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Abstract
Fatty acid synthase (FASN) is a multifunctional homodimeric enzyme solely
responsible for the synthesis long chain fatty acids (LCFAs) de novo. Fatty acids, and
their lipid derivatives, are critical components of all cellular biological processes,
including energy storage and utilization, membrane maintenance and expansion, posttranslational modification of proteins, and intracellular signalling.

FASN primarily

generates palmitate (C16) and to a lesser extent stearate (C18), and this strict product
distribution is dictated by the acyl chain-length selectivity of the endogenous
thioesterase (TE1) domain. With the exception of lactating breast, liver and adipose
tissues, FASN expression is essentially absent in normal cells since these cells obtain
lipids from the diet. In lactating breast, the product distribution of FASN is modulated
by a monofunctional type II thioesterase, called thioesterase II (TE2), to favor the
medium chain fatty acids (MCFAs) laurate (C12) and myristate (C14).

The TE2

interaction with FASN and its ability to outcompete TE1 for the acyl substrate tethered
to the acyl carrier protein (ACP) domain is quite remarkable, yet the mechanisms of
binding and catalysis are poorly understood. Moreover, there are additional implications
for understanding TE1 and TE2 mechanisms of catalysis as it relates to
chemotherapeutic research targeting FASN.

It is widely accepted that increased

lipogenesis of LCFAs via FASN is a hallmark of neoplastic transformation. Therefore,
FASN has been firmly established as a target for pharmaceutical intervention in several
cancers, including lung, colon, prostate, ovarian and breast. Current drug discovery
strategies have succeeded in killing cancer cells in vitro and in vivo via targeting FASN
through inhibition of the endogenous thioesterase (TE1) domain. The success of TE1-

xi

targeted FASN inhibition warrants a more comprehensive understanding of the interplay
between TE1 and TE2 and their relationship to FASN product distribution. Aberrant
TE2 expression and activity on TE1-inactivated FASN could rescue fatty acid
biosynthesis, thus negating current drug development strategies.
The data presented in this manuscript support the overarching hypothesis that the
differences in tertiary structural organization, substrate specificity and ACP binding by
TE1 and TE2 warrants further investigation for additional, more comprehensive
thioesterase inhibitors as well as the need to explore potential antagonists targeting the
ACP-TE1 or ACP-TE2 interface. The secondary structure superpositions of TE1 and
TE2 reveal a conserved α/β serine hydrolase fold with divergent subdomain
architectures as well as unique substrate binding motifs in the active sites. The kinetic
studies revealed only modest differences in TE1 specific activity against acyl-CoA and
acyl-ACP substrates, whereas TE2 resulted with a 20-fold increase in activity against
acyl-ACP compared to acyl-CoA substrates. Expanding our understanding of the ACPTE interactions will help guide future drug discovery efforts against FASN for the
treatment of cancer.

xii

Chapter 1: Introduction

1

2
1.1 Cellular Lipids
Lipids are essential components of every cellular organism in existence, serving
fundamental roles in cell biology including membrane and organelle synthesis and
organization, energy storage and utilization, and intracellular signalling (1-6).

The

variety of cellular lipids includes the free fatty acids present as acyl-coenzyme A (CoA)
thioesters, glycerophospholipids, sphingolipids, and sterols.

In eukaryotes and

prokaryotes, lipids are derived from exogenous sources (i.e., diet/absorption) and
endogenously via de novo fatty acid biosynthesis. When environmental resources are
insufficient, de novo fatty acid biosynthesis supplements the intracellular lipid pool to
maintain cellular homeostasis. In higher eukaryotes, dietary sources supply the majority
of lipids utilized by cells.

Therefore, the endogenous de novo synthetic pathway

primarily serves to balance the carbon energy status of cells via transforming acetyl-CoA
into saturated free fatty acids for energy storage.
1.2 FASN Upregulation in Cancer
In addition to their vital role in normal cellular function, fatty acids play an
equally crucial role in the survival and proliferation of several cancers (7-10). In contrast
to normal tissues, cancer cells do not readily absorb dietary sources of lipids to support
their high metabolic needs; therefore, cancer cells are dependent on endogenous fatty
acid stores generated by FASN. The link between cancer cell metabolism and FASN has
been demonstrated in several publications which show upregulation of the FASN enzyme
in a multitude of cancers, including lung, liver, ovarian, breast, prostate and colon (8-25).
The observation that FASN expression is essentially devoid in normal tissues, with the
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exceptions being liver and adipose tissue, has lead the research community toward drug
discovery against FASN. Moreover, since FASN is the sole enzyme responsible for de
novo fatty acid synthesis, FASN represents an attractive target for cancer therapy.
Within the last thirty years, several FASN inhibitors have been identified. The
first organic compounds discovered to inhibit the keto-synthase (KS) domain were
derived from fungal sources, and several synthetic analogues soon followed (26-29). The
potent antioxidant epigallocatechin (ECGC) from green tea and other heterocyclics were
shown to have mild inhibitory effects as well, but the specific domain interactions have
yet to be fully characterized (30-32). Similarly, one study identified the efficacy of
mono- and poly-unsaturated long-chain fatty acids to attenuate FASN activity, via noncovalent interactions with the endogenous thioesterase (TE1) domain (33-34).
Surprisingly, the most recent advance in FASN-targeted cancer therapy research came
about when the weight-loss drug Orlistat was identified to inhibit the TE1 domain in vitro
(35-40).

Follow-up studies on recombinant enzyme, cancer cell lines, and tumor

xenograft experiments in mice using Orlistat treatment resulted in complete enzyme
inhibition, cancer cell death, and tumor regression, respectively.

The cumulative

achievements in understanding FASN catalysis, substrate recognition, and detailed
structural organization continues to advance the drug discovery efforts of FASN-targeted
cancer research.
1.3 Type I versus Type II Fatty Acid Synthase Assemblies
Prokaryotes and eukaryotes have evolved architecturally divergent yet
mechanistically similar FASN systems. In bacteria, such as Escherichia coli, the Type II
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FASN is composed of discrete, monofunctional enzymes which coalesce to form a multienzyme complex (41). In contrast, the eukaryotic Type I FASN of the cytosol is a 560
kDa homodimer composed of identical α subunits that contain all necessary catalytic
functions (29,42). The fungal Type I FASN contains two multifunctional polypeptides
that assemble into a α6β6 dodecamer with a mass of 2.6 MDa (43-47). A small subset of
Cornyforme prokaryotes have evolved an α6 hexameric Type I FASN of 2.0 MDa that
can produce both saturated and unsaturated fatty acids products (48-49). Interestingly,
there is a Type II FASN system, similar to bacteria, within the mitochondria, which is
thought to be primarily responsible for the synthesis of octanoic acid for lipoic acid
synthesis (50-53). Despite the various architectures and molecular assemblies, all FASNs
catalyze condensation and sequential reduction of acetyl-CoA and malonyl-CoA to
generate fatty acids.
1.3.1 Structure of the Mammalian Type I FASN
The crystal structure of the α2 homodimeric porcine FASN was first published in
2006 and then later in 2008 with improved resolution (54). These structures constitute
the only available crystal structures for intact FASN. The FASN homodimer organizes
seven functional domains (Figure 1), of which six are catalytic, to synthesize the sixteen
carbon (C16) fatty acid palmitate. The primary structural arrangement of FASN begins
with the ketoacyl-synthase (KS) domain, followed by the malonyl-acetyl transferase
(MAT), dehydratase (DH), enoyl reductase (ER), ketoacyl-reductase (KR), acyl carrier
protein (ACP), and thioesterase (TE) domains. In order to differentiate this C-terminal TE
domain from other human thioesterases, we denote the endogenous TE domain as TE1.
The ACP domain is non-catalytic and functions to shuttle the growing acyl chain to the
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Catalytic Domains
KS = Ketosynthase
MAT = Malonyl-acetyl transferase
DH = Dehydratase
ER = Enoyl Reductase
KR = Ketoreductase
TE = Thioesterase
Non-Catalytic Domains
LD = Linker Domain
ΨME = pseudo-methyltransferase
ΨKR = pseudo-ketreductase
ACP = Acyl carrier protein

Figure 1. The 3.2 Ǻ crystal structure of mammalian FASN. Five catalytic domains of FASN are
modeled, and the domains are colored based on the coloring scheme for the linear peptide diagram shown
below. The structure resembles a body; the condensing activities of KS and MAT form the lower body
legs; the catalytic KR, DH, KR and non-catalytic ΨME and ΨKR domains makeup the upper body arms.
Due to low resolution data and the inherent flexibility of the ACP-TE1 C-terminus, neither domain is
modeled. Homology modeling using the equivalent monofunctional E. coli enzyme crystal structures
revealed two unexpected ΨME and ΨKR structural features. These pseudo domains are structurally
homologous to other ME and KR enzymes, but neither are active or confer additional activity for the
FASN dimer, but serve to orient the catalytic domains for cooperative, iterative processing of the acyl
intermediate. The only structured linker domain (LD) observed with this 3.2 Ǻ data connects the
condensing KS and MAT domains.
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other domains, as described in more detail below. Importantly, only five of the seven
domains are observed in FASN structure, due to the inherent flexibility of the C-terminal
ACP and TE1 domains. High resolution structures of recombinantly expressed ACP or
TE1 are available, but their orientation within the context of the FASN dimer is still
unclear (37,55).
The crystal structure revealed that the FASN monomers are positioned along a
central vertical axis in a head-to-head and tail-to-tail orientation. Consistent with their E.
coli counterparts, the KS, DH and ER domains form dimers, and their interfaces are
positioned along the central axis of the FASN body (41). In contrast, the FASN MAT
and KR domains are apparently monomeric, yet the E. coli AT equivalent is dimeric and
the E. coli KR is tetrameric. Interestingly, the five structured domains are architecturally
separated between the condensing activities of the KS and MAT domains (lower body)
and the catalytic KR, ER, and DH domains (upper body). The junction between the
upper and lower body elements may serve as a pivot point, facilitating ACP shuttling of
the growing acyl chain between the condensing activities of one monomer to the catalytic
domains of the complementary monomer. Smith et al. demonstrated the cooperativity of
the dimer by generating a dimer of one catalytically active monomer and a
comprehensive knock-out inactive monomer (56). The mutant homodimer maintained
32% activity compared to the WT homodimer, whereas dissociated WT monomers are
incapable of palmitate synthesis. The results of this study revealed the necessity of the
dimeric organization for a single monomer or cooperative FASN monomers to maintain
activity. An interesting observation of asymmetry for the lower body portion of FASN is
seen as a slight tilt of the left-side KS-MAT domains toward the upper body region. This
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asymmetry of FASN has lead researchers to consider the asynchronous activity of the
enzyme. This notion is supported by cryo-electron microscopy analyses of FASN which
determined that the dimer flexibility enables catalysis (57).
As described in more detail the next section, the growing acyl chain (Figure 2) is
covalently tethered via a thioester linkage to the 4´-phosphopantetheinyl (4´PP) moiety
attached to Ser2156 of the ACP domain. Whereas the domains upstream of ACP are
responsible for the condensation and β-carbon processing of the growing acyl chain, the
C-terminal TE1 domain functions to select and hydrolyze the mature fatty acid product
from the 4´-PP moiety. The terminating activity of TE1 liberates the acyl product,
regenerates the holo-ACP domain, and ensures fatty acid biosynthesis continues
uninhibited.
1.3.2Mammalian Type I FASN Mechanism
Fatty acid synthesis (Figure 2) requires one mole of acetyl-CoA, seven moles of
malonyl-CoA, and 14 moles of NADPH in order to generate a single mole of palmitate.
Acetyl-CoA is generated from a direct siphon off of the TCA cycle, where ATP citrate
lyase (ACL) hydrolyses the two-carbon substrate from citrate and generates the CoA
adduct from ATP.

Malonyl-CoA is synthesized from acetyl-CoA via acetyl CoA

carboxylase (ACC), and is the rate-limiting step in the fatty acid synthesis cycle (58-59).
Fatty acid synthesis is initiated when MAT primes the 4´PP of ACP with an acetyl
moiety, which is immediately transferred to the active site cysteine of KS. MAT then
loads a malonyl moiety onto holo-ACP, and concommitant decarboxylation of the
malonyl moiety facilitates condensation to the acetyl group of KS, generating a 4-carbon,
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INITIATION
1 acetyl-CoA + 7 malonyl-CoA + 14 NADPH

Palmitate + 7 CO2 + 14 NADP+ + 8 CoA + 7 H2O

ELONGATION

Figure 2. Reaction scheme for mammalian fatty acid biosynthesis. Fatty acid synthesis is
initiated with the loading of acetyl from acetyl-CoA and malonyl from malonyl-CoA onto KS and
ACP via MAT. Concomittant decarboxylation of malonyl facilitates non-catalytic condensation
with the acetyl moiety on KS, resulting in a four-carbon, β-keto acyl intermediate covalently linked
via a thioester to the 4´-PP cofactor of ACP. β-carbon processing proceeds in three steps: first, KR
catalyzes a reduction reaction with a hydride from NADPH generating a β-hydroxy intermediate;
next, DH catalyzes elimination of the β-hydroxy through release of a water molecule generating a βenoyl intermediate; and finally, ER catalyzes the second reduction reaction with another hydride
from NADPH generating the fully saturated acyl-ACP intermediate. The acyl-ACP intermediate is
sequentially elongated by two carbons with six or seven cycles of β-carbon processing. When the
palmitate or stearate products have been processed, TE1 terminates elongation by hydrolyzing the
thioester bond and forms an acyl-enzyme intermediate before liberating the acylate to the cytosol.
The stoichiometry of palmitate synthesis is shown in the upper right-hand inset.
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β-ketoacyl product tethered to the ACP domain. The β-keto functional group of this
newly elongated acyl chain is then processed via reduction and elimination reactions by
three domains. The first reduction reaction is catalyzed by the KR domain, where the βketo group is reduced to a β-hydroxy by hydride transfer from NADPH. The β-hydroxy
acyl-ACP substrate is then delivered to the DH domain, which results in the formation of
a β-enoyl desaturation with loss of one mole of water. Finally, the β-enoyl acyl-ACP
substrate is delivered to the ER domain where another mole of NADPH donates a hydride
to generate a fully saturated acyl product.

The iterative cycle of decarboxylative

condensation and catalytic β-carbon processing continues until the growing acyl chain
reaches 16 or 18 carbons in length. Only then does the C-terminal TE1 domain intervene
by hydrolyzing the palmitate or stearate product from ACP, effectively terminating the
FASN cycle. Liberation of free fatty acids by TE1 ensures acyl chain length specificity
and maintains efficient FASN turnover. However, as described in the next sections, the
distribution of acyl products varies amongst Type I and Type II enzymes, and the acyl
chain distribution of human FASN can be altered by a Type II thioesterase called TE2,
the primary focus of the studies presented in Chapter 2.
1.4 Products of Type I and Type II FASN
1.4.1 Type II FASN Product Distribution
Although the type I and type II FASN complexes share essentially identical
enzyme activities, catalytic mechanisms, and tertiary structural folds of the individual
functional domains, the type II FASN system is capable of generating an impressive
variety of products compared to the very limited long-chain fatty acid products of the
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type I system. E. coli FASN products include the saturated and unsaturated fatty acids of
varying chain length, as well as iso- and anteisobranched-chain fatty acids. Given the
dissociative nature of the type II system, the type II ACP proteins with varying
intermediates can diffuse from the FASN complex and associate with alternative
enzymatic activities to allow for the variety of products synthesized.

In addition,

research focused on manipulating the product distribution of type II FASN by harnessing
the ability of FASN proteins to diffuse and associate with exogenous enzymes is a current
strategy for development of antibacterial compounds (60-66).
1.4.2 Type I FASN Product Distribution
In contrast to the type II FASN system, mammalian type I FASN strictly favors
the long-chain fatty acids (LCFAs) palmitate (C16) and stearate (C18) products. The
specificity for LCFAs stem from the limit of the KS domain to accommodate the growing
acyl chain as well as the selectivity of the TE1 domain for the fully processed acyl
product (67). Early studies on native, rat FASN, where the resident TE1 domain was
removed using limited trypsin digestion, revealed that the truncated enzyme continued
building long-chain fatty acids with an upper limit of 22-carbons in chain length (68-69).
This result revealed that product chain length specificity was dictated by the selectivity of
the TE1 domain. The ability to selectively release the TE1 domain from the FASN
complex allowed for further characterization of substrate specificity of TE1. In vitro
kinetic studies using acyl-CoA substrates revealed that TE1 maintained the strict chain
length specificity for palmitoyl-CoA and stearoyl-CoA, with some appreciable activity
for myristoyl (C14)-CoA as well (69-71). Kinetic studies on recombinant KS revealed
that the catalytic efficiency of the domain dropped sharply when the substrate for
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condensation reached or exceeded the length of myristate (72). Later kinetic studies on
recombinant TE1 re-affirmed the high specificity for palmitate and stearate (37).
Interestingly, studies on the lipid distribution of bovine and rat milk fat revealed a
higher ratio of medium chain-length fatty acids (MCFAs) to LCFAs (73-76).

