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 Fatty acid biosynthesis is essential to life and represents one of the most 

conserved pathways in Nature, preserving the same handful of chemical reactions over 

all species. Recent interest in the molecular details of the de novo fatty acid synthase 

(FAS) has been heightened by demand for renewable fuels and the emergence of 

multidrug resistant bacterial strains. Central to FAS is the acyl carrier protein (ACP), a 

protein chaperone that shuttles the growing acyl chain between catalytic enzymes 

within the FAS. The interactions between ACP and catalytic partner enzymes are 
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transient in nature and extremely difficult to visualize. Human efforts to alter fatty 

acid biosynthesis for oil production, chemical feedstock or antimicrobial purposes has 

been met with limited success in part due to a lack of detailed molecular information 

behind the ACP-partner protein interactions inherent to the pathway. The toolbox 

available to modify ACP and study the intricacies of the FAS has grown in the past 

decade, specifically with AcpH technology to produce large quantities of apo-ACP 

and “one-pot” reaction protocols to modify apo-ACP with almost any substrate 

including fluorescent moieties, substrate mimics or inhibitors.  

 This dissertation focuses on the further expansion of the ACP modifying 

toolkit and applications of this toolkit. A mechanism-based crosslinking probe with a 

3-alkynyl-sulfone pantetheine scaffold was designed and synthesized to covalently 

tether the active site of dehydratase (DH) domains and ACP. Two different versions of 

this probe were applied to E. coli proteins to tether AcpP with both DHs, FabA and 

FabZ. The AcpP=FabA and AcpP=FabZ complex crystal structures were solved to 

1.9Å and 3.4Å respectively, and were the first two crystal structures of a native FAS 

system where the ACP was caught interacting with a partner protein. By analysis of 

the crystal structure, NMR studies, and mutagenesis studies, the mechanism of 

substrate translocation from the AcpP hydrophobic pocket to the FabA substrate 

pocket was elucidated. By applying varied chain length mechanism-based probes and 

a newly designed crosslinking assay, “positive-patch” residues on FabA and FabZ and 

“gate-keeping” residues at the front and back of the substrate binding tunnel were 



 

 
 

xxvi 

shown to be important for both protein-protein interactions and substrate chain length 

preference.  

 The enoyl reductase (ER) domain is the rate-limiting step in FAS and has long 

been of interest as an antibiotic target, but lacks detailed structural information. We 

have developed a non-covalent crosslinking probe for the first time based on a 

prototypical tight-binding inhibitor of ER (FabI in E. coli), triclosan. When appended 

to AcpP, the triclosan probe was shown to inhibit FabI in the µM range, pull FabI 

exlusively out of cell lysate, and have nm binding affinity, stabalizing the complex for 

future crystallography studies.  

 Finally, we utilized the acyl-acyl carrier protein synthetase (AasS) from V. 

harveyi to modify AcpP both in vitro and in vivo with unnatural cargo including azide, 

alkyne and phenyl moieties. This technology allows for facile access to unique ACPs 

with a natural thioester linkage to study ACP activity in the FAS. Applications also 

extend in vivo for chemical production or direct fluorescent imaging of FAS products 

in the cell. These new ACP modifying tools allow for the visualization of ACP and 

partner protein interactions that lend insight into how this elaborate assembly line 

functions. Additionally, these tools have broad applications in bioorthogonal labeling 

for imaging and synthetic biology applications. While significant unknowns remain, 

new understandings into the intricacies of FAS point to future advances in 

manipulating this complex molecular factory. 
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Chapter 1. Modern tools for modifying the acyl carrier protein to 

study fatty acid biosynthesis 

 

1.1 Overview of Fatty Acid Biosynthesis 

 The de novo fatty acid synthase (FAS) is ubiquitous in nature and critical for 

life. New technologies have emerged to coincide with renewed interest in FAS 

because of recent societal demands. One such demand is the sustainable production of 

hydrocarbon fuels and feedstocks, due to dwindling supplies of easily accessible fossil 

fuels. As the central metabolic foundry for hydrocarbon production in Nature, the FAS 

is seen by many as the first target for engineering diverse hydrocarbon production via 

synthetic biology. Another pressing concern is the need for new antibiotics, as the 

arms race against antibiotic resistance requires new drugs against linchpin targets. 

Enzymes within the FAS pathway offer untapped targets for future inhibitor 

development as fatty acids are essential for life yet humans and bacteria harbor 

different enzymatic machianry. Luckily, tools for interrogating and engineering the 

FAS have emerged in recent years to help address bottlenecks in our understanding. 

While significant work in the 20th century identified and investigated the proteins 

involved in FAS, only recently has it become possible, through structural biology 

combined with mechanistic probes and advanced kinetics, to interrogate discrete 

enzymes during productive interactions. This thesis will focus on a few such new tools 

and progress to date that will inform meaningful future developments. 
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 As a very well-studied system, much of the work in this doctoral work focuses 

on the Escherichia coli FAS. A thorough understanding of FASs will allow for new 

engineering and exploitation, and many of the tools discussed here should also prove 

useful in the study of FAS-related secondary metabolites from polyketide synthases 

(PKS).1-7  

 

Figure 1.1 Schematic diagram of the FAB cycle. ACP (acyl carrier protein), MCAT (malonyl-
CoA:ACP transacylase), KS (ketosynthase), KR (ketoreductase), DH (dehydratase), ER (enoyl 
reductase), TE (thioesterase) 
  

 Fatty acid biosynthesis (FAB) is an iterative series of enzyme reactions (Figure 

1) in which an acyl chain is extended by two carbon units with each cycle. Each cycle 

acts like a car assembly line, where each machine arm plays a certain, well-defined 
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and well-timed role in modifying the growing product. The growing product, in this 

case the acyl chain of a fatty acid, is tethered to a conveyer belt like protein that 

shuttles the cargo to each modifying machine in a specific order until subsequent 

release. The conveyer belt protein is the acyl carrier protein (ACP). Initiation occurs 

when an ACP is charged with a two-carbon starting unit by a transacylase. A 

ketosynthase (KS) elongates the chain by two carbons via decarboxylative addition 

using malonyl-ACP as a substrate. The resulting ketone is reduced to an (R)-alcohol 

by a ketoreductase (KR), which is then eliminated to a trans-alkene by a dehydratase 

(DH). A final reduction step by an enoyl reductase (ER) yields an elongated acyl 

chain, which can then be subjected to the same cycle again until the desired chain 

length is reached. Termination is achieved via chain release by either a thioesterase 

(TE) or chain transfer by an acyl transferase (AT) for incorporation into fats, lipids 

and other metabolites.   

 
Figure 1.2 (A) Comparison of domain organization in type I and type II FAS systems. (B) 
Nomenclature of E. coli FAB enzymes, listed underneath their domain activities.  
 

 FASs are classified into two categories, type I and type II (Figure 2A). Type I 

FAS systems use large, multidomain proteins arranged into a single complex such that 
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a tethered ACP can access all required active sites for iteration and synthesis. Type I 

FAS complexes are common in animals and fungi. For example, the fungal type I FAS 

is encoded by two genes that assemble as a α6β6 heterododecamer reaching 2.6 MDa 

(PDB: 2UVB, 2UVC).8 The mammalian type I FAS expresses as a single protein and 

assembles as a homodimer of 540 kDa (PDB: 2VZ8).9 

 In contrast, type II FASs employ many single domains expressed as discrete 

proteins in the cytosol. Type II FASs are common in bacteria and eukaryotic 

organelles, notably chloroplast and mitochondria. Large amounts of FAS proteins are 

observed in type II systems, with the central and well-characterized E. coli ACP 

(AcpP)10 comprising up to 0.25% of soluble protein during logarithmic growth.11  The 

ACP shuttles the growing chain through each step of the elongation cycle and must 

find the correct reaction partners in the crowded cytosol. This necessitates multiple, 

low affinity protein-protein interactions, involving over 30 partners once regulatory 

and other primary and secondary metabolic interactions are considered.12,13  

 

1.2 The Acyl Carrier Protein – Background on the Central FAS Protein 

 Due to ACP’s central position in FAB, consideration of ACP-partner protein 

interactions is a critical component of contemporary studies of FASs.  New tools to 

examine and modify ACPs have been developed to facilitate this over the past decade. 

