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ABSTRACT

Biosynthesis of fatty acids and specialized metabolites, such as polyketides, is dependent
on the C-C bond forming enzymatic activity of carboxylases and ketosynthases (KS).
Carboxylases and KS perform complex carbon-carbon bond forming reactions via a ping-pong
mechanism; the catalytic interactions of which are still unclear. The KS reaction involves the
Claisen condensation of an acylated enzyme with a malonyl-thioester, driven forward by the
energy of the malonyl-thioester decarboxylation. Similarly, the carboxylase proceeds via a
carboxyl-biotin-enzyme intermediate, and a subsequent C-C bond forming reaction. Engineering
the substrate specificity of these enzyme involved in producing polyketides is sought after for the
purpose of producing novel, derivative polyketides. These derivative polyketides may have serve
as effective new antibiotics, of which discovery has waned. Unfortunately, incomplete
understanding of protein-protein interactions, conformational changes, and substrate orientation in
catalysis leads to not well informed engineering attempts. A challenge in deducing the catalytic
details of enzymes acting on malonyl-thioesters in general is the hyper-reactivity of their -
ketoacid and thioester substrates, which are prone to hydrolysis and decarboxylation. Many
structures of malonyl-CoA bound enzymes feature hydrolysis of the thioester, preventing
determination of enzyme:substrate interactions in structure-function studies. To work around this
problem of innate reactivity, groups have synthesized a variety of acyl-thioester analogs for
probing the details of enzyme catalysis with mixed success. The success of these enzyme:analog
mechanistic studies appears to hinge upon the similarity of the analog to the natural substrate.
Here, we demonstrate the synthesis of near-natural, acyl-thioester analogs, featuring single atom
substitutions. Using a novel UV-vis assay, we have determined K; values of our analogs with
paradigmatic KSs E. coli FabH. These K; values are marginally higher than the substrate Km values,
suggesting the KSs bind the analogs as they would natural substrates. Using this information, we
have conducted preliminary X-ray crystallography experiments to determine the
carboxylase:analog and KS:analog catalytic interactions, which will allow for new insight into
debated C-C bond forming catalytic details. The information presented in this thesis and additional
studies on protein-protein interactions can be leveraged into informed engineering studies of PKS

enzymes.
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CHAPTER 1. DEVELOPMENT OF COA ANALOGS AND THEIR
ROLE IN PROBING ENZYME CATALYSIS

1.1 Historical context and relevance of CoA and CoA using enzymes

Coenzyme A (CoA) has a deep-rooted history entwined in the field of biochemistry. Since
its initial discovery immediately post-World War Il, CoA is now known to be a coenzyme for a
plethora/multitude of enzymes?. In fact, it is estimated that between 4-9% of all known enzymes
employ CoAZ What makes CoA so essential is its thiol functional group, which powers the
reactions in which it partakes. This thiol group shuttles acyl functional groups around the cell by
forming the labile thioester linkage (S-C=0-R). This thioester linkage allows for facile bond
transfer due to its large AG of hydrolysis®. Additionally, CoA can be conveniently biosynthesized
by the cell from the D-pantothenate, adenosine triphosphate (ATP), and cysteine — resulting in CoA
- a phosphopantetheine thiol-containing arm linked to a 3°,5’-adenosine-bisphosphate, Figure 1.1%,
Similarly, acyl carrier proteins (ACPs) employ the same thiol-containing phosphopantetheine
moiety to shuttle acyl groups to enzymes that recognize the ACP. Some of the most critical areas
of acyl-thioester using enzymes include those involved in fatty acid biosynthesis, a process
necessary for all living things on Earth, and polyketide biosynthesis, which is responsible for

approximately a third of all natural product pharmaceuticals.
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Figure 1.1 Organization and nomenclature of Coenzyme A

1.2 Fatty acid biosynthesis is essential in all kingdoms of life and revolves around acyl-
thioester catalysis

Fatty acids consist of variable length hydrocarbon tails (occasionally with degrees of
unsaturation), and a polar, carboxylate head. These relatively simple molecules are ubiquitous
throughout eukaryotic and prokaryotic organisms, and are known to be essential. Looking at the
structures of fatty acids, it would seem that they are neither complex nor remarkable. However,
the construction of fatty acids is an incredibly sophisticated and assembly line-styled process. Fatty
acids are constructed through the activity of fatty acid synthases (FASs), which contain many
different enzymatic activities and active sites®. The prototypical fatty acid production is the result
of the sequential action of several different enzyme chemistries operating on acyl-thioester
substrates (either acyl-CoAs or acyl-ACPs). Canonical FAS chemistry begins with a short-chain
acyl-thioester substrate, such as acetyl-CoA, propionyl-CoA, or isobutyryl-CoAS. This acyl-
thioester substrate is then transthiolated via interaction with a ketosynthase (KS) active site
cysteine residue. The acylated-KS can then bind and decarboxylate its second substrate — a

malonyl-thioester, which then condenses the decarboxylated malonyl-thioester to the acyl group
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linked to the KS. This reaction is described as decarboxylative Claisen condensation, which leads
to the formation of a new bond between to carbon atoms, creating a B-ketoacyl-thioester”.
Downstream of this elongated 3-oxoacyl-thioester produced by the KS, a ketoreductase (KR)
activity leads to reduction of the ketone in the B-position to an alcohol. Subsequently, the alcohol
group is eliminated by the action of a dehydratase (DH). Finally, an elongated acyl-thioester can
be reduced again, leading to saturation of the fatty acid chain by the action of an enoyl-reductase
(ER). At this point, the product appears very similar to the initial reactant before KS chemistry —
but with the addition of two new methylene groups. This KS-KR-DH-ER cycle will repeat,
growing the acyl-thioester an additional 2, methylene groups in length, where n is the number of
reaction cycles the substrate moves through. After n reaction cycles complete, the acyl-thioester
will be cleaved from its acyl-carrier via the activity of a thioesterase (TE) activity, yielding a fatty
acid product, Figure 1.2. Alternatively, the acyl-thioester may be directly transthiolated to CoA or
transesterified to glycerol. In summary, fatty acid synthesis occurs via the action of an assembly
line-like process which iteratively grows the hydrocarbon tail of the fatty acid by 2 carbon units