The

primary MCFAs included laurate (C12) and myristate (C14), and to a lesser extent
caprylate (C8) and caprate (C10). The seemingly aberrant acyl product distribution in
milk fat was later resolved when a monofunctional type II thioesterase was identified in
lactating rat mammary glands (77-82). Smith et al. isolated endogenous rat thioesterase
II (TE2) and demonstrated its ability to modulate the product distribution of FASN to
favor MFCAs. Importantly, the ability of TE2 to modulate FASN product distribution
was uninhibited by the resident TE1, yet the ability of TE2 to associate with FASN was
dependent on the dimer actively engaging in fatty acid synthesis. Surprisingly, the
closest homologues to TE2 based on sequence identity were type II thioesterases
associated with the distantly related non-ribosomal peptide synthetases (NRPS). NRPS
TE2 enzymes perform non-specific editing roles, similar to the TE2 enzymes of
polyketide synthases (PKS). A discussion of TE2 enzymes from related multifunctional
enzyme complexes is addressed later in this chapter.
1.5 FASN-like Modular Synthases: Polyketide Synthase (PKS) and Non-ribosomal
Peptide Synthetase (NRPS)
Two additional enzymatic systems from prokaryotes and some fungi, polyketide
synthases (PKS) and non-ribosomal peptide synthetases (NRPS), share similarity to the
Type I multifunctional FASN. PKS and NRPS both adopt a multi-modular arrangement
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of enzymatic activities on single peptides, and both systems utilize similar enzymes and
reaction chemistries to generate their products (83-84).

Whereas FASN houses all

catalytic domains on a single polypeptide, PKS and NRPS systems utilize several
multifunctional peptides, or modules, which coalesce in an assembly line fashion. The
number of modules and domain organization of each module facilitates the incredible
diversity of natural products observed from PKS and NRPS. Moreover, the ability of
individual modules to diffuse and associate with alternative modular activities in vivo
presents additional opportunities for micro-organisms to diversify natural product
syntheses.
The macrolide and non-ribosomal peptide natural products from PKS and NRPS,
respectively, have recently been recognized for their utility as chemotherapeutics for
treating bacterial infections as well as cancer (62,85-89).

Normally, these natural

products serve their host micro-organisms by functioning as metal ion scavengers,
quorum sensors, immunosuppressives, or cytostatic agents.

Recognition of the

bioactivity of natural products prompted the application of these metabolites toward
antibiotic and anti-cancer research.

Current chemotherapy research, as it relates to

macrolides and non-ribosomal peptides, is now progressing in two parallel directions:
first, a strong focus on the identification and application of naturally-occurring
compounds; second, the genetic engineering of hybrid PKS and NRPS systems to exploit
the chemical potential of expanding the natural products compound library.
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1.5.1 Polyketide Synthase Assembly and Catalytic Mechanism
The PKS family of enzymes has four architecturally different yet mechanistically
similar complexes: modular type I, which is most similar to type I FASN; iterative type I,
which is most similar to bacterial polyunsaturated fatty acid (PUFA) synthases; type II
dissociated, which is highly related to the type II FASN; and type III, which is composed
of monofunctional, iteratively–acting condensing enzymes (90-93).

For brevity, the

widely referenced modular type I PKS model system, the 6-deoxyerythronolide B
synthase (6-DEBS) is used for the discussion of PKS assembly and catalytic mechanism
as it relates to type I FASN (84).
The synthesis of 6-deoxyerythronolide is achieved with twenty-nine reaction
centers coordinated through seven multifunctional modules (Figure 3), including an
initiating di-domain module. These seven modules are arranged as three complexes:
DEBS 1; DEBS 2; DEBS 3. As in all type I PKS’s, the multifunctional modules are
composed of essential and non-essential catalytic domains, owing to the variety of
macrolide products observed in nature. The essential catalytic components are the KS,
AT, ACP, and TE domains. These domains ensure the ability of the synthase to sequester
and elongate the product intermediate, as well as to liberate the fully processed product
through concomitant cyclization and hydrolysis. The non-essential domains, KR, DH,
and ER, provide opportunities for varying degrees of β-carbon processing of the
macrolide precursor.
Seven condensation reactions and twenty-one β-carbon processing reactions by
FASN produce one mole of palmitate, whereas six condensation reactions and seven β-
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KS = Keto synthase
AT = Acyl transferase
KR = Keto reductase
ER = Enoyl reductase
DH = Dehydratase
ACP = Acyl carrier protein
TE = Thioesterase

6-dEB
Figure 3. Biosynthetic modules for 6-deoxyerythronolide B synthase. Seven modules coalesce as
three PKS complexes to synthesize 6-deoxyerythronolide (6-dEB). Propionyl-CoA serves as the
initiator substrate for module 1, and methylmalonyl-CoA seves as the extender substrate for the other
six modules. The KS, AT, and ACP domains represent the minimal activities required for PKSs. In
modules 2-7, additional β-carbon processing domains (KR, ER, and DH) are incorporated at specific
positions within the linear PKS orientation to ensure proper degree of processing is catalyzed.
Interestingly, module 4 has an inactivated KR (KR*), demonstrating the necessity of domain
interactions to properly position each module within the PKS assembly. The terminating module 7
houses the resident TE domain, which terminates macrolide synthesis via macrocyclization and
hydrolysis of the final product from ACP.
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carbon processing reactions by 6-DEBS produce one molecule of 6DEB.

The AT

domain of the initiating di-domain peptides of PKS complexes exhibit varying
specificities for acyl-CoA substrates, whereas the AT domains of the catalytic modules
exhibit strict specificity for either the malonyl- or methylmalonyl-CoA chain-extending
substrates. In the example of 6-DEBS, propionyl-CoA is loaded on the initiator didomain, and methylmalonyl-CoA serves as the chain-extender unit.

This directly

contrasts with FASN, given that the MAT domain utilizes both acetyl- and malonyl-CoA
substrates for either chain initiation and elongation purposes, respectively. Unlike type I
FASN, where a single ACP domain shuttles the growing acyl chain to all catalytic
centers, the polyketide intermediate occupies each of the six ACP domains as the
macrolide is built in a linear fashion from one module to the next. As well, given the
varying degree of β-carbon processing of the precursor, the KS of PKS systems recognize
and bind β-keto, β-hyroxy and β-enoyl substrates, which directly contrast the substrate
specificity of FASN KS for fully saturated acyl intermediates. In spite of the differences
between PKS and FASN, the reaction chemistries catalyzed by the KS, AT, KR, DH, and
ER domains of 6-DEBS are identical to those of the FASN dimer. When the full-length
macrolide substrate is completely processed, the TE domain terminates the elongation
process by hydrolyzing the thioester-linked product from ACP and catalyzes
intramolecular cyclization to form the final macrolide product.
1.5.2 Non-ribosomal Peptide Synthetase Assembly and Catalytic Mechanism
Three types of NRPS systems, which closely resemble the equivalently described
PKS systems, have been described in the literature: type A, linear multimodular; type B,
iterative; and type C, nonlinear. Both type A and B NRPS systems utilize multifunctional
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polypeptides, and type C NRPS systems utilize both multimodular peptides as well as
independently functioning enzymes.

For brevity, the well characterized surfactin

synthetase (Surf S) is used as the representative NRPS to describe how these enzymes
relate to type I FASN and PKS (94).
Some important differences between NRPS and PKS/FASN systems are observed
in the catalytic mechanism. To start, whereas FASN and PKS systems use short chain
acyl-CoA substrates as chain extenders, NRPS systems (Figure 4) utilize aminoacyladenylate substrates (61-63,95). Therefore, instead of requiring the function of an AT
domain, NRPS have an adenylation (A) domain. The A domain activates the amino acyl
precursor with an adenylate from ATP, and each A domain from different modules
confers the specificity for amino acid selection. The aminoacyl-adenylate can then be
tethered to the growing peptide substrate, which is covalently tethered to the 4´-PP
cofactor of the requisite peptidyl carrier (PCP) domain (or thiolation (T) domain), via the
condensation (C) domain. These three domains, A, PCP, and C, represent the essential
functional activities required for generating non-ribosomal peptides (NRPs). The other
essential function for NRPS lies with the TE domain, present only in the last module, and
functions to terminate NRP synthesis via concomittant cyclization and hydrolysis of the
peptide product from PCP.
Another important difference in the catalytic mechanism of NRPS is the absence
of β-carbon processing domains. Instead, NRPS utilize epimerization (E) domains to
tailor the regiospecificity of the peptide product as well as N-methylation (M) domains.
In the example of Surf S, only two of the seven modules contain E domains, and no M
domains are present.
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A = Adenylation
C = Condensation
E = Epimerization
M = Methyl transferase
PCP = Peptidyl carrier protein
TE = Thioesterase
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Figure 4. Biosynthetic modules of Surfactin A synthetase (Surf S). Seven modules coalesce as
three NRPS complexes to synthesize surfactin A. The A, C, and PCP domains represent the
minimal activities required for NRPSs. Each module has specificity for a particular amino acid
which is used in the linear synthesis of the natural product. Activation of the selected amino acid
via adenylation is required for the efficient condensation of the amino acid onto the 4´-PP cofactor
of the PCP domain. Additional stereochemical or methylation processing can be catalyzed by the E
and M domains, respectively, if present in the NRPS module. In the example of Surf S, only E
domains are employed for accessory processing of the natural product intermediate in modules 3
and 6. The terminating module 7 houses the only TE domain, which catalyzes cyclization and
hydrolysis of the fully processed natrual product from PCP.
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The main similarity between NRPS and FASN/PKS is demonstrated in the
enzyme assembly and the use of a carrier protein domain. Surf S, in striking similarity to
6-DEBS, is composed of seven modules arranged as three complexes: Surf A; Surf B;
Surf C (Figure 4). The multifunctional design of Surf S directly parallels the domain
arrangement of FASN and 6-DEBS.

Each aminoacyl-adenylate selected by each

upstream module is condensed with downstream extenders, until the growing peptide
reaches the terminal module. Therefore, in parallel with 6-DEBS, the growing peptide
occupies each of the six PCP domains as the peptide is built in a linear fashion from one
module to the next. Elongation is terminated via the TE domain.
1.6 Efficiency of Product Turnover by FASN, PKS and NRPS
The multifunctional peptide design of FASN, PKS, and NRPS poses a challenge
in defining the catalytic efficiencies of these systems. None of the catalytic domains of
these synthases act independently; moreover, each domain is virtually saturated with
substrate due to domain tethering. Km and kcat values are normally (and more easily)
ascribed to single enzyme activities assayed against increasing substrate concentrations
from well below the Km to saturating levels. Yet, great efforts over several years have
evolved kinetic characterization of the individual domains to elucidate the efficiency of
product turnover for FASN, PKS and NRPS.
The results of these studies have clearly established FASN to have the fastest rate
for product turnover, with the ability to generate a mole of palmitate on the order of
milliseconds (67,96). Kinetic studies of individual domains resulted with kcat values
ranging from 17 s-1 (KR) to 120 s-1 (MAT) (67,96). For the TE1 domain, only an
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apparent kcat of 2 s-1 using acyl-CoA substrates was reported since substrate inhibition
occurs at increasing concentrations of these detergent-like substrates. The combined
results of these studies revealed that the catalytic efficiency increased by a factor of 2 s-1
per two-carbon additions, and the combined parameters of the individual domains
activities revealed the value of FASN kcat to be 1.3 s-1. Importantly, the results of this
kinetic study demonstrated that none of the condensing or β-carbon processing domains
were rate-limiting in the synthesis of palmitate, and that by design, the slower turnover of
TE1 ensures the proper synthesis of palmitate by minimizing opportunities for premature
hydrolysis of shorter acyl products.
Similar kinetic studies have been done on the PKS and NRPS domains, and
reported kcat values for 6-DEBS and Surf S are 3.4 min-1 and 173 min-1, respectively
(88,97).

Somewhat surprising, these catalytic efficiencies are significantly slower

compared to FASN. Although the PKS and NRPS contain tethered catalytic domains,
which should seemingly impart similar rates of catalysis seen for FASN, the diffusible
nature of the modules appears to severely limit the efficiency of these enzyme complexes.
Moreover, the complexity of extender substrates and final products utilized in PKS and
NRPS catalysis, compared to FASN, contribute to the attenuated catalytic efficiency. In
contrast, the LCFA and sometimes MCFA products of FASN represent some of the
simplest synthetic products in nature. The ability of an accessory enzyme like TE2 to
modulate FASN product distribution is an impressive observation considering the
catalytic efficiency of the FASN megasynthase.
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1.7 Type II Thioesterases
As mentioned earlier with regard to the FASN, PKS and NRPS systems can also
employ type II thioesterase activities as part of the biosynthetic strategy (77,98-103).
The modular design of PKS and NRPS delegates redundant enzymatic activities with
varying specificities at the AT or A domains, respectively, within each module. Inherent
in these redundant activities is the potential for selection of aberrant extender substrates
and mis-priming of the associated carrier protein domains.

When this occurs, the

processivity of these synthases is stalled due to strict substrate specificity of the
condensation domains or lack of carboxyl moieties required for covalent extension, or
both. The editing role of the type II thioesterases catalyzes the hydrolysis of mis-primed
substrates from the carrier protein domains, effectively rescuing the synthases from
inactivation. The critical role of type II thioesterases in PKS and NRPS turnover has
been demonstrated in several studies whereby inactivation of the editing thioesterase
resulted with 30-85% loss in product turnover (100,102,104). The dissociative nature of
type II thioesterases confers the ability of these enzymes to associate with a particular
module when necessary, but more importantly remain dissociated during normal catalytic
function so as not to inhibit the endogenous TE domain in terminating macrolide and
non-ribosomal peptide synthesis.

In the PKS and NRPS systems, the chain-

terminating/substrate hydrolysis activities of resident TE domains are uniquely separated
from the editing activities of the type II thioesterases. TE2 activity on FASN contrasts
with the previous statement, due to the fact that TE2 directly intervenes with a
catalytically competent multifunctional complex and effectively outcompetes the
endogenous TE1 domain for the fully saturated acyl intermediate. Currently, no evidence
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exists to explain the mechanisms of catalysis or substrate specificity of TE2 to relate the
remarkable ability of this enzyme to associate with the dimer and modulate product
specificity. The data presented in Chapter 2 address the overarching hypothesis that TE2
interactions with ACP are favored compared to TE1.
1.8 Central Role of the Carrier Protein in Multifunctional Enzyme Complexes
The carrier protein domain, although devoid of any catalytic activity, furnishes an
essential function for the multifunctional enzyme complexes utilized for fatty acid,
polyketide, and polypeptides. The ability for these enzymatic assemblies to sequester the
product intermediates via a covalent tether is paramount to the role of any single catalytic
domain to achieve successful, efficient, product turnover. As a result, the carrier proteintethered intermediates are effectively maintained at saturating levels with regard to the
respective catalytic domains, which facilitates greater catalytic efficiency than would be
expected of freely diffusable product intermediates.
The utility of ACP in lipogenesis ensures the ability of FASN to consistently and
selectively produce palmitate and stearate, which are essential metabolites for all cell
biology. Moreover, employing the utility of a carrier protein domain has allowed for the
evolution of impressively diverse, yet mechanistically related synthetic complexes, which
has resulted in the realization of a large family of natural products.
An inherent characteristic of carrier protein domains is that this single protein
scaffold is recognized by a host of catalytic domains which allows for the binding and
dissociation from several distinct protein partners. Therefore, implicit in this observation
is that both substrate recognition and carrier protein domain binding are essential factors
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for efficiency catalysis. Yet, it is still unclear whether substrate recognition by catalytic
domains facilitates carrier protein binding, or if protein-protein interactions facilitate
substrate loading into reaction centers.
1.9 Interactions between Carrier Protein Domains and Thioesterase Activities are
Promising Targets for Therapeutic Development
It is important to consider both factors of substrate and carrier protein interactions
when exploring the therapeutic intervention of FASN, PKS and NRPS for the treatment
of cancer and microbial or fungal infections, respectively. To start, the natural product
industry is rapidly expanding its compound library due to the engineering of hybrid
enzyme systems which mix and match PKS and NRPS modules to generate new
products. However, several limitations have arisen in these efforts, stemming from
slowed reaction kinetics, limitations on module specificities, and the ability for the
endogenous TE domains to liberate the product. Genetic engineering can presumably
overcome these limitations by tailoring the module specificities, but also the specific
interactions between the carrier protein and the catalytic centers, thus affording more
time for catalysis of the desired products. An alternative consideration is for drug
development research aimed at antagonizing the endogenous natural product machinery.
Given that some natural products act as immunosuppressants or cytostatic agents,
affording microbes the ability to infect its host, inhibition of the synthetic machinery can
act in an antimicrobial fashion.

Antimicrobials designed to block carrier protein

interactions would comprehensively inhibit catalytic activities.

Similar to FASN,

inhibition of either endogenous TE domain or type II thioesterase activites would
severely limit the ability of the synthases to effectively generate products.
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Appreciation of the interplay between ACP, TE1 and TE2 of the FASN
machinery is becoming increasingly important given that pharmacological intervention of
the TE1 domain of FASN is an established target for cancer treatment (35,105). The
ability of TE2 to modulate FASN activity with active TE1 present represents a potential
limitation in TE1-targeted FASN drug discovery.

If any aberrant TE2 activity is

maintained in cancer cells after treatment with TE1 inhibitors, TE2 could rescue FASN
activity and cancer cell metabolism. Therefore, it is imperative that our understanding of
TE1 and TE2 structural scaffolds, catalytic mechanisms, and binding modes for
substrate/ligands, ACP interactions, and product hydrolysis continues to expand. Threedimensional atomic models of cancer targets provide invaluable molecular blueprints for
medicinal chemistry research and lead compound optimization.
To date, no crystallographic evidence exists to determine the interactions between
the human ACP and TE1 or ACP and TE2; nor are there any structures available for TE2.
Moreover, the only insight into the substrate binding mechanism is from the crystal
structure of TE1 in complex with Orlistat (Figure 5). A central hypothesis governing the
presented research is that TE1 and TE2 are structural homologues to the α/β serine
hydrolase family of enzymes, and that comparison of both crystal structures will reveal
conserved core domain architectures but dissimilar sub-domain features.