Extension and application of this toolkit are the focus of this doctoral work.   
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Classically, ACPs are small (~9 kDa) α-helical proteins. When part of a type I 

megasynthase, the ACP domain is attached by flexible N- and C-terminal peptide 

linkers allowing it to sample reaction partners for FAB.14 Discrete type II ACPs must 

travel through the cytosol in bacteria to find reaction partners. The ACP is expressed 

as an inactive apo-ACP, which is known to be cytotoxic in E. coli.15 Activation by 

post-translational attachment of  4’-phosphopantetheine (PPant), which comes from 

high-energy CoenzymeA (CoA), to a conserved serine (Ser36 in E. coli) yields holo-

ACP. The enzyme that performs this post-translational modification is a 

phosphopantetheinyl transferase (PPTase). FAB occurs using thioester-linked 

intermediates attached to the terminal thiol of the PPant arm, forming acyl-ACP. 

Termination of FAS by TE or AT activity regenerates holo-ACP (Figure 3).  

 

Figure 1.3 In vivo FAB cycle. ACP is expressed in an inactive apo- form, which is modified in vivo by 
AcpS to load PPant and make holo-ACP. The thioester arm on Ppant is the point of acyl attachment 
throughout the enzyme modification steps in FAB. Release of the acyl chain by TE/AT regenerates 
holo-ACP. AasS alternative can make acyl-ACP from holo-ACP.  
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 Type II ACPs sequester the growing chain within a hydrophobic pocket 

formed in the core of the helical bundle which expands based on the acyl chain length 

(Figure 4).16 Sequestration has been proposed to shape ACP for subsequent protein-

protein interactions, define substrate length, and/or protect the labile thioester bond 

from hydrolytic cleavage.17,18 Recent work exploiting solvatochromic probes19 and 

vibrational probes20 appended to the Ppant arm of ACPs have allowed direct 

observation of both sequestered and non-sequestered microstates. Type I ACPs are not 

thought to sequester, as observed by a lack of structural perturbations by NMR of the 

excised ACP21 and solvatochromic probes.19 Other studies have revealed that the 

structure of the ACP is modulated by its acylation state, including gel shifts observed 

by conformationally sensitive polyacrylamide gel electrophoresis22,23 and resonance 

shifts observed by NMR.24,25  

 

Figure 1.4 Demonstration of chain flipping: at left is ACP sequestering a C7 chain (PDB:2FAD) and at 
right is an ACP from the crosslinked complex with DH (PDB:4KEH).  
  

 



 

 
 

7 

 Observation of sequestration poses several intriguing questions. Are ACP-

partner interactions stochastic, or does ACP communicate its cargo’s status? Some 

studies have suggested cargo-mediated minor changes to the orientation of helix III 

may be involved26, but the importance of these small structural changes has not yet 

been thoroughly validated. How does the ACP translocate the reactive chain to the 

partner protein? This process was originally named the “switchblade mechanism”,27 

but recently Cronan argued that “chain flipping” (Figure 4) may be a more accurate 

description, since no evidence of activated release of the acyl chain has been 

observed.28 Do structural changes to the ACP, when sequestering elongated 

intermediates, signal for TE or AT release of the fatty acid? Evidence has shown that a 

fully elongated acyl-ACP maintains a hairpin-like structure of the acyl chain29 that the 

TE may recognize. 

  

1.3 The Acyl Carrier Protein – Overview of the Current Toolkit 

 Generation of homogeneous apo-, holo-, acyl- and (unnatural cargo bearing) 

crypto-ACPs has been critical to recent studies. Many new strategies have been 

employed to manipulate the cargo attached to the ACP. Certain fatty acids can be 

directly ligated onto CoA using an acyl-CoA ligase.30 Once the acyl-CoA is prepared, 

addition of Sfp and apo-ACP generates acyl-ACP. The primary limitations of this 

approach is the need for pure apo-ACP and the requirement of an acyl-CoA ligase 

with activity for the desired fatty acid. To circumvent these limitations, the following 

technologies have been previously developed by the Burkart Lab: 
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(1) Generation of apo-ACP 

 In E. coli, the ratio of apo- to holo- ACP is thought to offer regulatory control 

of the FAS.15 The small protein ACP hydrolase/phosphodiesterase (AcpH) is 

responsible for cleaving 4’-PPant from holo-ACP to generate apo-ACP.31 Since its 

discovery in the 1960s, AcpH has been scarcely used in vitro due to its poor stability 

characteristics, although it was observed to be very active.32 In the past, a thiol-

sepharose resin had been principally used to separate holo-ACP away from apo-ACP 

through formation of a disulfide bond, but this method suffered from the loss of large 

quantities of protein and was only possible with proteins lacking surface cysteine 

residues.33 The use of a partially active AcpS mutant in E. coli has also been 

successfully leveraged for the overexpression of mostly apo-ACP.15 Recently, the 

Pseudomonas aeruginosa AcpH has been developed as a much more amenable 

alternative to generate apo-ACP by our lab.34 Both resin-attached and free protein 

techniques have been developed, allowing for the preparation of large quantities of 

apo-ACP and the recycling of high-value, isotopically enriched ACPs for NMR 

use.35,36 Reversible tagging has also allowed for quantitative “apo-fication” of holo- 

and crypto-ACPs, yielding homogenous apo-ACP for further modification (Figure 5). 
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Figure 1.5 Cycle of AcpH resin application. (Top left) ACP is usually expressed as a mixture of apo- 
and holo-. All holo-ACP can be converted to apo-ACP using AcpH appended to resin. Apo-ACP can 
then be modified with an unnatural substrate to form crypto-ACP. AcpH can also recognize this 
substrate, and hydrolyze the phosphodiester bond to regenerate apo-ACP, allowing for a continuous 
labeling loop with no loss of protein.  
 

(2) CoA analogs without need for limited acyl-CoA ligase 

 Interest in generating CoA analogs without using acyl-CoA ligase led to the 

development of a “one-pot” chemoenzymatic synthesis by our lab (Figure 6a).37,38 

Synthetically obtained pantetheine analogs39,40 can be converted to the corresponding 

CoA analogs by exploiting CoA biosynthesis through the use of a pantothenate kinase, 

phosphopantetheine adenylyl transferase and dephosphocoenzyme A kinase (CoaA, 

CoaD, and CoaE, respectively, in E. coli).41 Once prepared (isolated or in situ), the 
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CoA analog can be loaded onto apo-ACP by a PPTase (Figure 5). The AcpS (holo-

ACP synthase) type PPTase from E. coli shows very little promiscuity towards non-

target ACPs.42 In contrast, Sfp type PPTases are highly promiscuous and better suited 

for the “one-pot” reaction.43 Due to the inherent promiscuity shown by all of the “one-

pot” proteins, probes of varying size and functionality, including fluorescent 

molecules, intermediate analogs and activity-based warhead moieties, can be loaded 

onto the ACP for visualization, isolation, functional and structural studies. 

Additionally, pantetheine probes with an amide or oxoester linkage to replace the 

natural thioester linkage can be loaded onto apo-ACP as a means of preventing slow 

hydrolysis in solution.  
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Figure 1.6 (a) Demonstration of the “one-pot” reaction . A crosslinking probe with a C12-αBr warhead 
designed for the KS or TE domain and a pantetheine portion is converted into a CoenzymeA (CoA) 
derivative by enzymes CoaA, CoaD, and CoaE. This CoA analog is then loaded onto apo-ACP by Sfp 
to form crypto-ACP. (b) Crosslinking reaction covalently tethers crypto-ACP to a partner protein. 
 

 Due to their transient nature, ACP-partner protein interactions are difficult to 

directly observe. In an attempt to trap this interaction, we developed crosslinking 

probes by leveraging mechanism-based inhibitors incorporated into pantetheine 

analogs and attaching them to ACP with “one pot” methods. These mechanism-based 

crosslinkers covalently attach ACP with a partner protein and have been developed for 

KS,44,45 DH,46,47 and TE48,49 activities (Figure 6b), allowing for crystallographic and 

NMR studies of these complexes. The DH crosslinking probe(s) will be discussed in 

Section 1.4 and Chapters 2-4.  
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 While the mechanisms and activities of individual domains are largely now 

well understood, individual domain interactions with the ACP remains the next 

important step for studying the fundamentals of the FAS. Only once these 

fundamentals are understood can we explore engineering or targeting the FAS in an 

intelligent,  meaningful, and lasting way. The focus of Chapters 2-6 of this thesis look 

at the development of new tools to modify ACP to study partner protein interactions 

within the FAS, the products of the FAS, and how to manipualate the FAS as a 

synthetic biology tool and/or antibiotic target.  

