy atoms). Residues 396-404 and residues 265-275 (FabF residue numbering) define loops 1 and

2, respectively.
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Figure S2.29: Root mean square (RMS) fluctuations each residue of loop 1 of FabB and FabF monomers of
the acyl-AcpP+KS sampled during MD simulations. a. Per residue RMSF of loop 1 of the FabB1 monomer of
acyl-AcpP<FabB. b. Per residue RMSF of loop | of the FabB2 monomer of acyl-AcpP<FabB. c. Per residue
RMSF of loop 1 of the FabF1 monomer of acyl-AcpP+FabF. d. Per residue RMSF of loop 1 of the FabF2
monomer of acyl-AcpPeFabF. The bar graphs show the per residue backbone RMS fluctuations (blue, measured
using backbone heavy atoms) and the side chain RMS fluctuation of sidechains (orange, measured using each
residue’s sidechain heavy atoms). Residues 396-404 (FabF residue numbering) define loop 1.
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Figure S2.30: Root mean square (RMS) fluctuations each residue of loop 2 of FabB and FabF monomers of
the acyl-AcpP2KS2 sampled during MD simulations. a. Per residue RMSF of loop 2 of the FabB1 monomer
of acyl-AcpP+FabB. b. Per residue RMSF of loop 2 of the FabB2 monomer of acyl-AcpP+FabB. c. Per residue
RMSF of loop 2 of the FabF1 monomer of acyl-AcpP+FabF. d. Per residue RMSF of loop 2 of the FabF2
monomer of acyl-AcpPeFabF. The bar graphs show the per residue backbone RMS fluctuations (blue, measured
using backbone heavy atoms) and the side chain RMS fluctuation of sidechains (orange, measured using each
residue’s sidechain heavy atoms). Residues 265-275 (FabF residue numbering) define loop 2.
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Figure S2.31: Ramachandran plots of the GFGG motifs of FabB or FabF simulated in various states. a.
Analysis of the GFGG backbone dihedrals of apo-FabB performed using 1.5 ps of molecular dynamics (MD)
simulation data of apo-FabB. b. Analysis of GFGG backbone dihedrals on apo-FabB* (apo-FabB constructed
using the coordinates from the crosslinked AcpP=FabB structure reported herein) using 1.5 ps of molecular
dynamics (MD) simulation data of apo-FabB*. ¢. Analysis of the GFGG backbone dihedral of acyl-AcpP+FabB
using 4.5 ps of molecular dynamics (MD) simulation data of acyl-AcpP+FabB. d. Analysis of the GFGG
backbone dihedrals of apo-FabF performed using 1.5 ps of molecular dynamics (MD) simulation data of apo-
FabF. e. Analysis of GFGG backbone dihedrals on apo-FabF* (apo-FabF constructed using the coordinates
from the crosslinked AcpP=FabF structure reported herein) using 1.5 us of molecular dynamics (MD)
simulation data of apo-FabF*. f. Analysis of the GFGG backbone dihedral of acyl-AcpP<FabF using 4.5 ps of
molecular dynamics (MD) simulation data of acyl-AcpP+FabF. Data is binned based backbone v and ¢ dihedral
angles residues assume during MD simulations using bin widths of 5°
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Figure S2.32: Ramachandran plots of the key residues of loop 2 of FabB or FabF simulated in various states.
a. Analysis of the loop 2 backbone dihedrals of apo-FabB performed using 1.5 ps of molecular dynamics (MD)
simulation data of apo-FabB. b. Analysis of loop 2 backbone dihedrals on apo-FabB* (apo-FabB constructed
using the coordinates from the crosslinked AcpP=FabB structure reported herein) using 1.5 ps of molecular
dynamics (MD) simulation data of apo-FabB*. ¢. Analysis of the loop 2 backbone dihedrals of acyl-AcpP+FabB
using 4.5 ps of molecular dynamics (MD) simulation data of acyl-AcpPeFabB. d. Analysis of the loop 2
backbone dihedrals of apo-FabF performed using 1.5 ps of molecular dynamics (MD) simulation data of apo-
FabB. e. Analysis of loop 2 backbone dihedrals on apo-FabF* (apo-FabF constructed using the coordinates
from the crosslinked AcpP=FabF structure reported herein) using 1.5 us of molecular dynamics (MD)
simulation data of apo-FabB*. f. Analysis of the loop 2 backbone dihedral of acyl-AcpP<FabF using 4.5 ps of
molecular dynamics (MD) simulation data of acyl-AcpP+FabF. Data is binned based backbone v and ¢ dihedral
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Primer Sequence

| FabF-G399A-F GCGTTCGGTGGCACTAATGGTTCTTTGATCTTTAAAAAGATCTAA
FabF-G399A-R AGTGCCACCGAACGCGAAGGAGTTACACAGAGTGTATTC
FabF-FA00A-F GGCGCAGGTGGCACTAATGGTTCTTTGATCTTTAAAAAGATCTAA
FabF-F400A-R AGTGCCACCTGCGCCGAAGGAGTTACACAGAGTGTATTC
FabF-G401A-F GGCTTCGCGGGCACTAATGGTTCTTTGATCTTTAAAAAGATCTAA
FabF-G401A-R AGTGCCCGCGAAGCCGAAGGAGTTACACAGAGTGTATTC
FabF-G402A-F GGCTTCGGTGCGACTAATGGTTCTTTGATCTTTAAAAAGATCTAA
FabF-G402A-R AGTCGCACCGAAGCCGAAGGAGTTACACAGAGTGTATTC
FabF-D265A-F ATGAGC AGC GCA GCTTATCATATGACG TCA CCG CCA GAA AATG
FabF-D265A-R ATA AGC TGC GCT GCT CAT ACC AAA GCC GAC GAG TTC AGC
FabF-D265N-F  ATG AGC AGC AAC GCTTATCATATGACG TCA CCG CCA GAA AATG
FabF-D265N-R ATA AGC GTT GCT GCT CAT ACC AAA GCC GAC GAGTTC AGC
FabF-G310F-F TCTACGCCG GCTTTT GAT AAA GCT GAA GCG CAG GCG GTG
FabF-G310F-R ATC AAA AGC CGG CGT AGA AGT ACC GTG CGC GTT AAC GTA
FabF-G310M-F TCTACG CCG GCTATG GAT AAA GCT GAA GCG CAG GCG GTG
FabF-G310M-R ATC CAT AGC CGG CGT AGA AGT ACC GTG CGC GTT AAC GTA

Figure S2.33: Primers for generating FabF mutants. F and R indicate forward and reverse primers
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C16AcpP-FabB

C12AcpP-FabB

C16AcpP-FabF

C12AcpP-FabF

Data collection

Space group P1211 P 212121 P43212 P43212
Cell dimensions
a, b, c (A) 58.94 100.78 59.07 112.17 86.89 86.89 86.45 86.45
79.26 140.68 113.73 115.16
o, B,y () 90.00 108.64 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0
90.00
Resolution (A) 60.22-2.5(2.59- 87.7-1.55(1.60- 69.04-2.3(2.382- 69.14-2.35(2.43-
2.5)* 1.55)* 2.3)* 2.35)*
Rsym OT Rmerge 0.136 (.8075) 0.109(0.857) 0.3746 (2.379) 0.327 (3.604)
1/col 7.59 (2.34) 14.25 (3.65) 9.28 (1.70) 9.91 (1.08)
Completeness 98.74 (98.19) 99.43 (98.28) 99.80 (99.95) 99.74 (99.67)
(%)
Redundancy 6.2 (6.4) 11.8 (11.7) 19.1 (19.9) 15.4 (15.9)
Refinement
Resolution (A) 60.22-2.5 87.7-1.55 69.04-2.3 69.14-2.35
No. reflections 300780 (2991) 1593391 (155305) 381910 (38754) 288893 (29114)
Rwork / Riree .178/.218 .148/.163 .195/.228 .201/.239
No. atoms 7337 8287 3914 3867
Protein 7160 7343 3640 3727
Ligand/ion 70 102 77 48
Water 107 842 197 92
B-factors 65.50 22.28 31.90 59.21
Protein 66.25 20.97 31.87 59.54
Ligand/ion 61.03 28.79 33.43 58.36
Water 50.24 32.86 3191 46.56
R.m.s. deviations
OBond lengths .004 .008 .004 .004
(A)
Bond angles (°) .99 1.3 .97 .96

Figure S2.34: Table 1 Refinement statistics from structures solved in this work.

131



=
74

NS
N,
N

Figure S2.35: Electron density maps of reported structures. Stereo images of 2Fo-Fc electron density maps
contoured at 1.5 ¢ for a. C16AcpP-FabF, (PDB: 60KG, 2.4 A), beta sheet shown consists of residues Leu257-
Ser263, Thr393-G399, and Thr403-Phe409. b. C12AcpP-FabB, (PDB: 60KC ,1.55 A), beta sheet shown
consists of residues Gly259-Ser264, Gly394-Thr398, and Ser387-F392. c. C16AcpP-FabB, beta sheet shown
consists of residues Gly259-Ser264, Gly394-Thr398, and Ser387-F392 (PDB: 60KF, 2.5 A.)
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Figure S2.36: Native contact analysis of MD simulations data of acyl-AcpP2*FabB2 (10:0-AcpP2+FabB?2,
12:0-AcpP2FabB2, 16:0-AcpP2*FabB2). Residues on the dimeric FabB: subunit within 7.5 A and those of
either AcpP1 (Interface 1) and AcpP2 (Interface 2) within 7.5 A dimer subunit were subjected to this analysis.
The bar graphs illustrate the frequency with interfacial residues contact with one another at either interface of
these acyl-AcpP2eFabB». The contact fraction is defined as the total fraction of simulation data in which a
residue pair is engaged in an intermolecular contact. A distance criterion of 3.5 A or less between a pair of
heavy atoms of two residue belonging two distinct protein monomers defines such a contact. This value before
normalization assume values greater than 1.0, if a residue pair possesses multiple atoms that satisfy the distance
criteria used to define a contact. Only pairwise contacts with contact fractions greater than or equal to 0.05 are
included in the plots above. Every 10" frame of simulation data starting with the first was used to perform this
analysis. Note that “primed” residues (e.g., K127°, D35’) refer to residues belonging to FabB2 or AcpP2.
Charged residues are marked by an asterisk.
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Figure S2.37: Native contact analysis of MD simulations data of acyl-AcpP2*FabF2 (10:0-AcpP2+FabF?2,
12:0-AcpP2FabF2, 16:0-AcpP2+FabF2). Residues on the dimeric FabF, subunit within 7.5 A and those of
either AcpP1 (Interface 1) and AcpP2 (Interface 2) within 7.5 A dimer subunit were subjected to this analysis.
The bar graphs illustrate the frequency with interfacial residues contact with one another at either interface of
these acyl-AcpP2eFabF2. The contact fraction is defined as the total fraction of simulation data in which a
residue pair is engaged in an intermolecular contact. A distance criterion of 3.5 A or less between a pair of
heavy atoms of two residue belonging two distinct protein monomers defines such a contact. This value before
normalization assume values greater than 1.0, if a residue pair possesses multiple atoms that satisfy the distance
criteria used to define a contact. Only pairwise contacts with contact fractions greater than or equal to 0.05 are
included in the plots above. Every 10" frame of simulation data starting with the first was used to perform this
analysis. Note that “primed” residues (e.g., K127°, D35”) refer to residues belonging to FabF2 or AcpP2. .
Charged residues are marked by an asterisk.
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Figure S2.38: Analysis of contacts between active site residues and substrate of acyl-AcpP*FabF complexes
sampled computationally. a. Distribution of distances sampled between carbonyl carbon of the acyl chain of
10:0-AcpPeFabF (orange), 12:0-AcpP-FabF (blue), or 16:0-AcpPeFabF (red) and sulfur atom of catalytic
cysteine (Cys163). 1D histogram was generated using a bin width of 0.25 A b. Analysis of hydrogen bonding
interactions involving the substrate and His303 and His340 (2D histogram, blue). Simulation data is binned
along two coordinates The first of which is the distance between the carbonyl oxygen of the substrate and the
imidazole moiety of His303 (center of geometry) of FabF, while the second measures the distance between the
imidazole moiety of His340 (center of geometry) and its carbonyl oxygen. ¢. Analysis of backbone (oxyanion
hole) hydrogen-bonding interactions (2D histogram, red). Simulation data is binned along two coordinates. The
first of which is the distance between the carbonyl oxygen of the substrate and the backbone amide nitrogen of
Cys163 of FabF, while the second measures the distance between substrate’s carbonyl oxygen and the backbone
amide nitrogen of Phe400. Simulation data is binned along two coordinates. Data was sorted into 0.05 A x 0.05

O(C)-His3%8 distance (A)

0O(C)-Cys'® distance (A)

A bins. Color bars indicate the absolute population of each histogram bin.
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Figure S2.39: Analysis of contacts between active site residues and substrate of acyl-AcpP*FabB complexes
sampled computationally. a. Distribution of distances sampled between carbonyl carbon of the acyl chain of
10:0-AcpP<FabB (orange), 12:0-AcpP-FabB (blue), or 16:0-AcpPeFabB (red) and sulfur atom of catalytic
cysteine (Cys163). 1D histogram was generated using a bin width of 0.25 A b. Analysis of hydrogen bonding
interactions involving the substrate and His303 and His340 (2D histogram, blue). Simulation data is binned
along two coordinates The first of which is the distance between the carbonyl oxygen of the substrate and the
imidazole moiety of His303 (center of geometry) of FabB, while the second measures the distance between the
imidazole moiety of His340 (center of geometry) and its carbonyl oxygen. ¢. Analysis of backbone (oxyanion
hole) hydrogen-bonding interactions (2D histogram, red) Simulation data is binned along two coordinates. The
first of which is the distance between the carbonyl oxygen of the substrate and the backbone amide nitrogen of
Cys163 of FabB, while the second measures the distance between substrate’s carbonyl oxygen and the backbone
amide nitrogen of Phe400. Simulation data is binned along two coordinates. Data was sorted into 0.05 A x 0.05
A bins. Color bars indicate the absolute population of each histogram bin.
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Supplementary Note S2.1: C/24cpP-FabF complex

The C12AcpP-FabF complex crystalized in the same conditions and space group as
our C16AcpP-FabF structure and produced electron density maps of similar quality (Figure
S2.34). Structural alignments of the two complexes show that C12AcpP-FabF overlays with
C16AcpP-FabF with an RMSD of 0.19 A. The electron density map is well defined for the
majority of the complex except for loops 1 and 2, which appear to be dynamic in the
C12AcpP-FabF structure. These loops adopt at least two conformations, which are
representative of apo-FabF (closed state) and our C16 bound state (open state), making the
interpretation of these regions difficult. Given the presence of electron density for both the
open and closed states, both loop conformations were modelled for loops 1 and 2.

Analysis of the PPant crosslinking probe demonstrates discernable density for the
PPant arm but not for the C12 alkyl chain. This is not surprising as the conformational
heterogeneity in loops 1 and 2 make it difficult to accurately model this region of the complex.
Therefore, the finalized structure does not include an alkyl chain, which is instead modelled
as a C2 with a crosslink at the two-position (o position). The lack of density for the alkyl
chain may indicate that it is dynamic and that the gate is switching between the open and
closed conformation. Extension of the chain four carbons from C12 to C16, as seen in our
C16AcpP-FabF structure, appears to stabilize the open over the closed conformation, which

is likely due to the large size of the alkyl chain.
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Supplementary Note S2.2: C/6AcpP-FabB complex

The 2.50 A C16AcpP-FabB x-ray refinement statistics and electron density map can
be found in Figures S2.34,S2.35¢c. The C16AcpP-FabB structure overlays with the C12AcpP-
FabB with a root-mean-square deviation (RMSD) of 0.25 A. Despite the overall structural
similarities, the C16AcpP-FabB data reveals a lack of electron density for the C16-acyl chain
in the acyl-binding pocket, despite showing interpretable electron density for the 4'-
phosphopantetheineamide portion of the probe (Figure S2.4f). A Cl2-acyl chain was
modeled into the acyl-binding pocket, but low levels of electron density were only observed
for the alkyl chain in 2Fo-Fc maps at or below contour levels of 1o (Figure S2.4f). A similar

result was found by Olsen et al.**

in a study where they soaked acyl-CoAs into FabB crystals
to trap the FabB acyl-enzyme adduct with different fatty acid chain lengths.*> Their soaking
experiments only showed strong density for C8, C10, and C12 chains but little to no electron
density with C14 and C16. Despite the lack of alkyl chain density, we attempted to model
the complete C16 alkyl chain into the FabB binding pocket, but in doing so recognized a
constricted fatty acid binding pocket that places the alkyl chains of the two protomers in close
proximity to one another at the dimer interface (Figure S2.4g). Furthermore, clashes between
the terminal carbons of the C16-acyl chain with Glu200 and GIn113 along the back wall of
the binding pocket restrict accommodation of the C16 substrate. Interestingly, in our

C12AcpP-FabB datasets, the end of the C12 chain stops just short of these residues (Figure

S2.4e), indicating that they may play a role in the substrate specificity of FabB.*!1:42.78
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Supplementary Note S2.3: Time resolved analysis of AcpP-KS interfaces

MD simulations of the various acyl-AcpP-KS complexes (Figure S2.13) show the
extent to which atoms interact intermolecularly at the AcpP-KS interface. FabF, unlike FabB,
forms long-lived contacts with AcpP’s helix I residues Glul3 and GInl4 during the course
of the simulations (Figure 2.3, Figures S2.36,S2.37). FabF forms additional short-lived
hydrophobic contacts with AcpP throughout the MD simulations, consistent with the larger
contact area of the AcpP-FabF interface (Figures S2.36,S2.37). Simulations also reveal that
the charged residues of regions 1 and 2 of the AcpP-KS interface form and break interactions
with one another throughout the course of the simulation (Figures S2.36,S2.37), showcasing
the dynamism of the PPIs of these complexes. Simulations show that AcpP’s Asp35 and
Asp38 are the residues most frequently forming interactions at the AcpP-FabB interface

(Figures S2.36,S2.37).

139



Supplementary Note S2.4. C16AcpP-FabF delineates a potential minor conformation for
the C16 alky chain

The refined structure of C16AcpP-FabF may delineate density for a second
conformation of the alkyl chain, which we define as C16b, that passes towards the dimer
interface in the opposite direction of the fatty acyl-binding pocket (Figure S2.4a-c).
Movement of loop 1 to the open conformation creates a hydrophobic cavity of significant
size with in the FabF active site, potentially allowing access to this minor conformation by a
rotation around the C5-C6 bond of the alkyl chain. Modeling a C16 chain into this density is
possible and the chain is not constricted by the size of the pocket. A comparison of the C16a
and Cl16b conformations shows significantly higher electron density for the Cl6a
conformation, but both conformations have been modeled into the final structure. Analysis
of the substrate-protein interactions show that the C16a conformation has significantly more
favorably hydrophobic contacts than that of the C16b pocket (Figure S2.4g). The
composition of the pocket surrounding the alkyl chain in the C16b conformation is slightly
more polar than that of the C16a conformation and is comprised of residues Ile138, Asn140,

Metl41, Thr161, Ala162, Met269, and Thr403 (Figure S2.4g).
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Supplementary Note S2.5: Comparison of FabF and FabB structural features

E. coli and most other y-proteobacteria possess three ketosynthases which are
representatives of the KASI, KASII, and KASIII families of condensing enzymes. KASIII
enzymes are also considered initiating KSs and serve to perform the first condensation
reaction of FAS by condensing acetyl-CoA with malonyl-AcpP. All subsequent extensions
are performed by the elongating KSs, KASI and KASII. FabH is the KASIII representative
in E. coli, while FabB and FabF are the KASI and KASII representatives, respectively. Early
work by Vagelos, Cronan, and Rock established differences in activity and substrate
specificity for the E. coli elongating KSs, FabB and FabF. 414278 [ vivo, FabB, in conjunction
with the dehydratase FabA, serve to create a branchpoint responsible for the production of
unsaturated fatty acids from de novo FAB.””# FabA isomerizes the trans-2-decenoyl-AcpP
intermediate to cis-3-decenoyl-AcpP and FabB preferentially elongates cis-3-decenoyl-
AcpP to cis-5-dodecenoyl-AcpP. The condensation reaction catalyzed by FabB at the
branchpoint is essential as the FabA catalyzed isomerization is reversible. Therefore, FabB
extension of cis-3-decenoyl-AcpP immortalizes the unsaturation, thereby producing the
unsaturated fatty acids branch of the FAB pathway in E. coli. Additionally, Cronan and
coworkers demonstrated that FabF regulates membrane fluidity in response to changes in
temperature through the conversion of cis-palmitoleoyl-AcpP (16:1-AcpP) into cis-
vaccenoyl-AcpP (18:1-AcpP) at lower temperatures in vivo and in vitro, thereby increasing
the amount of unsaturated fatty acids present in the membrane.”

Given the differences in reactions catalyzed by FabB and FabF, it is reasonable to

assume that there are some important structural differences in these two enzymes. Indeed, x-
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ray structures of these synthases have shown that there are additional gating residues that
control access to the fatty acid binding pocket. In FabF, this gate is composed of 1le108 and
F202 while in FabB Ile108 is replaced by a glycine residue. Replacement of the bulky
Isoleucine for a small flexible glycine likely allows more facile access to the FabB substrate
binding pocket. Additional differences between these synthases can also be found in their
fatty acid binding pockets. The FabF acyl-binding pocket appears more hydrophobic than
that of FabB, which is somewhat truncated at its back wall by GIn113 and Glu200. These
two residues come together to form a hydrogen bond that decreases the depth of this pocket
(Figure S2.4e). Interestingly, there appears to be crosstalk between the two FabB protomers
mediated by these two residues. Glnl13 sits at the dimer interface and is present in two
conformations in our C12AcpP-FabB structure, one of which shortens the binding pocket
and the other where GInl13 can move away from Glu200 and provide more space for an
alkyl chain. Movement of GIn113 away from Glu200 can only happen in one binding pocket
at a time as the GInl13 from the neighboring protomer would occupy the same location.
Effectively, a small pocket exists at the interface of the two protomers and only one Gln113
can occupy this space at a time, potentially providing a mechanism for one protomer to affect
the substrates specificity of the other.

Despite these structural differences, the molecular mechanisms responsible for the
distinct activities of FabF and FabB remain unknown. The proposal of a double drawbridge
gating system coordinated by loops 1 and 2 may provides a new approach to answering some
of these questions. Gates can be evolutionarily tuned for certain substrates or a certain
activity?’, and it may be that differences in the loop 2 sequence of FabF and FabB may be a

good place to start. This may still be complicated by the previously listed differences, namely
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the additional gate regulating access to the acyl-binding pocket. FabB lacks the Ile108 present
in FabF, and it may be that differences in both gates play a role in determining substrate
specificity and may be effectively tuned to one another to favor or disfavor entry of certain
substrates. Moving forward, a holistic approach looking at multiple aspects of the actives
sites of FabF and FabB will likely be needed to answer some of the remaining questions for
these enzymes.