A second

related hypothesis is that the differences in sub-domain architecture will demonstrate
differences in ACP interactions.
Additionally, the only kinetic studies on TE1 and TE2 have employed the suboptimal acyl-CoA substrates. While these substrate mimics provide great insight into
substrate specificity; however, the absence of the ACP domain portion of the substrate is
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A

B

Figure 5. The 2.3 Å crystal structure of recombinant human TE1 domain of FASN inhibited by
Orlistat. The TE1-orlistat complex was the first structure to model substrate packing into the TE1
active site. A. Orlistat (yellow) binds at the interface between sub-domains A (green) and B
(brown) and is covalently linked to active site Ser2308. The canonical α/β serine hydrolase fold is
observed in sub-domain B. The non-canonical sub-domain A is composed of a 4 α-helical bundle.
Both domains participate in substrate binding. (B). Surface representation at the sub-domain
interface reveals unique binding channels. The palmitoyl-like moiety of Orlistat packs along the
specificity channel, whereas the octanoyl moiety packs into a short chain pocket. Orlistat binding and
orientation provided the first rationale for how to target novel therapeutics to the TE1 active site.
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a glaring limitation of this kinetic characterization. The ability to compare TE1 and TE2
activities on an acyl-ACP substrate could provide additional clues into the apparent
competition of TE1 and TE2 for acyl-ACP. Therefore, it is hypothesized that TE1 and
TE2 will be more active toward acyl-ACP substrates compared to the standard acyl-CoA
substrate mimics; i.e., ACP-TE protein-protein interactions will facilitate substrate
recognition and improved catalytic efficiencies.
The data reported in this thesis addresses the above-stated hypotheses with the
experimental design listed below:
1. Human TE1 and TE2 activity on acyl-CoA substrates will be determined and will
report the first kinetic studies on the human enzymes.
2. Kinetic studies of TE1 and TE2 on the biologically relevant acyl-ACP substrates
will reveal improved specific activities for both enzymes. Acyl-CoA substrates
are freely diffusable, therefore the catalytic efficiency of both thioesterase
enzymes is limited by the ability of the enzymes to scavenge the substrate and
then bind and hydrolyze the thioester bond. The acyl substate tethered to an ACP
domain will facilitate protein-protein interactions, presumably increasing the rate
of substrate-enzyme interactions and substrate loading into the active site.
3. Inhibition studies will reveal differences in inhibitor potency against TE1 and
TE2. TE1 demonstrates strict selectivity for palmitate and stearate, whereas TE2
is expected to have a broad selectivity for MCFAs and LCFAs. These differences
in specificity may be related to differences in catalytic mechanisms by way of
substrate binding; therefore, it is not unreasonable to expect varying degrees of
inhibition between the enzymes depending on the choice of inhibitor.
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4. The TE2 crystal structure will reveal a conserved α/β serine hydrolase fold, but
the domain insertion will deviate from TE1. The differences in sub-domain
architecture will explain the lack of chain-length selection of TE2. TE1 and TE2
share only 15% sequence identity, yet both enzymes recognize and hydrolyze the
same acyl-ACP substrate of FASN. Therefore, these enzymes are expected to
have similar structures. The interface of sub-domains A and B of TE1 generate
the substrate binding channel; therefore, the expectation is that the sub-domain
portion of TE2 will not provide a structured substrate binding channel, allowing
for non-specific hydrolysis of varying chain-length acyl products.
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Crystal Structure of Human Thioesterase 2: Insights into the Molecular Basis for
the Novel Modulation of Fatty Acid Synthase Activity.
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Abstract
Human thioesterase 2 (TE2) is a discrete, monofunctional α/β serine hydrolase upregulated in lactating breast and functions to modulate fatty acid synthase (FASN) acyl
product distribution to favor the medium chain fatty acids (MCFAs) laurate (C12) and
myristate (C14). In the absence of TE2, FASN produces palmitate (C16) and stearate
(C18) long chain fatty acids (LFCAs) due to the high selectivity of the endogenous, Cterminal thioesterase 1 (TE1) domain. The acyl or fatty acid chains produced by FASN
are tethered via a covalent thioester linkage to the 4′-phosphopanthetheinyl (4′PP)
cofactor the acyl carrier protein (ACP) domain. Both TE1 and TE2 interact with the
acyl-ACP in order to hydrolyze and liberate the free fatty acid from the FASN complex.
The ability of TE2 to modulate FASN product distribution in the presence of active,
ACP-tethered TE1 suggests that the interactions between TE2 and ACP are favored over
the interactions between TE1 and ACP. Moreover, the differences in substrate specificity
suggest that TE1 and TE2 have unique active site architectures. In this manuscript, we
report the 2.62 Å crystal structure of human TE2 as well as kinetic studies on human TE1
and TE2 using acyl-CoA and acyl-ACP substrates.

The secondary structure

superpositions of TE1 and TE2 reveal a conserved α/β serine hydrolase fold with
divergent subdomain architectures as well as unique substrate binding motifs in the active
sites.

TE2 is observed in the closed conformation given that residues in loop regions

block the active site region. Moreover, the catalytic triad is observed to be sub-optimally
positioned for nucleophile activation.

The kinetic studies revealed only modest

differences in TE1 specific activity against acyl-CoA and acyl-ACP substrates, whereas
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TE2 resulted with a 20-fold increase in activity against acyl-ACP compared to acyl-CoA
substrates.
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2.1 Introduction
Fatty acids are important constituents of all biological processes (1-4). Long
chain fatty acids (LCFAs) serve fundamental roles in membrane synthesis, energy
storage, signal transduction and post-translational modifications of proteins. Medium
chain fatty acids (MCFAs) have known anti-microbial properties, and are optimal
metabolites for infant absorption and nourishment (5-7).

In humans, cellular lipid

homeostasis is maintained via absorption of exogenous lipids and de novo synthesis of
endogenous lipid sources. Under normal conditions, cellular absorption of lipids is
favored due to the abundance of circulating lipids derived from dietary sources. In
contrast, aberrant lipid metabolism in several cancers is characterized by a critical
dependence for endogenously derived lipids (3,8-20).

Moreover, the depletion of

endogenous lipids in cancer cells represents an attractive strategy for anti-cancer research
(21-38).
The type I multifunctional human fatty acid synthase (FASN) is the sole enzyme
responsible for the de novo production of LCFAs in cells and is the primary target for
anti-cancer research aimed at depleting endogenous lipid sources (39-44). FASN is a
cytosolic, homodimeric enzyme with a mass of 0.54 MDa, and is composed of 7
duplicate functional domains: keto synthase (KS); malonyl-acetyl transferase (MAT);
dehydratase (DH); keto reductase (KR); enoyl reductase (ER); acyl carrier protein (ACP);
and thioesterase (TE1). FASN domain organization is shown in Chapter 1, Figure 1.1.
The acyl product distribution of FASN is dictated by the selectivity of the endogenous,
C-terminal TE1 domain, which functions to liberate free fatty acids by hydrolyzing the
thioester linkage of the 4΄–phosphopantetheinyl (4΄PP) cofactor of ACP (45-48).
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Kinetic studies using acyl-ACP mimetics have clearly demonstrated the
selectivity of native or recombinant TE1 for palmitate (C16) and stearate (C18) fatty
acids. However, in the lactating breast, the acyl distribution of FASN products favors
MCFAs, such as laurate (C12) and myristate (C14) (49). Remarkably, this shift in acyl
chain-length distribution is achieved through the interaction of human thioesterase 2
(TE2), a discrete, monomeric type II α/β serine hydrolase with a mass of 31 kDa. The
accessory function of a type II thioesterase with FASN in lactating mammary tissue was
first identified in rats, and its upregulation during lactation has been identified in several
mammalian systems (50-55). Kinetic studies using acyl-CoA substrates demonstrated the
broad specificity of endogenous or recombinant rat TE2 for fatty acids 10-14 carbons in
length, consistent with the fatty acid distribution in rat milk fat.
Human TE1 and TE2 share only 15.9 % sequence identity, yet both enzymes
associate with the same acyl-ACP domain of FASN for catalysis. In fact, the closest TE2
homologues based on sequence identity are the type II thioesterases, RifR and RedJ,
associated with the prokaryotic rifamycin polyketide synthase (PKS) and prodiginine
hybrid PKS/non-ribosomal peptide synthetase (NRPS) multimodular assemblies,
respectively (56-57).

The modular arrangement of representative PKS and NRPS

systems are shown in Chapter 1, Figures 1.3 and 1.4. PKS and NRPS assemblies share
many similarities with FASN, including the utilization of multifunctional peptides, shared
domains and chemistries, and processing of substrates (58-60).

Notably, all three

systems employ either an acyl (FASN and PKS) or peptidyl (NRPS) carrier protein to
covalently tether the product intermediates with a 4΄PP cofactor. Importantly, the carrier
protein is always directly tethered to the endogenous thioesterase domain, which is

46

required for liberation of fatty acid, macrolide, or non-ribosomal products. Moreover, all
three systems employ a type II thioesterase, yet the biological consequences of TE2
activity compared to RifR and RedJ are quite different. RifR and RedJ serve editing roles
in stalled biosynthetic processes by performing hydrolysis of aberrant acyl substrates on
their respective carrier protein domains; TE2 intervenes with active FASN and
effectively modulates the acyl product distribution.
The implications of FASN product modulation via an accessory enzyme is
relevant to current drug discovery strategies aimed at targeting TE1 to inhibit endogenous
lipid sources. It is evident that both substrate and ACP interactions facilitate TE1 and
TE2 catalysis, and that carrier protein-thioesterase dynamics are critical in maintaining
efficient, active multifunctional enzyme assemblies. The ability of TE2 to modulate
FASN product distribution in the presence of active, ACP-tethered TE1 suggests that the
interactions between TE2 and ACP are favored over the interactions between TE1 and
ACP. Moreover, the differences in substrate specificity suggest that TE1 and TE2 have
unique active site architectures. The potential differences in substrate selection and ACP
recognition by TE1 and TE2 warrants further investigation in order to better understand
the molecular mechanisms facilitating fatty acid synthesis in cells. Herein, we report the
first crystal structure of recombinant human TE2, solved to 2.62 Å resolution.

In

addition, the specific activities of recombinant human TE2 and TE1 using acyl-CoA and
acyl-ACP substrates were determined.

The TE2 crystal structure revealed a closed

conformation over the active site and a putative substrate binding pocket composed of
small hydrophobic residues.

Kinetic evaluation of TE1 and TE2 against acyl-CoA

substrates demonstrated TE1 to have the highest specific activity for all substrates; TE2
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demonstrated 20-fold enhanced specific activity when assayed against the palmitoyl-ACP
substrate, and 5-fold higher specific activity compared to TE1.

These combined

structural features and kinetic results suggest TE2 interactions with ACP result in subdomain reorganization, which facilitate substrate loading into the active site and efficient
hydrolase activity.
2.2 Experimental Procedures
2.2.1 Purification of human ACP
The ACP domain (residues 2118-2212) was sub-cloned into pET151 TOPO/D
(Invitrogen) using the full-length human FASN gene (Origene) and forward 5΄CACCTATAGGGACAGGGACAGCCAGCGGG-3΄
TTAGCTGGGCCAGACCATCCTCCTT-3΄ primers.

and

reverse

5΄-

ACP in pET151 TOPO/D is

expressed with an N-terminal 6X-His-tag and TEV protease recognition sequence
(ACP+His). Protein expression in C41(DE3) E. coli was induced with 0.2 mM IPTG at
16 °C overnight. Clarified cell lysate containing 100 µM PMSF and benzamidine, 1 mM
MgCl2 and 100 µg DNase powder in 20 mM HEPES pH 7.9, 500 mM KCl, 5 mM
Imidazole, 10% glycerol and 1% Triton X-100 was applied to an equilibrated nickel NTA
column (Qiagen). ACP+His was eluted using a 5-250 mM imidazole gradient in 20 mM
HEPES pH 7.9 and 500 mM KCl. Fractions containing ACP+His were pooled, treated
with 5 mM EDTA, 2 mM DTT and 5.0 mg of 3C protease and dialyzed against 4.0 L of
20 mM HEPES pH 7.0 and 1 mM DTT. Removal of the affinity tag was confirmed with
Bruker Autoflex MALDI-TOF MS (3C protease recognizes TEV and 3C protease
recognition sequences), and the matrix used for sampling was a saturated sinapic acid
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(Fluka Chemika) solution composed of 50% ACN and 0.1% formic acid. ACP was
applied to a Q-sepharose fast-flow ion-exchange column (GE Healthcare), and eluted
with a 0-500 mM NaCl in 20 mM HEPES pH 7.0 and 1 mM DTT. Fractions containing
ACP were pooled, concentrated to 5 mL, and injected over a Superdex 75 gel filtration
column equilibrated in 20 mM HEPES pH 7.5, 250 mM NaCl and 1 mM DTT. Highly
pure ACP fractions were pooled, concentrated and aliquoted for storage at -80 °C.
2.2.2 Purification of human TE2
Human TE2 was sub-cloned into pET151 TOPO/D using forward 5΄CACCATGGAGAGAGGAGACCAACCTAAGAGAACC-3΄

and

reverse

TTAAAAATTGGATATCGATGATACTTCTAGACACTTG-3΄ primers.

5΄-

The TE2

active site S101A mutant was generated using the QuickChange procedures (Stratagene)
and

the

following

forward

and

reverse

GCATTTTTTGGCCACGCTATGGGATCCTACATTGC-3΄
GCAATGTAGGATCCCATAGCGTGGCCAAAAAATGC-3΄.

primers,

5΄-

and

5΄-

TE2+His

protein

expression in BL21(DE3) GOLD E. coli was induced with 0.1 mM IPTG at 16 °C
overnight.

NTA and Q-sepharose purification strategies are identical to methods

described for ACP+His purification, except with dialysis and Q-sepharose buffers
adjusted to final pH 7.5 and 5 mM DTT.

Fractions containing TE2 were pooled,

concentrated to 5 mL, and injected onto a Superdex 75 gel filtration column equilibrated
in 20 mM HEPES pH 7.5, 100 mM NaCl and 5 mM DTT. Highly pure TE2 fractions
were pooled, concentrated and aliquoted for storage at -80 °C.

The cloning and

purification strategies for WT TE1 and TE1 S2308A active site mutant have been
previously reported (61).
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2.2.3 Purification of HAAS+His
The E. coli holo acyl-ACP synthase (HAAS+His) expression construct (pET28b)
was kindly donated by Dr. John Shanklin at the Brookhaven National Laboratories.
HAAS+His purification strategy was slightly modified from what was previously
reported (62-63). First, cell cultures were grown at 37 °C to mid-log phase, and then
cooled to room temperature prior to induction. Second, highly pure HAAS+His was
eluted from a NTA column with 250 mM imidazole in 50 mM Tris 8.0, 20 mM MgCl2,
2% Triton X-100. Highly purified HAAS+His was dialyzed overnight into 50 mM Tris
8.0, 20 mM MgCl2 and 2% TritonX-100, and then aliquoted, flash frozen in liquid
nitrogen and stored at -80 °C.
2.2.4 Purification of S. coelicolor phosphopantetheinyl transferase (Loader+His)
Loader+His was subcloned into pET151 TOPO/D using forward 5΄CACCATGAGCATCATCGGGGTCGGG-3΄

and

reverse

5΄-

CTATCCCTCCGCGATCACCACCG-3΄ primers. NTA and Q-sepharose purification
strategies are identical to methods described for TE2+His; Superdex 75 methods were not
necessary.
2.2.5 Synthesis and purification of 4΄PP-ACP (ACPSH) (64)
Fifty milligrams of ACP was resuspended in 5 mL reaction buffer containing 50
mM Tris 8.0, 1 mM MgCl2, 10 mM CoA, 1.6 mg/mL Loader+His and 5 mM βmercaptoethanol. The reaction was incubated at room temperature with intermittent
stirring for 1.5 hours. ACP loading was monitored via MALDI-TOF MS until the
observed ACP peak at 11184 m/z reached extinction and only the fully loaded ACPSH
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peak was observed at 11524 m/z. The completed reaction was diluted with 5 mL –T/G
buffer (20 mM HEPES pH 7.9, 500 mM KCl), and then applied to a NTA column
equilibrated in –T/G buffer. Eluted ACPSH was manually harvested via inspection of the
OD280nm chromatography trace and dialyzed overnight against 2.0 L 50 mM Tris 8.0, 1
mM DTT.

Dialyzed ACPSH was concentrated using the 5,000 MWCO spin

concentrators, aliquoted, and stored at -80 °C.
2.2.6 Synthesis and purification of acyl-ACP
Acyl chain loading efficiency was tested on laurate, myristate, palmitate and
stearate. Small scale 100 µl reactions composed of 1 mg/mL ACPSH, 0.3 mg/mL
HAAS+His, 100 mM Tris 8.0, 10 mM MgCl2, 1% TritonX-100 and 3 µL of saturated
acyl sodium salt in 100% methanol were incubated at room temperature for up to 2 hours.
ACPSH loading was monitored via MALDI-TOF MS until the observed ACPSH peak at
11524 m/z reached extinction and only the fully loaded acyl-ACP peaks were observed at
the theoretical m/z values of 11707 (C12-ACP), 11735 (C14-ACP), 11763 (C16-ACP),
and 11791 (C18-ACP). Samples were desalted using C18 ZipTip (Millipore) procedures
prior to MALDI-TOF MS analyses.
Synthesis was scaled proportionally to generate 20 mg of C16-ACP in 10 mL
reaction buffer. MALDI-TOF MS analyses confirmed 100% loaded C16-ACP after 1.5
hours at room temperature. A 2 mL NTA column was prepared and equilibrated in 50
mM Tris 8.0 and 0.5% TritonX-100. The loaded reaction was filtered with a 0.45 µm
syringe filter prior to loading onto the NTA column. The flow-through was collected and
immediately dialyzed overnight into 2.0 L of 50 mM NaOAc pH 5.5 and 0.5% Tween 20
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at 4 °C. Fully intact dialyzed C16-ACP was concentrated using a 5,000 MWCO spin
concentrator, aliquoted and stored at -80 °C.
2.2.7 KDH-coupled assay for monitoring acyl-CoA hydrolysis(65)
Thiamine pyrophosphate (TPP), α-keto glutarate dehydrogenase (KDH), and αketo glutarate (αKG) were purchased from Sigma Aldrich, USA. Acyl-CoA substrates
were purchased from Avanti Polar Lipids, Inc. Fresh stocks of NAD+ and NADPH were
prepared and the concentrations measured at 260 nm (ε=18 mM-1cm-1) and 340 nm (ε
=6.22 mM-1cm-1), respectively. All kinetic measurements were performed on a Cary
Eclipse Fluorescence Spectrophotometer (Agilent Technologies) equilibrated at 30 °C.
The voltage gain was manually set to achieve the maximum relative fluorescence unit
(RFU) when 10 µM NADH was measured. An NADH standard curve of 0, 1.25, 2.5, 5,
and 10 µM was measured in duplicate. 25 nM TE1 and 125 nM TE2 were assayed for 5
minutes in triplicate.