 

1.4 Toolkit Expansion- The Acyl Carrier Protein and Dehydratase Domains 

(Chapters 2-4) 

Dehydratase Domain Background  

 The dehydration of (R)-3-hydroxyacyl-ACP to the enoyl moiety is performed 

by β-hydroxyacyl-ACP dehydratase via the elimination of water. The DH catalyzes 

syn elimination of the pro-2S hydrogen and (3R)-hydroxy group producing a trans 

product.50 In E. coli there are two DHs encoded by fabA and fabZ. Besides 

dehydration, FabA isomerizes trans-2-decenoyl-ACP into cis-3-decenoyl-ACP, which 

is the first reaction towards the synthesis of unsaturated fatty acids (Figure 7).51  

 

Figure 1.7 FabA and FabZ both catalyse the dehydration of (R)-3-hydroxyacyl-ACP to the enoyl 
moiety, but only FabA isomerizes trans-2-decenoyl-ACP. 
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Bacteria and anaerobes employ a dual DH system to achieve unsaturation, as seen 

with FabA in E. coli, whereas other organisms utilize desaturases to achieve 

unsaturation.52 The DH domain is a homodimer comprised of monomers with double-

hotdog topology in which α helixes are wrapped by β sheets. FabZ exists in a 

hexameric state. Both DHs have a catalytic diad, a conserved histidine from loop B 

and conserved glutamate (FabZ) or aspartate (FabA) from the N-terminal region of the 

central helix, each from a different subunit are responsible for dehydrating the acyl 

substrate, and are located about half way down the substrate binding tunnel.53-56  

 FabA and FabZ exhibit broad overlapping chain length specificities. The 

substrate preference for FabA is intermediate chain length acyl-ACPs centered on 10 

carbons. FabZ demonstrates preference for shorter chains yet also has low activity for 

16-carbon substrates. FabA does not participate in elongating unsaturated acyl-ACPs, 

so only FabZ is part of the unsaturated fatty acid arm of the pathway after FabA 

performs the initial isomerization.57 Insight into why these two enzymes have different 

substrate specificities had yet to be elucidated.  

  

FabA Crosslinking and X-ray Crystal Structure (Chapter 2) 

 The focus of this work was three-fold: (1) Visusalize the interaction between 

AcpP and FabA from E. coli, (2) start to gain insight into how the chain-flipping 

mechanism is mediated by ACP and partner proteins, and (3) elucidate the reason for 

divergent substrate preferences and isomerization capabilities of FabA and FabZ.  
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 A dehydratase-specific mechanistic crosslinking probe was designed and 

synthesized to covalently link FabA and AcpP and trap the transient interaction. The 

probe consists of a warhead region, to interact with the partner protein, a pantetheine 

region to be chemoenzymatically loaded onto AcpP, and a linker in between. The 

warhead utilizes a 3-alkynyl sulfone moeity, where the sulfone mimics the natural 

thioester, yet is safe from hydrolysis, and the whole probe mimics the known FabA 

suicide inhibitor, 3-decynoyl-N-acetylcysteamine. The warhead gets deprotonated and 

forms a reactive allene intermediate, which is attacked by the FabA active site His70, 

forming a covalent linkage. The warhead portion is also a 10-carbon mimic, which is 

the natural susbtrate preference of FabA (Figure 8). Subsequently, when loaded onto 

AcpP at the pantetheine portion, the 3-alkynyl sulfone probe was demonstrated to be 

fully sequestered by ACP, indicating that it mimics the hydrophobicity of the natural 

DH substrate.46-47 Crosslinking of AcpP and FabA using this probe was irreversible 

and could be monitored by SDS-PAGE, and the complex was stable and easily 

purified by size exclusion. Crystal trials with the untagged complex yielded a 

crosslinked crystal structure to 1.9Å (Figure 9).  
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Figure 1.8  (Top) Natural dehydration of β-hydroxyacyl-AcpP by FabA. (b) Crosslinking of AcpP and 
FabA using the 3-alkynyl-sulfone crosslinking probe to mimic the natural substrate. His70 forms a 
reactive allene intermediate, which is then again attacks to form a covalent bond.  

 

Figure 1.9 AcpP=FabA complex crystal structure, 1.9Å. 

  

 



 

 
 

16 

                  The AcpP-FabA complex crosslinked crystal structure, along with 

chemical shift perturbations from NMR titration experiments between either holo-

ACP or octanoyl-AcpP and FabA, were used to elucidate a four step mechanism by 

which FabA prompts the release of the sequestered acyl chain from AcpP for 

dehydration. First, a “positive patch” of EcFabA interacts with the PPant attached to 

Ser36 of AcpP, which is consistent with previous studies,27, 58-60  that show these 

charge complementary surfaces dictate protein-protein interactions. Secondly, Arg132 

and Lys161 of FabA form salt bridges with Glu41 and Glu47 of AcpP to anchor the 

complex. Thirdly, Arg136 and Arg137 of FabA interact with Ala59 and Glu60 of 

AcpP to pry away helix III. Finally, Leu138 and Val134 of FabA have hydrophobic 

interactions with Leu37 and Val40 from AcpP helix II to further stabilize the 

complex.61 Interestingly, one FabA pries apart the AcpP, facilitating acyl chain 

translocation into the cleft between the FabA monomers, but the other monomer 

presents the active-site histidine for crosslinking. These four events together stabilize 

AcpP in its open conformation so the acyl substrate can be released into the binding 

pocket of FabA. As this occurs, five hydrophobic pocket residues between helices II 

and III of AcpP move inward and collapse the substrate pocket. This provides 

experimental evidence for the previously proposed switchblade (or chain-flipping) 

mechanism.27,28 This was only the eighth published FAS ACP-partner protein X-ray 

crystal structure, and it was the first crosslinked protein crystal structure from a native 

FAS pathway demonstrating ACP trapped during interaction with a partner.  
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FabA Crosslinking Assay and Mutation Studies (Chapter 3) 

                We performed follow up mutational studies of 3 FabA regions of importance 

identified from the crystal structure: the “positive patch”, the substrate pocket, and the 

“gate-keeping” residues (Figure 10).  

 

Figure 1.10 (a) FabA mutants were generated in three areas of importance in FabA for AcpP protein-
protein interactions and substrate preference. (b) crypto-AcpP loaded with the DH crosslinking 3-
alkynyl-sulfone probe where n=1, 3, or 5 used in crosslinking assays between AcpP and FabA mutants.  
 

We synthesized 3 new crosslinking probes to mimic varying acyl chain lengths to 

probe the substrate prefence of FabA. All 4 probes are 3-alkynyl sulfone probes 

mimicking acyl chains rangins from 6-10 carbons as seen in Figure 10. Finally, we 

loaded these crosslinking probes onto AcpP, and monitored protein-protein 

interactions between AcpP and FabA as well as FabA substrate chain length 

preference via a crosslink assay we developed.  
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 We found that reversal of a “positive patch” residue to a negative residue 

drastically decreased crosslinking with AcpP with all 4 probes. Mutating larger active 

site residues into smaller residues and smaller residues into larger residues changed 

the substrate preference of FabA as expected. Finally, the gate-keeping residues 

Phe165 and Phe171 at the entrance to the active site were seen to be completely 

rotated or displaced in the crosslinked structure as compared to apo-EcFabA. When 

mutated to alanine residues, crosslinking with all probes was approximately 50% 

showing that FabA could no longer distinguish between the substrates it was give. We 

predicted the gate-keeping residues act as initial substrate selectors for FabA.62  

 

FabZ Crosslinking and X-ray Crystal Structure (Chapter 4) 

There is no current published crystal structure of E. coli FabZ, most likely 

attributed to the enzymes poor solubility and stability. This has been a major hurdle in 

trying to learn about the different activities of FabA and FabZ. We were able to 

stabilize FabZ for expression and purification through the use of a mOCR fusion 

protein. We hypothesized that AcpP, which is also largely acidic like mOCR, could 

also stabilize FabZ via crosslinking the two proteins. Since the FabZ harbors the same 

catalytic machinery as FabA, but has a substrate preference of 6 carbons rather than 10 

carbons, we attempted FabZ-mOCR and AcpP crosslinking with the DH6 probe. The 

two proteins crosslinked to near quantitative yield, and when the mOCR fusion was 

removed via TEV protease cleaveage, the FabZ remained stabilized by being 

crosslinked to AcpP. We were able to get the crosslinked crystal structure to 3.4Å, 
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where all 6 AcpPs are seen interaction with each monomer of the FabZ hexamer 

(Figure 11).   