Some of the differences in structure and sequence between FabF and FabB may also
be responsible for stabilizing the conformations seen in our trapped AcpP-KS complexes.
Both FabF structures solved in this work demonstrate a gate open conformation, although in
the case of C12AcpP-FabF both the open and closed conformations appear to be present. On
the other hand, both C12AcpP-FabB and C16AcpP-FabB complexes present a gate closed
conformation with the alkyl chain placed into the acyl-binding pocket. The easiest
explanation for such a result might be that FabB has a single gating residue (Phe201)
regulating access to the acyl-binding pocket while FabF has two (Ile108 and Phe202). In
FabF, 1le108 has to rotate away from Phe202 to create space for the alkyl chain in the
dodecanoyl bound FabF structure, 2GFY. With the bound AcpP present, it may be that the
AcpP-FabF complex favors a gate open conformation while FabB favors a gate closed
conformation because it can more easily accommodate the alkyl chain in the acyl-binding
pocket. Another difference in these complexes is their loop 2 sequences, which are not
conserved between the KASI and KASII condensing enzyme families. The fact that Thr270
of FabF interacts with Asp35 of the bound AcpP molecule is an interesting point and it may
be that the bound AcpP molecule helps stabilize the gate open conformation, as proposed in

the main text. FabF’s loop 2 is also stabilized by an interesting CH-n interaction found
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between Pro273 and Tyr267, which is not found in FabB. Additionally, these differences,
together, may also be responsible for the ability to trap these complexes in different

conformations.
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Supplementary Note S2.6: Substrate interaction analysis in AcpP*FabF simulations

Unlike C16AcpP-FabF, MD simulations suggest that the acyl chain carbonyls in
10:0-AcpP-FabF, 12:0-AcpP-FabF, 16:0-AcpP-FabF complexes do not form hydrogen
bonds with either active site histidine (Figure S2.3a). Over the course of the simulation, the
substrate relaxes to assume a distinct (pre-transacylation/post-condensation) disposition
within the hydrophobic pocket. Furthermore, the oxyanion hole comprising Cys163 and
Phe400 backbone amides was not engaged by the substrate during the course of the
simulations (Figure S2.38). These findings, in addition to long distances (d > 5.0 A) between
the substrates and the thiolate moiety of the active site cysteine (Figure S2.38), suggest the
AcpP-FabF structure features a pose wherein the crosslinker mimics a substrate conformation

prior to transacylation, or a production conformation before dissociation.
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Supplementary Note 7: Substrate interaction analysis in AcpP*FabB simulations

MD simulations of the acyl-AcpP-FabB complexes suggest that the dynamic features
of these active sites are consistent with an active site preorganized for transacylation. The
active site cysteine’s thiolate moiety is significantly closer to the electrophilic carbon of the
substrate (ca. 3.0 A < d < 5.5 A) than is observed in MD simulations of acyl-AcpP-FabF
complexes (Figure S2.39). Backbone hydrogen-bonding interactions involving the substrate,
Cys163, and Phe400 were only maintained in simulations of 12:0-AcpP-FabB (Figure S2.39).
These interactions are disrupted during simulations of 16:0-AcpP-FabB, whereas in
simulations of 10:0-AcpP-FabB, the substrate is ~5 A away from either backbone hydrogen-
bonding donor. Finally, no hydrogen bonds between the active site histidines (His303 and

His340) and any substrate modeled are sampled during MD simulations (Figure S2.39).
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Supplementary Note S2.8. General synthetic methods. Chemical reagents were purchased
from Acros, Fluka, Sigma-Aldrich, or TCI. Deuterated NMR solvents were purchased from
Cambridge Isotope Laboratories. All reactions were conducted with vigorously dried
anhydrous solvents that were obtained by passing through a solvent column exposed of
activated A2 alumina. All reactions were performed under positive pressure of argon in
flame-dried glassware sealed with septa, and stirring with Teflon coated stir bars using an
IKAMAG TCT-basic mechanical stirrer (IKA GmbH). Analytical Thin Layer
Chromatograpy (TLC) was performed on Silica Gel 60 F254 precoated glass plates (EM
Sciences). Visualization was achieved with UV light and/or appropriate stain (I> on SiO»,
KMnOs, bromocresol green, dinitrophenylhydrazine, ninhydrin, or ceric ammonium
molybdate). Flash column chromatography was carried out with Geduran Silica Gel 60 (40—
63 mesh) from EM Biosciences. Yield and characterization data correspond to isolated,
chromatographically, and spectroscopically homogeneous materials. 'H NMR spectra were
recorded on Varian Mercury 400 or Varian Mercury Plus 400 spectrometers. *C NMR
spectra were recorded at 100 MHz on Varian Mercury 400 or Varian Mercury Plus 400
spectrometers. Chemical shifts for 'H NMR and *C NMR analyses were referenced to the
reported values of Gottlieb®! using the signal from the residual solvent for 'H spectra, or to
the 13C signal from the deuterated solvent. Chemical shift & values for the 'H and *C spectra
are reported in parts per millions (ppm) relative to these referenced values, and multiplicities
are abbreviated as s=singlet, d=doublet, t=triplet, q-quartet, m=multiplet, b=broad. All 13C
NMR spectra were recorded with complete proton decoupling. FID files were processed

using MestreNova 10.0 (MestreLab Research). Electrospray ionization (ESI) mass
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spectrometric analyses were preformed using a ThermoFinnigan LCQ Deca spectrometer.

Spectral data, procedures, and copies of spectra are provided for all new compounds.
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Synthesis of  o-bromopantetheineamide crosslinkers. EDC=1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide); DMAP=4-(dimethylamino)-pyridine; AcOH=acetic
acid.

Br

o} o} H
MN/\)]\N/\/N\”)\/\/\/
o_ o6 " H o}

OMe

(4R)-N-(3-((2-(2-bromooctanamido)ethyl)amino)-3-oxopropyl)-2-(4-methoxy- phenyl)-
5,5-dimethyl-1,3-dioxane-4-carboxamide (S2a). In a 10 mL pear-shaped flask, (4R)-N-(3-
((2-aminoethyl)amino)-3-oxopropyl)-2-(4-methoxyphenyl)-5,5-dimethyl-1,3-dioxane-4-
carboxamide S1%* (100.8 mg, 0.2656 mmol, 1.0 equiv.), 2-bromooctanoic acid (69.6 uL,
0.3987 mmol, 1.5 equiv.), and 2.7 mL CH>Cl, were added. To the solution was added
EDC-HCI (85.2 mg, 0.4444 mmol, 1.7 equiv.) and DMAP (9.7 mg, 0.0794 mmol, 0.30
equiv.). After 18 h, the reaction was dissolved in 100 mL CH>Cl, and washed with brine (10
mL). The organic phase was dried (MgSQOs), filtered, and concentrated by rotary evaporation.
Purification by silica flash chromatography (39:1 — 19:1 CH2Cl2/MeOH) afforded S2a
(128.7 mg, 83%) as a white solid.
TLC (CH2Cl/MeOH, 19:1 v:v): Ry = 0.24; 'H-NMR (400 MHz, CDCls): 8 7.50 (bs, 1H),
7.38 (d, J = 8.6 Hz, 2H), 7.30 (bs, 1H), 7.11 (t,J = 5.8 Hz, 1H), 6.90 — 6.82 (d, /= 8.3 Hz,
2H), 5.40 (s, 1H), 4.22-4.09 (m, 1H), 4.02 (s, 1H), 3.75 (s, 3H), 3.62 (q, J = 11.4 Hz, 2H),
3.51-3.40 (m, 2H), 3.36 (bs, SH), 3.26 (bs, 3H), 3.03 (s, 3H), 2.35 (t, J = 6.3 Hz, 2H), 1.21
(bs, 6H), 1.04 (s, 3H), 1.01 (s, 3H), 0.81 (t, J= 6.5 Hz, 2H). 3C-NMR (100 MHz, CDCl3): §
172.31, 170.31, 169.74, 160.15, 130.02, 127.49, 113.65, 101.26, 83.76, 78.32, 55.27, 50.25,
39.97, 38.91, 35.83, 35.79, 35.37, 35.20, 33.01, 31.48, 28.47, 27.23, 22.46, 21.76, 19.07,
13.99; (m/z): 606.31([M+Na]".
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(4R)-N-(3-((2-(2-bromododecanamido)ethyl)amino)-3-oxopropyl)-2-(4-methoxy-
phenyl)-5,5-dimethyl-1,3-dioxane-4-carboxamide (S2b). Prepared as described for S2a
from S1 and 2-bromododecanoic acid to give S2b (146.6 mg, 80%) as a clear oil.
TLC (CH2Cl/MeOH, 19:1 v:v): Re= 0.24; 'H-NMR (400 MHz, CDCl3): § 7.43 (d, J= 8.1
Hz, 2H), 7.03 (s, 2H), 6.92 (d, J = 8.0 Hz, 2H), 6.61 (bs, 1H), 5.47 (s, 1H), 4.33-4.19 (m,
3H), 4.19-4.12 (m, 1H), 4.10 (s, 1H), 3.82 (s, 2H), 3.69 (q, J = 11.4 Hz, 2H), 3.59-3.51 (m,
2H), 3.37 (bs, 2H), 2.45 (t, J= 5.5 Hz, 2H), 1.99-1.88 (m, 2H),1.29-1.21 (m, 14H), 1.10 (d,
J=6.5Hz, 6H), 0.92-0.82 (m, 5H). 3C-NMR (100 MHz, CDCl5): § 172.48, 171.13, 170.61,
170.33, 160.26, 130.09, 127.59, 113.74, 101.39, 83.80, 78.42, 74.53, 69.15, 62.37, 62.02,
55.34, 50.68, 40.22, 39.20, 36.11, 35.56, 35.23, 34.97, 34.14, 33.13, 31.93, 31.77, 29.73,
29.60, 29.44, 29.36, 29.26, 29.11, 28.92, 27.38, 25.34, 24.88, 22.72, 21.87, 20.93, 20.74,
19.20, 14.17. ESI-MS (m/z): 663.39([M+Na]", 582.50 [M-Br+Na]".

Br

0 o "
NN/\)LN/\/N\[H\/\/\/WW
o_ o " H o}

OMe
(4R)-N-(3-((2-(2-bromohexadecanamido)ethyl)amino)-3-oxopropyl)-2-(4-methoxy-
phenyl)-5,5-dimethyl-1,3-dioxane-4-carboxamide (S2¢). Prepared as described for S2a
from S1 and 2-bromohexadecanoic acid to give S2¢ (178.4 mg, 96%) as a white solid.
Characterization data were consistent with those previously reported.!8

o (o} H Br
Ho\></”\ /\)]\ N
. N NN \”)\/\/\/
on M H 0

2-bromo-N-(2-(3-((R)-2,4-dihydroxy-3,3-dimethylbutanamido)propanamido)ethyl)-
octanamide (S3a). In a 20 mL vial, S2a (128.7 mg, 0.2202 mmol, 1.0 equiv.) and 2.2 mL
4:1 AcOH/H20 were added. After 5 h, the mixture was concentrated by rotary evaporation,
and azeotroped from cyclohexane (3x10 mL) and benzene (3x10 mL). Purification by silica
flash chromatography (19:1 — 4:1 CH>Clo/MeOH) afforded S3a (65.8 mg, 66%) as a white
solid.

TLC (CH2Cl2/MeOH, 9:1 v:v): R¢=0.37; 'TH-NMR (400 MHz, CDCl3): § 7.35-7.28 (m, 1H),

7.11-7.01 (m, 1H), 6.71-6.64 (m, 1H), 6.61-6.55 (m, 1H), 4.37— 4.14 (m, 2H), 4.02 (d, J =
4.9 Hz, 1H), 3.78-3.58 (m, 1H), 3.57-3.52 (m, 1H), 3.48-3.23 (m, 4H), 2.45 (q, J = 6.9, 6.4
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Hz, 2H), 2.14-1.90 (m, 2H), 1.51-1.37 (m, 2H), 1.36-1.23 (m, 6H), 1.03 (s, 3H), 0.94 (s,
3H), 0.88 (t, J = 6.6 Hz, 3H). *C-NMR (100 MHz, CDCls): § 174.47, 172.65, 170.78, 70.62,
50.38, 39.95, 39.35, 36.07, 35.50, 31.65, 28.66, 27.43, 22.63, 21.28, 20.85, 14.17.ESI-MS
(m/z): 488.28 ([M+Na]".

o 0 yo B

HO\></”\ /\)]\ N
Y N N/\/ \”)\/\/\/\/\/
on M H 0

2-bromo-N-(2-(3-((R)-2,4-dihydroxy-3,3-dimethylbutanamido)propanamido)ethyl)-
dodecanamide (S3b). Prepared as described for S3a from S2b, to give S3b (47.1 mg, 39%)
as a white solid.

TLC (CH2Cl/MeOH, 9:1 v:v): Re= 0.46; 'H-NMR (400 MHz, CDCls):  7.63-7.48 (m, 2H),
7.32 (s, 1H), 4.25 (bs, 1H), 3.99 (s, 1H), 3.65-3.53 (m, 1H), 3.52-3.38 (m, 5H), 3.37-3.25
(m, 2H), 2.44 (s, 2H), 1.98 (d, J = 31.1 Hz, 2H), 1.42 (s, 1H), 1.23 (bs, 16H), 0.96 (s, 3H),
0.91 (s, 3H), 0.88-0.82 (m, 3H); *C-NMR (100 MHz, CDCLs): 5 174.41, 172.66, 170.74,
70.76, 50.56, 40.07, 39.36, 36.10, 35.54, 32.00, 29.68, 29.53, 29.43, 29.03, 27.51, 22.78,
21.38,20.79, 14.24. ESI-MS (m/2): 544.31[M+Nal", 464.40 [M-Br+Na]*, 520.17 [M-HT-.

(0] [¢] H Br
Ho\></”\ /\)]\ N
Y N N/\/ \”)\/\/\/\/\/\/\/
on M H 0

2-bromo-N-(2-(3-((R)-2,4-dihydroxy-3,3-dimethylbutanamido)propanamido)ethyl)-
hexadecanamide (S3c). Prepared as described for S3a from S2c¢, to give S3c¢ (110.4 mg,
74%) as a white solid. Characterization data were consistent with those previously reported.
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NMR characterization of S2a

1H NMR (400 MHz) Spectrum of S2a
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NMR characterization of S2b

1H-NMR (400 MHz) Spectrum of S2b
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13C-NMR (100 MHz) of Spectrum of S2b
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Chapter 2, entitled Gating Mechanism of Elongating -ketoacyl ACP Synthases, in
full, is a reprint of the material as it appears in: Mindrebo JT*, Patel A*, Kim WE, Davis TD,
Chen A, Bartholow TB, La Clair JJ, McCammon JA, Noel JP, Burkart MD. “Gating
mechanism of elongating B-ketoacyl-ACP synthases”, Nature Communications, vol. 11,
2020. The dissertation author is the primary co-author of this manuscript along with Dr.

Ashay Patel.
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Chapter 3: Activity Mapping the Acyl Carrier Protein - Elongating Ketosynthase
Interaction in Fatty Acid Biosynthesis
Abstract

Elongating ketosynthases (KSs) catalyze carbon-carbon bond forming reactions
during the committed step for each round of chain extension in both fatty acid synthases
(FASs) and polyketide synthases (PKSs). A small a-helical acyl carrier protein (ACP)
shuttles fatty acyl intermediates between enzyme active sites. To accomplish this task, ACP
relies on a series of dynamic interactions with multiple partner enzymes of FAS and
associated FAS-dependent pathways. Recent structures of the Escherichia coli FAS ACP,
AcpP, in covalent complexes with its two cognate elongating KSs, FabF and FabB, provide
high-resolution detail of these interfaces, but a systematic analysis of specific interfacial
interactions responsible for stabilizing these complexes has not yet been undertaken. Here,
we use site-directed mutagenesis with both in vitro and in vivo activity analyses to
quantitatively evaluate these contacting surfaces between AcpP and FabF. We delineate the
FabF interface into three interacting regions and demonstrate the effects of point mutants,
double mutants, and region delete variants. Results from these analyses reveal a robust and
modular FabF interface capable of tolerating seemingly critical interface mutations with only
the deletion of entire regions significantly compromising activity. Structure and sequence
analysis of FabF orthologs from related type II FAS pathways indicate significant
conservation of type II FAS KS interface residues and, overall, support its delineation into
interaction regions. These findings strengthen our mechanistic understanding of molecular
recognition events between ACPs and FAS enzymes and provide a blueprint for engineering

ACP-dependent biosynthetic pathways.
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Introduction

Fatty acid biosynthesis (FAB) is a primary metabolic pathway in prokaryotes and
eukaryotes, serving as a central biosynthetic hub for precursors utilized in membrane
development and homeostasis, energy storage, cofactor biosynthesis, and signaling.!8 FAB
involves the iterative condensation and reduction of two carbon acetyl-CoA derived units,
with each round of chain elongation requiring four separate chemical reactions. (Figure
3.1a).! The first step of each cycle is carbon-carbon bond formation via a ketosynthase (KS)
mediated Claisen-like condensation reaction between two ketide units to produce a B-keto
intermediate. Subsequent reactions by the ketoreductase (KR), dehydratase (DH), and
enoylreductase (ER) catalyze overall reduction of the B-position before another round of
chain extension occurs. The central player in this process is the acyl carrier protein (ACP)
that shuttles thioester-linked pathway intermediates to each respective enzyme active site.”!°
The ACP is posttranslationally modified with a prosthetic 4’-phosphopantetheine arm (PPant)
at a conserved serine residue that provides the free thiol moiety to ligate pathway
intermediates via a thioester bond.!' During ACP-mediated substrate delivery, productive
protein-protein interactions (PPIs) between the ACP and partner enzymes are required.!%!213
The enzymatic activities and chemical transformations in fatty acid synthases (FAS) are
generally conserved, but their structural organization can be separated into two classes.
Metazoans and fungi possess large megasynthases with individual domains having distinct

catalytic functions (type I FAS),!+'8

whereas bacterial and plant plastid FASs are expressed
as discrete enzymes corresponding to specific genes (type I FAS).

The most studied of the type I FAS systems is the Escherichia coli FAS, which has

provided much of our understanding of the mechanisms and structures of FAS.2 In E. coli,
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biosynthesis of a single fatty acid (FA) requires that the ACP, AcpP, interacts with five
protein partners during each round of chain extension. Commonly, seven rounds of chain
extension occur before the acyl chain is offloaded by an acyltransferase (Figure 3.1a).
Therefore, PPIs in type II systems between the ACP and its partner enzymes (PEs) must be
fast and dynamic to ensure efficient iteration of the biosynthetic cycle.!? Over the past decade,
a number of crystal structures of AcpP in complex with several PEs have been reported,'®2?
and in some cases facilitated by employing phosphopantetheinamide analogs designed to
ensure mechanistically-compatible crosslinking 2727 to covalently trap ACP-PE
complexes. 2832

KSs catalyze the carbon-carbon bond forming reactions that commit
substrates/intermediates for each round of chain extension during FAB. Furthermore, KS
substrate specificity plays a central role in the FA profile of each organism.*® The essential
role of KSs in FAB also makes them attractive targets for the development of antimicrobials,
such as platensimycin, a promising broad-spectrum antibiotic.*>% E. coli FAS utilizes three
KSs, FabB, FabF, and FabH, two elongating KSs and an initiating KS, respectively.!-3*-4!
FabH initiates E. coli FAB by condensing acetyl-CoA with malonyl-AcpP, while all
subsequent rounds of carbon-carbon bond formation are catalyzed by the elongating KSs,
FabF and FabB, using only AcpP-tethered substrates (Figure 3.1).1!° FabF and FabB have

similar substrate preferences®*4?

, but early work by Vagelos, Cronan, and Rock demonstrated
that FabB is required for the de novo production of essential unsaturated fatty acids

(UFAs).## FabF plays an important role in homeoviscous adaptation by increasing levels

of cis-vaccenate-containing lipids in the E. coli plasma membrane in response to reductions
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Figure 3.1: (a) /coli focusing on the elongating KSs, FabF and FabB, and their roles in specific FAS
branchpoints. For clarity, FabD-dependent production of malonyl-AcpP, cycle initiation by FabH, and
PlsB/PIsC mediated chain offloading are not shown. FabA/FabB dependent branchpoint (1) is responsible for

the de novo production of unsaturated fatty acids (UFAs). Branchpoint (2) is mediated by FabF and is

responsible for homeoviscous adaption due to changes in temperature via the extension of cis-palmitoleoyl-
AcpP (C16:1) to produce cis-vaccenic acid (C18:1). Other enzymes from FAS are: FabG, the ketoreductase
(KR), FabA and FabZ the dehydratases (DH), and Fabl the enoyl-reductase (ER). (b) Ketosynthase ping-pong

reaction overview.
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in temperature (Figure 3.1a).*~#7 Despite these specialized roles in some cases, KSs share a
two-step, ping-pong kinetic mechanism to condense malonyl-AcpP with acyl-AcpP (Figure
3.1b). In the first half-reaction, acyl-AcpP binds to the KS and delivers its thioester-bound
cargo to the KS active site cysteine, producing an acyl-KS intermediate. In the second half-
reaction, malonyl-AcpP binds to the KS and undergoes a decarboxylative Claisen-like
condensation reaction with the acyl-KS intermediate, to produce a p-ketoacyl-AcpP (Figure
3.1b). During this process, the KS must undergo two separate ACP binding events and
distinguish between similar, yet chemically distinct, AcpPs.

Recently, we crystallized FabF and FabB as covalent complexes with AcpPs bearing
reactive fatty acyl mimetics. These structures have provided significant insight into KS-
substrate recognition and AcpP-KS interactions.>3! The AcpP-KS interface can be
delineated into three specific interacting regions, with two flanking regions comprised
predominantly of electrostatic interactions and one central hydrophobic patch.’! Here, we
present thorough residue-by-residue and region-by-region analyses to quantify the formation
of productive AcpP-KS interactions. We employed site-directed mutagenesis of the FabF
interfacial residues and measured the in vitro and in vivo activities of these variants using
three assays, two biochemical and one microbiological. Our results generally confirm the
delineation of the AcpP-FabF interface into regions and reveal a robust interface tolerant of
mutations. Additionally, we identify a catalytically important interface residue, Arg206 of
FabF, that likely stabilizes the AcpP-FabF complex during chain flipping*®#° of acyl chain
cargo from the AcpP hydrophobic core into the FabF active site. These findings further
advance our quantitative understanding of the role of PPIs during bacterial FAB that may

guide future metabolic engineering efforts and antibiotic development.
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- MATERIAL AND METHODS-

Protein expression and purification. All recombinant proteins tested in vitro were
expressed and purified as previously described (Figure S3.1a).>! Modifications on AcpP
(holofication and acylation) were performed as previously described (Figure S3.1b).3%-53
Additional details are given in the associated Supplementary Information (SI).

Site directed mutagenesis. All FabF mutants were generated using the site-directed
mutagenesis method developed by Liu and Naismith.>* All constructs were verified via
Sanger sequencing (Genewiz). Primers used for mutagenesis in this study can be found in
Table S3.1.

FabF activity assay. The FabF assay mixture contained 50 mM sodium phosphate,
pH 6.8, 50 mM NaCl, 0.5 mM TCEP, 250 uM malonyl-CoA, 10 uM C12-AcpP (wt) and 1
uM corresponding FabF (0 uM FabF for the control reaction) at 28 °C. 20 uL of each reaction
was quenched by the addition of 10 pL of 0.3 % TFA (0.1% final TFA concentration) at 8
different time points to ensure accurate linear regression with at least 4 data points. Product
formation was monitored by chromatographic separation using an Agilent 1100 series HPLC
equipped with an Ascentis Express Peptide ES-18 column (15 cm* 4.6 mm, 2.7 um) (Figure
S3.2b), with a 1 mL/min flow rate and detection wavelength at 210 nm. A gradient method
was used (A: ddH>O with 0.1% (v/v) TFA; B: HPLC grade CH3CN with 0.1% (v/v) TFA):
25% B, 0 min; 25% B, 2 min; 75% B, 12 min; 95% B, 13 min; 95% B, 15 min; 25% B, 17
min; 25% B, 20 min. holo-AcpP (2) concentrations were calculated from a standard curve
(Figure S3.3b) and were used to determine initial reaction rates. C12-AcpP concentrations at
10 min were calculated using a standard curve (Figure S3.3a). Assays were conducted in

triplicates.
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FabF catalytic parameters. Approximations of Ky and kcae values were determined
by linear regression of Hanes-Woolf plots. Additional details are provided in the
Supplementary Information (Figure S3.4).