Reaction rates were measured against 10-320 µM acyl-CoA

substrates, in 250 mM Na/KPO4 pH 7.5, in order to validate the decision to compare
thioesterase specific activity at 20 µM substrate concentrations; substrate inhibition at
increasing substrate concentrations is inherent in this assay. All reaction rates were linear
within the 5 minute window of measurement. Enzyme activites were transformed from
RFU/min to µmol acyl-CoA hydrolyzed/min by multiplying by the product of the inverse
NADH standard curve slope.

Specific activities (nmol/min*mg) were calculated by

dividing the enzyme activities by the total enzyme mass composition.
2.2.8 Inhibition Assay
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Orlistat (Sigma) and Ebelactone B (Sigma) were used to measure TE1 and TE2
inhibition employing the KDH assay described above. 25 nM TE1 and 125 nM TE2
were incubated for 30 min at 30 °C with 0, 1, 10, and 100 molar excess Orlistat or
Ebelactone B prior to kinetic measurement. Stocks of Orlistat and Ebelactone B were
prepared in 100% ethanol and DMSO, respectively, such that equivalent volumes of
inhibitor were added to each assay for TE1 or TE2; Ethanol or DMSO were added to the
control samples at the same final concentration. TE1 and TE2 were assayed in triplicate
against 20 µM palmitoyl-CoA and myristoyl-CoA, respectively.
2.2.9 Quantitative MALDI-TOF MS discontinuous assay for monitoring acyl-ACP
hydrolysis
Quantitative MALDI-TOF MS analyses were used to measure the specific activity
of TE1 and TE2 against acyl-ACP substrates. The matrix used for sampling was a
saturated sinapic acid (Fluka Chemika) solution composed of 50% ACN and 0.1% formic
acid. As a control, 10 µM ACPSH and 10 µM C16- ACP were combined, mixed 1:10
with matrix and spotted on a MTP 384 massive plate. Positive ion mode data collection
was used to iteratively collect spectra every time 50 shots were added to the sum. The
relationship between measured peak intensities and number of shots produced a linear
trend for both ACPSH and C16-ACP, indicating that these species do not affect the
ionization or desorption of each other, and that neither species reached saturation for the
mass detector. A mock activity curve was prepared and measured, composed of 0-10 µM
ACPSH and 20-10 µM C16-ACP so that the final ACP composition in each sample is 20
µM. The ratio of ACPSH peak intensities to the sum of observed ACPSH and C16-ACP
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peak intensities was determined by the equation IACPSH/(IACPSH + IC16-ACP)). The ratio of
intensities plotted against the concentration of ACPSH produced a linear trend.
Reaction rates were measured for 25 nM TE1 and 10 nM TE2 against 20 µM
C16-ACP in triplicate in a discontinuous fashion. All reaction rates were linear within
the 10 minute window of measurement. The percent of C16-ACP hydrolyzed per minute
was determined by applying the equation above to the observed MALDI-TOF MS
spectra.

The specific activities (nmol C16-ACP/min*mg) were determined by

multiplying the former result by 20 µM C16-ACP and dividing by the total enzyme
composition.
2.2.10 Crystallization of TE2
TE2 rod-shaped crystals were identified using commercially available crystal
screening kits from Qiagen and were prepared with the Gryphon crystallization robot
(ArtRobbins Instr.) by mixing equal volumes (200 nL) of protein and well solutions.
Optimized TE2 crystals were grown using the hanging-drop vapor diffusion method at 22
°C in well solution containing 1.64 M NaH2PO4, 0.42 M K2HPO4 and 50 mM HEPES pH
7.6 . Fresh protein stocks of 10 mg/mL TE2 and 10 mM DTT were prepared and mixed
in a 1:1 ratio with well solution.
2.2.11 Data collection and Structure Determination
X-ray diffraction data were collected as 0.5° oscillation images on an in-house
Rigaku RA-Micro 007 generator with a Saturn92 CCD detector.

Crystals were

cryoprotected in paratone. The d*Trek software was used to process the WT TE2 dataset
and PHASER within the CCP4i software suite was used to identify the initial non-
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isomorphous molecular replacement (MR) solution (66-69). The closest homologue of
TE2, RifR (30 %, PDB code 3FLB), was used as the initial search model. A successful
MR solution was obtained when only the core α/β hydrolase fold of RifR was used
(residues 5-123, 191-248). Identical strategies using only the hydrolase domain of RedJ
(PDB 3QMV) also resulted with an MR solution, however the RFZ and TFZ scores for
the RifR solution were superior. No MR solutions were obtained using search models of
full length TE1 or its core domain (PDB 2PX6). The TE2 structure was built using
COOT and all structure refinements were performed using the PHENIX software suite
(70-73). The final structure was refined in PHENIX with 20 TLS groups (4 per chain).
The final model is composed of residues 17-58, 75-157, and 168-265.
2.3 Results
2.31 TE2 is a α/β serine hydrolase related to PKS/NRPS type II thioesterases
TE1 and TE2 do not meet the criteria for homology based strictly on sequence
identity, but the conserved sequence similarities establish TE2 homology to the α/β serine
hydrolase family of enzymes (Figure 2.1) (74). In contrast, TE2 shares ~30% sequence
identity and approximately 42 % sequence similarity to RifR and RedJ α/β serine
hydrolases (Figure 2.2). All four thioesterases share strong homology with the position
of the catalytic serine as well as the position of the catalytic histidine of the canonical
Ser-His-Asp catalytic triad found in the canonical GXSXG motif.

The active site

S2308A of TE1 bridges two bulky tyrosine residues, whereas the type II thioesterases
active site serine residues bridge histidine and methionine residues. (75). The catalytic
histidine residues are positioned at the N-terminus of a hydrophobic loop region. TE1
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*
Figure 2.1. Sequence alignment of TE1 and TE2. The conserved residues highlighted in red
represent 15.8 % sequence identity between TE1 and TE2. The active site serine residues (TE1
S2308; TE2 S101) within the canonical GXSXG motif are labeled with asterisks. Catalytic histidine
(TE1 H2481; TE2 H237) and aspartate (TE1 D2338; TE2 D212) residues are also labeled with
asterisks. Green arrows define the boundaries of the non-canonical loop insertion for TE1 (residues
2360-2437).
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*

*

Figure 2.2. Sequence alignment for type II thioesterases from FASN, PKS and hybrid
PKS/NRPS assemblies. TE2, RifR and RedJ share approximately 30% sequence identity. The
majority of conserved amino acids lie within secondary structures present in all three crystal
structures. All three catalytic residues are labeled with asterisks. The conserved active serine
residues (TE2 S101; RedJ S107; RifR S94) are found within the canonical GXSXG motif . Catalytic
histidine (TE2 H237; RedJ H241; RifR H228) and aspartate (TE2 D212; RedJ D213; RifR D200)
residues are also labeled with asterisks. Green arrows define the boundaries of the non-canonical
loop insertions.
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diverges from the type II thioesterases in its position of the catalytic aspartate, where
TE2, RifR and RedJ have the acidic aspartate residue in the canonical position.
Interestingly, these thioesterases have non-canonical loop insertions within the α/β core.
Loop insertions within the hydrolase fold are a common feature of several α/β hydrolases,
and gives rise to unique substrate specificities (73). The insertions in TE1, RedJ and
RifR resulted with a capping domain composed of α-helices observed in their respective
crystal structures. Only moderate sequence similarity between TE1 and TE2 is found in
the α6 and α7 helical elements, whereas TE2, RifR and RedJ have strong sequence
identity within the loop insertion. Sequence comparison of TE2 to TE1, RifR and RedJ
suggest divergent capping domain architectures comprised within structurally
homologous α/β serine hydrolase folds.
2.3.2 TE1 and TE2 differential activity toward acyl substrates and inhibition via βlactone natural products suggest unique active site architectures and ACP
interactions
2.3.2A Kinetic evaluation of TE1 and TE2 hydrolysis of acyl-CoA substrate
mimetics
As seen in Figures 2.3A, TE1 and TE2 specific activities decline with increasing
substrate concentrations. This observed substrate inhibition is due to the detergent-like
properties of the acyl-CoA substrates; therefore, TE1 and TE2 specificity profiles were
compared at 20 µM substrates, a concentration far removed from the point of observed
decline in enzyme activity. For all substrates assayed, TE1 resulted with the highest
specific activity. Consistent with previously published data on endogenous TE1,
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A

TE1

TE2

B

Figure 2.3. Results of TE1 and TE2 kinetic evaluations against acyl-CoA substrate mimetics. A.
Dependence of TE1 and TE2 specific activity with increasing substrate concentrations. B. Comparison
of TE1 and TE2 specific activities against 20 µM acyl-CoA substrates.
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recombinant TE1 demonstrated high selectivity for palmitate (C16) and stearate (C18)
LCFAs (Figure 3B, gray). Previously reported activity profiles of recombinant rat TE2
demonstrated preference for MCFAs, which were consistent with the distribution of fatty
acids in rat milk fat. Accordingly, the results of recombinant human TE2 activity against
acyl-CoA substrates demonstrated preference for the MCFAs most abundant in human
breast milk, myristate (C14) and laurate (C12) and also appreciable activity toward
palmitate (Figure 3B, blue). Five hundred nM S2308A TE1 and S101A TE2 were
assayed against the panel of acyl-CoA substrates, and no measurable activity was
observed. The surprising result of these assays revealed a 5 to 10-fold difference in
specific activities between TE1 and TE2. The differences in substrate specificity and
specific activities may relate to unique structural features of the TE1 and TE2 active sites.
In addition, the disproportionate specific activity of TE2 compared to TE1 is seemingly
inconsistent with the increased production of MCFAs in lactating breast.
2.3.2B Evaluation of β-lactone congeners on TE1 and TE2 hydrolase activity
The differences in TE1 and TE2 active site architectures were further assessed
using natural product inhibitors (Figure 2.4). Many β-lactone compounds are known to
be susceptible to nucleophilic attack by serine hydrolases (34,76). Orlistat, a β-lactone
compound, was previously identified as a potent inhibitor of TE1, and the crystal
structure of Orlistat bound to the TE1 active site demonstrated how well Orlistat mimics
the binding of a palmitoyl moiety (61). Ebelactone B was chosen for these studies
because of its unique resemblance to a C14 acyl substrate. TE2 resulted with only 50%
inhibition even at 100 molar excess Orlistat, whereas TE1 resulted with almost complete
inhibition treated with one molar excess Orlistat. A less striking result was observed for
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B

A

ORLISTAT

EBELACTONE B

Figure 2.4. Results of TE1 and TE2 inhibition by β-lactone congeners Orlistat and Ebelatcone B.
A. Orlistat inhibition of TE1 and TE2 activity. B. Ebelactone B inhibition of TE1 and TE2 activity.
The chemical structures of both compounds are shown below the bar graph.
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Ebelactone B inhibition. Both TE1 and TE2 activities were reduced as Ebelactone B
concentrations were increased; however, TE1 was almost completely inhibited at 10X
ebelactone whereas TE2 never reached full inhibition even at the highest concentrations
of inhibitor.
2.3.2C Kinetic evaluation of TE1 and TE2 hydrolysis of C16-ACP
An efficient, reproducible and stable synthetic strategy was optimized for
generating the biologically relevant acyl-ACP substrates for TE1 and TE2 kinetic
experiments.

Recombinant ACP was processed through a two-step synthesis to

accomplish 100% conversion to acyl-ACP (Figure 2.5A). MALDI-TOF MS produced
highly accurate and high resolution analyses of product intermediates; the syntheses of
C12-C18 acyl-ACP substrates were prioritized to match the panel of acyl-CoA substrates
(Figure 2.5B). All acyl-ACP substrates were loaded with equal efficiency.
Several key elements were crucial for optimization of acyl-ACP synthesis. First,
addition of 1 % Triton-X100 detergent provided the first realization of 100% product
synthesis. The aliphatic physical property of fatty acids predisposes these compounds to
precipitation when suspended in an aqueous environment.

Given the insolubility of

these fatty acyl sodium salts in water, MeOH was used to provide high saturation
solutions of each substrate. Addition of acyl substrates in MeOH to the aqueous reaction
mix required slow addition with rapid mixing in order to immediately disperse the
alcoholic component and minimize the potential for protein precipitation. Finally, the
thioester bond tethering the acyl chain to the 4΄PP cofactor is susceptible to nonenzymatic hydrolysis by nucleophilic attack of an activated water molecule at the given
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A

ACPSH

Acyl-ACP

R

B

ACP
ACPSH
C12-ACP
C14-ACP
C16-ACP
C18-ACP

11188
11512
11693
11723
11751
11779

Figure 2.5. Synthesis and analysis of acyl-ACP substrates. A. Diagram of the two-step synthetic
strategy for acyl-ACP substrates. The 4΄PP cofactor attached to Ser2156 of ACP is loaded by the
Loader+His enzyme in the presence of CoA and MgCl2. Acyl loading is achieved by HAAS+His in
the presence of fatty acylates, MgCl2 and ATP. B. MALDI-TOF spectra representing each step of
acyl-ACP syntheses. Spectra for ACP (Red), ACPSH (Blue), and C12-C18 acyl-ACP substrates
(Black) are shown. Theoretical m/z values for all samples are reported in the table.
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pH of the loading reaction. Stabilization of acyl-ACP substrates was achieved by rapid
buffer exchange from Tris pH 8.0 to NaOAc pH 5.5. Tween 20 detergent replaced
Triton-X100 due to the ability of Triton-X100 to inhibit TE1 and TE2 activity; Tween 20
is a more favorable detergent for crystallographic purposes as well.
Generation of high milligram quantities of C16-ACP was prioritized for initial
kinetic evaluations of TE1 and TE2. As will be discussed in Chapter 3 (Figure 3.10),
alternative acyl-ACP synthetic strategies were also tested in parallel, but were not
suitable for kinetic evaluation. Kinetic evaluation of TE1 and TE2 against the full panel
of acyl-ACP substrates is proposed in Chapter 4.

A novel MALDI-TOF MS

discontinuous assay was developed in order to monitor acyl-ACP hydrolysis; there are no
changes colorimetric or fluorescent properties with which to continuously measure
thioesterase activity against acyl-ACP substrates.
A series of control MALDI-TOF MS measurements were performed to validate a
method for quantitative measurement of TE1 and TE2 hydrolysis of C16-ACP (Figure
2.6). Specific challenges for using this strategy were the potential for ion-supression of
either ACPSH or C16-ACP, possible unequal sampling of substrate and product due to
poor recrystallization in matrix, and limited sample detection or the potential to saturate
the mass detector. ACP, ACPSH, and acyl-ACP were readily detected via MALDI-TOF
MS as seen in Figure 2.5B, so sample detection was not an issue. Co-measurement of
ACPSH and C16-ACP recrystallized in the same sample produced a linear result when
peak intensities were plotted against the number of laser shots collected (Figure 2.6A).
This result confirmed that neither ion-supression nor saturation of the mass detector
occurred. The product of TE1 or TE2 activity on C16-ACP is ACPSH; the amount of
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C

B

Figure 2.6. Validation experiments for quantitative MALDI-TOF MS kinetic analyses of TE1
and TE2 hydrolysis of acyl-ACP substrates. Quantitative analyses using MALDI-TOF methods have
inherent challenges in sample ionization, ion suppression or equal sample detection per laser shot.
Three control experiments were performed to address these issues. A. Sum peak intensities plotted
against number of laser shots. Equimolar ACPSH and acyl-ACP analyses resulted with a linear trend
comparing number of laser shots and the measured intensity of the observed summed peak. B. Ratio of
peak intensities plotted against number of laser shots. The relationship between the ACPSH peak
ratio to the number of laser shots resulted with a linear trend. C. Mock activity curve. ACPSH
normalization plotted against increasing ACPSH concentrations resulted with a linear relationship.
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C16-ACP decreases as ACPSH increases over time. Therefore, the ratio of these peak
intensities would report the percent substrate hydrolyzed.

The plot in Figure 2.6B

demonstrates the independent relationship between ACPSH/C16-ACP peak intensity
ratios and the number of laser shots, owing to the ability to multiply measure these
samples and report equivalent proportions. The mock activity plot shown in Figure 2.6C
demonstrates the linear relationship of ACPSH/C16-ACP peak intensity ratios to
increasing ACPSH concentrations.