 

Figure 1.11 AcpP=FabZ complex crystal structure, 3.4Å. 

 

We came to four major conlusions when analyzing the AcpP-FabZ structure in 

comparison to apo-FabZ from other organisms and in comparison to the AcpP-FabA 

structure. (1) AcpP interacts with both FabZ monomers having more percent surface 

area contact than the FabA structure, where AcpP reacts with only one FabA 

monomer. In both structures, the interface is defined by electrostatic and hydrophobic 

interactions. (2)  Active site entrance control by a gate-keeping residue is seen by 
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Tyr92 in the AcpP-FabZ structure, where Tyr92 is flipped into an open conformation 

in all 6 monomers. This is seen by Phe165 and Phe171 in AcpP-FabA, as well as 

Tyr100 in HpFabZ and Tyr88 in PaFabZ.63,64  (3) The end of the FabZ substrate 

binding tunnel is defined by a shorter N-terminal linker between the α1-β1 loop than 

FabA, which may explain the difference of substrate preference between FabA (10 

carbons) and FabZ (6 carbons). (4) Upon AcpP binding, Phe79, which blocks the back 

end of the active site tunnel in FabZ, rotates open and the active site takes on a U-

conformation that becomes ordered from residues 82-91. This is not seen in FabA, 

whose active site is long, narrow, and straight.  This longer hydrophobic cavity that 

becomes accessible upon AcpP binding explains the ability of FabZ to dehydrate 14 

and 16 carbon acyl chains. This was the only the second crosslinked protein crystal 

structure from a native FAS pathway demonstrating ACP trapped during interaction 

with a partner. 

 

 1.5 Toolkit Expansion- The Acyl Carrier Protein and Enoyl Reductase Domain 

(Chapter 5) 

 Enoyl-ACP reductase (ER) is a member of the short-chain dehydrogenase 

(SDR) family and performs the last step in each fatty acid biosynthetic cycle by 

reducing 2-enoyl-ACP to fatty acyl-ACP (Figure 7a).  In E. coli there is a single 

enoyl-ACP reductase, FabI, which is essential.65 Since the KR and DH activities that 

precede the ER are both reversible, FabI plays a determinant role in completing each 

elongation cycle and is thought to be the rate-limiting step.66 As such, ER has long 
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been a target of many anti-bacterials, but single point mutation drug resistance is 

forcing a need for new drug targets in the FAS. We feel the AcpP and ER interface 

could be a good drug target as interactions here are seen to be critical in the AcpP-

FabA structure. There is currently a co-crystal structure of AcpP and FabI, however, 

the absence of electron density for the AcpP makes the interface between the two 

proteins very poorly resolved.67 Similar to the dehydratase domain, we sought to 

expand our toolbox to the ER domain and design, synthesize and apply a crosslinking 

probe to study the AcpP and ER interaction.  

 

Figure 1.12 A triclosan probe and linker is covalently tethered to AcpP via a pantetheine portion 
(represented by green bar). (Left) crypto-AcpP with the triclosan probe was appended to a resin and was 
able to pull FabI out of crude lysate in a pull-down experiment as seen by the SDS-PAGE gel. (Right) 
crypto-AcpP with the triclosan probe and FabI have nm binding when measured by ITC, graph of 
corrected heat over time shown.  
 

The FabI mechanism of action is dependent on the NAD(P)H cofactor, not on active 

site residues directly interacting with the acyl substrate which challenged the deisgn of 

a crosslinking probe.68 Therefore, we proposed using triclosan as a warhead moiety. 

Triclosan is a tight-binding inhibitor of FabI, binding in the nm range,69 and we 

proposed that it may bind strongly enough when appended to AcpP to “crosslink” the 
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two proteins together for crystallography studies, even though non-covalent. We 

designed and synthesized a crosslinking probe with a triclosan warhead moiety, a 

linker, and a pantetheine moiety to be chemoenzymatically loaded onto AcpP (Figure 

12). We showed that the triclosan probe itself had uM inhibition of FabI, but that 

inhibition was increased 50-fold when the probe was appended to AcpP, highlighting 

the importance of protein-protein interactions. We also show that when the triclosan 

probe-AcpP is immobilized on a resin, this resin can selectively pull FabI out of crude 

lysates (Figure 12). Reversely, when FabI is immobilized on a resin, it only binds with 

triclosan probe-AcpP, no other probes appended to AcpP are pulled down by FabI. 

Finally, we show through Isothermal Calorimetry (ITC) that AcpP appended with the 

triclosan probe and FabI have a Kd value of 711.9 ± 1.3 nM (Figure 12). This complex 

should have a strong enough interaction to be stabilized for crystallography, and those 

efforts are ongoing.70  

 

1.6 Toolkit Expansion- Acyl-Acyl Carrier Protein Synthetase (Chapter 6) 

Another ACP cargo-manipulating tool that we were interested in was the acyl 

ACP synthetase (AasS), which uses ATP to ligate fatty acids directly onto holo-ACP 

(Figure 2b).71 Occasionally the natural thioester bond is needed between a substrate 

and ACP to study the ACP or FAB system, but synthetic limitations make this 

difficult to acquire. The Vibrio harveyi AasS had been shown to load not only even 

chain fatty acids, but unnatural odd chain fatty acids.71 We wondered if this 

promiscuity could be manipulated as a simple and direct way to produce acyl- and 
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crypto-ACPs with the natural thioester linkage. We tested the substrate scope of 

VhAasS and found it can load a large range of substrates onto holo-AcpP, including 

alkynes, azides, and terminal phenyl groups with only a few limitations (Figure 13). 

Additionally, we showed for the first time VhAasS to be active on not only AcpP, but 

ACPs from other type II FAS and PKS systems.  

 
Figure 1.13 Unique activity of AasS for in vitro and in vivo applications. (Top) In vitro VhAasS can 
load a large range of unnatural acids onto holo-ACP using ATP. (Left) CoA-Ligases and AasSs share a 
lot of sequence similarity and hard to distinguish, but act on different substrates (CoA or holo-ACP). 
(Right) In vivo E. coli overexpressed with VhAasS can load unnatural fatty acids onto ACP and extend 
them by all enzymes of FAS until incorporation into lipids.  

 

In E. coli, no cytosolic AasS activity has been observed, and exogenous fatty 

acids can only be degraded or used as substrate for glycerophospholipid synthesis 

depending on chain length. We also wondered if VhAasS activity could extend in vivo, 

and indeed it did. Recombinant AasS heterologous expression in E. coli allowed for 
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unique substrate incorporation directly into the FAS pathway for extension, and all 

FAS enzymes wre tolerant of the modified substrate (Figure 13). Final products were 

found to be incorporated into phospholipids. Applications for this are diverse and 

include: quick access to crypto-ACPs in vitro for structural studies and assays, 

incorporation of unique moieties into FAS for synthetic biology applications,  

incorporation of fluorescent moieties into lipids for bioorthogonal imaging in a range 

of organisms, and incorporation of new starter units into PKS pathways to possible 

make new “unnatural” natural products of interest.72   
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Chapter 2. Trapping the dynamic acyl carrier protein in fatty acid biosynthesis
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Chapter 3. Probing the substrate specificity and protein-protein interactions of 

the E. coli fatty acid dehydratase, FabA
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Chapter 4. AcpP-FabZ crystal structure elucidates differences in activity and 

substrate selectivity of E. coli dehydratases, FabA and FabZ 

 