In vivo FA profile assay. Whole cell in vivo Gas Chromatography Mass Spectrometry
(GCMS) FA profile assays were conducted using a fabF knockout strain of E. coli, NRD23°>
graciously provided by John Cronan (UIUC) containing a chloramphenicol resistance marker
to replace nucleotides 251-434. FabF was cloned into a pBAD322-kanamycin (KAN)
vector®® to afford an arabinose-inducible FabF cassette. CaCl> competent cells of NRD23
were transformed with the control plasmid, carrying wt FabF, or respective FabF mutants.
Three individual colonies from each respective FabF construct were picked and grown
overnight at 37° C. Individual 50 mL flasks containing Luria-Bertani broth (LB broth,
Millipore-Sigma), 0.01% arabinose, and 0.05 mg/mL KAN were inoculated with 1 mL of
each overnight culture, representing three biologically independent experiments for each
FabF construct. Flasks were shaken at 250 rpm at 30° C until reaching an ODgoo between 0.6
and 0.8. Three independent extractions of each 50 mL flask were performed by pelleting 6
mL of LB media in glass vials. The supernatant was removed, and the cells were resuspended
in 1 mL of 1 M HCl in methanol and incubated at 55° C for 30 minutes in a Dri-block heater.
Each sample was extracted using 1 mL of hexanes and analyzed on a Hewlett Packard
HP6890 series GC system connected to a 5973 MSD quadrupole MS (EI) using helium as
the carrier gas and a HP-5MS column. Five pl of sample were injected while the oven was
held a 120 °C for three minutes followed by a gradient from 120 °C to 230 °C at 4 °C/min
followed by 5 minutes at 230 °C. All compounds were verified using NIST library searches

and the results were integrated using GC/MSD ChemStation software and the relative
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percentages of each triplicate were averaged together (technical triplicates), to give one
biologically independent reading. Three biologically independent readings were then
averaged to produce the final reported values for each FabF construct.

Cy2450B fabB(Ts) AfabF competent cells. The fabF knockout Cy2450B line was
originally produced by Cronan by crossing E. coli NRD23 with fabB temperature sensitive
(Ts) using a Tnl0 insertion with resistance for tetracycline. The resulting strain is a fabF
knockout carrying a fabB(Ts) mutation. Therefore, Cy2450B contains only a single
elongating KS, FabB(Ts), which is not functional at or above the non-permissive temperature
of 42° C. CaCl, competent cells of Cy2540B were prepared by first inoculating a 5 mL
overnight culture of LB broth containing 100 uM oleic acid, 0.5 % Brij58, 0.1 mg/mL
streptomycin, and 0.05 mg/mL tetracycline at 27° C. Oleic acid and low temperature were
used for overnight growth in order to limit the selective pressure for the formation of
revertants. 100 mL of LB broth containing 100 uM oleic acid and 0.5 % Brij58 were
inoculated with 1 mL of Cy2450B from the overnight culture and grown at 27° C until an
ODeoo of 0.5 was reached. Cells were then pelleted and resuspended in a cold solution of 50
mM CaCl, and 15% glycerol and incubated for 20 minutes on ice. The sample was again
pelleted, supernatant was removed, and cells were resuspended in 2 mL of cold CaClx
solution and 1 mL of 80% glycerol. Competent cells were aliquoted, flash frozen in liquid
nitrogen and stored at -80 °C.

Transformation of Cy2450B Cy2450B fabB(Ts) AfabF cells. In order to limit the
number of revertants, Cy2450B cells were transformed with respective FabF constructs using
a modified protocol, whereby after 42° C heat shock, cells were rescued using 500 uL LB

media containing 100 uM oleic acid, 0.5 % Brij58, and incubated at 30° C for two hours.
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Cells were plated on LB containing 100 uM oleic acid, 0.5 % Brij58, and 0.05 mg/mL KAN
and incubated at room temperature for two days.

FabF in vivo complementation assay. Cy2450B competent cells were transformed
(using the above protocol) with empty pBAD322-KAN vector (negative control), wt FabF
(positive control), or FabF mutants. Cells were grown in either LB media, LB media with
100 uM oleic acid, or LB media with 100 uM oleic acid and 0.1% arabinose at both 37° C
and 42° C (non-permissive temperature) for 24 hours. All cell lines grew at 37° C while
growth at 42° C for FabF wt and FabF variants that complement FAB was only observed in
the presence of arabinose and oleic acid. The ODgoo of samples were taken the following day
after 24 hours and compared to the ODsoo of the pBAD322-KAN empty vector negative
control. Cells that exhibited growth levels statistically different from the pPBAD322-KAN
negative control (p-value < 0.001) were classified as able to complement FAB.
Results

AcpP-FabF interface and mutation strategy. The x-ray structure of the AcpP-FabF
covalent complex (PDB ID: 60KG) reveals a small protein-protein interface of ~650 A2
buried surface area dominated by electrostatic interactions between a positive patch on FabF
and the negatively charged AcpP (Figure 3.2).>! The interface of the AcpP-FabF complex
can be delineated into three regions based on the spatial organization and nature of the
interactions (electrostatic or hydrophobic) (Figure 3.2d). We used an alanine-scanning
approach, whereby we introduced one to three FabF mutations for each region in order to
evaluate their individual and collective effects on FabF activity and bacterial growth. The
resulting panel of FabF mutants spans all individual interacting residues, double mutants for

specific regions, and triple mutants that eliminate entire regions.
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FabF activity. In E. coli FAS, both elongating KSs, FabF and FabB, catalyze the
condensation of acyl-AcpPs (donors) and malonyl-AcpPs (acceptors) to produce B-ketoacyl-
AcpP intermediates (Figure 3.1).4>>7 These AcpP-based reactions ensure FA biosynthesis
rather than FA oxidation, the latter of which employs acyl-CoAs. However, FabF and FabB
have been shown to accept CoA-based substrates, though with Kv values larger than for the
corresponding AcpP-based substrates.>’® Using KS substrate promiscuity for CoA-based
substrates, we used an HPLC-based assay (Figure S3.2) using malonyl-CoA (acceptor) and
C12-AcpP (donor) to interrogate FabF residues identified at the interface between AcpP and
FabF (Figure 3.2). By monitoring the formation of 4olo-AcpP, we were able to determine the
reaction rates of wt FabF and 11 FabF mutants (Figure 3.3, bar graph). C12-AcpP is fully
converted to holo-AcpP by FabF wt after 10 min (Figure S3.2b). By analyzing the unreacted
C12-AcpP at t = 10 min, we also correlated the reaction rate catalyzed by each FabF to the
completion of the corresponding reaction (Figure 3.3, dots). Overall, introducing single point
mutations at the FabF-AcpP interface does not significantly reduce the condensation reaction
rates with one exception, as the variants K65A, R68A, K128A, S130A and F132A are at least

half as fast (1.37, 1.20, 2.34, 1.69 and 2.72 min™! respectively) as wt
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Region 1

Figure 3.2: Overview of AcpP-FabF Crosslinked complex, interface, and conservation. a) Overview of AcpP-
FabF crosslinked complex (PDB ID: 60KG) showing a FabF dimer (orange and white) crosslinked to two AcpP
monomers (cyan). b) 4-helical AcpP monomer with all residues that form interface interactions with FabF
shown as sticks. The conserved serine residue that serves as the attachment site for the posttranslationally
installed PPant arm is marked with an asterisk (*). ¢) Sequence alignment of E. coli FabF with FabF orthologs
demonstrating the conservation of regions 1, 2, and 3 of the FabF interface. Positions marked with an asterisk
(*) interact with AcpP in the AcpP-FabF crosslinked structure (PDB ID: 60KG). Residues above an identity
threshold of 60% are highlighted in gray, and all positively charged residues are highlighted in blue. d)
Interactions between AcpP and FabF shown at regions 1, 2, and 3 of the FabF interface. A cartoon inset is
provided at the top right of each corner and the corresponding interface region is colored in red on the surface
representation of FabF.
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Figure 3.3: / FabF. Reaction conditions: 28 °C, 50 mM phosphate pH 6.8, 50 mM NaCl, 0.5 mM TCEP, 250
uM malonyl-CoA, 10 uM C12-AcpP and 1 uM corresponding FabF (“Ctr]l” corresponds to the reaction in the
absence of FabF). The completion of each reaction (0-100%) was determined after 10 min reaction time by
analyzing the remaining C12-AcpP (the asterisk (*) indicates that no detectable amount of C12-AcpP was
consumed after 10 min). Region 1, 2, and 3 interface mutants are indicated in dark orange, deep purple, and
blue, respectively. Each reaction was run in biological triplicate and the error bars indicate the standard
deviation on the mean of the three measurements.
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FabF (2.24 min'). However, R206A is six- and 2.72 min! respectively) as wt FabF (2.24
min’'). However, R206A is six-times slower than wt (0.41min’"). Both double mutants
K65A/K69A (0.59 min'') and R127A/K128A (1.75 min™') are slower than the tested single
mutants from the corresponding region. The region 1 and 2 delete variants,
K65A/R68A/K69A and R127A/K128A/R206A, are both 17 times slower than wt (0.13 min
1, while K65A/R127A/K128A , which combines mutations from both regions, is three times
faster than either region delete variant (0.40 min™').The analysis of the reaction completion
corroborates the kinetics results with 5 of the 6 tested single mutants (except R206A with 39%
completion) and R127A/K128A fully converting C12-AcpP into holo-AcpP after 10 min,
whereas variants K65A/K69A, K65A/R68A/K69A, RI127A/K128A/R206A  and
K65A/R127A/K128A only partially completed the reaction (65%, 15%, 13% and 44%,
respectively).

Because R206A demonstrated the largest negative effect on FabF activity of any
single-point mutation, we expanded the mutational analysis of R206 to include an Asn
substitution and determined the apparent catalytic parameters of the R206A/N variants and
compared them to FabF wt and single variants from the electrophilic regions 1 and 2 (Table
3.1). While the decrease in catalytic efficiencies of K65A, R68A and K128A mainly results
from an increase in their respective Kum app values, mutating Arg206 to alanine seems to have
a minimal effect on the affinity for C12-AcpP, as the Km app value is similar to that of wt
FabF. Interestingly, the five-fold drop in overall catalytic efficiency of R206A is directly
linked to an equivalent reduction in turnover number. This effect is observed as well when
Arg206 is substituted with a polar residue. These results suggest a potential role for Arg206

in FabF catalysis rather than for AcpP recognition.
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Table 3.1: Apparent catalytic parameters of FabF wt and single variants from electrostatic regions. Reaction
conditions: 28 °C, 50 mM sodium phosphate, pH 6.8, 50 mM NacCl, 0.5 mM TCEP, 250 uM malonyl-CoA, 2.5-
15 uM C12-AcpP and 1 uM corresponding FabF. Apparent catalytic parameters were determined using a linear
regression from Hanes-Woolf plots (Figure S3.4). Experiments were run in triplicate, and data shown are
reported as mean + standard error. * % efficiency is in respect to kcat app/KM app of FabF wt.

FabF  Keatapp (Min-) Kt app (HM) Heat apo/ Ko apo efficiency (%)*
(sec1.M1)

wt 523 =0.08 1903 2.0.10¢ 100
K65A  1.91+058 7.7+0.4 41.10° 21
R68A  1.26+0.31 13.6 £2.9 1.5. 108 8
K128A  2.15:0.15 52+0.6 6.9.10° 35
R206A  0.36+0.04 18+08 3.3.10° 17
R206N  0.58 +0.03 29+0.4 3.4.10° 17
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Fatty acid profiles of FabF mutants. To determine how mutations to the FabF
interface affect activity in vivo, we took advantage of FabF’s unique capacity to elongate
palmitoleoyl-AcpP (C16:1) to cis-vaccenoyl-AcpP (C18:1) (Figure 3.1a).>” FabB performs
all essential condensation reactions in E. coli; however, it does not produce appreciable
quantities of C18:1. Therefore, we reasoned an E. coli cell line carrying a fabF knockout
would present a FA profile with only trace C18:1 levels, allowing us to complement this cell
line with wt fabF or fabF mutants and use C18:1 production as a biomarker for in vivo
enzyme activity. To test this hypothesis, we utilized an E. coli AfabF cell line, NRD23%,
from John Cronan (UIUC) and benchmarked its FA profile for C18:1 production via whole
cell, FA methyl ester (FAME) analyses by GCMS. The FA profile of NRD23 grown at 30 °C
consisted of appreciable amounts of C16:0 and C16:1, 40.9% and 51.1% respectively, but
only 2.3% C18:1 (Figure 3.4). In contrast, previous studies report a FA profile comprised of
30% C18:1 in assays conducted at 30 °C with the E. coli strain, CY320, carrying wt fabF.*¢

In order to complement the AfabF strain, we cloned wt fabF into pBAD322, an
arabinose inducible protein expression vector designed for E. coli FAB complementation
assays.’® NRD23 was then transformed with either empty pBAD322 vector or pPBAD322-
fabF, and the resulting FA profiles were analyzed in the presence of arabinose to determine
if an exogenously supplied fabF could restore C18:1 production. Indeed, our results show
that induction of pBAD322-fabF restored the production of C18:1 and resulted in a FA
profile of 35.1% C16:0, 15.8% C16:1, and 42.8% C18:1 (Figure 3.4). The C18:1 content in
our FabF-induced NRD23 strain is higher than that of related wt background cell lines.*® This
result is likely due to higher FabF expression levels that result from pBAD promoter-driven

expression rather than the native chromosomally regulated expression of fabF. The resulting
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Figure 3.4: In vivo GCMS profile and complementation assays of FabF interface mutants. GCMS analysis of
the FA profile of NRD23 AfabF strain complemented with expression of FabF interface mutants is shown in
the bar chart. Total C18:1 percentage is an indicator of FabF in vivo activity and is shown in red. In vivo
complementation assay results using the Cy2450B AfabF- fabB(Ts) cell line are shown below the
corresponding FA profile for each mutant. FabF mutants that successfully complement FAB are assigned Y
(yes) and those that do not are assigned N (no). See Table S3.2 for raw data and statistics. GCMS data are
displayed as the average percentage of total FA content. All experiments were performed as biological
independent experiments in triplicate (n=3). Error bars indicate the standard deviation on the mean.
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FA profile is more similar to the v&r (vaccenate temperature regulation) strain of E. coli,
CY322, which overproduces C18:1.46 To further verify that the production of C18:1 was due
to the induction of wt fabF, we generated a C163A catalytically inactive FabF mutant and
assayed its FA profile. Results from the expression of FabF C163A mirrored that of the
control vector and showed no production of C18:1.

We next analyzed the alterations in FA profiles of single, double, and triple mutants
of the three FabF interface regions. Region 1 alanine mutants, K65A, K69A, and R68A, all
showed similar changes in FA profiles, with C18:1 levels of 33.1%, 30.2%, and 35.4%,
respectively, representing 22%, 29%, and 17% decreases in C18:1 content, respectively, as
compared to wt FabF. To determine if the measured decreases in activities are related to
charge loss at the interface, we prepared two charge-swapped mutants, K65E and K69E, and
subjected them to the in vivo assay. Both K65E (16.4% C18:1) and K69E (15.9% C18:1)
show significantly larger drops in C18:1 when compared to their alanine counterparts. In
addition, the C18:1 levels in the charge-swapped mutants are similar to that of the double
mutant K65A/K69A (14.6 % C18:1, which is a 69% drop from wt FabF levels). We next
measured the FA profile of the region 1 delete mutant, K65A/R68A/K69A. The resulting FA
profile is most similar to that of the negative control with 3.6% C18:1 content, representing
a 92% drop from wt FabF levels.

Extending our analysis to FabF’s region 2, we observed similarly modest changes to
the FA profile for single point mutants, with C18:1 levels of 28.7% and 34.6% for R127A
and K128A, respectively. However, the FA profile of the R206A point mutant is more
significantly altered than all other single mutants tested, with C18:1 content of 21.7%,

representing a 50% reduction compared to wt FabF. Analysis of the R127A/K128A (20.3%
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C18:1) region 2 double mutant shows a generally comparable drop in activity as R206A.
Given the retention of activity for all tested mutants of region 2, we analyzed the region 2
delete triple mutant, R127A/K128A/R206A. As seen for the region 1 delete, this mutant
presents a similar FA profile to the pPBAD322 negative control with a total C18:1 content of
3.7%.

We next examined the role of mutations of hydrophobic residues in region 3 of the
FabF interface. Only point mutants for this region were tested and all mutants presented a
FA profile similar to that of wt FabF. The FA profiles of S130A, P131A, and F132A contain
42.1%, 41.7%, and 39.1% C18:1, respectively. These results indicate that mutations of
residues comprising FabF’s hydrophobic patch to alanine are generally tolerated.

In vivo FAB complementation. Results from both the in vitro and in vivo assays
suggest that FabF can tolerate some mutational disruption of the AcpP-FabF binding surface
with measurable diminutions of kinetic parameters and in vivo fatty acid profiles. We next
asked whether the residual FabF activities of some mutants sufficiently support FAB to afford
survival and proliferation. Temperature sensitive mutant strains of E. coli developed by
Cronan and coworkers have been used extensively to genetically and biochemically evaluate
the function of FAS enzymes and regulators.*!>606! John Cronan generously provided us
with another E. coli strain (CY2450B) carrying a AfabF and temperature sensitive fabB,
fabB(Ts). The resulting strain has only one functional elongating KS, FabB, which is
incapable of performing essential FA chain extension reactions at non-permissive
temperatures. CY2450 grows normally at 37 °C, but exhibits no growth at the non-permissive
temperature, 42 °C. This growth arrest is due to an inadequate supply of specific FAs required

for cell survival and proliferation at higher growth temperatures. Complementation of
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CY2450B with an exogenously-supplied, functional KS restores normal cellular growth at
42 °C if the KS produces the necessary FAs at rates that maintain viable flux through FAB.
We developed and benchmarked our in vivo complementation assay by transforming
CY2450B with either the empty pBAD322 or our pPBAD322-fabF construct to determine if
we could restore growth at the non-permissive temperature. This assay requires oleic acid-
supplemented growth media, as FabB is essential for the de novo biosynthesis of UFAs, and
FabF cannot perform this function (Figure 3.1).**** Cell growth was restored at 42 °C in the
presence of 0.1% arabinose and 100 pM oleic acid only when transformed with pPBAD322-
fabF, but not with the pPBAD322 empty control vector or by expression of the catalytically
inactive FabF C163A mutant gene (Figure 3.4). We then analyzed all of the interface mutants
tested in our previous GCMS FA profiling studies to determine if they were capable of
restoring E. coli growth at the non-permissive temperature. Interestingly, only the region 1
and region 2 delete mutants were incapable of maintaining cellular growth at 42 °C, while
all other interface mutants were able to restore cell viability (Figure 3.4, Table S3.2). These
results corroborate both the in vitro and in vivo assays and demonstrate that FabF interface
mutations are relatively well tolerated and that complete removal of either region 1 or region
2 significantly compromises FabF’s critical role in maintaining cell growth and division

under less than ideal environmental conditions.

Discussion
A growing number of structures featuring AcpP in complex with PEs have recently
become available, representing a significant advancement in our understanding of the

complexity and diversity of AcpP-mediated PPIs.!?2028-3! Moreover, these high-resolution
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structures, often accompanied by NMR studies and molecular dynamics (MD) simulations,
provide a dynamic understanding of enzyme recognition of AcpP-tethered substrates.
Despite these important advances, PPIs are complex mixtures of multiple points of
interaction,’>% and only a few of these studies have evaluated the importance of specific
interfacial interactions involving residues on either AcpP, the PE, or both to biosynthetic
pathways in vitro and in vivo.2%-?%:64

In order to catalytically map the molecular details of AcpP-KS interactions and their
importance for E. coli FAB, we developed a multi-tier mutational strategy to assess the
importance of specific residues and regions that comprise the FabF interface and subjected
these mutants to both in vitro and in vivo assays. Results from these studies demonstrate that
introducing single alanine mutations at the AcpP-FabF interface often have minor effects on
FabF activities. These results are generally consistent with a previous analysis of the AcpP-
FabB interface showing that a single alanine mutation (D38A AcpP) only modifies the in
vivo FA profile to a modest extent.?’ While the effects of alanine mutations are rather small,
we still observe that mutations to the electrostatic regions 1 and 2 impact FabF activity more
than mutations to the central hydrophobic region, emphasizing the dominant influence of
electrostatics for AcpP binding. In addition, the in vivo activities of FabF for charge-deleted
(Ala) and charge-swapped (Glu) mutants present significant differences, with the glutamate
variants of region 1 producing half of the amount of C18:1 compared to their alanine
counterparts. These results together indicate that the AcpP-FabF interface functions mainly

through electrostatic complementarity between the acidic surface residues of AcpP and the

basic residues of FabF.
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However, unlike other point mutants, mutation of Arg206 to alanine resulted in a
significant reduction in both in vivo and in vitro KS activity. Interestingly, Ye et. al have also
identified Arg206 as an important residue in photo-crosslinking assays between AcpP and
FabF.% The orientation of the guanidinium side chain of Arg206 in apo-FabF has been
reported to inhibit CoA binding, and mutating this residue to glycine removes this steric
clash and increases FabF’s affinity for CoA-based substrates.’” When we superimpose the
structures of apo-FabF (PDB ID: 2GFW), C12-FabF (PDB ID: 2GFY) and AcpP-FabF (PDB
ID: 60KG), Arg206 undergoes a conformational change in the AcpP-FabF structure to
provide an important interaction with helix III (a3) of AcpP (Figures S3.5,S3.6). AcpP’s a3

is a dynamic helix that exhibits structural plasticity.?6¢-68

PPIs involving a3 have been
proposed to facilitate substrate chain-flipping* from AcpP’s hydrophobic core to the active
site of PEs.2%66:6972 The crosslinked AcpP-FabA structure (PDB ID: 4KEH), along with
NMR and MD data, suggest that chain-flipping is facilitated by FabA binding to AcpP’s 03.%
The significant drop in activity for R206A, both in vitro and in vivo, suggests a more specific
function for Arg206. To test this hypothesis, we compared the effects on kcat app and K app
values of R206A/N with wt FabF and alanine variants of regions 1 and 2. We observed that,
unlike for Lys65, Arg68, and Lys128, mutating Arg206 to alanine or asparagine only affects
turnover number (kcatapp) and not K app. This result may also be due to a change in specificity
for the non-natural malonyl-CoA substrate, but as noted above, replacing Arg206 with a
small glycine residue results in a 10-fold decrease in Km for CoA substrates instead of an
increase. Taken together, these results suggest a potential role for Arg206 in catalysis rather

than for AcpP binding, namely, to facilitate chain-flipping by acting as a wedge to stabilize

a3 in a position suitable for substrate transfer to and from the KS active site. A close analysis
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of the AcpP-FabF structure indicates that coordination between Arg206 and AcpP’s a3
positions the hydrophobic portion of the arginine side chain in such a way that it could form
a solvent protected path from the hydrophobic core of AcpP to the KS active site (Figure
S3.6).