The sensitivity of this assay measures 10-50%

product formed.
TE1 and TE2 activity against C16-ACP was readily measured using the novel
discontinuous assay (Figure 2.7). Each time point sample was quenched directly in
matrix solution; TE1 and TE2 are inactivated at low pH, an inherent physical property of
serine hydrolases. Quantitative MALDI-TOF analyses of TE1 and TE2 activity on C16ACP produced a linear trend, and reaction rates and specific activities were determined.
Surprisingly, TE2 demonstrated almost 5-fold higher activity toward C16-ACP compared
to TE1, and 30-fold higher activity against C16-ACP compared to C16-CoA. In contrast,
TE1 activity against C16-CoA and C16-ACP produced comparable rates. TE1 activity
demonstrated specificity for the acyl chain, whereas TE2 activity demonstrated
specificity for the ACP domain.
2.3.3 The 2.62 Å crystal structure of Human TE2 revealed strong homology to
PKS/NRPS type II thioesterases and is in a closed conformation with sub-optimal
active site geometry
2.3.3A Crystal structure of Human TE2
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Figure 2.7. Results of MALDI-TOF MS kinetic evaluation of TE1 and TE2 hydrolysis of C16ACP. A. Reaction rates for TE1 and TE2 hydrolysis of C16-ACP. Reaction rates for TE1 (40.8
nmol/min) and TE2 (47.8 nmol/min) were determined by linear regression analysis. B. Graphical
comparison of TE1 and TE2 specific activities against C16-CoA and C16-ACP. Only a modest
difference in specific activity, was observed for TE1 against CoA (650 nmol/min/mg) or ACP (473
nmol/min/mg) substrates. In contrast, a significant difference in specific activity was observed for
TE2 against CoA (56 nmol/min/mg) or ACP (1567 nmol/min/mg) substrates.
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X-ray data collection and refinement statistics are reported in Table 1. WT TE2
crystallized in the I422 spacegroup, and the dataset was scaled to 2.62 Å resolution with
an Rmerge value of 9.5 % and <I>/σ<I> value of 10.3. The dataset is 99.9 % complete
with a mosaicity value of 0.54. Molecular replacement strategies using PHASER within
the CCP4i suite and a search model of the RifR hydrolase core produced an initial
structure solution for only the TE2 hydrolase core; the capping domain of RedJ was used
to build in the TE2 capping domain. Iterative sessions of model building and refinement
were performed using the PHENIX software.

Final refinement strategies including

individual B-factor refinement and 20 TLS groups (4 residues per group) produced the
current model with refinement statistic values of 27 % and 35 % for Rwork and Rfree,
respectively. Two variable loop regions (59-76; 158-167) as well as N-terminal residues
upstream of N17 are not modeled. As seen in Figure 2.8, the electron density at the
active site region of TE2 clearly defines the backbone and side-chain residues modeled.
The TE2 crystal structure confirmed its classification as a α/β serine hydrolase
enzyme (Figure 2.9A). The hydrolase core is composed of six parallel beta strands
flanked by four α-helices. The central β-sheet partially wraps around the C-terminal
amphipathic helix. Consistent with hypotheses bases on sequence identity, the hydrolase
core of TE2 is interrupted with a loop insertion resulting in a sub-domain capping feature
composed of α-helices. The Ser-His-Asp catalytic triad is also shown in Figure 2.9A.
Consistent with thermal factor analysis, the hydrolase core and capping domain is well
ordered (Figure 2.9B). As expected, the N- and C-terminal ends of the missing variable
loop regions are more disordered. In addition, the helical elements positioned on the
backside relative to the active site show the highest degree of disorder.
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Table 2.1. Data collection and refinement
Data Collection
Spacegroup
Unit cell dimensions
Mosaicity

I422
96.1
90.0
0.54

Resolution Range
Total number of reflections
Number of unique reflections
Average redundancy
% completeness
Rmerge
Rmeas
<I>/σ<I>

67.93-2.62
136194
11637
11.7
99.9
0.095
0.100
10.3

Refinement
Rwork

0.270

Rfree

0.350

RMS(bonds)

0.009

RMS(angles)

1.340

96.1
90.0

160.0
90.0

(2.71-2.62)

(11.70)
(100.0)
(0.609)
(0.637)
(2.1)
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Figure 2.8. Current 2Fo-Fc electron density map with TE2 active site residues and conserved
water molecule. The map is contoured at 1 σ.
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Sub-domain B
Capping
domain

Sub-Domain A
Hydrolase
Core

Figure 2.9. 2.62 Å crystal structure of human TE2. A. Ribbon diagram of WT TE2. The α/β
serine hydrolase core (purple) is composed of a central parallel β-sheet flanked by α-helices. The noncanonical capping domain (slate) is a result of a loop insertion between β-strands 4 and 5. The Ser101His237-Asp212 catalytic triad side chains are shown. B. B-factor analysis of structured residues.
B-factor values from low to high are colored blue-white-red. C. Hydrogen-bonding network of
active site residues. Ser101 is positioned too far from His237 to be activated as a nucleophile for
catalysis. The well-conserved water molecule in the oxyanion hole is in hydrogen bonding with Met35
and Met102 backbone amides as well as Ser101.
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The detailed hydrogen bonding network of residues at the TE2 active site is
shown in Figure 2.9C. The position of Ser101 is governed by two hydrogen bonds; one
hydrogen bond between the side chain and the conserved water molecule; and one
hydogen bond between its backbone amide and the side chain of Ser128. However,
hydrogen bonding distances reveal that the catalytic triad of TE2 is not optimally
positioned for catalysis in this conformation, with S101 3.6 Å removed from H237. The
poor geometry of Ser-His-Asp catalytic triads has been described for other serine
hydrolases, including trypsin, chymotrypsin and subtilisin (77). The strong electrostatic
interaction between the catalytic aspartate and histidine residues forces an unfavorable
geometry between the catalytic histidine and serine residues. Substrate binding relieves
these restraints and facilitates efficient catalysis. Consistent with observations of the TE2
active site, slight repositioning of Ser101 and His237 is required for nucleophilic
activation. The highly conserved water molecule is found in the canonical oxy-anion
hole in hydrogen bonding with the active site S101 and the backbone amides of Met35
and Met102.
2.3.3B Comparisons of TE2 Structural Homologues
The structural homology between TE2 and TE1, RedJ and RifR is demonstrated
in Figure 2.10A. Secondary superpositions of each homologue with TE2 clearly show
the highly conserved α/β serine hydrolase core comprised of a central β-sheet flanked by
α-helices. All three TE2 homologues have loop insertions which resulted in α-helical
subdomain features.

Inspection of each catalytic triad revealed strict positional

conformity, with the exception of Asp2338 of TE1 (Figure 2.10B). RMSD statistics
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RMSD = 2.61 Å

RMSD = 2.20 Å

RMSD = 1.94 Å

B

Figure 2.10. Comparison of TE2 structural homologues. A. Secondary structure superpositions
of TE2 with TE1 (brown/olive), RedJ (red/wine) and RifR (teal/cyan). The superpositions were
generated with COOT; RMSD statistics are reported in the lower left corners of each ribbon diagram.
B. Comparison of active site residues. Positions of active site residues are highly conserved, with
the exception of TE1 adopting a non-canonical position for Asp2338 (Equivalent residues for TE2,
RedJ and RifR are also shown). Catalytic residues are found in loop regions connecting the secondary
structural elements.
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indicate TE2 and RifR have the closest structural similarity. However, visual inspection
of the secondary structure overlays clearly determines RedJ to have the closest structural
homology to TE2. TE2 and RedJ capping domains are equivalently composed of two
helices connected by a long, disordered loop region. The capping domains of RifR and
TE1 are composed of 3 and 4 helices, respectively; these additional structural elements
are devoid of positional homology to TE2 or RedJ. Inasmuch, the TE1 sub-domain B
structure shares the least structural homology to the capping domain structures of the
three type II thioesterases.
The most common feature shared between all four thioesterase capping domains
is the highly conserved α-helix extending up from the hydrolase core. The interface
between this helix and the hydrolase core of TE1 gives rise to the substrate specificity
channel observed in the TE1-orlistat crystal complex (Figure 2.11A) (61). Hydrophobic
residues from this helix as well as hydrophobic residues surrounding the TE1 active site
participate in substrate binding (Figure 2.11B). Similarly, the interface between the first
α-helix of the TE2 capping domain and the hydrolase core produce an apparent substrate
pocket comprised of hydrophobic residues (Figure 2.11C). The putative TE2 substrate
binding surface is also adjacent to its active site. The TE1 substrate specificity channel is
composed mostly of bulky phenylalanine and tyrosine hydrophobic residues; the putative
TE2 substrate binding surface is lined with less bulky hydrophobic residues as well as
some polar residues (Figure 2.11D). Given the proximity of the hydrophobic surface to
the TE2 active site, it seems likely this region of the enzyme participates in substrate
binding/recognition.
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B

Figure 2.11. Analysis of the hydrophobic content at the interface between the hydrolase cores
and capping domains of TE1 and TE2. The TE1-Orlistat complex revealed the position of the
substrate specificity channel and the specific residues participating in substrate binding. A large pocket
adjacent to the TE2 active site is located in similar orientation to the substrate specificity channel
observed in TE1. A. Surface representation of the TE1 domain interface with Orlistat (green)
covalently bound to Ser2308. B. Hydrophobic residues from both the hydrolase core and capping
domain participate in substrate binding. C. Surface representation of the TE2 domain interface
centered at the active site. D. The putative TE2 substrate binding surface is composed mostly of
hydrophobic residues from both the hydrolase core and capping domain.
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Further inspection of active site surfaces for TE1, TE2 and RifR show differences
in active site accessibilities (Figure 2.12) (RifR is not discussed for brevity).

The

putative substrate binding surfaces for TE2 and RedJ are not fully accessible to solvent
and are blocked by residues from both the capping domain and the hydrolase core. In
contrast, the TE1 active site and substrate specificity channel are more solvent exposed
and apparently unobstructed (a disordered loop extending up from the hydrolase core to
the capping domain may partially block the TE1 active site).

No conformational

changes were observed between the native and orlistat-bound TE1 crystal structures. The
observation that TE2 is in a closed conformation is consistent with the reported flexibility
of capping domains described for RedJ and RifR.

Re-positioning of the TE2 sub-

domains would allow for increased accessibility to its active site, and allow for optimal
active-site positioning for catalysis.
2.4 Discussion
The selection of modular synthase substrates hydrolysed by the respective type I
or type II thioesterases demonstrates the critical role of thioesterases to dictate product
distributions in cells and to rescue stalled synthetic modules. In eukaryotes, FASN
exclusively produces palmitate and stearate LCFAs due to the selectivity of the
endogenous TE1 domain. But in the presence of TE2, FASN produces a range of
MCFAs and some LCFAs. In prokaryotes, the endogenous TE domains of PKS and
NRPS systems determine the specificity and diversity of macrolide and non-ribosomal
peptide natural products.

In the absence of the housekeeping function of type II

thioesterases like RifR and RedJ, these modular synthases are greatly inhibited due to
utilization of aberrant metabolites for priming the carrier protein domains.
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TE1

TE2

RedJ

Figure 2.12. Electrostatic surface representation of TE1, TE2 and RedJ. The putative substrate
binding surfaces for TE2 and RedJ, as well as the substrate specificity channel of TE1, are colored in
green. The active site serine residues are colored yellow. The TE1 active site and substrate specificity
channel are solvent exposed and fully accessible by substrates. The equivalent hydrophobic surfaces
of TE2 and RedJ, as well as each active site triad, are partially blocked from solvent exposure. Both
capping domains appear to adopt a closed conformation, occluding substrate access to the catalytic
residues of the active site.
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It is important to have highly selective terminating activities dedicated to the
endogenous TE domains, due to the iterative processing of the FASN, PKS and NRPS
assemblies. In all three modular synthase systems, the TE domain is directly tethered to
the respective ACP or PCP domain, effectively saturating the thioesterases with a
substrate binding partner.

Without highly specific substrate selection, aberrant TE

hydrolysis of synthetic intermediates would abolish the ability of cells to generate the
necessary secondary metabolites essential for survival. The selectivity of the endogenous
TE domains ensures that the desired biologic product is produced and liberated from the
enzyme complex, maintaining efficient product turnover by these modular synthases.
Indeed, continuous elongation and β-carbon processing of synthetic intermediates would
likely continue in the absence of the terminating TE, effectively rendering the modular
synthases inactive as the intermediates generated become less suitable substrates for the
catalytic domains and/or editing type II thioesterases. This is supported by early studies
on trypsin-treated FASN lacking the TE1 domains which demonstrated near inhibition of
product release with a shift in acyl chain lengths favoring C20 and C22 fatty acids
(45,47).
The diffusable nature of TE2, RedJ and RifR type II thioesterases requires these enzymes
to have high selectivity for substrates and for their respective ACP or PCP domains, in
order to carry out their biological function. Specificity for the carrier protein domains by
RifR or RedJ ensures efficient restoration of stalled PKS or NRPS systems when a poorly
chosen substrate is primed to the carrier protein domain. Similarly, TE2 specificity for
the ACP domain of FASN ensures efficient modulation of product distribution in the
presence of an active TE1 domain.
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The apparent open and closed dynamics of the capping domain may prove to be
an important feature of TE2. The free fatty acyl pools in cells are present as fatty acylCoAs.

Therefore, the presence of a freely diffusable cytosolic thioesterase could

jeopardize lipid homeostasis, and by extension cellular homeostasis. The apparent closed
conformation of TE2 would effectively attenuate activity by limiting its access to fatty
acyl-CoA metabolites present in the cell, ensuring maintainance of cytosolic lipid pools.
This result is supported by the observation of a 10-fold difference in TE2 activity against
acyl-CoA substrates compared to TE1.

TE2 showed specificity for myristoyl-CoA,

however its activity was significantly less with respect to TE1.

TE2 activity was

dramatically improved when presented with an acylated ACP substrate, and resulted with
5-fold higher activity against acyl-ACP compared to TE1.

Differences in capping

domain structures may explain differences in substrate and carrier protein recognition.
The improved specific activity suggests TE2-acyl-ACP interactions facilitate changes at
the TE2 active site to allow optimal alignment of the catalytic triad and improved active
site accessibility.
The rigid structure of the capping domain of TE1 maintains the active site
architecture for accommodating LCFAs, with strict selection for palmitate or stearate.
Bulky aromatic residues constitute the active site and are thought to serve as a molecular
ruler (76). In contrast, the putative TE2 substrate pocket is comprised of less-bulky
hydrophobic residues and some polar residues which are more dispersed, and do not
clearly establish a molecular ruler for chain-length specificity. It is not clear whether
conformational changes of TE2 upon binding ACP will alter the active site register. The
biological consequence of the TE2 broad substrate specificity channel can be explained
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by the iterative processing of FASN. At any point in the catalytic process, 6 acyl
intermediates (C4 though C16) are available for hydrolysis from ACP; therefore, the
point at which TE2 binds ACP determines which acyl intermediate is subject to
hydrolysis. However, it is still unclear whether TE2 exhibits any selectivity for acyl
chain length. Future evaluation of TE2 activity against C12-C18-ACP substrates is
needed to complement our current understanding TE2 selectivity based on acyl-CoA
substrates.
Differential inhibition of TE1 and TE2 is an important observation with respect to
current drug development research targeting FASN. TE1-targeted FASN inhibition has
been validated as a drug target for developing cancer treatments. However, TE1 may not
be the only thioesterase activity to consider for FASN drug development. It has been
demonstrated that TE2 readily modulates FASN product distribution and maintains
activity when treated with concentrations of inhibitors which completely inhibit TE1.
Therefore, TE2 retains the ability to rescue FASN from TE1 inhibition. Moreover, the
observation that the closed conformation of TE2 confers sub-optimal alignment of
catalytic residues and that the active site is blocked by the capping domain demonstrates
how the potency of inhibitors may be attenuated. To date, specific upregulation of TE2
in cancer has not been identified. However, its utility as a serum marker for breast cancer
was reported, but no follow up studies were done (78).

TE2 expression in breast

epithelial cells regardless of lactation status may explain the detection of TE2 in the
serum of breast cancer patients (53,79-80).
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2.5 Conclusions
Combined crystallographic and kinetic data firmly establish TE2 as a member of
the α/β serine hydrolase family of enzymes. TE2 homology to PKS and NRPS type II
thioesterases further establish their roles in editing modular synthase activity. In the
example of PKS and NRPS, type II thioesterases rescue stalled synthases and ensure
efficient processing of macrolides and non-ribosomal peptides, whereas TE2 intervenes
in fatty acid biosynthesis to modulate acyl product distribution.