Section 4.1 Introduction 

 Fatty acid biosynthesis is essential to life and involves the same chemical reactions for 

all species. Interest in fatty acid biosynthesis has increased recently due to (1) its 

potential for biofuels precursors in the heightened demand for renewable fuels, and (2) 

its potential as a drug target with the emergence of multidrug resistant bacteria.1 

Central to this pathway is the acyl carrier protein (ACP), which holds the growing acyl 

chain and shuttles it to reactive partner enzymes for modification and subsequent 

release.2 ACP sequesters the growing metabolite to protect it from non-selective 

reactivity, and the ACP-bound substrate is only presented to catalytic partners after 

productive protein-protein interactions.3 ACP must interact with up to 12 catalytic 

partners with very exact timing and order via this “chain-flipping” mechanism,4 and 

fatty acid biosynthetic enzymes only operate on ACP-bound acyl groups. It is a finely 

choreographed and regulated event, and efforts to swap unnatural enzyme partners 

with various ACPs and engineer new pathways has been met with limited success due 

to a lack of high-resolution structural information and details about protein-protein 

interactions.5 One partner of particular interest is the dehydratase domain (DH), due to 

its role in chain length determination and unsaturated fatty acid formation.6 

 The biosynthesis of fatty acids in E. coli occurs by discrete proteins from a type II 

synthase in an iterative fashion.1 The dehydration of the (R)-3-hydroxyacyl-ACP to 
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the enoyl moiety is performed by β-hydroxy-ACP dehydratase through the elimination 

of water.7 There are two dehydratases (DH) in E. coli encoded by fabA and fabZ. 

Whereas other organisms utilize desaturases to install unsaturation, bacteria use a DH 

system. In addition to dehydration, FabA isomerizes trans-2-decenoyl-ACP into cis-3-

decenoyl-ACP, which is the first step in the synthesis of unsaturated fatty acids in E. 

coli.8 FabZ does not have this capability, although the reason for this is unknown. 

FabA and FabZ exhibit broad overlapping chain length specificities. The substrate 

preference for FabA is intermediate chain length acyl-ACPs ranging from 8-12 

carbons, centered on 10 carbons. FabZ demonstrates preference for shorter chains, 

specifically 6 carbons, yet also has low activity for 16-carbon substrates.9 Comparative 

analysis of FabA from Escherichia coli (PDB: 1MKA and 1MKB) and FabZ from 

Pseudomonas aeruginosa (PDB: IU1Z) shows similar extended substrate binding 

tunnels that can accommodate up to 12 carbons in both enzymes.10 So while the 

substrate preference of each enzyme has been known for over 20 years, the reason for 

the divergence remains a puzzle.  

 A roadblock in solving this puzzle has been studying the interaction of partner 

proteins and ACP as it is inherently transient in nature. To circumvent this challenge, 

our lab has employed synthetic probes that allow active-site selective covalent 

crosslinking to study ACP activity and protein-protein interactions.11 Specifically, a 3-

alkynyl-sulfone-pantetheine probe can be used to trap the dehydratase domain in 

functional association with ACP.12 The pantetheine portion is chemoenzymatically 

loaded onto apo-ACP using enzymes CoaA, CoaD, and CoaE from E. coli’s 
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Coenzyme A pathway to form a CoA analog, which is then loaded onto apo-ACP via 

a promiscuous phosphopantetheinyl transferase, Sfp.13 The 3-alkynyl-sulfone warhead 

is deprotonated by an active site histidine residue in the dehydratase domain forming a 

highly reactive allene intermediate, which is again attacked by the histidine residue to 

form a non-reversible covalent linkage. Once crosslinked, the complex is stable for 

structural crystallography and NMR studies. This technology was used to obtain the 

1.9Å AcpP=FabA complex crystal structure as a homodimer, in which AcpP exhibits 

two different conformations.14 The dimeric FabA forms a ‘double hotdog’ topology 

and the two AcpP monomers adopt a four-helix bundle fold. A combination of crystal 

structure interpretations, NMR chemical shift perturbations and molecular dynamics 

simulations shed light on the transient event: An electrostatic interaction between an 

arginine-rich groove (‘positive patch’) of FabA and the 4’-phosphopantethtine group 

of AcpP promotes an AcpP helical change that locks the two proteins in place. The 

negative cleft between helices II and III of AcpP remains anchored to the β5-6 loop of 

FabA as FabA promotes the displacement of the sequestered acyl chain from the ACP 

binding pocket into the FabA highly conserved substrate pocket before dehydration by 

repositioning helix III. During this translocation, the hydrophobic cleft of AcpP moves 

inward and collapses. This data together gives a snapshot of the “chain-flipping” 

mechanism between an AcpP and partner protein, and determines important residues 

on both AcpP and FabA for this interaction and event.14 Utilizing the crystal structure, 

3 regions of importance on FabA were identified and mutated. Results showed that the 

“positive patch” is essential for protein-protein interactions and FabA enzymatic 
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activity, the binding pocket size is decided by approximately 10 residues and when 

mutated to larger or smaller residues, the substrate preference of FabA can be 

modified accordingly, and finally two “gate-keeping” residues, Phe165 and Phe171, 

serves as initial substrate selectors.15  

 FabA and FabZ contain substrate tunnels that are approximately equal in length with 

nearly identical active site residues, yet have divergent substrate specificities and 

isomerization capabilities. There are currently two hypotheses for this in light of 

recent structural information: (1) The docking interface of FabZ and AcpP is different 

from that of FabA and AcpP, which may affect the orientation of the dehydrated 

intermediate in the substrate binding pocket14; (2) The gating residues in FabA, 

Phe165 and Phe171, that appear to have a role as an initial substrate selector are well 

conserved in FabA E. coli and P. aeruginosa, but not in five FabZs that were sequence 

analyzed.15 Unfortunately, FabZ has posed major problems on its own due to issues 

with solubility.16 The protein’s instability has been a major roadblock in acquiring 

structural data on the enzyme, as seen by the current lack of a crystal structure of the 

E. coli FabZ enzyme. In the following work, we stabilize the FabZ enzyme with a 

fusion protein for expression and purification. Subsequently, the protein was shown 

for the first time to crosslink to AcpP using a 3-alkynyl-sulfone-pantetheine probe 

similar to the probe used with FabA.  The crosslinked complex was produced in high 

enough yields for purification and crystallography trials. We obtained a 3.4Å crystal 

structure of the complex and shed light on the long questioned differences between 

FabA and FabZ.  
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Section 4.2 Methods  

Enzyme growth and purification: 

 Previous reports indicated E. coli FabZ was soluble when expressed recombinantly 

with a C terminal his tag.17 For this work, an optimized construct was designed with 

an N-terminal mOCR fusion protein18 comprised of residues 2-150 of E coli Fabz in a 

pMOCR-based plasmid pGJD026. Cell pellets were resuspended in 4 mL buffer A (50 

mM Tris pH 7.5, 300 mM NaCl, 15 mM imidazole, 10% glycerol) per mg cell pellet 

and incubated 1 hr on ice in lysis buffer (2 mM MgCl2, 0.5 mg/mL DNaseI, and 0.06 

mg/mL lysozyme), followed by sonication. Lysate was cleared via centrifugation. 

Supernatant was filtered through a 0.2 um filter, and loaded onto a 5 mL His Trap 

column. The column was washed with 10 volumes buffer A, and protein was eluted 

with a linear gradient from 15 mM to 400 mM imidazole, yielding ~60 mg/L of pure 

protein. However, upon incubation with TEV protease to remove the fusion partner, 

FabZ was completely insoluble.  

 AcpP was prepared with N-terminal His6-tag19 and cultured in Luria-Bertania (LB) 

broth in the presence of 50 mg/L kanamycin and induced with 500 µM isopropyl β-D-

1-thiogalactopyranoside (IPTG) at OD600 of 0.8. Cells were collected via 

centrifugation at 2,500 x g after shaking at 16 °C for 12-18 hours. The pelleted cells 

were re-suspended in buffer B (50 mM phosphate pH 7.4, 250 mM NaCl, 20% 

glycerol) and lysed using a French press. The resulting lysate was then spun at 10K x 

g for 45 mins to remove insoluble debris. The protein was purified using a 



 

 

 

122 

combination of Ni-NTA column (eluted using 250 mM imidazole in buffer B) and size 

exclusion chromatography.  