We analyzed the AcpP-FabF interface using combinations of double and triple
mutations of FabF, focusing on the two electrophilic contact points, regions 1 and 2. Double
mutants in regions 1 and 2 decrease in vitro FabF activity compared to single point mutants
but still enable cell growth and proliferation in vivo. The substitution of three mutations
within a region (region delete) leads to the expression of a modified FabF that cannot support
FAB to levels necessary for E. coli growth. The activity of both FabF region delete mutants
yield in vivo FA profiles that are similar to the profile of the catalytically inactive FabF
mutant, C163A. Moreover, the in vitro reaction rates of these mutants are nearly 20 times
slower than wt in the conditions tested. The region delete mutants result in the net removal
of three interfacial interactions, leading to a net loss of three units of positive charge from
the PPI. The in vivo and in vitro data indicate that there may be a correlation between charge
and activity, but the triple variant K65A/R127A/K128A, which combines mutations from
regions 1 and 2, remains three times more active than both region delete mutants in vitro.
These results suggest that charge alone cannot completely explain the reduction in activity
for region delete mutants. Taken together, our results suggest that the AcpP-FabF interface
evolved in a modular fashion, where only the full disruption of a region leads to an inactive
FabF. This concept has been previously discussed for larger protein-protein interfaces, and
our study indicates that it may be applied for the small, dynamic interface between an ACP

and a PE 6263
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To establish whether the delineation of the AcpP-FabF interface into specific regions
can be broadly applied to elongating type Il FAS KSs, we aligned and analyzed sequences
and crystal structures from all FabF and FabB homologues currently available in the Protein
Data Bank. This analysis shows that the primary sequences of type II FAS KSs, are quite
conserved for regions 1, 2, and 3 (Figure 3.2c, S3.7-8). Some of these regions contain one
additional or fewer positively charged residue, or their positions vary slightly in the primary
sequences, but their relative placements in interaction regions appears to hold. Alignments
of region 2 show that Argl27 or Lys128 can vary slightly in their respective primary
sequences, but their relative placements in interaction regions appears to hold. Alignments
of region 2 show that Argl27 or Lys128 can be functionally substituted into an earlier
position, namely position 124 (FabF numbering), and still maintain the spatial positioning at
the interface to be defined within that region (Figures 3.2¢,3.5). Similarly, Arg206, which is
a conserved basic residue among FabF orthologs, is not present in FabB (Figure 3.5). Instead,
FabB possesses Arg45, that, while in a different position in primary sequence, maintains the
same relative spatial positioning at the PPI (Figures 3.5, S3.8). In the crosslinked AcpP-FabB
structure, FabB’s Arg45 engages Asp56 on a3 of AcpP in a manner similar to that of Arg206
from FabF. Therefore, Arg45 likely plays an important role in AcpP mediated cargo delivery
to FabB’s active site.?” Type II FAS KSs are known to be viable targets for antibiotic-based
inhibition, as shown by the discovery and development of platensimycin.*%3” The conserved
nature of type II FAS KS interfaces may provide an alternative strategy for targeting the KS,
namely through the development of PPI inhibitors designed to disrupt the AcpP binding

site.”37
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Figure 3.5: Comparison of E. coli FabF interface residues with that of E. coli FabB and four FabF orthologs

from pathogenic organisms. The overall architecture of the elongating KS interfaces is generally conserved in
sequence (Figure 3.2¢) and in space with regions 1 and 2 consisting of between two and four positive residues,
while region 3 is generally conserved in all FabF orthologues. Residues marked with a red asterisk (*) are found
in a similar position, in space or in sequence, as Arg206 in FabF. A more complete structural comparison of the

E. coli AcpP-FabF interface residues with other FabF orthologues, FabB homologues, and type II
provided in Figures S3.6, S3.7 and S3.10.
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Given that FabF is considered the evolutionary progenitor of the KS domains found
in type I PKSs,’®’7 we aligned and compared the AcpP-FabF complex to the recently
published crosslinked ishigamide ACP-KS/CLF (chain length factor) complex (IgalO-
Igall/Igal2),”® to determine what, if any, elements remain from the type II FAS PPI
recognition motifs. A general overview of the two complexes shows that AcpP and Igal0
(igaACP) engage their respective KSs at the same binding interface, but igaACP is rotated
with respect to AcpP in the AcpP-FabF structure (Figure S3.9). The twisted binding mode of
igaACP leads to a change in the position of a2 and a3, which results in notable differences
in the interfacial interactions that stabilize these two complexes. While region 1 of the
ishigamide KS/CLF (igaKS/CLF) interface shares some similarities with FabF, regions 2 and
3 have diverged significantly to yield a unique set of interactions specific for igaACP (Figure
S3.10). The igaKS/CLF region 2/3 interactions consist of a complex network of charged,
polar, and hydrophobic residues that bury a salt bridge between Arg210 of igaKS/CLF and
Glu51 of igaACP (Figure S3.10). Removal of this buried salt bridge via mutation of Arg210
to alanine results in complete loss of product formation, indicating that this interaction
network is important for complex formation and specificity. Analysis of the putative ACP
binding site on the aryl polyene synthase KS/CLF’® and the ACP binding mode in the recently
published antF-antD/antE  ACP-KS/CLF (antACP-antKS/CLF) complex®® from the
anthraquinone biosynthetic pathway also indicates an evolutionary divergence from the
conserved interface interactions seen in type II FAS KSs (Figure S3.11). Region 1 of the
antKS/CLF ACP binding interface is similar to that of FabF with three positive residues
(Arg61, Arg64, and Arg65) coordinating with acidic and polar residues located at the bottom

and top of antF (antACP) a 1 and 2, respectively (Figure S3.12a). On the contrary, the a 3
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interaction coordinated by Asp56 in AcpP is replaced by Lys58 in antACP, which docks into
a polar pocket on the antKS/CLF interface found in a similar location as Arg206 in FabF
(Figure S3.12b). It is not surprising to find that type II FAS and PKS KSs have different
interfacial interactions with their respective ACPs, as PPIs provide an elegant way to separate
primary and secondary metabolic pathways in non-compartmentalized cells by discouraging
pathway crosstalk.!® For example, the S. coelicolor type I FAS ACP is known to be a poor
substrate for its own endogenous actinorhodin type II PKS KS/CLF.?! The substitution of
positive regions for acidic or hydrophobic regions, or for even more complex interaction
networks as seen in igaKS-CLF, represents a plausible evolutionary solution to creating
orthogonal pathways with internal complementarity.

There is considerable interest in manipulating PPIs as a strategy for combinatorial
and metabolic engineering efforts.®?5 The availability of both the AcpP-FabF*! and AcpP-
FabB»-3! crosslinked structures, along with the characterization of the FabF interface
reported herein, provide new insights into PPI-based engineering efforts. Grininger and
coworkers have successfully shown the potential of engineering KS substrate specificity and
PPIs to modify the yeast FAS profile for custom biosynthesis.*** Favoring or disfavoring
ACP-KS interactions by introducing mutations at the KS interface can modify chain lengths
of FAs produced by the yeast FAS, although these mutants often have diminished overall
enzyme activity.®® Similarly, Milligan et al. showed that expression of an AcpP D38A mutant
resulted in a general reduction in the total number of UFAs in E. coli.?® While this study
shows that mutating the AcpP interface can result in changes in the FA profile, AcpP interacts
with multiple binding partners (Figure 3.1a), and any changes to the AcpP structure will

likely affect associations with other PEs. The work reported herein provides an approach to
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manipulating type II FAS FA profiles, similar to that implemented with the yeast FAS,*
whereby mutation of the PE interface can selectively effect outcome of the reaction of interest.
However, reductions in overall activity and flux through the FAS pathway may be a concern
for implementing such a strategy. Nevertheless, mutations at the AcpP-FabF interface are
well tolerated by E. coli, and only region delete mutations are unable to complement FAB.
Therefore, KS interface mutations may serve as a viable approach to increasing the available
pool of intermediate chain length acyl-ACPs for premature offloading or redirection into

engineered pathways.

Conclusion

In this study we applied an in vitro and two in vivo biochemical assays to
systematically interrogate all interacting residues present in the recently published AcpP-
FabF crosslinked crystal structure. The in vitro assay provided activity relationships and
apparent kinetic parameters of different FabF interface mutants, while the two in vivo assays
took advantage of KS-mediated FAS pathway branchpoints to provide a functional readout
of these FabF variants. Results from these studies reveal a robust and modular FabF interface
dominated by electrostatic interactions and generally support its delineation into three
interacting regions. Point mutants had a minimal effect on FabF activity both in vitro and in
vivo, with the exception of Arg206, which we propose to be a catalytically relevant interface
residue that stabilizes AcpP’s a3 during chain-flipping events. Only the complete deletion of
either electrophilic regions 1 or 2 resulted in a FabF variant that cannot sustain turnover rates
capable of supporting cell survival. Sequence and structural comparison of FabF orthologs

indicate that the type II FAS KS interface is generally conserved. However, the putative
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interfaces of KS domains found in type II PKSs have diverged, which likely serves as an
evolutionary mechanism to maintain pathway orthogonality between primary and secondary
metabolism in non-compartmentalized cells. The results reported herein provide a deeper,
fundamental understanding of PPIs in type II FAS and provide a general roadmap for those

seeking to engineer KS interface interactions.
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Supplementary Information

A. Supplementary Biological Protocols

Al. Expression and purification of FabF (wt and mutants) and AcpP wt. The
genes encoding for FabF and AcpP were inserted in a pET28b vector with a cleavable N-
terminal Hise-tag. The proteins (wt and variants) were expressed in E. coli BL21(DE3) cells.
For each variant, a single colony was selected on the agar plate and grown overnight at 37 °C
in 5 ml Luria-Bertani (LB) medium supplemented with 50 pg/ml kanamycin (KAN). Then,
1 L of LB medium (50 pg/mL KAN) was inoculated with the 5 mL-LB preculture and
incubated at 37 °C until an optical cell density of 0.7 was reached. After induction with 0.5
mM IPTG, cells were grown for 3 h at 37 °C. Cells were harvested by centrifugation (500
RCF, 30 min) and the pellet was stored at — 20 °C. Cells were resuspended in lysis buffer (50
mM Tris pH 8.0; 300 mM NaCl; 10 % glycerol) and lysed by sonication. After centrifugation
(17.400 RCF, 45 min), the supernatant was transferred to Ni-NTA-column and washed with
10 CV of lysis buffer and 2 x 10 mL lysis buffer containing 10 mM imidazole. The proteins
were eluted with elution buffer (lysis buffer containing 250 mM imidazole). All FabF
variants expressed with yields comparable to the wt (15 = 5 mg of protein / L of LB). FabF
wt and variants were dialyzed twice over 1 L of dialysis buffer at 4 °C (50 mM sodium
phosphate pH 6.8, 150 mM NacCl, 0.5 mM TCEP and 10 % glycerol), aliquoted, frozen in
liquid nitrogen and stored at -80 °C (Figure S3a). AcpP wt (expressed as a mixture of apo-
and holo- forms) was subjected to Hise-tag cleavage by thrombin and the resulting His¢-tag
free AcpP was purified using Ni-NTA-column supplemented with Benzamidine Separophore

(bioWorld). The resulting apo-/holo-AcpP was then converted to its holo form.
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A2. AcpP holofication. #olo-AcpP was prepared as previously described.>® Briefly,
AcpP (apo/holo) was incubated at 37 °C overnight in the presence of the
phosphopantetheinyl transferase Sfp from Bacillus subtilis. Final reaction concentrations
were the following: 50 mM sodium phosphate pH 6.8, 50 mM NaCl, 0.5 mM TCEP, 12.5
mM MgCl, 1 mM coenzyme A, 0.05 mg/mL Sfp and 2.2 mg/mL AcpP. The completion of
the reaction was determined by urea PAGE (Figure S1b).”® The resulting holo-AcpP was
further purified on a Superdex 75 HilLoad 16/60 size exclusion chromatography (SEC)
column equilibrated with buffer (50 mM Tris pH 8, 50 mM NaCl, 5 % (v/v) glycerol, 0.5
mM TCEP). The eluted /#olo-AcpP was collected and concentrated using Amicon Ultra
Centrifuge Filters (Millipore) with 3 kDa molecular weight cut off, then converted to its acyl
form.

A3. holo-AcpP acylation. C12-AcpP was prepared as previously described.!->
Briefly, holo-AcpP was incubated for 3h at 37 °C in the presence of lauric acid and the acyl
ACP-synthetase AasS from Vibrio harveyi. Final reaction concentrations were the following:
50 mM Tris pH 8, 50 mM NacCl, 0.5 mM TCEP, 12.5 mM MgCl,, 2 mM lauric acid (prepared
fresh in EtOH), 0.02 mg/mL AasS and 0.75 mg/mL holo-AcpP. The completion of the
reaction was determined by urea PAGE (Figure S1b).”° The resulting C12-AcpP was further
purified on a Superdex 75 HiLoad 16/60 size exclusion chromatography (SEC) column
equilibrated with buffer (50 mM sodium phosphate pH 6.8, 125 mM NaCl, 5 % (v/v)
glycerol, 0.5 mM TCEP). The eluted C12-AcpP was collected, concentrated using Amicon
Ultra Centrifuge Filters (Millipore) with 3 kDa molecular weight cut off, frozen in liquid

nitrogen and stored at -80 °C.
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A4. Analysis of kinetic data. Kinetic data were analyzed with Origin software. Data
points from 10 s to 10 min were fitted by linear regression to give the initial velocity of
substrate turnover.

AS. Hanes-Woolf plots. 1/kcat app and Kwm app/kcat app Were determined by standard
linear regression of [C12-AcpP]/rate upon [C12-AcpP] (equation 1) The standard errors (SE)

for Km app and kcat app Were calculated using the equations 2 and 3, respectively.

[C12-AcpP] 1

[C12-AcpP] + Ku  where v =k as[FabF]=1uM eq.1

rate Vm Vmax
K K SE (K )2 [SE (k_)?
SE _M =_M\/( M)+( cat) eq2
( kcat ) cat KM kcat
1 _ 1 (SE (slope))
SE (slope) = SE (k) = slope \ slope €5
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B. Supplementary Figures and Tables

- apo-AcpP

- holo-AcpP
- C12-AcpP

Figure S3.1: FabF and AcpP purification and modification a) 15% SDS PAGE (170 V, 1 h) of FabF wt and
variants, b) 20 % Urea PAGE (170 V, 1h30) of AcpP after purification showing a mixture of apo- and holo-
forms (1), after holofication (2) and after acylation (3)
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Figure S3.2: HPLC-based ketosynthase assay. a) Condensation of malonyl-CoA and C12-AcpP (1) catalyzed
by FabF. B-ketoacyl-CoA (acyl-malonyl-CoA) and holo-AcpP (2) are the products of the reaction, b) FabF
condensation reaction monitored by HPLC at A= 210 nm. Reaction conditions for this example: 28 °C,
phosphate pH 6.8 50 mM, NaCl 50 mM, TCEP 0.5 mM, malonyl-CoA 250 uM, (1) 10 uM and wt FabF 1 puM.

196



750 1 R2= 0.983 [ ] 750 1 R2= 0.991
{ AUC,,,= 65.5 (£ 3.8) * [C12-AcpP] AUC,, = 66.3 (£ 2.5) * [holo-AcpP]
600 - 600 -
[ ]
S 450 2 450 -
o " o
D ]
<
300 A 300 4
150 150 4
0 - T T T T L} O =5 v L v T v T v T - T
0 2 4 6 8 10 0 2 4 6 8 10
[C12-AcpP] (uM) [holo-AcpP] (uM)

Figure S3.3: HPLC calibration curves of C12-AcpP (a) and holo-AcpP (b). Standards (0.5-10 uM) of C12-
AcpP and holo-AcpP were injected three times and the corresponding area under the curve (AUC) at A=210 nm
were determined. The error bars represent the standard deviation of the mean of technical triplicates.
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[C12-AcpP]/rate (uM.min)

T
-15

T
-10

-5

[C12-AcpP] (uM)

FabF
wt
K128A
R206A
R206N
K65A
R68A

RZ
0.997
0.986
0.964
0.991
0.769
0.793

slope
0.448 + 0.015
0.466 + 0.032
2.786 + 0.308
1.720 £ 0.090
0.524 +0.158
0.793+£0.196

intercept
0.844 +0.153
2.404 £ 0.320
5.043 £ 2.339
4.956 +0.726
4.036 +1.230
10.775+1.378

Figure S3.4: Hanes-Woolf plots of wt FabF and single variants. a) Graphical representation. The error bars
represent the standard deviations of the means of biological triplicates b) parameters from the linear regression
used to determine the kear and K values of each FabF. + indicates the standard error on the parameters.
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Figure S3.5: Overlay of apo-FabF, CI12-FabF and AcpP-FabF. focusing on a) FabF interface residues of
region 1, b) FabF interface residues of region 2, ¢) FabF interface residues of the hydrophobic region and d)
R206 from region 2.
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Figure S3.6: Proposed role of Arg206 in facilitating chain-flipping. Alignment of the C6-AcpP crystal structure
(PDB ID: 2FAC) featuring a sequestered substrate with the bound ACP from AcpP-FabF (PDB ID: 60LT)
indicates that FabF’s Arg206 coordinates with AcpP’s Asp56 stabilizing a modest 2 to 2.5 A shift in AcpP’ s
a3 positioning. The conformational rearrangement of Arg206 upon interaction with Asp56 on AcpP’s a3 creates
a direct pathway from the hydrophobic core (sequestered state) of AcpP to FabF active site (chain-flipped state).
The hydrophobic nature of the Arg206 sidechain could therefore shield the fatty acid cargo from solvent during
the chain-flipping mechanism. The “sequestered state” is derived from C6-ACP (PDB ID: 2FAC) and the
“chain-flipped” state is modelled from C16ACP-FabF (PDB ID: 60KG).
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Figure S3.7: FabF interface comparison to FabF orthologs. The top left panel provides an overview of the
interacting residues and designated interface regions of FabF while the following 11 panels show the putative
AcpP binding residues from different FabF orthologs found in bacterial species and the mitochondrial KS from

Arabidopsis thaliana. Residues marked with a red asterisk (*) are found in a similar position, in space or in

sequence, as Arg206 in FabF.

201



E. coli FabF
PDB: 60KG

E. coli FabB
PDB: 60KC

V. cholerae FabB
PDB: 4XOX

{/ﬂu

R2

b o

Y. pestis FabB
PDB: 30YT

B. melitensis FabB
PDB: 3LRF

M. tuberculosis FabB
PDB: 5WGD

Figure S3.8: FabF interface comparison to FabB homologs. The top left panel provides an overview of the
interacting residues and designated interface regions of FabF while the following five panels show the putative
AcpP binding residues for five FabB homologs found in different bacterial species. The FabB Arg45 equivalent
residue is marked with an asterisk (*) in each panel.
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Figure S3.9: Comparison of AcpP and igaACP binding modes. The KS domains of FabF and igaKS/CLF were
overlaid in order to compare the relative binding modes of AcpP (cyan) and igaACP (pale cyan). The igaACP
is rotated and translated with respect to the binding mode of AcpP. Measurements of the displacement are
shown as dots connected by dashed lines. The KS domain to which the ACPs are crosslinked is colored orange
while the other KS monomer, the CLF in the case of igaKS/CLF, is colored white.
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Figure S3.10: Interface contacts between igaACP and igaKS/CLF. a) The equivalent region 1 contacts found
in the igaACP-KS/CLF complex. Acidic residues (Asp21, Asp40, and Asp46) at the top of helices 1 and 2 form
electrostatic interactions with positively charged residues (Arg79, Lys83, His268) on igaKS/CLF. b)
Coordinated interaction network that creates a buried salt bridge between Arg210 and Glu51. The igaACP is
colored cyan while igaKS is salmon and igaCLF is light grey. Residues from igaCLF are denoted with an
apostrophe (').
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Figure S3.11: Interface comparison of putative ACP binding sites on type II PKS KS/CLFs. The far-left panel
shows the interacting residues found at the interface of the igaACP-KS/CLF crosslinked crystal structures. The
following two panels depict residues at the ACP binding site of the anthraquinone (ant) KS/CLF and the putative
ACP binding site for the arylpolyene synthase (ape) KS/CLF, respectively. The interface regions are designated
based on the AcpP-FabF crosslinked structure and the associated work reported herein. Residues marked with
a red asterisk (*) are found in a similar position, in space or in sequence, as Arg206 in FabF.
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Figure S3.12: Interface contacts between antACP and antKS/CLF. a) The equivalent region 1 contacts found
in the antACP-KS/CLF complex. Acidic and polar residues (Asnl8, Asp35, Asp37, Thr39, Glu40, and Asp43)
at the top of helices 1 and 2 form electrostatic interactions with positively charged residues (Arg61, Arg64, and
Lys65) on antKS/CLF. b) Lys58 from antACP helix three docks into a polar pocket at the antKS/CLF interface.
The antACP is colored pale green while antKS/CLF is colored light grey. Residues from the antCLF are denoted
with an apostrophe (').
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Table S3.1: PCR Primers used in this study. All mutants were confirmed by DNA sequencing.

Primer name

Primer sequence 5°-3’

LM_K65A_f CGC GCA GAA CAG CGC AAG ATG GAT GCC TTC ATT CAA TAT GGA ATT G
LM_K65A r CTT GCG CTG TTC TGC GCG CGA GAT AAT GTC CTC ACA GTT AAA ATC
LM_K65E_f CGC GAA GAA CAG CGC AAG ATG GAT GCC TTC ATT CAA TAT GGA ATT G
LM_K65E r CTT GCG CTG TTC TTC GCG CGA GAT AAT GTC CTC ACA GTT AAA ATC
LM_R68A_f CAG GCG AAG ATG GAT GCC TTC ATT CAA TAT GGA ATT GTC GCT G

LM R68A r CAT CTT CGC CTG TTC TTT GCG CGA GAT AAT GTC CTC AC

LM_K69A _f CGC AAA GAA CAG CGC GCG ATG GAT GCC TTC ATT CAA TAT GGA ATT G
LM_K69A r CGC GCG CTG TTC TTT GCG CGA GAT AAT GTC CTC ACA GTT AAA ATC
LM_K69E_f CGC AAA GAA CAG CGC GAG ATG GAT GCC TTC ATT CAA TAT GGA ATT G
LM_K69E r CTC GCG CTG TTC TTT GCG CGA GAT AAT GTC CTC ACA GTT AAA ATC

LM_K65A-K69A_f

CGC GCA GAA CAG CGC GCG ATG GAT GCC TTC ATT CAA TAT GGA ATT G

LM_K65A-K69A r

CGC GCG CTG TTC TGC GCG CGA GAT AAT GTC CTC ACA GTT AAA ATC

LM_KI128A f ACG TGC GAT CAG CCC ATT CTT CGT TCC GTC AAC

LM_KI28A r TGA TCG CAC GTG GAC CAC CGT TCA TCA GAG ATG T
LM_R206A_f GCA GCG GCA TTA TCT ACC CGC AAT GAT AACCCG C
LM_R206A r GCC GCT GCC GCG CCA AAA CCA CCA AC

LM R206N_f GCA AAC GCA TTA TCT ACC CGC AAT GAT AACCCG C

LM _R206N r ATA ATG CGT TTG CCG CGC CAA AACCACCAAC

LM_S130A_f ATC GCG CCA TTC TTC GTT CCG TCA ACG ATT GTG AAC
LM_S130A_r TGG CGC GAT CTT ACG TGG ACC ACC GTT CAT CA

LM_F132A f CCC AGC GTT CGT TCC GTC AAC GAT TGT GAA CAT GG
LM_F132A r GAA CGC TGG GCT GAT CTT ACG TGG ACC ACC GT

LM_RI127A f GGT CCA GCG AAG ATC AGC CCATTC TTC GTT CCG TCA
LM_RI127A r GAT CTT CGC TGG ACC ACC GTT CAT CAG AGA TGT GTG
LM_P131A_f ATC AGC GCG TTC TTC GTT CCG TCA ACG ATT GTG AACATG G
LM_PI131A r AAC GAA GAA CGC GCT GAT CTT ACG TGG ACC ACC GTT CAT C

LM RI27A-KI28A _f

GGT CCA GCA GCA ATC AGC CCA TTC TTC GTT CCG TCA

LM RI27A-KI28A r

GAT TGC TGC TGG ACC ACC GTT CAT CAG AGA TGT GTG GT

LM CI63A _f

GCG ACT GCC GCG ACT TCC GGC GTG CAC AAC ATT GG

LM _CI63A r

AGT CGC GGC AGT CGC GAT AGA GAT GCT CGG GCC AC
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Table S3.2: In vivo complementation assay results*

AVG OD600 SD +/- P-value

FabF wt 1.017 0.120 2.733E-17
pBAD322 control 0.007 0.006 NA

FabF C163A 0.003 0.002 7.575E-02
FabF K65A 0.895 0.090 6.464E-13
FabF K65E 0.165 0.059 6.898E-07
FabF K69A 0.859 0.144 1.606E-10
FabF K69E 0.660 0.130 9.361E-10
FabF R68A 0.703 0.404 3.712E-05
FabF K65A/K69A 0.349 0.214 7.088E-05

FabF K65A/R68A/K69A 0.021 0.010 0.006*
FabF R127A 0.420 0.199 6.959E-06
FabF K128A 0.159 0.037 3.976E-09
FabF R206A 0.38 0.075 1.145E-09
FabF R127A/K128A 0.534 0.029 1.617E-15

FabF

RI127A/K128A/R206A 0.016 0.001 0.016*
FabF S130A 0.908 0.116 8.819E-12
FabF P131A 0.799 0.407 1.235E-05
FabF F132A 0.935 0.074 4.714E-14

*All assay results were calculated using an OD600 reading after 24 hours of cell growth and repeated in at least
biological triplicate. P-values were calculated using the Dunnet’s Test comparing all results to the negative
control pPBAD322 empty vector strain, which represent cells unable to grow at the non-permissible temperature
of 42 °C due to defects in fatty acid biosynthesis.