Kinetic data

demonstrated the strict selection of acyl substrates by TE1 regardless of the presence of
an ACP binding partner. In contrast, the novel acyl-ACP assay clearly demonstrated the
requirement of the ACP domain for efficient TE2 catalysis.
Moreover, comparisons between TE1 and TE2 active site regions combined with
the results of enzyme inhibition demonstrated unique active site architectures. The TE1
active site is organized and readily accessible to accommodate LCFAs. The active site
region of TE2 does not have a molecular signature clearly dictating chain-length
selection. In addition, the crystal structure revealed a closed conformation of the subdomain capping feature which limits access to the active site. A more comprehensive
understanding of the molecular dynamics of ACP binding by TE1 and TE2 is needed to
fully understand the molecular mechanism of catalysis. This information will provide an
improved foundation for FASN drug development against cancer.
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3.1 Introduction
Research over the past six decades has expanded and refined our current
understanding of FASN mechanism of catalysis, product distribution, oligomeric state,
and structural organization (Figures 1.1 and 1.2) (1-9). Importantly, studies have firmly
established FASN singular role in de novo fatty acid biogenesis, as well as its role in
lactation, normal cell homeostasis, and essential requirement for tumor cell survival and
proliferation (10-25). Current advances in medicinal research have established the utility
for pharmacological intervention of FASN to treat microbial and fungal infections, as
well as to treat a variety of cancers (26-38). Interestingly, TE1-targeted FASN inhibition
via Orlistat has demonstrated strong cytotoxicity in several cancers, and has potent antitumor activity against prostate cancer (39-48).
Despite these advances, there still remains a sizeable gap of understanding in the
molecular details of the inter-domain interactions during catalysis, and which of these
interactions or the individual active sites of the six catalytic domains would be the best
drug target. TE1 has emerged as an attractive target since its inhibition by Orlistat results
in anti-tumor activity. Moreover, the crystal structure of TE1 with Orlistat bound in the
active site was the first ligand complex for FASN published (49).
A strong interest has now developed in understanding the recognition mechanisms
between TE1 and ACP. The interface between these two domains, as it relates to
substrate loading and catalysis, represents an additional target for FASN drug
development. However, the spatial organization of these two domains within the context
of the FASN assembly is unknown. As discussed in Chapter 2, TE2 activity toward ACP
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represents additional substrate and protein interactions to consider for FASN drug
development. No structural evidence exists to explain the molecular recognition between
ACP and TE1 or TE2. More importantly, there are no crystal structures revealing the
mechanism of ACP substrate loading into the TE1 or TE2 active sites. As seen in Figure
1.1, only five of the seven functional FASN domains were modeled due to the inherent
flexibility of the C-terminal ACP and TE1 domains.
Synthesis of stable, acyl-loaded ACP substrates became a priority for my research
so that kinetic and crystallization experiments could be done using both TE1 and TE2.
As discussed in Chapters 1 and 2, the acyl carrier protein (ACP) domain of FASN
functions to shuttle the growing acyl chain to adjacent catalytic domains for reductive
processing of the β-keto moiety to a mature hydrocarbon. ACP is a small, acidic protein
comprised of a four helical bundle with an approximate molecular weight of 8 kDa
(Figure 3.1). The principal function of ACP is carried out by the 4΄-phosphopantetheine
(4΄PP) cofactor, which is covalently linked to residue Ser2156 of α-helix II. The terminal
sulfhydryl of 4΄PP covalently tethers the acyl substrate intermediate via a thioester
linkage (S-acyl-ACP). Apo-ACP is modified by the highly specific phosphopantetheinyl
transferase (PPTase) to holo-ACP (ACPSH), where coenzyme A (CoA) serves as the
4΄PP donor (50).
Biochemical studies have been performed on the activity of both endogenous and
recombinant TE1 and TE2. Evidence supports TE1 activity to be highly selective for the
long chain fatty acids palmitate (C16) and stearate (C18), whereas TE2 activity is more
promiscuous against a wide range of short and medium chain fatty acids, such as
caprylate (C10) and myristate (C14) (51-62). Moreover, the results reported in
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C
Figure 3.1. Crystal structure of human ACP. Ser2156 is colored in red at the C-terminal end of αhelix II, and is the site of covalent attachment of the 4΄PP cofactor (PDB code 2CG5).
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Chapter 2, as well as previous published data on rat FASN, support the observation that
TE1 has 10-fold higher specific activity against acyl-CoA substrates compared to TE2
(51-52). In contrast, the results in Chapter 2 demonstrated that TE2 has 5-fold higher
activity toward C16-ACP compared to TE1. Indeed, the catalytic efficiency of TE2 was
significantly improved when presented with the acyl chain substrate bound to the ACP
domain. These results suggest that TE2 interactions with acyl-ACP are favored over
TE1.
Much time was invested in the synthesis and optimization of the natural S-acylACP substrates which are highly susceptible to non-enzymatic hydrolysis at
physiological pH. Rapid buffer exchange to a lower pH along with the addition of
detergent facilitated stabilization of the acyl-ACP substrate syntheses described in
Chapter 2. However, the inherent instability of these substrates did not warrant their
utilization in crystallization experiments which take several days to weeks to generate
crystals.

We were fortunate to collaborate with Dr. Michael Burkart of UCSD

(Chemistry Department), who developed a synthetic strategy for generating the more
stable, ester-linked O-acyl-ACP (acyl-cryptoACP) substrates (63).

Acyl-cryptoACP

substrates would be ideal reagents for co-crystallization experiments with TE1 S2308A
or TE2 S101A.

Summarized in this chapter are efforts focused on an alternative

synthesis of the biologically relevant S-acyl-ACP substrates and the O-acyl-ACP
substrates. In addition, alternative TE2 crystallography experiments which produced
crystals and medium diffraction quality are discussed. Finally, initial crystallization
experiments, which were set up in an effort to determine the interaction between acylCoA and TE1 or TE2 as well as the ACP-TE1 interface, are discussed.
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3.2 Experimental Procedures
3.2.1 Purification of MBP-CoA A, MBP-CoA D, and MBP-CoA E
The pMal clones for CoA A, CoA D, and CoA E, enzymes of the CoA
biosynthetic pathway, were kindly provided by the Burkart Laboratory (64). All three
enzymes were expressed and purified using identical strategies. N-terminal MBP fused
CoA A (MBP-CoA A) protein expression in C41(DE3) E. coli was induced with 0.1 mM
IPTG at 16 °C overnight.

Clarified cell lysate containing 100 µM PMSF and

benzamidine, 1 mM MgCl2 and DNase powder was applied to an amylose affinity
column (NEB). MBP-CoA A was eluted using a 10 mM maltose buffered solution
containing 50 mM Tris 8.0, 200 mM NaCl, 1 mM EDTA and 1 mM DTT. Column flowthrough containing MBP-CoA A was dialyzed against 2.0 L of 20 mM HEPES pH 7.5.
MBP-CoA A was applied to a Q-sepharose fast-flow ion-exchange column (GE
Healthcare) and eluted with a 0-500 mM NaCl in 20 mM HEPES pH 7.5. Fractions
containing highly pure MBP-CoA A were pooled, aliquoted and flash frozen in liquid
nitrogen for storage at -80 °C.
3.2.2 Purification of Sfp+His
The clone for the N-terminal 6X His-tagged phosphopantetheinyl transferase
enzyme (Sfp+His) from B. subtilis was kindly provided by Dr. Michael Burkart of UCSD
(63-65). Sfp+His protein expression in C41(DE3) E. coli was induced with 0.1 mM
IPTG at 16 °C overnight.

Clarified cell lysate containing 100 µM PMSF and

benzamidine, 1 mM MgCl2 and DNase powder was applied to a nickel NTA column.
Sfp+His was eluted using a 5-250 mM imidazole gradient buffered in 20 mM HEPES pH
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7.9 and 500 mM KCl. Fractions containing Sfp+His were pooled, treated with 5 mM
EDTA and 1 mM DTT, and dialyzed against 4.0 L of 20 mM HEPES pH 7.5 and 1 mM
DTT. Sfp+His Q-sepharose purification strategies were identical to methods described
for MBP-CoA A. Fractions containing highly pure Sfp+His were pooled, aliquoted and
flash frozen in liquid nitrogen for storage at -80 °C.
3.2.3 Purification of human ΔN5ΔC16 ACP (nACP)
As an additional optimization strategy for synthesis of O-acyl-ACP using cryptoacyl substrates, ACP was sub-cloned with N- and C-terminal truncations such that only
the structured protein elements observed in the human phosphopantetheinyl transferaseACP complex (PDB code 2CG5) were expressed (residues 2123-2196) (66). Implicit in
this cloning strategy was the removal of the only cysteine present in the ACP clone,
which would abolish any potential for formation of intermolecular ACP dimers.
The nACP variant was sub-cloned into pET151 TOPO/D (Invitrogen) using the
ACP

pET151

TOPO/D

vector

as

the

PCR

template

and

forward

5΄-

CACCCTAGAAGTACTATTCCAAGGACCAAGCCAGCGGGACCTGGTGGAGG -3΄
and reverse 5΄- CTACTCATCCGCCTTTGAGGACAGC -3΄ primers. N-terminal 6XHis tag fused nACP (nACP+His with PP site) protein expression in C41(DE3) E. coli
was induced with 0.2 mM IPTG at 16 °C overnight. Clarified cell lysate containing 100
µM PMSF and benzamidine, 1 mM MgCl2 and DNase powder was applied to a nickel
NTA column.

nACP+His NTA purification strategies were identical to methods

described for SFP+His. Fractions containing nACP+His were pooled, treated with 5 mM
EDTA, 2 mM DTT and 5.0 mg of C3 protease (a 20:1 ratio of nACP:C3) and dialyzed
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against 4.0 L of 20 mM HEPES pH 7.0 and 1 mM DTT. Removal of the affinity tag was
confirmed with a Bruker Autoflex MALDI-TOF MS. nACP Q-sepharose purification
strategies were identical to methods described for SFP+His, except that the final pH of
buffers used was 7.0. There are no aromatic residues in nACP, therefore no absorbance
peak resulted from the Q-sepharose purification.

MALDI-TOF MS analyses of

individual fractions were used to identify nACP fractions. Fractions containing nACP
were pooled, concentrated to 5 mL, and injected over a Superdex 75 gel filtration column
equilibrated in 20 mM HEPES pH 7.5, 250 mM NaCl and 1 mM DTT. Highly pure
nACP fractions were pooled, concentrated and aliquoted for storage at -80 °C.
3.2.4 Synthesis of O-acyl-ACP and O-acyl-nACP (acyl-cryptoACP and acylcryptonACP)

Lauryl, myristoyl, palmitoyl, and stearoyl O-linked acyl-pantetheine (crypto)
substrates were kindly provided by Dr. Michael Burkart from UCSD. Crypto substrates
were dissolved into 100 % DMSO at 20 mM final concentrations. Loading conditions for
ACP and nACP were optimized using the crypto-laurate substrate.

The optimized

reactions contained the following: 0.35 mg/mL ACP or nACP were treated with 5X
molar excess crypto substrate (C12 –C18) in the presence of 50 mM Tris pH 8.0, 12.5
mM MgCl2, 10 mM ATP, 10% DMSO, 0.1 mg/mL MBP-CoA A, 0.11 mg/mL MBPCoA D, 0.12 mg/mL MBP-CoA E, and 0.05 mg/mL Sfp+His at room temperature or 37
°C. Conversion of ACP to acyl-cryptoACP and nACP to acyl-cryptonACP were monitored
via MALDI-TOF MS analyses.
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In addition, a 1 µM sample of each crypto substrate was suspended in 50% ACN
with 0.1% formic acid and analyzed on a Bruker Esquire HCT ESI-MS to validate the
chemical structures. Each substrate was analyzed using ESI-MS, and each of the three
primary peaks from the parent spectrum was further analyzed using ESI-MS/MS
fragmentation with the assistance of Dr. Mark Lively.
3.2.5 Purification of iodoacetamide derivatized S-acyl-ACP (acyl-AAACP)
As an additional strategy to overcome potential intermolecular dimerization of
ACP, the single cysteine residue was covalently blocked with iodoacetamide (IAA).
Moreover, DTNB quantitation of thioesterase activity on acyl-AAACP required blocking
of Cys2202 so that only the free thiol of the 4΄PP cofactor was available for TNB
conjugation. However, standard curve control experiments with AAACPSH demonstrated
that DTNB quantitation was not sensitive enough for kinetic evaluation.
A ten-fold molar excess of IAA was added to ACP resuspended in 100 mM Tris
8.0. MALDI-TOF MS analyses confirmed 100% covalent modification after 30 minutes
at room temperature.

AA

ACP was dialyzed overnight against 2.0 L 50 mM Tris pH 8.0.

Myristoyl (C14) and palmitoyl (C16) S-acyl-AAACP substrates were synthesized using
the two-step synthetic strategy described in Chapter 2.
3.2.6 Quantitative MALDI-TOF MS discontinuous assay
TE1 and TE2 kinetic activities using C14-AAACP and C16-AAACP substrates
were evaluated with the quantitative MALDI-TOF MS discontinuous assay described in
Chapter 2. Only marginal thioesterase activity was detected using equimolar enzyme and
substrate concentrations, and rates of hydrolysis were not obtained.
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3.2.7 Purification of human TE2 (TE2-MBP)
WT

TE2

was

subcloned

into

a

modified

pET28

with

SalI

5΄-

GACGTCGACAATGGAGAGAGGAGACCAACCTAAGAGAACC-3΄ and NdeI 5΄GAGCTAGCCTAAAAATTGGATATCGATGATACTTCTAGAC-3΄ primers.

This

expression construct generates an N-terminal 6X His-tag followed by a maltose binding
domain (MBP) and a C3 protease recognition sequence prior to the TE2 protein. The
active site Ser101 was mutated to an alanine using the QuikChange mutagenesis protocol
(Stratagene) with 5΄- GCATTTTTTGGCCACGCTATGGGATCCTACATTGC-3΄ and
5΄- GCAATGTAGGATCCCATAGCGTGGCCAAAAAATGC-3΄ forward and reverse
primers. N-terminal 6X His-tag-MBP fused TE2 (TE2+MBP) protein expression in
BL21(DE3)GOLD E. coli was induced with 0.1 mM IPTG at 16 °C overnight. Clarified
cell lysate containing 100 µM PMSF and benzamidine, 1 mM MgCl2 and DNase powder
was applied to a nickel NTA column. TE2+His was eluted with 20 mM HEPES pH 7.9
and 500 mM KCl buffer following a six hour on-column C3 protease digest with 3.5 mg
protease and 5 mM β-mercaptoethanol. TE2-MBP column flow-through was treated with
5 mM EDTA, 2 mM DTT and dialyzed against 4.0 L of 20 mM HEPES pH 7.5 and 1
mM DTT. TE2-MBP was applied to a Q-sepharose ion-exchange column, and eluted
with a 0-500 mM NaCl in 20 mM HEPES pH 7.5 and 5 mM DTT. Fractions containing
TE2-MBP were pooled, concentrated to 5 mL, and injected over a Superdex 75 gel
filtration column equilibrated in 20 mM HEPES pH 7.5, 100 mM NaCl and 5 mM DTT.
Highly pure TE2-MBP fractions were pooled, concentrated and aliquoted for storage at 80 °C.
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3.2.8 Purification of human ΔN9 TE2 (nTE2)
The WT TE2 protein sequence was submitted to the I-TASSER on-line server in
an effort to identify potential disordered regions that could be removed to facilitate
crystallization; five predicted structures resulted (66-69). These TE2 structures all had in
common a disordered N-terminal region; therefore it was decided to truncate TE2 from
residues 1-9 (nTE2). nTE2 was sub-cloned into pET151 TOPO/D using forward 5΄CACCCTAGAAGTACTATTCCAAGGACCAACCAGGAATGAAAACATTTTCAAC
TG-3΄ and reverse 5΄-TTAAAAATTGGATATCGATGATACTTCTAGACACTTG-3΄
primers.

N-terminal 6X-His tag fused nTE2 (nTE2+His) protein expression in

BL21(DE3)GOLD E. coli was induced with 0.1 mM IPTG at 16 °C overnight. Clarified
cell lysate containing 100 µM PMSF and benzamidine, 1 mM MgCl2 and DNase powder
was applied to a nickel NTA column. nTE2+His NTA and Q-sepharose purification
strategies were identical to methods described for ACP+His, except that the final pH of
buffers was 7.5.

nTE2 Superdex 75 purification strategies were identical to those

described for TE2-MBP. Highly pure nTE2 fractions were pooled, concentrated and
aliquoted for storage at -80 °C.
3.2.9 Purification of the S2308A-H2481A double mutants of TE1 or ACP-TE1 (TE1
DM; ATE DM)
TE1 S2308A in pET15b and ACP-TE1 S2308A in pET151TOPO/D were
previously cloned in our lab. The TE1 active site H2481A mutant was generated using
the QuikChange procedures (Stratagene) with forward and reverse primers 5΄GGGTGACGCCCGCACGCTGCT-3΄ and 5΄-AGCAGCGTGCGGGCGTCACCC-3΄.
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The purification strategies for TE1 DM and ATE DM are identical to previously reported
WT TE1 purification (49).
3.2.10 Crystallization of WT or Selenomethionine (SeMet) TE2 and nTE2
WT TE2-MBP diamond-shaped crystals were identified using commercially
available crystal screening kits from Qiagen. Optimized TE2-MBP crystals were grown
using the hanging-drop vapor diffusion method at 4 °C in well solution containing 16%
PEG 3350, 100 mM HEPES pH 7.4, 200 mM NaNO3, and 1.1 % Anapoe 80 (Avanti
Polar Lipids). Fresh protein stocks of 20 mg/mL TE2-MBP and 20 mM DTT were
prepared and mixed in a 1:1 ratio with well solution. S101A TE2-MBP failed to produce
crystals in WT conditions; no crystallization conditions were identified from crystal
screening kits. Selenomethionine was incorporated into the TE2 protein by the growth of
cells in minimal media and the repression of endogenous methionine synthesis prior to
induction (70). MALDI-TOF MS analyses confirmed all four methionine residues were
replaced with SeMet.

SeMet TE2-MBP readily produced crystals in the optimized

condition described above.
nTE2 crystals of needle morphology were also identified using the commercially
available crystal screening kits. These crystals were grown in well solution containing
1.8 M (NH4)2SO4 and 100 mM NaOAc pH 5.5 at room temperature. Fresh protein stocks
of 20 mg/mL nTE2 with 20 mM DTT were mixed in a 1:1 ratio with well solution.
Subsequent optimization of crystallization conditions did not improve the crystal
morphology for use in data collection.
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3.2.11 Co-crystallization trials
Several co-crystallization experiments were performed in an effort to achieve crystal
complexes, which would provide crystallographic evidence for TE1 or TE2 mechanisms
of substrate binding and pantetheine and ACP recognition.