One-pot Reaction and Crosslinking 

 Apo-AcpP was prepared from a mixture of apo- and holo-AcpP according to a 

previously published protocol.20 The one-pot loading reactions were done in 1000 uL 

containing 8 mM ATP, 0.5 µM CoaA, 0.7 µM CoaD, 0.6 µM CoaE, 1.5 µM Sfp, 0.4 

mM apo-AcpP, and 500 µM DH6 probe in Buffer C (100 mM phosphate pH 7.6, 100 

mM NaCl, 10% glycerol). The mixture was shaken at 37 °C for 24 hours. The 

formation of crypto-AcpP was monitored by urea-PAGE gel and LCMS (ESI) 

analyses. The crypto-AcpP was purified by size exclusion (GE Gealthcase Sephacryl 

S100) and concentrated using a 3kDa Amicon ultra centrifugation filter and stored at -

80 C until needed.  

 Crosslinking between his6-tagged crypto-AcpP and mOCR tagged FabZ was carried 

out in a 1:1 ratio. A 1000 µL crosslinking reaction was setup in buffer C with 150 µM 

FabZ mOCR tagged and 150 µM crypto-AcpP and shaken at 37 °C for 8 hours. The 

formation of mOCR tagged crosslinked complex was monitored by SDS-PAGE, and 

upon completion the mixture was incubated with TEV protease at 37 °C for an 

additional 8 hours. TEV cleavage of the mOCR protein was monitored by SDS-PAGE 

and the FabZ=AcpP complex remained soluble, and was readily purified via size 

exclusion chromatography.  

Crystallization: 
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 Initial crystal hits yielded microcrystals that diffracted to ~12Å. Optimization of the 

FabZ=AcpP complex crystallization conditions failed to yield larger crystals. 

Subsequent screening of a complex comprised of FabZ and AcpP with a C-terminal 

his tag yielded much larger crystals in a new condition. Optimization led to crystals 

that diffracted to 3.4Å. Crystals were grown by hanging drop vapor diffusion in a 1:1 

mix of 9.5mb/mL protein stock and crystallization solution (100mM bistris pH 6.5, 

200mM MgCl2, 19% PEG 3350) at 20°C.  

Data collection and refinement: 

 Data were collected at the Advanced Photon Source (APS, Argonne National 

Laboratory) on GM/CA beamline 23-ID-D. FabZ=AcpP-6xHis crystals diffracted to 

3.4 Å and were in orthorhombic space group P212121 with one complex (6 carrier 

proteins and 6 dehydratases) per asymmetric unit.  Data were processed using XDS. 

Two isomorphous datasets were merged using XSCALE in order to increase the low-

resolution completeness and the overall confidence in structure factors. The structure 

was solved via molecular replacement in phaser using the P. aeuroginosa FabZ as an 

initial search model (PDB: 1U1Z). AcpP was placed manually using the AcpP from 

the FabA structure as a model (PDB: 4KEH) in coot via NCS. Refinement was done 

with PHENIX, and model building in coot.  The refined model was validated with 

Molprobity.  

NCS refinement: 

 Low resolution of data meant accurate maps were difficult to generate. Sixfold non-

crystallographic symmetry (NCS) allowed us to use COOTs NCS average maps to 
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increase map quality (Figure S2). Individual maps were generated for both the DH and 

ACP protomers. Real-space refinement was restrained with both Ramachandran and 

secondary structure refinements where applicable. 

 

Section 4.3 Results and Discussion 

FabZ stability and crosslinking 

 While there are currently three structures of E.coli FabA in the protein data bank, 

there are zero structures of the E. coli FabZ, most likely attributed to the proteins 

solubility issues and instability. We were able solubilize FabZ with a mOCR fusion 

protein18 linked by a TEV cleavage site for in vitro expression and purification (Figure 

S1). However, upon incubation with TEV protease, all FabZ protein immediately 

precipitated out of solution. We hypothesized that since the relatively acidic mOCR 

fusion stabalized the protein, AcpP may have the same effect when crosslinked to 

FabZ and therefore proceeded to crosslinking trials with the mOCR tagged FabZ 

construct.        

 A crosslinking probe was originally designed for the dehydratase domain based on the 

known 3-decenoyl-N-acetylcysteamine (SNAC) inhibitor.12 This inhibitor was shown 

to potently inactivate FabA and was thought to work through an allene intermediate 

that FabZ, without isomerase activity, could not generate. However, Kostrewa et. al. 

showed that FabZ from P. falciparum was potently inhibited by 3-decenoyl-SNAC,21 

which encouraged us to try our set of crosslinking probes on E. coli FabZ. Previously 

synthesized DH6 and DH10 probes12,15 incorporate a 3-alkynyl-sulfone warhead that 
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has increased resistant to hydrolysis than its thioester counterpart, but still can 

irreversibly inhibit the DH domain via the active site His residue. DH10 is based on a 

10-carbon mimic, which is the natural chain length preference of FabA. DH6 is based 

on a 6-carbon mimic, which is the natural chain length preference of FabZ. As 

hypothesized, DH10-AcpP and FabZ-mOCR form less than 10% crosslinked complex, 

but DH6-AcpP and FabZ-mOCR form close to 100% crosslinked complex (data not 

shown).  

 

Figure 4.1 12% SDS gel analyzing crosslinking reactions between AcpP and FabZ-mOCR. Lane 1: 
Ladder; Lane 2: DH6-AcpP; Lane 3: FabZ-mOCR; Lane 4: apo-AcpP and FabZ-mOCR crosslinking 
reaction; Lane 5- apo-AcpP and FabZ-mOCR crosslinking reaction + TEV protease; Lane 6- DH6-
AcpP and FabZ-mOCR crosslinking reaction ; Lane 7- DH6-AcpP and FabZ-mOCR crosslinking 
reaction + TEV protease.  
 

Upon further cleavage of the mOCR fusion by TEV protease, a soluble and covalently 

crosslinked AcpP=FabZ complex is formed to nearly 100% and able to be purified by 

size exclusion chromatography (Figure 1 and S1). We solved the crystal structure of 
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this complex of 6 AcpPs interacting with the FabZ hexamer to 3.4Å (Figure 2) This is 

the first ever crystal structure of the E. coli FabZ, and only the second crystal structure 

from a native FAS pathway demonstrating ACP trapped during an interaction with a 

partner.   

 

 

Figure 4.2 AcpP=FabZ complex solved to 3.4 Å 
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Discussion of AcpP=FabA structure compared to AcpP=FabZ structure 

N-terminal and Substrate Binding Pocket 

 FabAs have a conserved α1-β1 loop that is larger than in FabZ sequences.22 These 

linker regions in both the AcpP=FabA and AcpP=FabZ complexes line the back end 

of each DH active site.  

 

Figure 4.3 Blue cartoon: AcpP=FabA crosslinked complex with DH10 probe shown in sticks. Green 
cartoon: AcpP=FabZ crosslinked complex with the DH6 probe and Phe79 shown in sticks. (Left) 
Transparent surface showing the end of the FabA substrate binding pocket, outlined in black dash. 
(Right) Transparent surface showing the end of the FabZ substrate binding pocket, outlined in black 
dash.  
 

As seen in Figure 3 on the left, in the FabA complex this linker (shown in blue) is 

pushed down closer to the central hotdog helix restricting the substrate tunnel and 

forcing it to be straight and narrow. As seen in Figure 3 on the right, in the FabZ 

complex this linker (shown in green) is further from the hotdog helix and allows for a 

tunnel that is U-shaped rather than straight. Additionally, Phe79 acts as a back gate-

keeping residue in FabZ, blocking the end of the tunnel and forcing it to kink into a U-

shape, which is also seen in the H. pylori FabZ structure.23 The initial pocket length of 

FabZ before the kink is much shorter due to this Phe79, which is Gly95 in the FabA 

Legend: Blue cartoon: fabA = acpP crosslinked complex 9DHv5 probe shown in sticksSI Green 
cartoon: fabZ = acpP complex 9DH6 probe and phe79 shown in sticksSI Binding pocket outlinedI
Superposition of fabA = acpP crosslinked complex and fabZ = acpP complex
Left: Transparent surface showing the end of the fabA binding pocketI Right: Transparent surface 
showing the end of the fabZ binding pocket 
Here, we see that the fabA binding pocket is much longet than in fabZI A single residue in fabz is 
responsible for shortenting the initial pocket of fabz: Phe79I In fabA, this Phe is substituted for 
Gly95I This stertic hinderance in fabZ may explain the negative selectivity against Cv5 
substratesI 

Phe79
Phe79

DHv5 Probe DHv5 Probe

DH6 Probe DH6 Probe

Central Hot 
Dog Helix

Central Hot 
Dog Helix
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structure and therefore unblocked as seen on the left in Figure 3. This steric hindrance 

in FabZ may explain the negative selectivity against C10 substrates.  