*P-values marked with an asterisk represent complementation results that are not statistically significant from
the pPBAD322 empty vector negative control using a P-value cutoff of .001.
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Table S3.3: Molecular weight of FabF variants and C12-AcpP. Each protein was analyzed on a LC API-SQ
MS (Waters). The molecular weight of each protein (MWmea =+ standard error) was determined using ESIprot.®

FabF MWeaie (Da) MWinea (Da) AMW (Da)
WT 45288.2 45290.7 (£5.2) 2.5
K65A 45231.1 452342 (+5.9) 3.1
R68A 45203.1 45206.4 (= 6.8) 3.3
K65A/K69A 45174.0 45179.2 (£ 8.4) 5.2
K65A/R68A/K69A 45121.0 45125.1 (£6.3) 4.1
KI128A 45231.1 45239.5 (+5.9) 8.4
R206A 45203.1 45206.0 (£5.1) 29
R206N 45246.1 45249.7 (= 4.7) 3.6
RI127A/K128A 45178.1 45177.8 (£5.8) 0.3
R127A/K128A/R206 45093.0 45094.0 (+4.8) 3.3
A
S130A 45272.2 45277.5 (£5.9) 59
F132A 45212.1 45216.3 (£ 4.0) 4.2
K65A/R127A/K128A 45121.0 45121.7 (£5.5) 0.7
AcpP MWeaie (Da) MWinea (Da) AMW (Da)
C12-AcpP* 9576.6 9575.5 (x 1.1) 1.1

*The expected molecular weight of C12-AcpP (MW_,ac) has been calculated considering the Hise-tag cleavage

and the installation of the acylated PPant arm on AcpP’s catalytic serine residue.
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Chapter 4: Interfacial Plasticity Facilitates Catalysis in Type II FAS Malonyl-CoA ACP
Transacylases
Abstract

Fatty acid synthases (FASs) and polyketide synthases (PKSs) iteratively elongate and
often reduce two-carbon ketide units in de novo fatty acid and polyketide biosynthesis.
Cycles of chain extensions in FAS and PKS are initiated by an acyltransferase (AT), which
loads monomer units onto acyl carrier proteins (ACPs), small, flexible proteins that shuttle
covalently linked intermediates between catalytic partners. Formation of productive ACP-
AT interactions is required for catalysis and specificity within primary and secondary FAS
and PKS pathways. Here, we use the Escherichia coli FAS AT, FabD, and its cognate ACP,
AcpP, to interrogate type I FAS ACP-AT interactions. We utilize a covalent crosslinking
probe to trap transient interactions between AcpP and FabD to elucidate the first x-ray crystal
structure of a type II ACP-AT complex. Our structural data are supported using a
combination of mutational, crosslinking, and kinetic analyses, and long timescale molecular
dynamics (MD) simulations. Together, these complementary approaches reveal key catalytic
features of FAS ACP-AT interactions. These mechanistic inferences suggest that AcpP
adopts multiple, productive conformations at the AT binding interface, allowing the complex
to sustain high transacylation rates. Furthermore, MD simulations support rigid body
subdomain motions within the FabD structure that may play a key role in AT activity and

substrate selectivity.
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Introduction

Fatty acid synthases (FASs) and polyketide synthases (PKSs) iteratively condense
and often reduce ketide units to assemble compounds ranging from simple fatty acids to
complex bioactive molecules.! FASs and PKSs exist as either multidomain megasynthases
(type I) or as discrete monofunctional enzymes (type II). They both share a common

evolutionary origin,>>3

and therefore, FASs and PKSs often have related enzymatic
components. Both systems require small, flexible acyl carrier proteins (ACPs) that are
posttranslationally modified with phosphopantetheine (PPant) arms to shuttle covalently
tethered reactive intermediates in the form of thioester bonds between catalytic partners.
Catalysis is initiated by an acyltransferase (AT), which selects and loads starter and/or
extender units onto the ACP. In type II FAS, extender units are loaded onto ACP via a
malonyl-CoA:ACP transacylase (MAT), FabD, which catalyzes the transfer of the malonyl
moiety from malonyl-CoA to the PPant arm of #0lo-ACP to form malonyl-ACP (Figure 4.1).
In contrast to type II FAS ATs, which only accept malonyl-CoA units, some ATs from PKSs
accept a broader array of acyl-CoA units, as well as acyl-ACP units, increasing the structural
diversity of their final products.!-*!! Interestingly, various bacterial type II PKS gene clusters
lack a canonical AT to form malonyl-ACP. This activity is instead provided by the
endogenous FAS MAT.!?"!* The central catalytic role of PKS and FAS MATSs makes them
attractive candidates for metabolic engineering and as targets for the development of new
therapeutics.!>20

Engineering both type I and II FASs and PKSs is increasingly employed as a strategy

to produce biofuels and bioactive natural products.®2!-?° In this context, ATs are of particular

interest, as they act as metabolic gatekeepers that can direct the selection of key, biosynthetic
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Figure 4.1: Overview of saturated fatty acid biosynthesis from type II FAS. highlighting the function of
malonyl-CoA:ACP transacylases (MATs). The MAT (dark orange) is transiently acylated at an active site serine
residue by malonyl-CoA. Then, the malonyl group is transferred to the 4'-phosphopantetheine arm of #0lo-ACP
(pale blue). Additional downstream FAS enzymes catalyze chain extension, modification, and release from the
synthase: the ketoacyl-ACP synthases (KS, orange), the NAD(P)H-dependent ketoacyl-ACP reductase (KR,
yellow), the dehydratases (DH, aqua marine), the NAD(P)H-dependent enoylreductase (ER, purple) and the
glycerol-3-phosphate acyltransferases (AT, lavender). The R and R’ groups represent the omitted portion of the

acyl-ACP thioester and the glycerol 3-phosphate derived backbone of a phospholipid, respectively.
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building blocks. However, engineering efforts often lead to attenuated enzymatic

3031 or poorly soluble chimeras,! likely due in part to an incomplete understanding

activities
of the transient nature of specific protein-protein interactions (PPIs) central to the iterative
nature of FAS and PKS biosynthetic pathways. Interestingly, the high catalytic efficiency of
FabD from Escherichia coli, which turns over substrate at nearly the diffusion limit (Figure
S4.1, kea/Km ~108 571 M1),3233 makes this MAT a particularly attractive target to create a
diverse collection of acyl-ACPs for type Il FAS and PKS engineering.’*%

Descriptions of type II FAS and PKS ACP-MAT interfaces have benefited by
docking simulations, NMR techniques, and binding affinity assays.!#3¢37 While these studies
suggest that MATs use shared binding motifs for malonyl-CoA and /holo-ACP recognition,
they often support different ACP-MAT binding interfaces. Recently, the x-ray crystal
structures of two ACP-trans-AT covalent complexes from the vicenistatin and disorazole
type I PKS pathways were elucidated.’®3° The ACP-AT binding modes and respective
interface interactions in these structures describe notable differences, and it remains unclear
whether the molecular underpinnings of PKS ACP-trans-AT interactions are fully shared
with type II ACP-MAT interactions.

To address this, we utilized active site-selective crosslinking to covalently capture E.
coli FabD in association with its cognate ACP, AcpP, to facilitate the elucidation of the first
x-ray crystal structure of a type II FAS ACP-AT complex (PDB ID: 6U0J, 1.9 A). We
conducted biochemical assays that indicate the AcpP-FabD interface tolerates mutations to
residues that initially appeared to support a specific and energetically stable protein-protein

complex. In addition, we computationally probed this complex using long timescale

molecular dynamics (MD) simulations. These computational studies support unanticipated
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plasticity at the AcpP-FabD interface, likely explaining FabD’s tolerance to interface
mutations with modest effects on turnover rates. A total of 32 ps of MD simulation data
provides the most comprehensive sampling of AT dynamism to date, revealing rigid body
subdomains motion, substrate-induced active site reorganization, and plasticity at the
interface between the carrier protein and AT that likely explain the high catalytic rates of E.
coli FabD. Our findings offer insights into the structures and dynamics of ACP-AT
recognition in type II FASs. Collectively, these new results open up additional possibilities
and challenges directed towards the design of protein-protein interfaces that support AT-

mediated catalysis for the engineering of novel metabolic outputs.

Results and Discussion

Crystallized crosslinked complex. In order to characterize the PPIs between a type
IT FAS ACP and its cognate AT, we crystallized a chemoenzymatically trapped complex of
E. coli AcpP and its cognate AT, FabD. Classically, trapping covalent complexes between
an ACP and a partner enzyme (PE) has been achieved through the synthesis of
pantetheinamide crosslinking probes that react selectively and uniformly with the active site

residues of the PE.%0-42

These probes can be loaded onto an ACP via a one-pot
chemoenzymatic method*’ to produce crypto-ACPs, which, when mixed with cognate PEs,
form crosslinked complexes.***7 Despite recent successes developing active site fluorescent
probes for ATs,*® targeting the active site serine of FabD with complementary
pantetheinamide probes proved challenging. To produce sufficient quantities of crosslinked

complexes for x-ray crystallography, we utilized a FabD S92C mutant that reacts with thiol-

reactive pantetheinamide probes.’?#%4 Specifically, we generated C2-a-bromo-crypto-AcpP

223



from apo-AcpP (Figure S4.2),* which was subsequently incubated with FabD S92C to
produce a crosslinked AcpP-FabD complex (where the “-“ denotes a covalent crosslink
between the two proteins). This AcpP-FabD complex yielded diffraction quality crystals,
resulting in the elucidation of a refined 1.9 A-resolution structure (Table S4.1). The complex
crystallized in the C2 space group and the asymmetric unit contains one molecule of FabD
crosslinked to a single AcpP.

Analysis of the 1.9 A AcpP-FabD structure. The refined structure displays
exceptional electron density for FabD, AcpP, and the synthetic crosslinker (Figures S4.3,
S4.4). FabD comprises two subdomains, a larger o/p hydrolase (ABH) subdomain spanning
residues 1 to 125 and 203 to 308, and a smaller ferredoxin-like (FL) subdomain spanning
residues 126 to 202 (Figure 4.2a). The active site of FabD is accessed along a large groove
at the interface of the two subdomains which also serves as the PPant/CoA binding site
(Figure 4.2b). AcpP is bound between the two FabD subdomains abutting the aforementioned
groove. In total, the AcpP-FabD interface buries 350 A2 of surface area, making it the
smallest reported AcpP-PE interface to date.*” The PPant arm extends from Ser36 of AcpP
into the active site of FabD, where the a-carbon of the acetamide portion of the probe
covalently attaches to the Cys92 mutant residue. The PPant arm makes a significant number
of hydrophobic interactions derived almost exclusively from the FL subdomain of FabD,
with the exception of Val280 from the ABH subdomain (Figure 4.2¢). Asn160, Asn162 and
GIn166 line the floor of the groove, forming hydrogen bonding interactions with the PPant
hydroxyl and amide functional groups (Figure 4.2¢). A sulfate ion from the crystallization
buffer is bound in the active site and coordinates to the conserved Argl 17 residue that forms

a bidentate interaction with the terminal carboxylate of the malonyl substrate (Figures S4.1,
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Figure 4.2: AcpP-FabD crosslinked complex and PPant interactions. a) Overall organization of the AcpP-
FabD complex (PDB ID: 6U0J) b) Overlay of malonyl-CoA-bound FabD (orange, PDB ID: 2G2Z) and AcpP-
FabD (light orange, PDB ID: 6U0J) highlighting CoA/PPant binding groove and the similarities in interactions
between CoA and holo-AcpP. The PPant arm (carbons colored cyan) and CoA (carbons colored green) are
found in similar positions and conformations, and the 3’-phosphate of the CoA ribose ring is found in the same
position as Glu41 of AcpP. ¢) Interactions between the PPant arm (cyan) and FabD in AcpP-FabD structure
(PDB ID: 6U0J). d) Interactions between CoA (green) and FabD in malonyl-CoA-bound FabD structure (PDB
ID: 2G2Z). A 4 A distance cut-off was used to display FabD interacting residues in panels ¢ and d. Only the
interactions with the FL subdomain are shown for clarity in panels ¢ and d.
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S5a).>* The presence of the sulfate ion, the non-native thioether crosslinked bond, and the C-
S bond length cause the carbonyl group of the probe to rotate away from the oxyanion hole,
which is formed by the backbone amides of GInll and Leu93, and instead accepts two
hydrogen bonds from the Ns of Asn160 and the N¢ of His202 (Figures S4.1, S4.5b).

The FL and ABH subdomains in type I systems have been previously proposed to act
as separate rigid bodies, with the FL subdomain capable of undergoing en bloc motions with
respect to the larger ABH subdomain.>!~>3 These studies suggest FL subdomain mobility may
be in part responsible for the reported substrate promiscuity of the AT domain from murine
FAS.>!3 Given that FabD has undergone extensive structural characterization, we looked for
potential changes in subdomain conformations induced by AcpP binding by performing a
superposition using just the large ABH subdomains of apo FabD (PDB ID: IMLA), malonyl-
CoA-bound FabD (PDB ID: 2G2Z), and our AcpP-FabD crosslinked structure (PDB ID:
6U0J) (Figure S4.6). Indeed, these structural overlays show significant variations in the
relative positioning of the two subdomains. The FL subdomain possesses a 5 A, hinge-like
displacement toward the ABH subdomain when comparing the apo-FabD and AcpP-FabD
structures (Figure S4.6). The most notable structural changes induced by these subdomain
motions are found in the loop exiting the f4 strand of the FL. subdomain, referred to herein
as the B4-loop. This loop translates to cover the top of the FabD active site and PPant binding
tunnel and forms additional interactions between the two subdomains and the PPant moiety
that are not present in either the apo-FabD (PDB ID: 1IMLA) or the malonyl-CoA-bound
FabD structures (PDB ID: 2G2Z) (Figure S4.7). Interestingly, the dihedral angles of residues

in the B4-loop only differ at Ser197 and Vall198 when comparing apo-FabD, malonyl-CoA-
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bound FabD, and AcpP-FabD, suggesting that movement of this loop is largely dictated by
the FL subdomain rigid body motion.

The FL subdomain, including the f4-loop, in the malonyl-CoA-bound FabD structure
(PDB ID: 2G2Z) exists in an intermediate conformation between the apo-FabD (PDB ID:
IMLA) and AcpP-FabD structures (PDB ID: 6U0J) (Figure S4.6). This is likely due to the
positioning of the free thiol from the hydrolyzed CoA moiety present in the active site that
would sterically clash with Leul94 and Val196 on the B4-loop (Figure 4.2d). Despite these
differences in conformation, the PPant arm of CoA and AcpP overlay almost identically in
the two structures (Figure 4.2b) and form a conserved hydrogen-bonding network with
Asnl60, Asn162 and GIn166 along the floor of the PPant binding tunnel (Figure 4.2c,d). It
is worth noting that mutation of conserved residues along the P4-loop that precede the
catalytic histidine (His 201 in FabD) results in changes in substrate specificities for type I
PKS ATs. This may indicate that domain motions and the repositioning of the f4-loop over
the active site play key roles in determining AT substrate selectivity and activity.!!-30:5453

Analysis of the AcpP-FabD Interface. Here we describe the first type II FAS ACP-
AT complex solved to date. Similar to all crosslinked AcpP-PE structures available (Figure
S4.8),%47 electrostatic complementarity between AcpP and FabD facilitates molecular
recognition, with the negatively charged AcpP interacting with a positive patch on FabD that
likely drives initial association of AcpP and FabD (Figure 4.3a). However, the AcpP-FabD
crosslinked structure also departs from canonical FAS ACP binding motifs previously
reported.*? It reveals a unique set of interfacial interactions between the two proteins
involving the small helix on loop 1 of AcpP (a1’) and the N-terminal portion of helix II (a2)

(Figures 4.3b-d, S4.9). Additionally, unlike the dehydratases (FabA and FabZ) and
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Figure 4.3: AcpP-FabD interface a). AcpP-FabD, FabD, and AcpP electrostatic potentials (ESP) mapped onto
protein surface. In all cases, the ESP are mapped onto the “Connelly” surfaces of the complex and monomers
using a blue to white to red color range, spanning from +10.0 kTee ™! to —10.0 kT*¢"!. b) Region 1 of FabD-
AcpP interface. ¢) Region 2 of FabD-AcpP interface. Arg287 was modelled in two conformations, and both are
shown. d) Region 3 of FabD-AcpP interface. Argl90 delineates into two conformations, but only the
conformation closest to AcpP is shown for clarity. A 4 A distance cut-off was used to display AcpP-FabD
interacting residues in panels b-d, and the location of specific regions on FabD are shown as insets in the top-
right corner of each respective panel. Additionally, an overview of the AcpP-FabD complex showing
perspective eyes for panels b-d is provided (top left). The ABH and FL subdomains of FabD, as well as AcpP,
are shown in salmon, light orange and light blue, respectively.
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elongating ketosynthases (FabB and FabF) in E. coli FAS, FabD makes no discernable
contacts with helix III (a3) of AcpP (Figure S4.8). Notably, a3 interactions likely facilitate
chain flipping®® of AcpP-tethered cargo from the hydrophobic core of AcpP to the active sites
of FabA, FabB, FabF and FabZ.*44%7 Since the PPant arm of FAS holo-ACPs does not
sequester within the helical hydrophobic core (PDB IDs: SH9H, 3GZM, 2M5R, 2FQ0), the
chain flipping process required for catalysis in these latter ACP-PE complexes is likely not
operative in the delivery of the PPant arm of #olo-ACP to the FabD active site.’*®! This may
explain the lack of interfacial interactions involving a3 in the crosslinked AcpP-FabD
structure.

The location of specific interactions of the AcpP-FabD interface can be delineated
into three regions (Figure 4.3b-d). Region 1 comprises the C-terminal portion of the ABH
subdomain, which forms interactions with a1’ of AcpP. Lys279 of FabD forms a salt bridge
with Glu30 of AcpP, and Val29 of AcpP fits into a hydrophobic pocket created by Lys279,
Thr282, and Gly283 of FabD (Figure 4.3b).

Region 2 consists of Lys286 and Arg287, two conserved residues among bacterial
type II MATs (Figure S4.10a). The key interactions in this region are between Arg287,
modelled in two conformations, with both Asp35 and Asp38 at the top of AcpP’s helix II
flanking the PPant Ser36 (Figure 4.3c). Interestingly, the guanidinium group of Arg287
forms cation-n stacking interactions with the adenine ring in the malonyl-CoA-bound FabD
structure (PDB ID: 2G2Z), demonstrating its importance for both AcpP and malonyl-CoA
binding, 143637.62
Region 3 is defined by the interactions between the FL subdomain and AcpP. In this

region, Leu37 of AcpP sits in a hydrophobic groove formed by Ile136 and Leu192, and Glu41
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from AcpP’s a2 forms a salt bridge with Lys189 of FabD (Figure 4.3d). Interestingly,
overlays of AcpP-FabD and malonyl-CoA-bound FabD (PDB ID: 2G2Z) place the
carboxylate side chain of Glu41 in the same location as the 3’-phosphate of the CoA ribose,
indicating that CoA and AcpP form related interactions with FabD’s interface region 3
(Figure 4.2b). Despite the similarity in position, the CoA 3’-phosphate coordinates with
Argl90 instead of Lys189, which is rotated away in the CoA-bound structure (Figure 4.2b).
Sequence alignments reveal that Lys189 is conserved among bacterial type Il MATs, whereas
Argl90 is conserved among both bacterial type II and eukaryotic mitochondrial MATs
(Figure S4.10a). It is worth noting that the electron density for the side chains of residues
Glu41, Lys189, and Arg190 is not well-defined. Glu41 and Lys189 have high B-factors and
Argl190 resides in two conformations, which suggests that the side chains of these residues
are dynamic. In total, these data indicate that both Lys189 and Arg190 form interactions with
Glu41 of AcpP.