In addition, nTE2

crystallization trials were set-up to obtain crystals for the native TE2 crystal structure.
All co-crystallization trials were set-up using the commercially available crystal
screening kits from Qiagen (seven 96-well plates):
1. 20 mg/mL TE1 S2308A or TE2 S101A + 5X molar excess C14-CoA + 20 mM
DTT
2. 20 mg/mL TE1 S2308A or TE2 S101A + 5X molar excess ACPSH + 20 mM
DTT
3. 10 mg/mL TE1 S2308A or TE2 S101A + ACPSH + 10 mM DTT
4. 10 mg/mL ATE S2308A +/- 10X molar excess CoA + 10 mM DTT
5. 10 mg/mL TE1+ 10 mg/mL TE2 + 10 mM DTT
6. 20 mg/mL TE1 DM or ATE DM + 5X molar excess C14-CoA or C16-CoA + 20
mM DTT
7. 20 mg/ml nTE2 + 20 mM DTT
Trays were assembled using the Gryphon crystallization robot (ArtRobbins Instr.) by
mixing equal volumes (200 nL) of protein stocks listed above and well solution. Trays
were initially incubated at room temperature and moved to 4 °C to promote crystal
growth.
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3.2.12 Data collection and processing
X-ray diffraction data were collected as 0.5 degree oscillation images on our inhouse Rigaku RA-Micro 007 generator with a Saturn92 CCD detector. TE2-MBP or
SeMet TE2 crystals were cryoprotected in aqueous mother liquor with 15% ethylene
glycol. SeMet crystals with strong diffraction to 3.0 Ǻ resolution were flash frozen in
liquid nitrogen and submitted for data collection on the X-25 beam-line at NSLS in
Brookhaven, NY. The d*Trek software was used to process the WT and SeMet TE2MBP data sets.
3.3 Results
3.3.1 acyl-cryptoACP and acyl-cryptonACP syntheses
The susceptibility of S-acyl-ACP substrates to non-enzymatic hydrolysis
prompted our collaboration with Dr. Burkart, which provided an alternative synthetic
strategy to obtain the more stable O-linked acyl-ACP substrates. These acyl-cryptoACP
substrates would provide ideal reagents for co-crystallization experiments with the TE1
and TE2 active site mutants. Two ACP constructs were used in parallel to generate the
acyl-cryptoACP/nACP substrates.

Several optimizations were tested to achieve rapid

conversion to product, as well as to stabilize the generated products. Optimization
reactions included the addition of 10-20 % DMSO, 0.5-2.0% Triton X-100, varied
enzyme concentrations , pH values ranging from 5 to 9, time dependence (hours versus
overnight), reaction volume or scale, temperature (RT or 37 °C) and the molar ratio of
ACP to crypto substrates. Several limitations for this synthetic scheme were observed
throughout optimization trials. First, the crypto substrates for palmitate and stearate do
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not readily dissolve into the aqueous reaction mix; therefore, there was a limit to the
molar excess with which these crypto substrates could be used in the loading reaction.
Importantly, the stearate crypto substrate was too insoluble, and no ACP/nACP loading
was ever observed. Second, a limit to scale-up the reaction to generate high milligram
quantities of product was observed. When reaction volumes were increased above 1 mL,
the reaction kinetics was dramatically slowed, even when all reagents were scaled
proportionally.

Moreover, increasing the molar composition of ACP/nACP in the

reaction mix resulted with heavy precipitate and incomplete conversion to product.
The most striking limitation of this synthetic strategy was the observed hydrolysis
of myristoyl-cryptoACP/nACP (cC14-ACP/nACP) and palmitoyl-cryptoACP/nACP (cC16ACP/nACP) substrates after 3 hours at room temperature; experiments conducted at 37
°C produced severe amounts of precipitate with inefficient loading. MALDI-TOF MS
analyses were used throughout optimization processes to assess completion of reactions;
the complete conversion of ACP/nACP to product should result with a single product
peak at the expected m/z shown in Tables 3.1 and 3.2 (column 2). As seen in Figure 3.2,
synthesis of cC14-ACP and cC16-ACP resulted with 2 primary peaks of m/z difference
consistent with loss of the acyl chain (Tables 3.1 and 3.2, 3rd column). Identical results
were observed for nACP crypto loading as seen in Figure 3.3.
3.3.2 ESI-MS and ESI-MS/MS analyses of crypto substrates
The surprising result of apparent acyl-cryptoACP hydrolysis raised the question of
whether the substrates themselves were contaminated with CoA or pantothenic acid. If
either of these impurities were present in the provided crypto substrates, the collection of
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Table 3.1. Substrate molecular weights and corresponding acyl-cryptoACP products.

The mass of the crypto substrates is reported in column 2, and the theoretical mass of acyl-cryptoACP
substrates is reported in column 3. The mass of the acyl chain is reported in column 4.
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ACP

cC12-ACP

cC14-ACP

cC16-ACP

m/z
Figure 3.2. MALDI-TOF MS results for crypto substrate loading of ACP. MALDI-TOF MS
results are shown above for ACP loading after 3 hours at room temperature. ACP incubated with
reaction conditions lacking the crypto substrates produced a single peak. A single m/z species should
have resulted for the conversion of ACP to acyl-cryptoACP. The difference between the m/z peaks in the
cC14-ACP and cC16-ACP spectra is consistent with the mass of myristate and palmitate, indicating
partial hydrolysis of acyl-cryptoACP products occurred. ACP was fully converted to cC12-ACP after 3
hours at room temperature and remained intact.
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Table 3.2. Substrate molecular weights and corresponding acyl-cryptonACP products.

The mass of the crypto substrates is reported in column 2, and the theoretical mass of acyl-cryptonACP
substrates is reported in column 3. The mass of the acyl chain is reported in column 4.
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nACP

cC12-nACP

cC14-nACP

cC16-nACP

8401.8

m/z
Figure 3.3. MALDI-TOF MS results for crypto substrate loading of nACP. nACP incubated with
reaction conditions lacking the crypto substrates produced a single peak. A single m/z species should
have resulted for the conversion of nACP to acyl-cryptonACP. The difference between the m/z peaks in
the cC14-nACP and cC16-nACP spectra is consistent with the mass of myristate and palmitate,
indicating partial hydrolysis of acyl-cryptonACP products occurred. nACP was fully converted to cC12nACP after 3 hours at room temperature and remained intact.
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pantothenate kinase enzymes along with a phosphopantetheinyl transferase would
facilitate aberrant covalent modification of ACP. To determine the purity of the provided
substrates, ESI-MS and ESI-MS/MS were used to provide a detailed analysis of the
crypto substrates with the assistance of Mark Lively, Ph.D.
The mass analysis results for each substrate are reported in Figure 3.4. For
brevity, only the cC12 substrate is discussed in detail for ESI-MS and MS/MS analyses.
In Figure 3.55, the chemical composition of the primary peaks is assigned.

The

population of peaks in the mass spectra was consistent with two chemical species and one
related potassium salt adduct; no peaks with m/z representing pantothenic acid or CoA
were observed. MS/MS analyses of the 315 m/z and 427 m/z primary peaks were
performed to validate the chemical assignment.

Figures 3.6 and 3.8 show the full

MS/MS analysis of the related 315 m/z and 427 m/z peaks for all substrates analyzed,
respectively. Peaks resulting from MS/MS fragmentation of the 315 m/z and 427 peaks
were easily assigned to the compound shown below the spectra (Figures 3.7 and 3.9,
respectively). ESI-MS analyses did not provide any evidence to suggest the crypto
substrates were hydrolyzed when resuspended in aqueous solution.

The combined

evidence from ESI-MS analyses determined that there were no contaminating species in
the substrate which could explain the secondary m/z species observed with acylcryptoACP/nACP

loading. Altogether, the evidence suggests that crypto substrate loading

of ACP or nACP is followed by hydrolysis of the acyl chain resulting in the two product
peaks observed in Figures 3.2 and 3.3.
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cC12

cC14

cC16

cC18

Figure 3.4. Comparison of ESI-MS analyses of cC12-cC18 substrates. The main peaks for each
substrate are related by the expected difference of 28 m/z.
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A

B

Figure 3.5. Results of ESI-MS for C12 crypto-substrate (cC12). A. A 10 µM sample of cC12 in
50% ACN, 0.1 % formic acid (FA) was prepared from a 20 mM stock solution of cC12 in DMSO.
The strongest mass peaks are outlined in colored squares. B. Chemical structure of cC12 with
corresponding arrows identifying the chemical species represented in panel A. Note: The m/z peak at
427 is 17 m/z less than expected mass of 444.3 m/z for the full length substrate. This mass differs by
a hydroxide moiety, and I arbitrarily chose the terminal hydroxide as the missing component.
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cC12

cC14

cC16

cC18

Figure 3.6. Comparison of ESI-MS/MS fragmentation analyses of the cC12 315 m/z species and
related species for cC14-cC18.
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A

B

Figure 3.7. Analyses of ESI-MS/MS fragmentation of the 315 m/z species from cC12. A. Seven
species were detected for the 315 m/z MS/MS experiment. The orange bar/numbers and teal
bar/letters match the identified masses to the chemical structure. B. Proposed chemical structure
representing the 315 m/z peak. The orange and teal bars outline the portions of the structure which
match the fragments seen in the spectrum below. The orange numbers and maroon letters correspond
to each site of fragmentation. Note: The 254.2 m/z peak matches the proposed fragmentation site with
the corresponding loss of the carbonyl oxygen.
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cC12

cC14

cC16

cC18

Figure 3.8. Comparison of ESI-MS/MS fragmentation analyses of the cC12 427 m/z species and
related species for cC14-cC18.
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A

B

Figure 3.9. Analyses of the MS/MS fragmentation of the 427 m/z species from cC12. A. Five
species were detected for the 427 m/z MS/MS experiment. The orange bar/numbers and teal bar/letters
match the identified masses to the chemical structure. B. Proposed chemical structure representing the
427 m/z peak. The orange and teal bars outline the portion of the structure which matches the
fragments seen in the spectrum below. The orange numbers and maroon letter correspond to each site
of fragmentation.
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3.3.3 Kinetic evaluation of TE1 and TE2 against C14-AAACP and C16-AAACP
As mentioned in the methods section, acyl-AAACP substrates were originally
prepared so that DTNB quantitation of thioesterase activity could be measured (Figure
3.10). Moreover, blocking Cys2202 of ACP prohibits the formation of intermolecular
dimers, which could severely affect thioesterase activity. Therefore, the quantitative
MALD-TOF MS methods for evaluating TE1 and TE2 activity were developed. Ten nM
TE2 and 25 nM TE1 were assayed against 20 µM C14-AAACP or C16-AAACP in 20 mM
HEPES pH 7.5 and 100 mM NaCl at room temperature. Quantitative MALDI-TOF MS
methods described in Chapter 2 were used to measure thioesterase activity. Surprisingly,
no hydrolysis of substrate was observed after 10 minutes for either TE1 or TE2. When
enzyme concentrations were supplemented to 1 µM, minimal substrate hydrolysis was
observed at 10 minutes (data not shown). These substrates were abandoned for any
further kinetic evaluation.
3.3.4 WT and SeMet TE2-MBP crystal data
WT and SeMet TE2-MBP crystals were optimized for size and diffraction quality.
Several optimizations for cryo-protecting the crystals prior to data collection were
performed. Optimized crystals were grown at 4 °C, and it was critical to perform
cryoprotection at 4 °C.

The sum of optimizations produced crystals with medium

diffraction quality to 3.0 Å resolution (Figure 3.11). Home source X-ray data and
synchrotron data were collected on WT and SeMet TE2-MBP, respectively. WT or
SeMet TE2-MBP crystallized in the I4 space group with equal unit cell parameters (Table
3.3). WT TE2-MBP data scaled to 3.2 Å and SeMet TE2-MBP scaled to 3.4 Å.
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AA
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AA

11569.2

ACP-C14
11802.5

AA

ACP-C16

11837.1

m/z
Figure 3.10. MALDI-TOF results of IAA-treated ACP and synthesis of S-acyl-AAACP substrates.
MALDI-TOF MS analyses confirmed ACP modifications with IAA, 4΄PP and fatty acids. A single
peak at 11244.3 m/z confirmed 100 % conversion of ACP to AAACP. AAACP was readily loaded with
4΄PP (AAACPSH) and myristate and palmitate substrates.
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A

B
TCEP

DTT

WT

SeMet
WT
+ Cryo

Figure 3.11. Representative TE2-MBP crystals and sample diffraction image to 3.0 Å
resolution. Crystallization conditions were optimized to produce large, single crystals with
diffraction tomedium resolution. A. Images of WT or SeMet TE2-MBP crystals. Slight variation in
crystal morphology was observed for WT TE2-MBP crystals grown with either DTT or TCEP. B. Xray diffraction pattern of the crystal screened from crystal tray MR230_A3. This protein
construct and crystallization condition produced merohedrally twinned data.
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Table 3.3. Summary of data collection statistics
Spacegroup
Unit cell dimensions (Å)
Mosaicity

I4
112.6
90.0
1.12

Resolution (Å)
Total number of reflections
Number of unique reflections
Average redundancy
% completeness
Rmerge
Rmeas
<I>/σ<I>

42.9-3.20
59635
20398
2.9
97.7
0.049
0.060
12.0

112.6
90.0

203.5
90.0

(3.31-3.20)

(3.0)
(98.0)
(0.300)
(0.365)
(3.1)
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Twinning analyses performed using Todd Yeates’ on-line server revealed both data sets
were approximately 35% merohedrally twinned (71). The high degree of merohedral
twinning (the maximum value for twinning is 50%) is not resolvable by available
software. Thus, the data could not be used for structure solution, and the crystallization
condition as well as protein construct were abandoned for any further optimization
experiments.
3.3.5 Co-crystallization experiments
TE1 substrate interactions represent an attractive target for FASN drug
development. In an effort to provide detailed structural evidence for substrate, 4΄PP
cofactor and ACP binding interactions, co-crystallization experiments with the S2308AH2481A double mutants of TE1 and ACP-TE1 and myristoyl- or palmitoyl-CoA
substrates were set up. Two co-crystallization experiments produced crystals with poor
morphology. The TE1 DM with myristoyl-CoA or palmitoyl-CoA formed tiny, needlelike crystals grown in well solution composed of 40% MPD and 100 mM Bicine pH 8.5
(Figure 3.12A).

ATE DM with palmitoyl-CoA also produced crystals of needle

morphology from well solution composed of 40% PEG 400, 100 mM Tris 8.5 and 200
mM Li2SO4 (Figure 3.12B). These initial crystallization conditions will require further
optimization.
nTE2 also produced clusters of needles grown in well solution composed of 1.8 M
(NH4)2SO4 and 100 mM NaOAc pH 5.5 (Figure 3.12C). Subsequent optimizations were
unsuccessful in improving the crystal morphology.

This crystal optimization was

abandoned upon obtaining the 2.62 Å data set for WT TE2 crystals described in Chapter
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A

B

C

Figure 3.12. Initial crystal hits from co-crystallization experiments. A. TE1 DM with C14-CoA
(Top) or C16-CoA (Bottom). B. ATE DM with C16-CoA. C. nTE2
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2.

However, the nTE2 construct may still provide utility in identifying co-crystal

complexes with acyl-CoA substrates or acyl-ACP substrates.
3.4 Discussion
Optimization strategies achieved full conversion of ACP/nACP to acylcryptoACP/nACP

in approximately 3 hours. However, the inability to stabilize the ester-

linked acyl chain to the ACP cofactor is puzzling. The energetic difference in nonenzymatic ester hydrolysis versus thioester hydrolysis should favor the stability of the
crypto acyl substrates over the natural substrates. Moreover, correspondence with our
collaborators at UCSD provided only reassurance of the stability of the crypto substrates.
They readily demonstrated stable conversion of E. coli ACP to acyl-cryptoACP; however,
they only used low-resolution native Urea-PAGE analyses to confirm product synthesis
(data not published).

It should be noted that expression and purification of nACP

produced much lower yields than full-length ACP. In addition, the stability of nACP was
comprised, as the protein stock suffered severe precipitation when concentrated above
12-13 mg/mL; full-length ACP is readily concentrated to upwards of 100 mg/mL.
The comprehensive ESI-MS analyses did not provide a clear, alternative
explanation for the additional peak observed from MALDI-TOF MS analyses in Figures
2 and 4. It was anticipated that pantothenic acid would be a contaminant to explain the
enzymatic synthesis of the aberrant product formed. In fact, two chemical species were
identified in each provided crypto substrate, but the chemical composition was not
relevant to the observed loading result in Figure 2. Based on the results presented, it is

125
reasoned that the acyl-cryptoACP substrates are not as stable as was anticipated, and that
non-enzymatic hydrolysis occurs.
The ability of ACP to sequester the acyl chain may explain the observed
instability of either O- or S-acyl-ACP. The crystal structure of E. coli C10-ACP revealed
the acyl chain was buried between α-helix II and III (50). In contrast, an NMR structure
of rat acyl- ACP supported that the acyl chain was solvent exposed (72). Acyl-chain
sequestration may be an important feature in the type II FASN systems. The dissociative
nature of type II ACPs requires diffusion within the cytosol in order to deliver the acyl
substrate to the various functional enzymes; acyl-chain sequestration would protect the
substrate from non-enzymatic hydrolysis of the thioester bond due to solvent exposure.
In contrast, the human type I FASN ACP is tethered between the ER and TE1 domains;
therefore diffusion from the enzymatic complex is not relevant. Moreover, the reaction
kinetics for human FASN is quite rapid, so the necessity for acyl-chain sequestration is
debatable. In fact, acyl-chain sequestration for type I FASN may decrease the catalytic
efficiency of product turnover. Alternatively, acyl-chain sequestration may provide a
means to regulate FASN product distribution. It may be possible for human ACP to
sequester small to medium chain-length fatty acids, ensuring that TE1 only gains access
to palmitate or stearate fatty acids (73). The latter argument seems unlikely since TE2
readily modulates FASN product distribution to favor medium chain length fatty acids.
The high efficiency of FASN product turnover likely limits the time of solvent exposure
for the acyl substrate tethered to ACP, overcoming the issue of thioester bond stability.
Nevertheless, the observed hydrolysis of C14- and C16-cryptoACP/nACP substrates may
suggest a chain-length limitation for human ACP to sequester fatty acids.
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Blocking Cys2202 of ACP with IAA had no effect on the ability of Loader+His
nor HAAS+His to catalyze cofactor and acyl substrate loading, respectively (Figure 10).
This strategy was originally proposed in order to generate an acyl-ACP substrate that
could be treated with a thiol modifying agent to be used for kinetic evaluation of acylACP hydrolysis by TE1 or TE2. Moreover, blocking the only cysteine of the ACP
construct would limit formation of dimers.