 The binding pocket in FabA is long, straight, and narrow. This may restrict the 

conformations the acyl chain can adopt, forcing the substrate into a conformation that 

would allow isomerization to the cis configuration. In FabZ however, we see the 

active site is longer length wise, but is twisted into a "U" shape (Figure 4 and S3). This 

may force the longer chain substrates into conformations that prevent isomerization 

from occurring. Additionally, the bend towards the back end of the pocket may bias 

FabZ into selecting substrates longer than C10 that can wrap around to continue 

occupying the hydrophobic tunnel. The end of this tunnel is discussed further later in 

this section.   
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Figure 4.4 FabA substrate tunnel from the complex crystal structure shown in green, FabZ substrate 
tunnel from the complex crystal structure shown in purple wire mesh. The overlay of the two active 
sites shows FabA as a long narrow tunnel and FabZ as a U-shaped tunnel.  
  

AcpP and Partner Protein Binding Surface 

 The binding interface between AcpP and FabA is different than the binding interface 

between AcpP and FabZ, as seen in Figure 4. Firstly, the AcpP monomers bind much 

closer together in the FabZ complex, with the closest distance between two complexed 

AcpPs being ~ 6 Å (this is consistent across all 6 complexes), whereas the distance is 

~30 Å in the FabA complex (Figure S4). Computational analysis reveals that there is 

more buried surface area in the AcpP=FabZ complex, and this extra surface area is 

distributed across both FabZ monomers resulting from an interaction along the dimer 

interface (Table S1). This means that a single AcpP is interacting with both FabZ 

subunits (which is also seen at the interaction interface of the crystal structure), 

whereas a single AcpP interacts with only one FabA subunit as seen in Figure 5 and 

S5. This difference may help the carrier protein distinguish between FabA and FabZ.  
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Figure 4.5 (Left) AcpP and FabZ interface in the complex crystal structure. AcpP residues interact with 
two DH monomers. (Right) AcpP and FabA interface in the complex crystal structure.AcpP residues 
interact with only one DH monomer.  
 

In both crystal structures, the AcpP and DH interface is definted by electrostatic and 

hydrophobic interactions. FabZ has a “positive-patch” similar to the one identified in 

FabA, consisting of Arg100, Lys102, Arg121, and Arg122. Though the side-chain 

density is poorly defined in the AcpP=FabZ structure, residue proximity suggests that 

these positive residues on FabA interact with a negative cleft on helix III of AcpP 

consisting of Glu41 and Asp35.  

 

 

Discussion of E. coli FabZ in FabZ=AcpP structure compared to apo-FabZ from 

other organisms 

 There is currently no crystal structure of the E. coli FabZ protein, most likely due to 

solubility and stability issues as discussed earlier. Therefore, to assess if FabZ goes 

through conformational changes when complexed with AcpP, we compare the 

complexed E. coli FabZ to FabZ from other organisms.10,21, 23-24 This comparison 

shows evidence for dynamic rearrangements of FabZ, as the U-shaped binding pocket 
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present in the co-crystal structure is not present in the apo FabZ. The rear of the U-

shaped active site is defined by the loop comprised of residues 81-92. In the E. coli 

AcpP=FabZ structure, the β strand is disrupted and this loop region is stabilized 

enough to have strong density and appear ordered (shown in red in Figure 6 and S6). 

When overlayed with other FabZ structures however, we see the β strand is pushed 

down and the loop region is very poorly ordered (Figures 7 and S6). This movement 

appears to form an extension of the active site tunnel in the E. coli AcpP=FabZ 

complex and is almost completely hydrophobic until the end of the tunnel. This newly 

ordered hydrophobic region may explain FabZ’s ability to dehydrate chain lengths 

greater than C12. This loop movement may be governed by acyl-AcpP binding as the 

loop is connected to the Tyr92 “gate” (Figure 7).  Since we see this occur even with a 

short-chain (6C) substrate attached to AcpP, it suggests that AcpP binding, rather than 

the cargo attached to AcpP, is what dictates the loop movement to define the active 

site.  
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Figure 4.6 Overlay of FabZ structures to highlight the loop region that defines the back end of the active 
site. Green: E. coli FabZ monomer; Magenta: P. aeruginosa FabZ monomer, Tan: C. jejuni FabZ 
monomer, White: P. falciparum FabZ monomer. Residues 81-92 of E. coli FabZ and Tyr92 are shown 
in red and the equivalent residues to loop 81-92 on the PaFabZ, PfFabZ and CjFabZ structures area 
shown in blue. The β strand in E. coli FabZ is disrupted and the loop is stabilized enough to appear 
ordered.  
 

 Additionally, the AcpP=FabA structure compared to apo FabA highlighted two gate-

keeping residues, Phe165 and Phe171, that blocked the entrance to the active site 

pocket in FabA. These residues were rotated 180 degrees and completely displaced, 

respectively, in the co-crystal structure. Further mutagenesis studies showed these 

residues played a key role as initial substrate selectors, possibly offering an 

explanation for the substrate preference of FabA for intermediate chain lengths. These 

gating residues are not conserved in 5 FabZ sequences analyzed (Figure S7). 

However, the “gating residue” in Helicobacter pylori FabZ was identified as Tyr100, 

where the mutant Y100A has a 50% decrease in enzyme activity.23 This tyrosine 

residue is conserved in FabZ from E. coli, P. aeruginosa, H. pylori, and E. 

faecalis.10,23,25 Tyr92 in E. coli does indeed appear to act as a “gating” residue.  

Legend: Green: E. coli fabZ monomerC Magenta: P. aeruginosa fabZ monomer Yellow H. pylori fabZ monomerC Tan: C. jujeni 

fabZ monomerC White: P. falciparum fabZ monomerH  Red: Residues z> - "0 of EH coli fabZ

In the EHcoli fabZ = acpP complexC we observe strong density for the loop comprised of residues z> - "0C In The PH 

aeruginosaC CH jujeniC and PH falciparum fabZ structuresC this portion of the crystal structure is very poorly ordered and has 

temperature factorsH The fabZ from HH pylori has an insertion of ~q amino acids at this positionC forming a small helixH This 

region forms an extension of the active site tunnel in the EHcoli fabZ = acpP complex which may allow dehydration of 

substrates with a chain length > >7 carbonsH

Legend: Green: E. coli fabZ monomerC Magenta: P. aeruginosa fabZ monomerC Tan: C. jujeni fabZ monomerC White: P. 

falciparum fabZ monomerH  Red: Residues z> - "0 of EH coli fabZ PTyr"0 gate shown in sticksxH Blue: Equivalent residues to 

loop z> - "0 on the PaC PfC and Cj fabZ structuresH H. pylori structure omitted due to the helix insertion

By superposing the apo fabZ structures with the EHcoli fabZ = acpP complex structure we can observe significant shifts in this 

regionH In the apo structuresC the β strand is extended and pushed down towards the central hot dog helixH In the EHcoli fabZ 

= acpP complex structureC the β strand is disrupted and the loop is stabilized enough to appear orderedH This movement 

opens an area adjacent to the hot dog helixC and may be goverened by substrate binding as the loop is connected to the 

Tyr"0 2gate2H

Tyr"0
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Figure 4.7 Green: E. coli AcpP=FabZ complex with Tyr92 shown in sticks. Magenta: P. aeruginosa 

FabZ with Tyr88 shown in sticks. The DH6 probe is shown in blue sticks.  