In accordance with literature precedent,’*47:4%62-65 we investigated PPIs for AcpP-
FabD by comparing the crosslinking efficiencies of a panel of FabD S92C interface mutants
with AcpP loaded with a C2-a-bromo-pantetheinamide probe (Figures S4.10b-c, S4.11).
Given that the FabD component of the interface is comprised almost exclusively of basic
residues (Figure 4.3b-d), we generated three classes of FabD interface mutants: charge-
neutralizing mutants (Arg to Ala or Lys to Ala), charge-conserving mutants (Arg to Lys),
and charge-swapping mutants (Arg to Glu or Lys to Glu). The variants from the three regions
have significantly reduced crosslinking efficiency compared to FabD S92C (Figure S4.10b-
¢). The results from these crosslinking studies validate the structural conclusions and support

the importance of the identified interface residues for complex formation.
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Figure 4.4: Comparison of the AcpP-FabD complex with the ACP-trans-AT complexes DSZS ACP1-DSZS AT
and VinL-VinK. a-¢) Cartoon representation of the AcpP-FabD, DSZS ACP1-DSZS AT and VinL-VinK
complexes. The three complexes were aligned on FabD to better visualize the differences in ACP orientation.
The FL and ABH subdomains of each AT are shown in light orange and salmon, respectively. The ACPs are
colored in light blue. d-f) Close-up views at the ACP-AT interface for the three complexes displaying the nature
of the interactions: blue, hydrophobic; orange: electrophilic. The interacting helices, catalytic serine and
crosslinking probes are shown for each ACP. Note that e was rotated 180 ° from the above view to better
visualize the interactions.
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Structural comparison with trans-AT-ACP interfaces. To date, only two other
AT-ACP covalent complexes have been reported and analyzed, namely the trans-AT VinK
in a covalent complex with VinL,*® and a second frans-AT from the disorazole synthase

(DSZS) in a covalent complex with DSZS ACP1.* Trans-AT PKSs do not contain a cis-
acting AT domain within their modules to deliver the extender units onto the ACP, but
instead, standalone ATs serve this role. VinK transfers a dipeptide intermediate between two
ACPs (VinL and VinP1LdACP on the loading domain of module 1) during vicenistatin
biosynthesis. Disorazole synthase is initiated by its frans-acting AT which malonylates the
ACP of module 1. Elucidation of the AcpP-FabD complex allows analyses of the common
features and differences of ACP recognition between modular type I trans-AT PKSs and type
IT FAS ATs. The overall subdomain organization of the three ATs, FabD, VinK, and DSZS
AT (26.3% and 39.4% sequence identity with FabD, respectively) is similar, but the
orientation of the ACPs notably differ between the three complexes. (Figure 4.4a-c). As
observed in the AcpP-FabD complex, electrostatic contacts are important for both ACP-
trans-AT complexes; however, hydrophobic interactions are more prominent features at the
DSZS ACP1-DSZS AT and VinL-VinK interfaces than at the AcpP-FabD interface (Figures
4.4d-f, S4.12-S4.13). The differences observed between these structures calls for a deeper
look into the structural elements of the AT enzyme class.

Effect of PPIs on FabD’s transacylation reaction. We performed kinetic analyses
of FabD mutants by using a continuous, coupled fluorometric assay in vitro (Figure S4.14).%6
We assayed our panel of FabD interface mutants along with three additional AcpP mutants,
E30A, D38A, and E41A. These three AcpP residues participate in salt bridges across the

interface of regions 1, 2, and 3, respectively (Figure 4.3b-d). All constructs were analyzed by
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SDS-PAGE and mass spectrometry (Figure S4.15, Table S4.2). The transacylation rates of
the variants were measured at two concentrations of AcpP: 50 uM and 200 uM, which
correspond to the concentrations of 4olo-AcpP at the Km value and at saturation, respectively,
for the wt system (Figure S4.16). The reaction rates were normalized to the transacylation
rates of wt holo-AcpP by wt FabD at the respective concentration of AcpP. This approach
enables us to compare the effect of each interface mutant on FabD’s activity (Table 4.1).

At ACP20, only three FabD variants show a decrease in activity compared to wt, namely
KI189A, K279A, and K279E. At ACPso, all tested FabD mutants have reduced activity
compared to wt, except for region 2 variants R287K and R287A that remain as active as wt,
and R287E shows a slight loss in activity. We hypothesized that upon mutation of Arg287 to
alanine, the fairly conserved Lys286 (Figure S4.10a) might have the rotational freedom to
interact with Asp38 and compensate for the loss of the salt bridge between Arg287 and Asp38.
We therefore tested the double mutant K286A/R287A, which remains as active as wt FabD
for both AcpP concentrations. On the contrary, mutation of Lys279 in region 1 to either
alanine or glutamate results in a larger decrease in relative activity as compared to FabD
region 2 variants. Similarly, mutating Lys189 from region 3 also more significantly affects
FabD activity, with a greater effect seen with the charge-swapped mutant, K189E, as
compared to the charge-neutralized variant KI189A. To determine whether Argl90
participates in AcpP recognition despite its lack of discernable interactions in our AcpP-FabD
structure, we evaluated the catalytic activity of R190A and K189A/R190A mutants. The
R190A variant is similar in activity to wt, while the double mutant KI189A/R190A is less
active than K189A but faster than K189E. These data suggest that the interactions with the

FL subdomain are mediated by both Lys189 and Arg190.
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Table 4.1: Quantification of the transacylation rates of AcpP-FabD interface mutants. Reaction conditions:
28 °C, 50 mM sodium phosphate pH 6.8, 1 mM EDTA, 0.5 mM TCEP, 2 mM a-ketoglutarate, 0.4 mM NAD",
0.4 mM thiamine pyrophosphate, 15 mU/100 pL a-ketoglutarate dehydrogenase, and 0.02 nM FabD. [ACP]so
corresponds to 50 uM holo-AcpP and 50 uM malonyl-CoA; [ACP]200 corresponds to 200 uM holo-AcpP and
200 pM malonyl-CoA. The activity of each interface mutant measured at the fixed concentration of AcpP
indicated and was normalized to the corresponding activity of wt FabD, with wt AcpP for each tested condition
(see S.I. Relative activities). Regions 1, 2 and 3 are shown in crimson, red, and orange, respectively.
Experiments were run at least in triplicate, and data shown are reported as mean + standard deviation.

FabD AcpP Relative activity at [ACP]50 (%) Relative activity at [ACP]200 (%)
wild type wild type 100.0 100.0
K279A wild type 30.3+6.9 23.9+35
K279E wild type 30.6 7.6 30.2+5.2
wild type E30A 85.1+7.9 99.5+11.1
K279A E30A 84.7 £10.3 n.a
K279E E30A 142+7.5 n.a
R287K wild type 93.6 £ 3.2 102.7 + 8.5
R287A wild type 92.7+9.4 89.0 +12.9
R287E wild type 81.1+7.8 99.6 £6.2
wild type D38A 69.5+4.8 83.2+9.3
R287K D38A 55.7 +5.4 n.a
R287A D38A 77.3+3.2 n.a
R287E D38A 53.1 £6.9 n.a
K286A wild type 63.1 £10.3 99.0 +10.5
K286A/R287A wild type 96.8 £13.7 104.9 +13.9
K286A/R287A D38A 779 1.1 n.a
K189A wild type 67973 77.4 +17.3
K189E wild type 26.2+4.8 10402
wild type E41A 90.1 1.9 95.8 +4.1
K189A E41A 30.6 £2.1 n.a
K189E E41A 10.6 £3.0 n.a
R190A wild type 103.5+9.5 n.a
K189A/R190A wild type 401 £4.7 114.1 £8.7
K189A/R190A E41A 15.2+1.8 n.a
L192A wild type 67.5+8.2 101.0+13.4
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In addition to kinetically evaluating FabD interface residues, we also analyzed the
transacylation rates of AcpP interface mutants, E30A, D38A, and E41A that coordinate
interactions with FabD regions 1, 2, and 3, respectively. Interestingly, these mutations are
less detrimental to FabD transacylation rates than their corresponding FabD interface mutants.
In order to determine if the AcpP and FabD interface mutations were additive, we eliminated
the three salt bridges at the interface by testing FabD interface mutants with their respective
AcpP mutant counterparts. While assays of AcpP D38A and region 2 FabD mutants result in
no more than a 50% drop in activity for all combinations tested, significantly slower
transacylation rates were observed by combining mutant pairs from regions 1 and 3.

Results from all tested FabD and AcpP mutants demonstrate that the AcpP-FabD
interface can tolerate mutations of residues that appear to be critical from the static crystal
structure. We find that mutations on the FabD interface are more detrimental than their
corresponding AcpP mutants, which may be due to the dynamic nature of AcpP. Our activity
assays also show that mutating key residues on regions 1 and 3 of the FabD interface seem
to influence the transacylation reaction more than region 2. Nevertheless, most mutations,
even double mutants assayed with their corresponding AcpP mutant counterparts, do not
abolish FabD’s activity.

Dynamic analysis of the AcpP-FabD interface. The tolerance of the FabD interface
to mutations, as indicated by our kinetic analyses, suggests flexible interactions between
AcpP and FabD. Therefore, to further our understanding of the biomolecular processes that
contribute to AcpP-FabD recognition, we subjected 17 protein assemblies, consisting of wt
FabD and FabD mutants in the apo-, malonyl-CoA-, and malonyl-AcpP-bound states (Table

S4.3), to MD simulations. We performed three independent 514 ns production-grade
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trajectories for each wt and mutant system, resulting in a total of 32.382 ps of simulation data.
General analysis of these trajectories can be found in the SI: Molecular Dynamics
Simulations Protocols, as well as in the Supplementary Figures S4.17 to S4.24.

We analyzed trajectory data of the wt and mutant malonyl-AcpP+FabD complexes
(where the “*” represents a non-covalent complex) in order to propose a time-resolved
understanding of the noncovalent interactions most critical for AcpPeFabD recognition. To
do so, we identified all pairwise AcpP and FabD interactions that form over the course of the
simulations using a 3.5 A distance cutoff criterion (Figure 4.5). This analysis generally shows
that the interactions at the AcpP+FabD interface are dynamic, and a number of interactions
not observed in the x-ray structure are identified during the course of the simulations.
Interestingly, none of the hydrophobic interactions identified in the AcpP-FabD structure
were observed computationally (Figure 4.5). In contrast, the salt bridges identified in the x-
ray structure are observed over the course of the simulations; however, they are in rapid
exchange with an alternate set of salt bridges that are not resolved experimentally (Figure
4.5b). For example, the most frequently sampled salt bridge interaction between AcpP and
FabD is a contact between Glu41 and Arg190 not present in the x-ray structure. Simulations
of the malonyl-AcpP+FabD mutant complexes show the same general trend as the wt system
and indicate that there are compensatory interactions that can be formed to stabilize these
complexes despite the removal of key interface residues (Figure 4.5).

Given the rotational and translational motion of AcpP at the interface, we reasoned
that these conformational changes may affect substrate organization in the FabD binding
pocket. Interestingly, the contact between the malonyl carboxylate of malonyl-AcpP and the

FabD active site Argl17, as well as the Ser92-His201 catalytic dyad distance, are maintained
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Figure 4.5:Time-resolved analysis of the contacts formed between FabD (wt and four variants) and its binding
partner malonyl-AcpP (mAcpP). Contacts from the initial conditions and contacts formed during the course of
the simulations are shown in panels a and b, respectively. The analyzed FabD (wt, K189A, K279A, K286A or
R287A) is indicated on the top of each bar graph. Residues listed on the left side of the interaction pair
correspond to AcpP and those on the right side of the pair correspond to FabD. The bar graphs indicate the
normalized total contact fraction between FabD and malonyl-AcpP. The contact fraction is defined as the total
fraction of simulation data in which a residue pair is engaged in an intermolecular contact. A distance criterion
of 3.5 A or less between a pair of heavy atoms defines such a contact. Only pairwise contacts with contact
fractions (prior to normalization) greater than or equal to 0.10 are included in the plots above.
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throughout the simulations despite the positional variation of AcpP (Figures S4.25-S4.26).
Taken together, these data suggest significant plasticity in the AcpP+FabD interface and
provide a rationale for FabD’s tolerance to interface mutations, as AcpP can adopt multiple
conformations at the FabD interface, while still properly positioning substrate in the active
site for catalysis. In addition, our findings corroborate the smaller reduction of transacylation
activity for AcpP mutations as compared to corresponding FabD mutations, as AcpP can
rotate at the interface to form compensatory interactions (Figure 4.5).

Substrate-induced reorganization of FabD active site. To determine the effect of
substrate binding on active site organization, we performed a time-resolved analysis of
interactions involving the conserved active site residues Ser92, Argl17 and His201. The
positively charged Argl17 residue has been shown to influence the preferences of ATs for
a-carboxy-CoA substrates over a-descarboxy analogs. For example, the R117A mutant of
FabD loads a number of a-descarboxy-CoA derivatives, including acetyl-CoA.»
Furthermore, Rangan and Smith showed that a similar Arg to Ala mutant of the malonyl-
CoA/acetyl-CoA:ACP transferase of animal FAS results in a 100-fold decrease in its
malonyl-CoA transferase activity, while its acetyl-CoA transferase activity is enhanced 6.6-
fold.®” Studies by Dunn, Cane, and Khosla indicate that substrate discrimination occurs
before the CoA substrate undergoes reaction at the AT active site and not by preferential
hydrolysis of “misacylated” ATs after transacylation.*

MD simulations of apo-FabD suggest a possible mechanistic explanation for the
broad role of Argl17 in regulating substrate selectivity in MATs. Analysis of simulation data
of apo-FabD shows that in the absence of a substrate, the average distance between the Oy

of Ser92 and the center of geometry (COG) of Argl17’s terminal guanidinium moiety is 3.68
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A (Figure 4.6a). It must be noted that measuring from the arginine, histidine, or carboxylate
COG reports distances larger than are typical of non-covalent interactions.®® Thus, simulation
data show that the dyad residues, Ser92 and His201, are not preorganized for catalysis in

the apo state because Ser92 interacts stably with Argl17 (Figure 4.6a). Interestingly,
simulations of E. coli malonyl-CoA*FabD show that a-carboxy-CoA substrate binding
disrupts the Ser92-Argl 17 interaction which in turn restores the Ser-His dyad (Figures S4.25-
S4.29). The average distance between the COG of Argll7 and the COG of malonyl
carboxylate are 2.73 A and 2.79 A in simulations of wt malonyl-CoA«FabD (Figure S4.24)
and wt malonyl-AcpPeFabD (Figure S4.29), respectively, suggesting a strong salt bridge
interaction between substrate and enzyme in the bound state. With Argl17 engaged with the
substrate, the catalytic dyad is restored, as the average distance between the Oy of Ser92 and
His201’s N2 sampled computationally is 3.40 A and 2.95 A for malonyl-AcpP+FabD and
malonyl-CoA«FabD respectively, more than 1 A shorter than what is observed over the
course of simulations of apo-FabD (Figures 4.6a-c). These results suggest that substrate
binding organizes the FabD active site for catalysis and provides an explanation for FabD’s
(and MATs more broadly) preference for malonyl-CoAs or malonyl-AcpP over acetyl-
CoA.*

Rigid body subdomain motions control the disposition of substrate-recognizing residues.
Recent studies on the murine FAS AT have suggested that rigid body FL and ABH
subdomain motion may play a role in determining AT substrate selectivity.’!>3
Superpositions of our AcpP-FabD complex with the apo- and malonyl-CoA-bound FabD
structures provide additional evidence for the occurrence of such motions (Figure S4.6).

Moreover, biochemical and structural data implicate residues found on the f4-loop of the FL
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Figure 4.6: Analysis of key active site distances sampled in the apo- and substrate-bound states of FabD.
Distribution of distances between two pairs of active site residues Ser92¢¢eHis201 and Ser92eeeArgl17 sampled
over the course of simulations of wt apo-FabD (a), malonyl-CoA<FabD (b), and malonyl-AcpP+FabD (c). The
distance between Ser92 and His201 is measured using the Oy of Ser92 and Ne of His 201, while the
Ser92eeeArgl17 distance is measured using the Oy of Ser92 and the COG of Argl17’s guanidium moiety.
Simulation data written every 0.5 ps were binned to prepare histograms using a bin width of 0.25 A.
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subdomain, in particular those that immediately precede the catalytic histidine of ATs
(His201 in FabD), play a role in determining AT preferences for a-branched vs. non-branched
a-carboxy-CoA substrates.!!3%-3455 These residues (Vall198, Ser199, and Phe200 in FabD)
define part of the enzyme’s active site pocket and their steric bulk permits or prevents the
binding of o-branched CoA substrates. We reason that rigid body motion of the FL
subdomain, if present, may play a role in organizing the active site to preferentially accept
either branched or non-branched CoA substrates. Therefore, we performed principal
component analysis (PCA) to identify and highlight large-scale motions of the FL and ABH
subdomains that may impact the activity and substrate specificity of FabD. Our analysis
incorporates coordinate data from wt and mutants of apo-FabD (10.794 ps of simulation data),
malonyl-CoA<FabD (9.252 ps of simulation data), and malonyl-AcpPeFabD (9.252 ps of
simulation data).

Projections of the first principal component (determined via PCA) onto our
coordinate data supports the hypothesis that the FL. and ABH subdomains act as rigid bodies
involving the displacement and rotation of the smaller FL. subdomain away from ABH
subdomain (Figure 4.7). That this motion is represented by the first principal component, the
orthogonal component with the largest variance (i.e., most dominant “mode” describing
FabD motion), supports its role as an essential feature of FabD’s function. A comparison of
the first principal components generated from the dataset described above indicates that, as
suggested by the comparison of x-ray structures presented in Figure S4.6, the FL. subdomain
moves independently of the ABH subdomain (Figure 4.7). The rigid body motions evaluated
computationally disambiguate a motion of FL subdomain towards and away from the ABH

domain to gate substrate access to and from the active site. In addition to active site gating,
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Figure 4.7: Projection of principal component analysis data into coordinate space. Overlaid snapshots of the
pseudo-trajectories illustrating the 1% mode of motion of the FabD monomer portions of a) apo-FabD, b)
malonyl-CoA<FabD, and ¢) malonyl-AcpP+FabD. The ABH subdomains are colored salmon while the FL
subdomains are colored based upon the distance between the FL subdomain, such that more darkly colored
subdomains are further from the ABH subdomain.
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this rigid body motion also results in the movement of the B4-loop towards the base of the
active site, not only organizing the His201 for catalysis, but also positioning the key
substrate-sensing residues Vall98, Ser199, and Phe200 to selectively interact with E. coli

FabD’s preferred substrate (Movies S1-S3).

Conclusion

In this study, we use E. coli type Il FAS as a structural and mechanistic model to
better understand type II ACP-AT interactions and their catalytic role in fatty acid
biosynthesis. Utilizing a pantetheinamide covalent crosslinking probe, we trapped and
crystallized the E. coli ACP, AcpP, in complex with FabD, allowing us to elucidate the first
crystal structure of a type Il ACP-AT complex at 1.9 A resolution. The AcpP-FabD binding
mode is different than previously described AcpP complexes and represents the smallest
AcpP-PE interface reported to date. Despite the small number of experimentally determined
interfacial interactions, mutation of these interface residues does not result in significant
reductions in FabD transacylation activity. Long timescale MD simulations of AcpP in
complex with wt FabD and FabD interface mutants demonstrate that AcpP can undergo
considerable rotational and translational motion at the FabD interface while still properly
positioning its PPant-tethered substrate for catalysis. These results are in line with kinetic
analyses of FabD interface mutants and suggest a high-plasticity interface dominated by polar
and charged interactions that are in rapid exchange. Furthermore, MD analysis of FabD in
both its liganded and unliganded states corroborate the presence of en bloc rigid body
motions of its FL and ABH subdomains and provide additional insights into Argl17’s role

in substrate mediated reorganization of the FabD active site. Taken together, these findings
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represent a significant advancement in our understanding of type II ACP-AT interactions,
AT dynamics, and AT substrate selectivity. The structural, biochemical, and computational
analyses of these systems reported herein represent another necessary step toward a broader

and more complete understanding of PPIs in type Il FAS and natural product biosynthesis.
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Supplementary Information
A. Biological Protocols

Al. Expression and purification of FabD and AcpP wt and mutants. The genes
encoding for FabD and AcpP were inserted in a pET28b vector with a cleavable N-terminal
Hise-tag. The proteins (wt and variants) were expressed in E. coli BL21(DE3) cells. For each
variant, a single colony was selected on the agar plate and grown overnight at 37 °C in 5 ml
Luria-Bertani (LB) medium supplemented with 50 pg/ml kanamycin (KAN). Then, 1 L of
LB medium (50 pg/mL KAN) was inoculated with the 5 mL-LB preculture and incubated at
37 °C until an optical cell density at 600 nm of 0.7 was reached. After induction with 0.5 mM
IPTG, cells were grown for 3 h at 37 °C. Cells were harvested by centrifugation (500 RCF,
30 min) and the pellet was stored at — 20 °C. Cells were resuspended in lysis buffer (50 mM
Tris pH 8.0; 300 mM NacCl; 10 % glycerol) and lysed by sonication. After centrifugation
(17.400 RCF, 45 min), the supernatant was transferred to Ni-NTA-column and washed with
10 CV of lysis buffer and 2 x 10 mL lysis buffer containing 10 mM imidazole. The proteins
were eluted with elution buffer (lysis buffer containing 250 mM imidazole). All FabD and
AcpP mutants expressed with yields comparable to the wt proteins, ranging from 25 + 5 and
15 + 5 mg of protein / L of LB, respectively. FabD wt and variants were dialyzed twice over
1 L of dialysis buffer at 4 °C (50 mM phosphate pH 6.8, 150 mM NaCl, 0.5 mM TCEP and
10 % glycerol), aliquoted, frozen in liquid nitrogen and stored at -80 °C. AcpP wt and variants
(expressed as a mixture of apo and holo forms) were subjected to Hise-tag cleavage by

thrombin and the resulting His¢-tag free AcpPs were purified using Ni-NTA-column

245



supplemented with Benzamidine Separophore (bioWorld). The resulting apo-/holo-AcpPs

were then converted to their holo form.

A2. FabD S92C thrombin Hise-tag cleavage. The Hise-tag of FabD S92C (purified
as reported above) was cleaved using bovine thrombin (2 U per 1 mg protein) overnight at
6 °C while dialyzing against dialysis buffer (50 mM Tris, 150 mM NaCl, 10% glycerol, pH
8.0). Resulting solutions were re-purified using Ni-NTA resin (Thermo Fisher Scientific) to
remove un-cleaved proteins. The resulting Hiss-tag free FabD was further purified by FPLC
using the HiLoad Superdex 200 (GE Biosciences) size exclusion column. The eluted protein
was collected and concentrated to 2-4 mg/mL using Amicon Ultra Centrifuge Filters

(MilliporeSigma) with 10 kDa molecular weight cut off.

A3. Apo-AcpP loading and C2-a-bromo-crypto-AcpP purification. C2-a-bromo-
pantetheinamide crosslinkers were loaded onto apo-AcpP using a “one-pot”
chemoenzymatic method.%® This method utilizes the CoA biosynthetic enzymes (CoaA,
CoaD, CoaE) to form CoA analogues and a phosphopantetheinyl transferase (PPTase, Sfp)
to load them onto apo-AcpP, resulting in crypto-AcpP. Final reaction concentrations: 1
mg/mL apo-AcpP, 0.04 mg/mL Sfp, 0.01 mg/mL CoaA, 0.01 mg/mL CoaD, 0.01 mg/mL
CoaE, 50 mM potassium phosphate pH 7.2, 12.5 mM MgClz, 1 mM DTT, 0.2 mM C2-o-
bromo-pantetheinamide, and 8 mM ATP. The stock solution of C2-a-bromo-
pantetheinamide crosslinking probe was prepared in DMSO at a final concentration of 50
mM. Reactions were incubated at 37 °C for 16 h and then purified by HiLoad Superdex 75

(GE Biosciences) size exclusion column. The eluted protein was collected and concentrated
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using Amicon Ultra Centrifuge Filters (Millipore Sigma) with 3 kDa molecular weight cut

off up to a concentration at 1-3 mg/mL.

A4. Production and purification of AcpP-FabD complex for crystal trials. The
crosslinking reaction was carried out by mixing C2-a-bromo-crypto-AcpP with Hiss-tag free
FabD S92C at 2:1 (C2-0a-Bromo-crypto-AcpP:FabD S92C) ratio at 37 °C for 16 h. Reactions
were analyzed by 12 % SDS PAGE. Crosslinked AcpP-FabD complex was purified by a Ni-
NTA resin (Thermo Fisher Scientific), allowing the removal of uncrosslinked Hiss-tag
cleaved FabD S92C from the reaction mixture. The bound AcpP-FabD complex and was
eluted from the column using 250mM imidazole. The resulting fractions containing the
AcpP-FabD complex were purified on a HiLoad 16/600 Superdex 200 PG (GE Biosciences)
size exclusion column using minimal buffer (12.5 mM Tris, 100 mM NaCl, pH 8.0). The
resulting protein complex was greater than 95 % in purity, determined by SDS PAGE, and
was concentrated to 8 mg/mL using Amicon Ultra Centrifuge Filters (MilliporeSigma) with
10 kDa molecular weight cut off. The concentrated crosslinked complex was immediately

used for protein crystallization or flash-frozen and stored in —80 °C freezer for later use.