Acyl-AAACP substrates proved to be

unsuitable for TE1 or TE2 hydrolysis using kinetic concentrations of enzyme and
substrate. Equimolar concentrations of enzyme and substrate were marginally effective
for observing acyl-AAACP hydrolysis. This is an interesting result, as it appears the
carboxyamidemethyl modification severly limits TE1or TE2 ability to associate
productively with ACP for hydrolysis. It is proposed in the literature that the human
ACP-TE interactions are facilitated primarily through hydrophobic interactions.
However, the residues upstream and downstream of Cys2202 are mostly acidic, and this
C-terminal region is unstructured. It does not appear that acetamide is disrupting a
hydrophobic region of ACP. Thus, it remains unclear why this modified ACP substrate is
protected from TE1 or TE2 hydrolysis.
Crystallization of TE2 was achieved with early success; optimization for crystal
size and diffraction quality required several months of processing. No optimizations
were sufficient to improve diffraction quality beyond 3.0 Å resolution. SeMet TE2-MBP
crystallized very well in equivalent conditions as WT TE2-MBP. Home source WT TE2MBP data or SeMet TE2-MBP synchrotron data were processed, and were revealed to be
35 % merohedrally twinned. Because the diffraction patterns of merohedral twins are
superimposed, and the TE2 crystals had a high degree of twinning, the data was not
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resolvable. All crystallization optimizations for this TE2 clone were abandoned, and rescreening of available TE2 constructs immediately followed.

To supplement

crystallization strategies, an N-terminal truncation at Thr9 was introduced, and the
mutant nTE2 was expressed, purified and screened for initial crystallization conditions.
Initial nTE2 crystals of needle morphology were identified within the same time-frame
WT TE2-His rod-shaped crystals were identified (Chapter 2). Both conditions were
optimized in parallel. Whereas TE2-His rod-shaped crystal optimizations produced nice,
single crystals of high diffraction quality, nTE2 crystal optimizations failed to reduce the
showers of needle-like crystals.
In addition to re-screening alternative TE2 constructs, several co-crystallization
experiments were set up. Enzyme:substrate co-crystal experiments were targeted in order
to identify the putative 4΄PP binding surface for TE1 and TE2. Utilization of the tethered
ACP-TE1 construct could allow for the dual identification of substrate/4΄PP binding as
well as ACP-TE1 interactions.

TE1 with TE2 crystallization trials were aimed at

identifying potential interactions, given the proximity of TE1 to the ACP domain when
TE2 hydrolysis occurs. To aid in these strategies, the active site double mutant TE1 and
ATE constructs were cloned, expressed, purified, and screened for crystals in the
presence of myristoyl-CoA and palmitoyl-CoA. As seen in Figures 12A,B, tiny needle
crystals resulted from TE1 DM with myristoyl-CoA or palmitoyl-CoA substrates and
from ATE DM with palmitoyl-CoA.

Optimization of these conditions needs to be

performed in order to generate crystals large enough to analyze by MADLI-TOF and
SDS-PAGE to validate whether these are protein crystals and/or if substrate is present.
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3.5 Conclusions
Synthesis of O-acyl-ACP substrates does not appear to provide stabilized
substrates for utility in co-crystallization experiments.

Moreover, the limitation for

scaling-up the substrate syntheses will severely limit any utility of these substrates for
future experiments. While we were grateful to collaborate with Dr. Burkart on this
project, it is unlikely this synthetic strategy will prove useful.
The interactions between TE1 or TE2 and ACP remain poorly understood. The
synthesis of acyl-AAACP substrates revealed one potential region of interest in the Cterminal linker region between ACP and TE1. Co-crystallography experiments designed
to provide experimental evidence for the interactions between these thioesterases and
ACP are still underway.
advancing this research goal.

The crystal hits described above show promise toward
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4.1 Conclusions
The de novo biosynthesis of medium and long chain fatty acids by FASN
represents an essential function to the maintainance of normal cell biology and
homeostasis, and also for the survival and progression of several cancers (1-8). Normal
tissues absorb dietary sources of lipids, and therefore the role of FASN in normal cell
biology is delegated to converting excess acetyl-CoA into LCFAs for energy storage.
Palmitate is the primary product synthesized by FASN, and this preference in acyl
product is determined by the selectivity of the endogenous TE1 domain (9-11). In
lactating breast, FASN produces mostly MCFAs which are essential components for
breast milk lipids (12-13). Modulation of FASN product distribution is achieved by the
intervention of TE2 (14-17).

Expression levels of FASN in normal tissues are

insignificant, with the exception of the lipogenic liver, adipose and lactating breast
tissues. In contrast, cancer cells upregulate FASN expression and are critically dependent
on de novo lipid sources for survival (18-30). The differential expression of FASN in
normal versus cancer tissues favors a large therapeutic window for cancer treatment.
FASN has become an attractive target for cancer drug development. Several
studies have established FASN inhibition to have cytotoxic and anti-tumor effects (1820,31-56). Moreover, FASN represents a single enzymatic system to target. Importantly,
FASN inactivation via TE1 inhibition has demonstrated a promising drug discovery
strategy. The weight-loss drug Orlistat was identified to inhibit TE1 with high potency
(IC50 ~ 100 nM). In addition, the crystal structure of Orlistat covalently bound to the TE1
active site provided molecular insights for acyl chain length specificity as well as specific
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surface features with which to design novel inhibitors. Several studies on various cancer
cell lines clearly demonstrated the cytotoxic effect of Orlistat-mediated FASN inhibition.
TE1 and TE2 interactions with ACP represent an additional factor for FASN drug
discovery. In lactating breast, TE2 modulates the activity of FASN in the presence of
active TE1. It is important to consider TE2 interactions with ACP since it is a discrete
enzyme, and harbors the ability to rescue TE1-inhibited FASN if upregulated in cancer
cells. Given that both thioesterases interact with ACP to hydrolyze the acyl substrate, the
interface between ACP and TE1 or TE2 may be an alternative target for pharmaceutical
intervention.
Kinetic evaluation of TE1 and TE2 activity in Chapter 2 provides the first activity
profile of these enzymes using a biologically relevant substrate and highlighted the
importance of ACP interactions for catalysis and maintainance of cellular lipid
distributions. TE1 maintained high selectivity for palmitate regardless of the presence of
the ACP domain, which was demonstrated by similar values for specific activity against
C16-CoA and C16-ACP. In contrast, TE2 hydrolase activity was dramatically enhanced
when the acyl substrate was tethered to the ACP domain instead of Coenzyme A. The
fact that TE2 is 5-10 fold less active against acyl-CoA substrates compared to TE1
further implicated the requirement for ACP interactions to facilitate comparable rates of
hydrolysis which would allow TE2 to modulate FASN activity in the presence of active
TE1. TE2 did show slight preference for C14-CoA compared to the other substrates;
however, it remains unclear whether TE2 is selective for specific acyl chain lengths or if
ACP interactions facilitate acyl chain selection. Residence within the FASN peptide
effectively sequesters the high efficiency and selectivity of TE1 for palmitate; TE1 access
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to cellular acyl-CoA lipid pools would be detrimental to cellular homeostasis. Equally,
the discrete nature of TE2, coupled with its attenuated ability to hydrolyze acyl-CoA
substrates, enables its function to modulate FASN product distribution without perturbing
the homeostasis of acyl-CoA lipid pools.
The 2.62 Å crystal structure of human TE2 provides the first three-dimensional
model of any type II thioesterases associated with the type I FASN system.
??Determination of the WT TE2 crystal structure provides clarity for the 20-fold increase
in TE2 hydrolase activity toward C16-ACP.

Classification of TE2 as a α/β serine

hydrolase based on sequence identity to TE1, RedJ and RifR was confirmed structurally.
Mutational analysis also confirmed that Ser101 is the active site nucleophile. Moreover,
the loop insertion observed in the TE2 protein sequence was observed as a capping
domain comprised of α-helices. Surprisingly, TE2 exhibited the closest relationship to
the type II thioesterases, RedJ and RifR, from PKS and NRPS modular assemblies. As
was discussed in Chapter 1, type II thioesterases are described as editing thioesterases
and function to hydrolyze aberrant extender units on stalled PKS or NRPS modules.
Therefore, it is reasoned that type II thioesterases require high selection for ACP
interactions to facilitate rescuing of natural product biosynthetic pathways.

The

homology of human TE2 to the PKS and NRPS type II thioesterases, combined with 20fold improvement in hydrolase activity against the C16-ACP substrate, suggests an
ancestral relationship between TE2, RedJ and RifR. Sequence and structural divergence
have produced unique thioesterases with complimentary function to each respective
modular synthase assembly.
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Additional TE2 structural features explain the novel observation of the magnitude
difference for TE1 and TE2 specific activities against acyl-CoA substrates as well as
differential inhibition. A portion of the TE2 capping domain extends over the active site
region and makes contact with the hydrolase core. These surfaces clearly block access of
substrate or inhibitor to the active site. Differences in active site architectures were also
demonstrated by the observed differential inhibition for TE1 and TE2 when treated with
Orlistat or Ebelactone B compounds. Both Orlistat and Ebelactone B achieved 100%
TE1 inhibition, with Orlistat showing a higher degree of potency. In contrast, TE2
showed resistance to inactivation, as seen by the inability to achieve full TE2 inhibition
even when treated with 100X molar excess of either compound.
Measurement of hydrogen bonding distances of TE2 active site residues
determined that Ser101 and His237 are 3.6 Å apart and are not optimally positioned for
catalysis. This is a common feature of catalytic triads, including trypsin, chymotrypsin
and subtilisin (57). The interaction between the catalytic aspartate and histidine residues
confers unfavorable geometry between the catalytic histidine and serine residues.
Substrate binding relieves the geometric restraint and allows for efficient catalysis.
A blocked active site with sub-optimally positioned catalytic residues explains the
attenuated TE2 activity against acyl-CoA substrates compared to TE1 activity, as well as
resistance to inhibitor inactivation.

Repositioning of the capping domain to allow

substrate access must occur, and three possible mechanisms are possible. First, the
capping domain may exist in a two-state equilibrium between open and closed
conformations, and the crystal structure captured the closed conformation.

Second,

interaction with only the acyl substrate facilitates capping domain movements. Third,
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TE2 interactions with the ACP domain facilitate movement of the capping domain to
allow substrate binding and hydrolysis. The ability of TE2 to hydrolyze acyl-CoA
substrates, albeit at a much lower rate, suggests some coordination between substrate and
ACP binding to facilitate capping domain reorganization.
As mentioned earlier, it is unclear whether TE2 elicits acyl chain length
specificity.

The TE2 crystal structure revealed a putative substrate binding pocket

adjacent to the active site.

Importantly, this pocket is comprised mostly of small

hydrophobic residues which would readily accommodate an acyl substrate. In contrast,
an abundance of bulky, aromatic residues line the TE1 substrate specificity channel and
directly coordinate a palmitic substrate, as was demonstrated by the TE1-Orlistat cocrystal structure.
In contrast to the kinetic evidence presented, crystallographic evidence for TE1
and TE2 interactions with acyl-ACP has yet to be determined. Several strategies for
obtaining stable, acyl-ACP substrates for kinetic evaluation and crystallography
experiments were developed. Suitable S-acyl-ACP substrates for kinetic evaluation of
TE1 and TE2 were generated using a two-step synthetic strategy, and were stabilized
with the addition of detergent and by lowering the pH of dialysis buffer to 5.5. However,
given the inherent ability for non-enzymatic hydrolysis of the acyl moiety of acyl-ACP
substrates over time, these substrates were not utilized for co-crystallographic
experiments. Collaboration with Dr. Burkart at UCSD provided an alternative strategy to
synthesize the ester-linked, O-acyl-ACP substrates (58-60). Two ACP constructs were
used in parallel optimizations for crypto substrate loading. In summary, crypto loading
conditions were optimized and achieved full conversion of ACP/nACP to acyl-
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cryptoACP/nACP

within 3 hours at room temperature; however, hydrolysis of the acyl

chain was observed for the C14 and C16 crypto substrates. The loading of crypto-C18
was not achievable due to the insolubility of the substrate. Non-enzymatic hydrolysis of
an ester-linked acyl substrate on ACP was entirely unexpected, given the order of
magnitude increase in stability of an ester bond compared to a thioester bond. These
results may provide an important observation to the ambiguity of acyl chain sequestration
by ACP.
Another surprising result from acyl-ACP syntheses was observed with the IAAderivatized C14-AAACP and C16-AAACP substrates. Although the CAM moiety on Cys
2202 of ACP was of no detriment to the loading enzymes, the ability of TE1 or TE2 to
hydrolyze the acyl substrate was severely compromised. Even with 1 µM enzyme treated
against 20 µM acyl-AAACP substrate, marginal hydrolysis was observed (data not
shown). Cys2202 may represent a region of interest for pharmaceutical intervention of
TE1 or TE2 activity.
4.2 Future Directions
Optimization of synthetic strategies which produced high milligram quantities of
stably acylated ACP substrates and the development of the novel discontinuous assay
using MALDI-TOF MS analyses will allow for further kinetic evaluations of TE1 and
TE2 against biologically relevant substrates. To date, only the C16-ACP substrate was
assayed with TE1 and TE2. Future kinetic experiments using C12-, C14-, and C18-ACP
substrates will provide a direct complement to the established TE1 and TE2 specific
activities against acyl-CoA substrates. Importantly, the full panel of acyl-ACP substrates
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will provide kinetic evidence for the potential specificity of TE2 for the ACP domain
irregardless of the acyl substrate present.
Moreover, the results of TE1 and TE2 specific activities toward acyl-ACP
substrates should refine our current understanding of acyl chain length specificity.
Current evidence strongly supports the high selectivity of TE1 for palmitate substrates
independent of the presence of ACP. Similarly, TE2 showed slight preference for C14CoA. However, the dramatic improvement in TE2 hydrolase activity when presented
with an acyl-ACP substrate may suggest a lack of chain length selection
Continued optimization of WT TE2 crystal conditions will provide future datasets
with improved resolution. The current 2.62 Å TE2 model is not optimally refined, with
Rfree statistics still well above 30%. Improved data resolution will allow for improved
atomic positioning of the model in the electron density map, and may provide additional
electron density for missing regions of the model.
In addition, future efforts to obtain crystals of TE2 active site mutants in complex
with substrate are needed to clearly establish the molecular mechanism of substrate
selection ACP domain binding, and catalysis.

As described in Chapter 3, several

crystallization experiments to this effect have been set up. All variables, including
protein concentration, substrate concentration, drop size, temperature, reducing agent,
and others, need to be tested. Moreover, cloning and purification of the TE2 S101A and
H237A double mutant should be pursued as an additional strategy to obtain crystals of
TE2 in complex with an intact acyl-CoA or acyl-ACP substrate.

Removal of two

catalytic residues may reduce any enzyme-mediated instability of the substrate thioester
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bond. Co-crystal structures of TE1 active site mutants (S2308A and H2481A) with acylCoA will compliment the TE2 co-crystal structure by allowing for identification of the
putative 4΄PP cofactor specificity channel.

Differences in molecular recognition of

cofactor may explain the differences in TE1 and TE2 activity toward acyl-ACP
substrates.
With the three component crystal structures of interest at hand (ACP, TE1 and
TE2), future crystallographic experiments are needed to provide experimental evidence
for thioesterase-ACP interactions as well as capping domain dynamics.

Co-

crystallization of acyl-ACP with TE1 active site mutants will provide the first structural
model for the C-terminal region of FASN; the inherent mobility of these domains did not
allow determination of their positions within the context of the FASN crystal structure.
In addition, this crystal complex will provide the first structural model of TE1 in complex
with its biological substrate. Co-crystallization of acyl-ACP with TE2 active site mutants
will also provide the first structural model of TE2 in complex with its biological
substrate. Furthermore, the TE2: acyl-ACP crystal complex will provide experimental
evidence for the similarities and differences in ACP interactions between TE1 and TE2.
The critical contacts at the interface between ACP and TE1 or TE2 could be
further tested by mutating residues on TE1 or TE2 and performing both acyl-CoA and
acyl-ACP kinetic evaluations.

Complete loss or severe attenuation of activity will

validate critical interface contacts. In addition, the degree to which, if at all, the capping
domain ‘opens’ may be dependent on both substrate and ACP interactions. Therefore,
comparison of co-crystal structures of TE2 with acyl-CoA and acyl-ACP substrates will
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be necessary to provide comprehensive evidence for the mechanism of capping domain
re-organization.
In summary, the proposed future experiments will further expand our current
understanding of FASN structural organization and molecular mechanisms of catalysis.
Comprehensive kinetic evaluations of TE1 and TE2 with the novel acyl-ACP substrates
will report the first analyses of any FASN domains using a biologically relevant
substrate. Structural analyses of acyl-ACP-TE1 complexes will provide the first evidence
for the C-terminal domain organization of FASN. Importantly, experimental evidence
for the novel modulation of FASN product distribution by TE2 will demonstrate the
molecular signature favoring TE2 interactions with ACP compared to TE1. Moreover,
the explicit detailing of TE1 and TE2 interactions with both acyl substrates and ACP will
provide additional molecular blueprints for advancing FASN drug development.
Enabling the development of novel FASN inhibitor will aid in current treatment strategies
for a variety of cancers and improve the outcome of many patients afflicted with this
disease.
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