 

In Figure 7 we see two conformations of the “tyrosine gate” in type II bacterial FabZ 

structures.  In absence of substrate, the tyrosine is rotated in, blocking the active site 

entrance as seen in the magenta P. aeruginosa apo-FabZ structure.10 Upon interaction 

with a substrate-loaded carrier protein, the tyrosine gate swings open approximately 

120° allowing the ppant acyl chain (DH6 probe in this case) access to the active site, 

as seen in the green E. coli AcpP=FabZ complex in Figure 7. In most apo-FabZ 

structures the tyrosine is seen in the closed confirmation, but in the AcpP=FabZ 

structure all 6 tyrosine gates (one for each monomer) are in the open confirmation.  

 

 

 

Legend: Green: EIcoli fabZ = acpP complex HTyr9~ shown in sticks6I Blue Sticks: DH6 
crosslinking probeI Magenta: PI aeruginosa fabZ HTyr88 shown in sticks6 

Here, we see the two conformations of the ktyrosine gatek in type II bacterial fabZ structuresI 
In the absence of substrate, the tyrosine is rotated in, blocking the active site entrance 
Hmagenta PIaeruginosa structure6I Upon interaction with a substrate-loaded carrier protein, 
the tyrosine gate swings open ~-~U° allowing the ppant and acyl chain to access the active 
site Hgreen EIcoliI fbaZ = acpP complex6I In our structure, all 6 gates are in the open 
conformation, while in other fabZ structures, they are mainly closedI
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Section 4.4 Conclusions 

 Here we report the 3.4Å crosslinked crystal structure of AcpP=FabZ, which is also the 

first reported crystal structure of the E. coli FabZ. By comparing this structure with the 

previously published AcpP=FabA complex, we can start to elucidate the different 

activities and substrate selectivity of the two E. coli dehydratases, FabA and FabZ. 

Both enzymes employ an active site gate-keeping residue(s) that rotates out of the 

entrance upon AcpP binding, but this is Phe165 and Phe171 in FabA and Tyr92 in 

FabZ. The substrate tunnel in FabA is defined by a long α1-β1 loop at the N-terminal, 

which forces a long, narrow and straight tunnel. Alternatively, FabZ has a shorter α1-

β1 loop, which when combined with a back-end active site gate-keeping residue 

Phe79 forces a shorter initial substrate tunnel and a kink to form a U-shaped tunnel. 

This shorter initial substrate tunnel may explain why FabZ has extremely low activity 

on medium chain length substrates. Additionally, upon AcpP binding the α3-β3 loop 

(residues 81-92) that define the back end of the U-shaped substrate tunnel becomes 

ordered, which is not seen in any apo-FabZ structure. This end of this U-shaped tunnel 

is highly hydrophobic, and may explain how FabZ is able to stabilize C14 and C16 

acyl substrates for dehydration while FabA is unable to do so. With the development 

of new chemical biology tools like substrate and inhibitor mimic crosslinking probes, 

structural information is in reach to elucidate the long-standing mysteries behind the 

processivity of fatty acid synthases.   
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Section 4.5 Supplementary Information 

 
Figure S4.1  Schematic of FabZ and crypto-AcpP crosslinking and TEV cleavage. FabZ is insoluble 
when not fused to Mocr, but solubility is rescued when FabZ is crosslinked to acidic AcpP for stability.  

 

 

Figure S4.2 NCS map averaging is used to improve density. 2fo-fc contoured to 1σ. (Left) DH6 
crosslinker density without improvement; (Right) DH6 crosslinker density improved with NCS 
averaging.  
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Figure S4.3 (Left) FabA binding pocket in green mesh and the DH10 probe in green stick; (Right) FabZ 
binding pocket in purple mesh and DH6 probe in purple stick. The FabA pocket appears long, straight 
and narrow and the FabZ pocket is U-shaped.     
 

 

Table S4.1 Computational analysis of buried surface area in AcpP=FabA and AcpP=FabZ crystal 
structures.  
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Figure S4.4 Overlay of AcpP=FabA and AcpP=FabZ dimer structures showing the difference in ACP 
binding to the DH interface in the two structures. Green: FabZ; Magenta: AcpP from AcpP=FabZ 
structure; White/pink: FabA monomers; Teel/blue: AcpP from AcpP=FabA structure.  

 

 

 
Figure S4.5 AcpP interacts with both DH monomers in the AcpP=FabZ crystal structure via 
electrostatic interactions.  
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Figure S4.6 Green: E. coli FabZ monomer, Magenta: P. aeruginosa FabZ monomer; Yellow H. pylori 
FabZ monomer, Tan: C. jejuni FabZ monomer; White: P. falciparum FabZ monomer. Overlays of 
various FabZ monomers with E. coli show that residues 81-92 in E. coli (shown in red) are ordered 
whereas this region is unordered and therefore not visible in other structures. HpFabZ has an insertion 
of approx. 7 amino acids at this position, forming a small helix.  
 

 

 

 

 

 

 

Legend: Green: E. coli fabZ monomerC Magenta: P. aeruginosa fabZ monomer Yellow H. pylori fabZ monomerC Tan: C. jujeni 

fabZ monomerC White: P. falciparum fabZ monomerH  Red: Residues z> - "0 of EH coli fabZ

In the EHcoli fabZ = acpP complexC we observe strong density for the loop comprised of residues z> - "0C In The PH 

aeruginosaC CH jujeniC and PH falciparum fabZ structuresC this portion of the crystal structure is very poorly ordered and has 

temperature factorsH The fabZ from HH pylori has an insertion of ~q amino acids at this positionC forming a small helixH This 

region forms an extension of the active site tunnel in the EHcoli fabZ = acpP complex which may allow dehydration of 

substrates with a chain length > >7 carbonsH

Legend: Green: E. coli fabZ monomerC Magenta: P. aeruginosa fabZ monomerC Tan: C. jujeni fabZ monomerC White: P. 

falciparum fabZ monomerH  Red: Residues z> - "0 of EH coli fabZ PTyr"0 gate shown in sticksxH Blue: Equivalent residues to 

loop z> - "0 on the PaC PfC and Cj fabZ structuresH H. pylori structure omitted due to the helix insertion

By superposing the apo fabZ structures with the EHcoli fabZ = acpP complex structure we can observe significant shifts in this 

regionH In the apo structuresC the β strand is extended and pushed down towards the central hot dog helixH In the EHcoli fabZ 

= acpP complex structureC the β strand is disrupted and the loop is stabilized enough to appear orderedH This movement 

opens an area adjacent to the hot dog helixC and may be goverened by substrate binding as the loop is connected to the 

Tyr"0 2gate2H

Tyr"0
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Figure S4.7 Sequence Alignment of FabA and FabZ from various organisms. The gate keeping residue 
in E. coli FabA, F165 and F171, and the gate keeping residue in P. aeruginosa. Y100, are boxed in 
black showing conservation for FabA and FabZ, respectively.  
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Figure	  S4,	  related	  to	  Figures	  4-6.	  Crosslinking	  rates	  and	  FabA/Z	  homologues	  sequence	  alignment.	  	  
Crosslinking	  rate	  (%crosslinking/hour)	  for	  FabA	  WT	  and	  mutants	  with	  probes	  DH6,	  DH8,	  DH10,	  and	  
DH10X	  calculated	  by	  SDS	  PAGE	  gel-‐shift	  analyses	  after	  1	  hour;	  FabA	  positive	  patch	  mutants	  (a),	  substrate	  
pocket	  mutants	  (b-c)	  and	  “gating	  residue”	  mutants	  (d).	  Crosslinking	  rate	  (%crosslinking/hour)	  for	  FabA	  WT	  
and	  mutants	  with	  probes	  DH6,	  DH8,	  DH10,	  and	  DH10X	  calculated	  by	  SDS	  PAGE	  gel-‐shift	  analyses	  over	  8	  
hours;	  FabA	  positive	  patch	  mutants	  (e),	  substrate	  pocket	  mutants	  (f-g)	  and	  “gating	  residue”	  mutants	  (h).	  (i)	  
Sequence	  alignment	  of	  FabA,	  FabZ	  and	  homologues	  from	  four	  organisms.	  FabZ	  Y100	  and	  FabA	  F165	  and	  
F171	  “gating	  residues”	  are	  boxed	  in	  black.	  	  	  
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