AS. Crystallization, data collection, and refinement. The crystals of the AcpP-
FabD crosslinked complex were grown by vapor diffusion using the hanging drop method at
6 °C. In detail, 1 pL of crosslinked complex (8 mg/mL) was mixed with 1 pL of
corresponding mother liquor and the mixture was placed inverted over 500 pL of the well
solution (hanging-drop method). The AcpP-FabD complex crystallized in 2.3-2.7 M AmSOg,

1% PEG 400, and 0.1 M sodium cacodylate pH 6-7. These conditions initially yielded
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multiple yellow spherulites that eventually resulted in numerous small needle-like crystals in
1-2 weeks. The best well condition (2.5M AmSOs4, 1% PEG 400, pH 7.0) resulted in a few
small ovular plates (diffracted to 1.9 A). All data were collected at the Advanced Light
Source (ALS) synchrotron at Berkeley. Data were indexed using iMosflm’® then scaled and
merged using the aimless program from the CCP4 software suite.”! Scaled and merged
reflection output data was used for molecular replacement and model building in PHENIX.”?
Phases were solved using molecular replacement using FabD (PDB ID: 1IMLA) as a search
model with program Phaser from the PHENIX software suite. AcpP (PDB ID: 2FAC) was
manually placed and rebuilt in the residual electron density using Coot.”® The parameter file
for the covalently bonded 4’-phosphopantetheine was generated using eLBOW in the
PHENIX software suite.”* Manually programmed parameter restraints using values provided
by Jligand (CCP4)”> were used to create the associated covalent bonds between 4’-

phosphopantetheine to Ser36 and Cys92 during refinement.

A6. AcpP holofication for Kinetic assay. #o/o-AcpP (wt or mutants) was prepared
as previously described.”® Briefly, AcpP (apo/holo) was incubated at 37 °C overnight in the
presence of the phosphopantetheinyl transferase Sfp from Bacillus subtilis. Final reaction
concentrations were the following: 50 mM phosphate pH 6.8, 50 mM NaCl, 0.5 mM TCEP,
12.5 mM MgClz, 1 mM coenzyme A, 0.05 mg/mL Sfp and 2.2 mg/mL AcpP. The completion
of the reaction was determined by urea PAGE (Figure S4.15, 4.2b) and mass spectrometry
(Table S4.2). The resulting holo-AcpP was further purified on a Superdex 75 HiLoad 16/60
size exclusion chromatography (SEC) column equilibrated with buffer (50 mM sodium

phosphate pH 6.8, 125 mM NacCl, 5 % (v/v) glycerol, 0.5 mM TCEP). The eluted AcpP was
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collected, concentrated using Amicon Ultra Centrifuge Filters (Millipore) with 3 kDa

molecular weight cut off, frozen in liquid nitrogen and stored at -80 °C.

A7. Site-directed mutagenesis. FabD and AcpP mutants (except FabD S92C and
AcpP D38A) were generated by polymerase chain reaction (PCR) amplification process
using the primers listed in Table S4.4. FabD S92C and AcpP D38A constructs were provided
from previous studies.***® While D35 interacts with R287 on our structure (Figure 4.3), it is
part of the highly conserved DSL motif at the N-terminus of helix II that serves as a
recognition sequence and the site of PPant modification by ACPS, the holo-AcpP synthase
in E. coli.”” Mutating Asp35 would result in the apo form of any AcpP variant and was

therefore not further investigated.

A8. a-Ketoglutarate dehydrogenase (KDH) coupled activity assay. The KDH
coupled assay (Figure S4.14) used in this study was adapted from previous work. 3!:6678
Briefly, all enzymatic reactions were in a final volume of 100 pl and performed in 96-well
half-area plates (Corning, Fisher Scientific). NADH fluorescence was monitored using a
Varioskan Lux microplate reader (Thermo Scientific) at the excitation and emission
wavelengths of 340 and 460 nm, respectively. The background reaction rate of this assay was
determined in the absence of FabD and subtracted to each of the reactions performed in the

presence of FabD. Equidistant kinetic measurements were taken every 5 s for 5 min at 28 °C.

A9. Analysis of kinetic data. Kinetic data were analyzed with Origin software. Data

points from 20-120 s were fitted by linear regression to give the initial velocity of substrate
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turnover. The averages of triplicates were calculated, and the background reaction rate
subtracted. Relative fluorescence units (RFU) were converted into concentrations (uM) using

a calibration curve (Figure S4.14).

A10. Michaelis-Menten Kkinetics. The Michaelis-Menten parameters of FabD
transacylation reaction have been previously reported.’?*3% However, to ensure that we
would perform our mutagenesis analysis at the expected AcpP concentrations (1x Km (wt
AcpP) and 4x Km (wt AcpP)), we determined those parameters as well. The final
concentrations of all reagents to determine Km (AcpP) and Ky (malCoA) were: 50 mM
sodium phosphate pH 6.8, 0.5 mM TCEP, 1 mM EDTA, 2 mM a-ketoglutaric acid, 0.4 mM
NAD?, 0.4 mM TPP, 15 mU/100 pL KDH, 0.025 mg/mL BSA, 10-250 uM holo-AcpP wt
and 200 uM malCoA or 200 pM holo-AcpP wt and 1-100 uM malCoA, 0.02 nM FabD wt.
The data obtained by the KDH assay were fitted to the function:

v = kcat - [substrate] / (Km + [substrate]) eq.1

The corresponding kca and Km parameters are indicated on each graph (Figure S4.16).

Al1l. Relative activities of FabD and AcpP mutants. To most accurately report the
effect of each mutation on FabD activity, each rate of transacylation reaction catalyzed by a
FabD variant, or with AcpP variant as substrate, or both, was normalized to the reaction rate
catalyzed by wt FabD with wt AcpP at the corresponding concentration of substrate for each
replicate. Therefore, the relative rate of wt holo-AcpP malonylation catalyzed by wt FabD is
set to 100 %. The final concentrations of all reagents were: 50 mM sodium phosphate pH 6.8,

0.5 mM TCEP, 1 mM EDTA, 2 mM a-ketoglutarate, 0.4 mM NAD", 0.4 mM TPP, 15
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mU/100 uL KDH, 0.025 mg mL~! BSA, 50 (1x Kwm) or 200 (4x Km) uM AcpP (wt or mutants),

50 or 200 pM malonyl-CoA (malCoA) and 0.02 nM FabD (wt or mutants).

A12. Preparation of C2-a-bromo-crypto-AcpP for analytical crosslinking
efficiency assays. apo-AcpP (1.5 mg/mL) was treated with CoaA (0.20 mg/mL), CoaD (0.20
mg/mL), CoaE (0.20 mg/mL), Sfp (0.10 mg/mL), and C2-a-bromo-pantetheine (1) (1.0 mM)
in 50 mM Tris, pH 8.0 containing NaCl (50 mM), MgCl, (25 mM), ATP (30 mM), TCEP
(1.0 mM), and TritonX (0.02%) at 37 °C until no apo-AcpP remained, as determined by 20%
urea-PAGE (~22 h). The resulting crypto-AcpP was purified by size-exclusion
chromatography on a Superdex 75 pg (S75) column in 50 mM Tris, pH 7.4, 150 mM NacCl,

0.5 mM TCEP, and 10% glycerol.

A13. Analytical crosslinking assays. 5 uM FabD S92C (or 5 uM FabD S92C
interface mutant) and 25 pM C2-a-bromo-crypto-AcpP were incubated in 50 mM Tris, pH
8.0 containing 0.5 mM TCEP for 26 h at 37 °C. Negative control reactions were performed
simultaneously with FabD S92C (or FabD S92C interface mutant) in the absence of AcpP.
Positive control reactions were performed with 5 uM FabF and 25 pM C2-a-bromo-crypto-
AcpP. Reactions were quenched with 5x SDS loading buffer, heated at 95 °C for 5 min, and
subjected to 12% SDS-PAGE, 160 V, 1 h. Gels were stained with Coomassie Brilliant Blue
and scanned at 600 dpi using and EPSON Perfection V19 scanner. Coomassie staining was
measured using Image Studio Lite Version 5.2 (Li-Cor Biosciences). Crosslinking
efficiencies were calculated by dividing the intensity of the AcpP-FabD crosslinked band by

the sum of the intensities of the AcpP-FabD crosslinked and FabD bands. Crosslinking
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efficiencies of each FabD S92C interface mutant were normalized to the crosslinking

efficiency of FabD S92C.

While crosslinking results indicate that nearly all of the interactions identified in the
AcpP-FabD structure are important for complex formation (Figure S4.10c), the kinetic
results demonstrate that the AcpP-FabD interface can tolerate variations. We believe this
difference can be explained by the relative rates of these two different reactions. The reported
keat values of FabD for holo-ACP transacylation range between 1500 and 2500 s™! (Figure
S4.16),°>3 while the crosslinking reaction between C2-a-bromo-crypto-AcpP and FabD
S92C requires several hours to form appreciable amounts of product (Figure S4.30). We
therefore conclude that the formation of crosslinked complex via Sn2 displacement of
bromine by the non-natural Cys92 residue relies more upon longer-lived PPIs than the native

transacylation reaction.

A14. Time-dependent crosslinking. 10 uM FabD S92C and 50 uM C2-a-bromo-
crypto-AcpP were incubated in PBS, pH 7.0 for 1-48 h at 37 °C. A control was performed
by incubating 10 uM FabD S92C with 50 uM apo-AcpP for 48 h. Reactions were quenched
with 5x SDS loading buffer, heated at 95 °C for 5 min, and subjected to 12% SDS-PAGE,

160 V, 1 h. Gels were visualized with Coomassie Brilliant Blue and scanned.

B. Synthetic Protocols

B1. General synthetic methods. Chemical reagents were purchased from Acros,

Fluka, Sigma-Aldrich, or TCI. Deuterated NMR solvents were purchased from Cambridge
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Isotope Laboratories. When necessary, reactions were conducted with vigorously dried
anhydrous solvents that were obtained by passing through a solvent column exposed of
activated A2 alumina. Air and moisture-sensitive reactions were performed under positive
pressure of argon in flame-dried glassware sealed with septa and stirred with Teflon coated
stir bars using an IKAMAG TCT-basic mechanical stirrer (IKA GmbH). Analytical Thin
Layer Chromatograpy (TLC) was performed on Silica Gel 60 F254 precoated glass plates
(EM Sciences). Visualization was achieved with UV light and/or appropriate stain (I2 on SiO2,
KMnOs, bromocresol green, dinitrophenylhydrazine, ninhydrin, or ceric ammonium
molybdate). Flash column chromatography was carried out with Geduran Silica Gel 60 (40—
63 mesh) from EM Biosciences. Yield and characterization data correspond to isolated,
chromatographically, and spectroscopically homogeneous materials. 'H NMR spectra were
recorded on Varian Mercury 400, Varian Mercury Plus 400, or JEOL ECA500 spectrometers.
13C NMR spectra were recorded at 100 MHz on Varian Mercury 400 or Varian Mercury Plus
400 spectrometers, or at 125 MHz on a JEOL ECA500 spectrometer. Chemical shifts for 'H
NMR and '*C NMR analyses were referenced to the reported values of Gottlieb” using the
signal from the residual solvent for 'H spectra, or to the '3C signal from the deuterated solvent.
Chemical shift & values for the 'H and '3C spectra are reported in parts per millions (ppm)
relative to these referenced values, and multiplicities are abbreviated as s=singlet, d=doublet,
t=triplet, q-quartet, m=multiplet, b=broad. All *C NMR spectra were recorded with complete
proton decoupling. FID files were processed using MestreNova 10.0 (MestreLab Research).
Electrospray ionization (ESI) mass spectrometric analyses were preformed using a
ThermoFinnigan LCQ Deca spectrometer. Spectral data and procedures are provided for all

new compounds and copies of spectra have been provided.
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Scheme S1. Synthesis of C2-0-bromo-pantetheineamide D). EDC=1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide); DMAP=4-(dimethylamino)-pyridine; AcOH=acetic acid.

Ny

(4R)-N-(3-((2-aminoethyl)amino)-3-oxopropyl)-2-(4-methoxyphenyl)-5,5-dimethyl-1,3-
dioxane-4-carboxamide (S2). In a 10 mL pear-shaped flask, (4R)-N-(3-((2-
aminoethyl)amino)-3-oxopropyl)-2-(4-methoxyphenyl)-5,5-dimethyl-1,3-dioxane-4-

carboxamide S1%° (102.0 mg, 0.2688 mmol, 1.0 equiv.), bromoacetic acid (58.6 mg, 0.422
mmol, 1.6 equiv.), and 3 mL CH>Cl; were added. To the solution was added EDC*HCI (81.6
mg, 0.426 mmol, 1.6 equiv.) and DMAP (9.7 mg, 0.0794 mmol, 0.30 equiv.). After 21 h, the
reaction was dissolved in 100 mL CH>Cl» and washed with deionized water (10 mL). The
organic phase was dried over MgSQs, filtered, and concentrated by rotary evaporation.
Purification by silica flash chromatography (39:1 — 9:1 CH2Clo/MeOH) afforded S2 (81.6

mg, 60.7%) as a white solid.

TLC: R¢ 0.14 (19:1 CH,Cl/MeOH). '"H-NMR (500 MHz, CDCL): & 7.40 (d, J = 10.8 Hz,
2H), 7.06-6.99 (m, 2H), 6.88 (d, J = 8.8 Hz, 1H), 5.43 (s, 1H), 4.04 (s, 1H), 3.94 (s, 1H),
3.78 (s, 3H), 3.75 (s, 1H), 3.70-3.59 (m, 2H), 3.49 (s, 2H), 3.32 (s, 4H), 2.46-2.34 (m, 2H),
1.05 (d, J = 12.2 Hz, 6H).*C-NMR (125 MHz, CDCL): & 172.17, 169.79, 167.17, 160.33,
130.17, 127.63, 113.81, 101.42, 83.91, 78.48, 55.44, 42.59, 40.45,39.23, 36.11, 35.16, 33.15,
28.92, 21.94, 19.22. HR-ESI-MS m/z caled. [C2iH30BrNsOeNa]": 522.1210, found

522.1206.
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(R)-N-(3-((2-(2-bromoacetamido)ethyl)amino)-3-oxopropyl)-2,4-dihydroxy-3,3-
dimethylbutanamide (C2-a-bromo-pantetheineamide, 1). In a 20 mL vial, S2 (81.6 mg,
0.163 mmol, 1.0 equiv.) and1.0 mL 4:1 AcOH/H>0O were added. After 7 h, the mixture was
concentrated by rotary evaporation, then azeotroped from cyclohexane (5x10 mL) and
benzene (3x10 mL). Purification by silica flash chromatography (19:1 — 3:1 CH2Clo/MeOH)
afforded 1 (47.0 mg, 75.4%) as a clear oil. Analytical data were consistent with previous
reports.>’

TLC: Rr0.22 (9:1 CH,Cl,/MeOH). 'H-NMR (400 MHz, CD30D): § 4.06 (s, 2H), 3.87 (d, J
= 16.4 Hz, 2H), 3.54-3.42 (m, 4H), 3.42-3.28 (m, 5H), 2.42 (t, J/=6.6 Hz, 2H), 0.91 (s,
6H).3C-NMR (100 MHz, CD;0D): & 174.87, 173.09, 168.50, 76.20, 69.11, 42.04, 39.37,
39.19, 38.60, 35.44, 35.23, 20.28, 19.68. HR-ESI-MS m/z calcd. [Ci3H24BrN3OsNa]*:

404.0792, found 404.0793.

C. Molecular Dynamics Simulations Protocols

C1. Structure preparation. As shown in Table 4.3, a total of 17 systems were
subjected to computer simulations. For simulation work, the coordinates of the wildtype and
mutant apo-FabD, malonyl-CoA<FabD, and malonyl-AcpP+FabD structures were generated
using x-ray crystal structures of apo-FabD (PDB ID: IMLA, 2G1H)*%8! malonyl-CoA-bound
FabD (PDB ID: 2G2Z7)*, and the crosslinked AcpP-FabD (reported herein), respectively.
Mutants of the enzymes and enzyme complexes were generated using Pymol v.2.3%
(https://pymol.org/2/support.html) and Schrodinger’s Protein Preparation Wizard®?84

(https://www.schrodinger.com/protein-preparation-wizard3>-#¢) and
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https://www.schrodinger.com/prime were used to add missing C-, N-terminal residues and
missing side chains not resolvable from the experimental density, and hydrogen atoms were
added all heavy atoms to cap all open valences. To predict the protonation states of the
titratable residues in each structure assuming a pH of 7.4, and to optimize the orientation, all
waters resolved crystallographically. Note that in the preparation of all protein structures the
active site S92C mutation of the FabD was “reversed” in order to restore the active site serine

found in the wildtype enzyme. Histidine protonation states were inspected by hand.

C2. Simulation preparation. TLEAP (https://ambermd.org/CiteAmber.php) were
used to generate AMBER (ff14SB/GAFF2) topology and the parameters files for the
simulation cell of all 17 systems of interest. Parameterization of the malonyl-CoA and
malonyl-AcpP’s nonstandard residue was performed using ANTECHAMBER and GAFF2
force field (https://ambermd.org/CiteAmber.php).8”-%8 Subsequently topology and parameter
files were prepared using TLEAP. TLEAP was used to prepare the simulation cell/ All
simulation cells were prepared using TIP3P water molecules®® to generate isometric cell to
ensure that the cell walls are 10 A away from the closet portion of the coordinates derived
from experimental data in either data. The restrained electrostatic potential (RESP) method*®
was used to determined partial atomic charges for the ANTECHAMBER parameterization
of the malonyl-containing nonstandard residue.®” The potential was computed at the HF/6-

31G(d) level of theory using Gaussian 09 (https://gaussian.com/g09citation/).

C3. Simulation methodology. Simulations were performed using GPU-accelerated

Amber 2016 and Amber 2018 (https://ambermd.org/CiteAmber.php).”’*? A 2 fs time-step
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was utilized via the SHAKE algorithm, which constrains all nonpolar bonds involving
hydrogen atoms.”* Long-range electrostatic interactions were treated using the Particle Mesh
Ewald (PME) method with a 10 A cutoff for all non-bonded interactions.’* Both solvated
protein complexes were energy minimized in a two-step fashion. In a first step, solvent
molecules and counterions were allowed to relax, while all protein atoms were restrained
using a harmonic potential (k = 500 kcal mol~' A~2). This geometry optimization was
followed by an unrestrained energy minimization of the entire system. The thermal energy
available at a physiological temperature of 310 K was slowly added to each system over the
course of a 2 ns NVT ensemble simulation. The solvated complexes were then subjected to
unbiased isobaric-isothermal (NPT) simulations for 10 ns in order to equilibrate the heated
structures. Three independent 512 ns production MD (NPT ensemble) of each system were
performed with different initial velocities. For both NVT and NPT simulations, the Langevin
thermostat (A = 5.0 ps™') was used to maintain temperature control.”>°7 Pressure regulation
in NPT simulations (target pressure of 1 atm) was achieved by isotropic position scaling of
the simulation cell volume using a Berendsen barostat.”® Coordinate data was written to disk

every 10 ps.

C4. Analysis and visualization of simulation data: Analysis was performed using
CPPTRAJ,” PYTRAJ, a Python front-end for the CPPTRAJ analysis code (https://amber-
md.github.io/pytraj/latest/overview.html#citations). Trajectories were visualized using
NGLview!%-192 and Pymol v2.3 (https://gaussian.com/g09citation/). All data was plotted

using matplotlib library of Python.

257



The process of modifying the experimental structure through structure and simulation
preparation modifies its geometry such that there is a modest difference between the
experiment and initial coordinates (for simulation). Furthermore, because the crosslinker
used to trap the experimental AcpP-FabD complex was replaced with malonyl moiety in the
structures prepared for simulation, some analysis including native contact analyses were

performed using the initial coordinates instead of the experimental ones.
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Figure S4.1: Reaction catalyzed by FabD (adapted from references *%>1%). a) FabD active site residues. b)
FabD-catalyzed incorporation of malonyl-CoA occurs via a ping—pong bi-bi mechanism involving the
malonylation of FabD catalytic serine (Ser92) in the first step. ¢) The tetrahedral intermediate is stabilized by
an oxyanion hole formed with the backbone amides from Glnl1 and Leu93. d) The acyl-FabD intermediate is
then subject to a nucleophilic attack by the thiol of the phosphopantetheine arm of holo-AcpP, e) which results
in the formation of malonyl-AcpP.
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Figure S4.2: Chemoenzymatic modification of apo-AcpP with C2-a-bromo-pantetheine (1) and subsequent
FabD S92C crosslinking. apo-ACP is modified with 1 to form crypto-1-ACP, followed by nucleophilic attack
by the active site cysteine from the MAT to form crosslinked ACP-MAT complex. In situ conversion of
pantetheine analog 1 is converted into a coenzyme A analog using pantothenate kinase (PanK), 4'-
phosphopantetheine adenyltransferase (PPAT), and dephospho-coenzymeA kinase (DPCK), followed by B.
subtilis phosphopantetheinyl transferase (PPTase)-catalyzed loading of phosphopantetheine analog onto apo-
ACP.
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Figure S4.3: Stereo images of AcpP-FabD electron density map. Stereo images of 2Fo-Fc electron density
maps for AcpP-FabD complex (PDB ID: 6U0J) contoured at 1.0 ¢ and rendered using a carve radius of 1.6 A.
Beta sheets shown (from left to right) consist of residues Gln3-Val7, Glu270-Glu274, and Thr293-Ala296.
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A A
Figure S4.4: Electron density maps of PPant crosslinker. a) 2Fo-Fc electron density map show density for the

PPant crosslinker (PDB ID: 6U0J) contoured at 1.0 ¢ and rendered using a carve radius of 1.6 A. b) A 2mFo-
dFc composite ‘iterative build” OMIT105 electron density map showing unbiased density for the PPant
crosslinker contoured at 1.0 ¢ and rendered using a carve radius of 1.6 A. Composite OMIT maps were
calculated using PHENIX’s composite omit map function with simulated annealing (torsion angle) performed
in between each iteration. ¢) Fo-Fc polder omit map calculated by omitting PPant crosslinker and bulk solvent
from the region defined by a 5 A solvent exclusion radius. The Fo-Fc polder map is contoured at 3.0 ¢ and
rendered using a carve radius of 1.6 A. d) Standard Fo-Fc omit map (no bulk solvent exclusion from omitted
region) contoured at 3.0 ¢ and rendered using a carve radius of 1.6 A.
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Figure S4.5: Comparison of AcpP-FabD and malonyl-CoA-bound FabD active site interactions. a) Active site
of FabD from AcpP-FabD structure (PDB ID: 6U0J) highlighting interactions between the acetamide portion
of the PPant crosslinking probe (carbon colored cyan) and the bound sulfate ion in the active site. The acetamide
carbonyl group is found rotated away from the oxyanion hole and instead engages in hydrogen-bonding
interactions with Asn160 and His202. The oxyanion hole, formed by backbone amides of GInl1 and Leu93, is
shown as red transparent circle with a dotted outline. Residues from the FL subdomain have light-orange
colored carbon atoms and residues from the ABH subdomain have salmon colored carbon atoms. b) Active site
of FabD from malonyl-CoA-bound FabD (PDB ID: 2G2Z) showing the carbonyl group of bound malonyl-
Ser92 coordinated in the active site oxyanion hole and bidentate salt-bridge interaction between the carboxylate
of malonyl-Ser92 with Argl17. The bound hydrolyzed CoA moiety (carbon colored green) is also shown in the
active site. Important interactions within a hydrogen bonding distance cutoff of 3.5 A are shown by dotted lines.
Residues from the FL subdomain have orange colored carbon atoms and residues from the ABH subdomain
have salmon colored carbon atoms.
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Figure S4.6: Measurement of FL subdomain rigid body motions. Measurements (A) of the rigid body domain
motions of the FL subdomain with respect to the ABH subdomain in the apo-FabD (PDB ID: 1IMLA, dark
orange) and AcpP-FabD (PDB ID: 6U0J, light orange) structures (distance given in A). The malonyl-CoA-
bound FabD complex (PDB ID: 2G2Z, orange) is also displayed for consistency with the main text figures.
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Figure S4.7: Interaction networks formed between FL and ABH subdomains in AcpP-FabD structure. Rigid
body subdomain motion of the FL subdomain results in new contacts formed between the ABH and FL
subdomain in the AcpP-FabD structure (PDB ID: 6U0J). Residues along the f4-loop form a new network of
contacts and important interactions within a hydrogen bonding distance cutoff of 3.5 A are shown by dotted
lines. Residues from the FL subdomain have light-orange colored carbon atoms and residues from the ABH
subdomain have salmon colored carbon atoms. The PPant arm is shown crosslinked to the active site Cys92
residue and carbons are colored cyan.
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Figure S4.8: AcpP Interactome. Structural comparison of the E. coli a) AcpP-FabD (PDB ID: 6U0J), b) AcpP-
FabF (PDB ID: 60KG) ¢) AcpP-FabA (PDB ID: 4KEH), and d) AcpP-FabZ dimer (PDB ID: 6N3P) crosslinked
complexes, depicting the overall structural architecture (left), electrostatic potential (ESP) maps of the partner
protein and AcpP monomers (middle), and apo-AcpP structure (PDB ID: 1T8K), illustrating contacts that each
partner protein makes with the AcpP (right), with the phosphopantetheinylation site (Ser36) depicted in blue.
In all cases, the ESP is mapped onto the solvent-excluded surface (Connolly surface) of the partner protein and
AcpP monomers using a blue to white to red color scheme spanning from —10.0 kTe™! to +10.0 kTe™!. Note that
AcpP-FabZ structure is a hexamer consisting of three dimers. Here, one of those dimers is depicted in panel d.
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Figure S4.9: Overall topology of AcpP in the AcpP-FabD structure (PDB ID: 6U0J). AcpP forms contacts
with FabD through a small helix in loop 1 (al’) and the N-terminal region of helix II (a2). The loop 1 region is
colored aquamarine.
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Figure S4.10: Validation of FabD-AcpP interface via mutagenesis and crosslinking. a) Sequence alignment of
MATs from type II FAS (top) and type II eukaryotic mitochondrial MATs (bottom). The catalytic serine of
FabD, part of the highly conserved GHSxG motif in ATs active site, is denoted by a red circle. Residues that
were mutated for crosslinking and kinetics studies are denoted by asterisks. Residues are colored based on
sequence identity (threshold set at 70%). b) SDS-PAGE analysis depicting crosslinking between 5 uM FabD
S92C interface mutants and 25 pM C2-a-bromo-crypto-AcpP in 50 mM Tris, pH 8.0 containing 0.5 mM TCEP
at 37 °C for 26 h. ¢) Semi-quantitative densitometric analysis of SDS-PAGE data, showcasing FabD interface
residues from region 1 (crimson), region 2 (red), and region 3 (orange). The mutants were subjected to a
crosslinking assay using C2-o-bromo-crypto-AcpP and all reported data were normalized to FabD S92C
crosslinking efficiency. Data is reported as the mean + standard deviation from 4 replicates. Statistical
significance was compared using one-way ANOVA and Dunnett’s multiple comparison test. ***p<0.001.
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Figure S4.11: Purified FabD S92C interface mutants for crosslinking validation. Coomassie-stained 12% SDS-
PAGE gel of FabD S92C interface mutants and C2-a-Br-pantetheinamide-AcpP.
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Figure S4.12: ACP-AT electrostatic potentials (ESP) maps of ACP-AT complexes and respective monomers.
a) AcpP-FabD (PDB ID: 6U0J), b) DSZS ACP1-DSZS AT (PDB ID: 5ZK4), ¢) VinL-VinK (PDB ID: 5CZD).
In all cases, the ESP are mapped onto the “Connelly” surfaces of the AT and ACP monomers using a blue to
white to red color range, spanning from +10.0 kTee—1 to —10.0 kTee—1. The entrance of the AT active site is
indicated by the yellow box.
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Figure S4.13: Interfaces residues of trans-ATs compared to FabD. a) AcpP-FabD (PDB ID: 6U0J) overlaid
with DSZS ACP1-DSZS AT (PDB ID: 5ZK4). b) AcpP-FabD overlaid with VinL-VinK (PDB ID: 5CZD).
Only AT interface residues are shown for clarity. Interface residues from the trans-ATs (grey) and from FabD
(colored) are shown in bold and in italic, respectively.
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Figure S4.14: FabD continuous coupled assay using o-ketoglutarate dehydrogenase (KDH). a) KDH is a
nicotinamide adenine dinucleotide (NAD+)- and thiamine pyrophosphate- (TPP) dependent enzyme which
reacts with the free coenzyme A (CoA) generated by FabD. b) This reaction is accompanied with a reduction
of NAD+ to NADH which can be monitored by fluorescence. ¢) NADH calibration curve (each point was
repeated in triplicate).
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Figure S4.15: SDS Page Gels of FabD and AcpP a) Coomassie-stained SDS-PAGE gels (15 % acrylamide,
170 V, 60 min) of FabD wt and mutants (1): FabD wt (1), K279E (2), R287A (3), R287E (4), R287K (5), S295A
(6), K279A (7), K286A (8), L192A (9), K189A (10), K189E (11), R190A (12), K189A R190A (13), K286A
R287A (14), and of AcpP wt and mutants (2): AcpP wt (1), E30A (2), D38A (3), E41A (4). b) Coomassie-
stained urea-PAGE gels (20 % acrylamide, 170 V, 90 min) of AcpP wt and mutants. AcpP is expressed in both
apo and holo form (left lane) and is fully converted to its holo form after reaction with Sfp (right lane).
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Figure S4.16: Michaelis-Menten curves of FabD wt. a) The concentration of holo-AcpP is kept constant (200
UM or 4 x KM(AcpP)) to determine KM(malCoA). b) The concentration of malCoA is kept constant (200 uM
or > 4x KM(malCoA)) to determine KM(AcpP). Each reaction was run in biological triplicate and the error
bars indicate the standard deviation on the mean of the three measurements.
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Figure S4.17: C, root mean square analysis (RMSD) in Angstroms (4) of the simulations of wildtype (wt) apo-
FabD and five FabD mutants. Analysis was performed on 3 independent 524 ns molecular dynamics (MD)

simulations. Each plot is labeled to indicate the FabD system analyzed. The RMSDs of the entire FabD domain

(left, blue curves), the ABH (large) subdomain (center, red curves), and FL (small) subdomain (right, orange

curves) of FabD simulations.
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Figure S4.18: C, root mean square analysis (RMSD) in Angstroms (4) of the simulations of wildtype (wt) FabD
and apo-FabD bound with malonyl-CoA performed using ff14SB/GAFF?2 force field parameter. Analysis was
performed on 3 independent 524 ns molecular dynamics (MD) simulations. Each plot is labeled to indicate the
FabD system analyzed. The RMSDs of the entire FabD domain (left, blue curves), the ABH (large) subdomain
(center, red curves), and FL (small) subdomain (right, orange curves) of FabD. Analysis was performed on 3
independent 524 ns molecular dynamics (MD) simulations. Each plot is labeled to indicate the FabD system
analyzed and show the change in protein RMSD over the course of each 524 ns simulation (shown in a blue,

red, or orange hue).
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Figure S4.19: C, root mean square analysis (RMSD) in Angstroms (4) of the simulations of malonyl-AcpP-
bound wildtype (wt) FabD and apo-FabD. Analysis was performed on 3 independent 524 ns molecular
dynamics (MD) simulations. Each plot is labeled to indicate the FabD system analyzed. The RMSDs of the
entire FabD domain (left, blue curves), the ABH (large) subdomain (center, red curves), and FL (small)
subdomain (right, orange curves) of FabD. Analysis was performed on 3 independent 524 ns molecular
dynamics (MD) simulations. Each plot is labeled to indicate the FabD system analyzed and show the change in
protein RMSD over the course of each 524 ns simulation (shown in a blue, red, or orange hue).
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Figure S4.20: Heavy atom root mean square deviation analysis (RMSD) in Angstroms (4) of the malonyl-CoA
substrate of the wt and mutant malonyl-CoA*FabD complexes. Analysis was performed on 3 independent 524
ns molecular dynamics (MD) simulations. Each plot is labeled to indicate the FabD system analyzed. The
nonstandard MPS residues includes the conserved Ser36 of AcpP, the phosphopantetheine prosthetic arm, and
the ligated malonyl moiety.
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Figure S4.21: Heavy atom root mean square analysis (RMSD) in Angstroms () of the wt and mutant malonyl-
AcpPeFabD complexes. Analysis was performed on 3 independent 524 ns molecular dynamics (MD)
simulations. Each plot is labeled to indicate the malonyl-AcpP+FabD system analyzed. The RMSDs of the entire
AcpP+FabD complex (left, blue curves), the AcpP monomer (center, red curves), and nonstandard residue (right,
orange curves). Each plot is labeled to indicate the FabD system analyzed and show the change in protein
RMSD over the course of each 524 ns simulation (shown in a blue, red, or orange hue). The nonstandard MPS
residues includes the conserved Ser36 of AcpP, the phosphopantetheine prosthetic arm, and the ligated malonyl
moiety. Simulation data was superimposed over entire AcpP*FabD complex.
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Figure S4.22: C, root mean square analysis (RMSD) in Angstroms (4) of the simulations of wildtype (wt) apo-
FabD*(apo-FabD derived from malonyl-AcpP*FabD) and apo-FabD**(apo-FabD derived from malonyl-
CoA<FabD). Analysis was performed on 3 independent 524 ns molecular dynamics (MD) simulations. Each
plot is labeled to indicate the FabD system analyzed. The RMSDs of the entire FabD domain (left, blue curves),
the ABH (large) subdomain (center, red curves), and FL (small) subdomain (right, orange curves) of FabD.
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Figure S4.23: Root mean square fluctuations (RMSFs) of each residue of FabD of the variants of the apo-
FabD, malonyl-CoA*FabD, and malonyl-AcpP*FabD systems subjected to MD simulation. The blue curve
shows the RMS fluctuations of the backbone — measured using backbone heavy (non-hydrogenic) atoms — of
each residue, whereas the orange curve shows the RMS fluctuation of sidechains measured using each residue’s
sidechain heavy (non-hydrogen) atoms. Coordinate data was superimposed overall all backbone atoms.
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Figure S4.24: Root mean square fluctuations (RMSFs) of each residue of FabD of the variants of the apo-
FabD, malonyl-CoA*FabD, and malonyl-AcpP*FabD systems subjected to MD simulation. The blue curve
shows the RMS fluctuations of the backbone — measured using backbone heavy (non-hydrogenic) atoms — of
each residue, whereas the orange curve shows the RMS fluctuation of sidechains measured using each residue’s
sidechain heavy (non-hydrogen) atoms. Coordinate data was superimposed overall backbone atoms of the FabD
components of each system.
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Figure S4.25: Distribution of distances between key active site residues sampled throughout the course of MD
simulations of malonyl-AcpP*FabD variants. From left to right the distribution of distances between Ser92 and
His201 (measured in two different ways in the 1% and 2™ columns), Ser92 and Argl17, and His201 and Arg
117 (from left to right). The distances between Ser92 and His201 were measured as distance between Oy of
Ser92 and His92’s Ne2 (1% column) or as the distance between Oy of Ser and the center of geometry of His201’s
imidazole ring. The Ser92-Argl17 is measured between Oy of Ser and the center of geometry of Argl17’s
guanidinium moiety. Lastly, the distance between His201 and Argl17 is determined the centers of geometry of
the imidazole and guanidinium moiety of His201 and Argy117, respectively. The dotted vertical line indicates
the average distance. Distances are measured in A. 1D histograms was generated using a bin width of 0.25 A.
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Figure S4.26: Distribution of distances between key active site residues and malonyl portion of malonyl-AcpP
sampled throughout the course of MD simulations of malonyl-AcpP*FabD variants. From left to right, the
distribution of distances between the backbone amide or GInl1 and the carbonyl oxygen of the thioester group
of malonyl-CoA, the distribution of distances between the backbone amide or Leu93 and the carbonyl oxygen
of the thioester group of malonyl-CoA, the distribution of distances of Ser92’s Oy and the carbonyl carbon of
thioester, the distribution of distances of Argll7, and the centers of geometry of a-carboxylate moiety of
malonyl-CoA and Argl17’s guanidinium function. The dotted vertical line indicates the average distance.
Distances are measured in A. 1D histograms was generated using a bin width of 0.25 A.
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Figure S4.27: Distribution of distances between key active site residues sampled throughout the course of MD
simulations of apo-FabD variants. From left to right the distribution of distances between Ser92 and His201
(measured in two different ways in the 1% and 2™ columns), Ser92 and Argl117, and His201 and Arg 117 (from
left to right). The distances between Ser92 and His201 were measured as distance between Oy of Ser92 and
His92’s Ne2 (1% column) or as the distance between Oy of Ser and the center of geometry of His201’s imidazole
ring. The Ser92-Argl17 is measured between Oy of Ser and the center of geometry of Argl17’s guanidinium
moiety. Lastly, the distance between His201 and Argl17 is determined the centers of geometry of the imidazole
and guanidinium moiety of His201 and Argyl17, respectively. The dotted vertical line indicates the average
distance. Distances are measured in A. 1D histograms was generated using a bin width of 0.25 A.
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Figure S4.28: Distribution of distances between key active site residues sampled throughout the course of MD
simulations of malonyl-CoA*FabD variants. From left to right the distribution of distances between Ser92 and
His201 (measured in two different ways in the 1% and 2™ columns), Ser92 and Argl17, and His201 and Arg
117 (from left to right). The distances between Ser92 and His201 were measured as distance between Oy of
Ser92 and His92’s Ne2 (1% column) or as the distance between Oy of Ser and the center of geometry of His201’s
imidazole ring. The Ser92-Argl17 is measured between Oy of Ser and the center of geometry of Argl17’s
guanidinium moiety. Lastly, the distance between His201 and Argl17 is determined the centers of geometry of
the imidazole and guanidinium moiety of His201 and Argy117, respectively. The dotted vertical line indicates
the average distance. Distances are measured in A. 1D histograms was generated using a bin width of 0.25 A.
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Figure S4.29: Distribution of distances between key active site residues and malonyl portion of malonyl-AcpP
sampled throughout the course of MD simulations of malonyl-CoA*FabD variants. From left to right, the
distribution of distances between the backbone amide or GInl1 and the carbonyl oxygen of the thioester group
of malonyl-CoA, the distribution of distances between the backbone amide or Leu93 and the carbonyl oxygen
of the thioester group of malonyl-CoA, the distribution of distances of Ser92’s Oy and the carbonyl carbon of
thioester, the distribution of distances of Argll7, and the centers of geometry of a-carboxylate moiety of
malonyl-CoA and Argl17’s guanidinium function. The dotted vertical line indicates the average distance.
Distances are measured in A. 1D histograms was generated using a bin width of 0.25 A.
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Figure S4.30: Time-dependent C2o-bromo-crypto-AcpP-FabD S92C crosslinking. SDS-PAGE analysis
depicting crosslinking between 10 uM FabD S92C and 50 uM C2-a-bromo-crypto-AcpP in PBS, pH 7.0 at 37
°C for 1-48 h. The lane denoted as Ctrl is a control reaction between 10 pM FabD and 20 pM apo-AcpP.
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Table S4.1: Table 1 X-ray crystallography data collection and refinement statistics

Primer name

Primer sequence

Complex C2AcpP-FabD

Wavelength 1

Resolution range 44,73 -1.9 (1.968 - 1.9)

Space group C121

Unit cell 73.15 56.846 99.874 90 97.838 90

Total reflections

231636 (22001)

Unique reflections

32206 (3205)

Multiplicity 7.2 (6.9)
Completeness (%) 99.87 (99.78)
Mean I/sigma(l) 7.16 (1.53)
Wilson B-factor 15.77

R-merge 0.286 (1.691)
R-meas 0.335 (1.997)
R-pim 0.173 (1.053)
CC1/2 0.987 (0.468)
ccCr 0.997 (0.805)
Reflections used in

refinement 32190 (3203)
Reflections used for R-free 1704 (170)
R-work 0.1846(0.3373)
R-free 0.2213 (0.3647)
CC(work) 0.959 (0.758)
CC(free) 0.963 (0.712)

Number of non-hydrogen

atoms 3281
macromolecules 2874
ligands 57
solvent 350
Protein residues 385
RMS(bonds) 0.008
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Table S4.2: Molecular weight of FabD and holo-AcpP variants. The molecular weight of each protein
(MWmea) was determined by LC ESI-TOF MS (Agilent 6230). The expected molecular weight of holo-AcpPs
(MWcalc) have been calculated considering the His6-tag cleavage and the installation of the PPant arm on
AcpP’s catalytic Ser36.

FabD MW_aic (Da) MWea (Da) AMW (Da)
WT 34449.33 34449.00 0.33
K189A 34392.23 34391.70 0.53
K189E 34450.27 34449.90 0.37
R190A 34364.22 34364.20 0.02
L192A 34407.25 34407.20 0.05
K279A 34392.23 34392.20 0.03
K279E 34450.27 34450.00 0.27
K286A 34392.23 34391.80 0.43
R287A 34364.22 34364.00 0.22
R287E 34422.25 34421.80 0.45
R287K 34421.31 34421.20 0.11
K189A R190A 34307.12 34307.10 0.02
K286A R287A 34307.12 34306.50 0.62

holo-AcpP MWoeaic (Da) MWmea (Da) AMW (Da)
WT 9392.33 9392.36 0.03
E30A 9334.30 9333.41 1.11
D38A 9348.32 9347.39 0.93
E41A 9334.30 9333.35 0.95
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Table S4.3: FabD systems subjected to molecular dynamics simulations

System ff14SB/GAFF2
apo-FabD-1 Yes
apo-FabD-2 Yes

apo-K189A-FabD Yes
apo-K279A-FabD Yes
apo-K286A-FabD Yes
apo-R276A-FabD Yes
apo-S295A-FabD Yes
malonyl-CoA-wt FabD Yes
malonyl-CoA*K189A-FabD Yes
malonyl-CoA*K279A-FabD Yes
malonyl-CoA*K286A-FabD Yes
malonyl-CoA*R276A-FabD Yes
malonyl-CoA*S295A-FabD* Yes
malonyl-AcpP+FabD Yes
malonyl-AcpP+K189A-FabD Yes
malonyl-AcpP+-K279A-FabD Yes
malonyl-AcpP+-K286A-FabD Yes
malonyl-AcpP+R276A-FabD Yes
malonyl-AcpP+-S295A-FabD* Yes
(malonyl-CoA-+)FabD Yes
(malonyl-AcpP+)FabD Yes

*S295 was a residue initially selected for mutation but ultimately not investigated experimentally.
Nonetheless, MD simulations of the apo- and substrate-bound S295A-FabD systems were in
progress and provide a considerable amount of additional data (2.286 us). Because these data, in

principle, improves sampling it was included in our computational analysis.
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Table S4.4: PCR primers used in this study.

Primer name Primer sequence

LM_E30Af 5- CGT TGC GGA CCT GGG CGC GGATTC -3

LM_E30Ar 5- GTC CGC AAC GAA AGA AGC ATT GTT GGT AACTTC TTC CTG
CTT AAC GCC -¥

LM_E41Af 5- CGT TGC GCT GGT AAT GGC TCT GGA AGA AGA GTT TGA TAC
TGA GATTCC -3

LM_E41Ar 5’- CAG CGC AAC GGT GTC AAG AGA ATC CGC GC -3

LM_R287Kf 5- CGA AAAAAATTG TCG ACA CCC TGA CCG CCT CG -3

LM_R287Kr 5-CGACAATITTTT TCG TCA GGC CAGTAAGCACTTTGC C -3

LM_R287Af 5- CGA AAG CGATTG TCG ACACCCTGACCG CC -3

LM_R287Ar 5- ACA ATC GCT TTC GTC AGG CCA GTAAGC ACTTTG CC -3

LM_R287Ef 5- CGA AAG AAATTG TCG ACA CCC TGA CCG CCT CG -3

LM_R287Er 5- CGA CAATITCTT TCG TCA GGC CAGTAAGCACTTTGCC -3

LM_K279Af 5- GGC GCG GTG CTT ACT GGC CTG ACG AAAC-¥

LM_K279Ar 5’- ACC GCG CCC GGG CCG ACTTCATAG AGATGTTC -3

LM_K279Ef 5- GGG CGA AGT GCT TAC TGG CCT GAC GAAACG C -3

LM_K279Er 5- CACTTC GCC CGG GCC GAC TTC ATAGAG ATGTTC TAC G -3

LM_K286Af 5- CTG ACG GCG CGC ATT GTC GAC ACC CTG -3’

LM_K286Ar 5’- GAC AAT GCG CGC CGT CAG GCC AGT AAG CAC -3

LM_L192Af 5- CGC GGC GCC GTT ACC AGT GAG CGT AC-3

LM_L192Ar 5- GTA ACG GCG CCG CGC GTTTTG CG -3’

LM_K189Af 5- GCA GCACGC GCGCTGCCGTTACCAG-3

LM_K189Ar 5-GCG TGC TGC GCCCGCCGCTITACAG-3

LM_K189Ef 5- GCA GAACGC GCG CTG CCGTTACCAG-3

LM_K189Er 5-GCG TTC TGC GCC CGC CGC TTTACAG -3

LM_R190Af 5’- GCA AAA GCG GCG CTG CCG TTA CCA GTG AGC -&

LM_R190Ar 5-GCC GCTTTT GCG CCC GCC GCTTTACAG G -¥

LM_K189AR190Af | 5'- GCA GCA GCA GCG CTG CCGTTACCA GTG AG -3

LM_K189AR190Ar | 5- GCT GCT GCT GCG CCC GCC GCTTTAC -3

LM_K286AR287Af | 5'- ACG GCG GCG ATT GTC GAC ACC CTG ACC -3

LM_K286AR287Ar | 5- CGC CGC CGT CAG GCC AGT AAG CACTTT G -3’
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E. 'H and *C NMR Spectra

1H-NMR (500 MHz) of PMB-protected pantetheineamide S2 in CDCI3
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13C-NMR (125 MHz) of PMB-protected pantetheineamide S2 in CDCI3
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1H-NMR (400 MHz) of pantetheineamide 1 in CD30D
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13C-NMR (100 MHz) of pantetheineamide 1 in CD30D
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