after each step, before exiting the assembly line®.
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Figure 1.2 Overview of the iterative nature of fatty acid biosynthesis and divergent product fates.
The ketosynthase (KS), ketoreductase (KR), dehydratase (DH), and enoyl reductase (ER) work

in repeated sequence to produce the elongated fatty acid-thioester.

1.2.1 Carboxylases provide the source of malonyl-thioesters used in fatty acid elongation

through a C-C bond forming reaction

At this point the reader may be wondering how all of these materials are being made to

expand the growing fatty acid chain. We know that malonyl-thioesters are the source of the 2

carbon units that extend the nascent fatty acid, but where do they come from and how are they
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provided to the FAS catalytic domains? These malonyl-thioesters are predominantly produced by
an enzyme type discrete from the FAS known as carboxylases®. Carboxylases, while not part of
the FAS, are understood to be the initial rate-limiting step in fatty acid production, as they have
the crucial job of making malonyl-CoA%. The synthesis of malonyl-thioesters seems simple
enough — turn an acyl-thioester into a p-ketothioester by ligating a carbon dioxide (CO.) to the end
of the substrate. However, as is a theme in this dissertation, we will see that this chemistry is the
activity of a complex carbon-carbon (C-C) bond forming enzyme. Carboxylases function in two
half-reactions — the first of which provides the energy for the second reaction. These two reactions
are connected via a biotinylated subunit of the carboxylase known as a biotin carboxy carrier
protein (BCCP), which moves CO; between reaction centersi. In canonical fatty acid synthesis,
acetyl-CoA carboxylase (ACC) hydrolyzes ATP in the first reaction with bicarbonate, generating
a CO»-biotin-enzyme intermediate, catalyzed by the biotin carboxylase (BC) reaction center of
ACC. This CO.-biotin-enzyme intermediate is a substrate, along with acetyl-CoA in the second
ACC reaction center, the carboxyltransferase (CT), where the enzyme catalyzes condensation of
the a-carbon on acetyl-CoA to the COz on biotin, leading to the production of malonyl-CoA, Figure
1.3, This malonyl-CoA can be used for various cellular processes, such as malonyl-transfer by

an AT onto a FAS ACP, where it can extend nascent acyl-thioesters.
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Figure 1.3 General reaction of ATP dependent acyl-CoA carboxylases. The YCC chemistry
proceeds in two half reactions, the first of which is the biotin carboxylase (BC) catalyzed
carboxylation of biotin. Afterward, the YCC undergoes a large conformational change to transfer
the carboxyl group from biotin to an acyl-CoA via the carboxyltransferase (CT) activity, leading
to a malonyl-CoA product.

1.2.2 The wealth of fatty acid biosynthetic machinery provides abundant targets for
medicine, herbicide, and biofuel production

Due to the essential nature of fatty acid biosynthesis, a great deal of work has been put into
targeting its machinery for drug development2. Additionally, an added benefit of targeting fatty
acid biosynthesis enzymes for drug discovery is their structural diversity between different types
of organisms. For example, acetyl-CoA carboxylase in Escherichia coli consists of 4 discrete
subunits that are separately translated, and come together to form a relatively weak
heterotetrameric complex. This is in stark contrast to the Homo sapiens ACC, which is a single
polypeptide, and contains a large, additional central domain for regulatory purposes, Figure 1.4
13 As such, a potent inhibitor a prokaryotic ACC could shut down malonyl-CoA production in
pathogenic bacteria, while not affecting human ACC. In this example, the proposed inhibitor could

lead to a new class of antibiotics.
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Figure 1.4 Contrast of the organization of single polypeptide eukaryotic YCCs vs. multi-subunit
prokaryotic YCCs. Eukaryotic YCCs are often homodimeric, with a molecular weight over 0.5
MDa. Prokaryotic YCC components can be more easily studied in high resolution structural
studies due to their lower molecular weight.

Through decades of research, other groups have discovered and characterized various
inhibitors of carboxylases and fatty acid synthase modules with potential (or approval in some
cases) to serve as medicines or agrochemicals“. In 2004, a group of researchers observed that the
natural product moiramide B is a potent inhibitor of gram positive Staphylococcus aureus ACC,
yielding a K; via a radiometric assay of 5 nM*>. Additionally, this group synthetically derivatized
the molecule with different hydrophobic tails. Over a decade later, a study from 2016 deduced the
structure-function relationship of moiramide B with S. aureus ACC, showing that the molecule
binds via its methyl succinimide warhead at the interface of the o and [ subunits of the
carboxyltransferase (CT) reaction center, Figure 1.5, The derivatized hydrophobic tail opposite
of the warhead is suggested to be relevant in crossing the cell membrane. Through bacterial
inhibition assays, it was learned that E. coli, S. aureus, and Bacillus subtilus minimum inhibitory
concentrations (MICs) were found to be 4, 8, and 1 pg/ml, respectively*> 7, These values indicate
the concentration of moiramide B necessary to observe significant reduced bacterial growth of

each strain, suggesting that moiramide B is a potent antibacterial.
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Figure 1.5 Moiramide B (black) inhibits the CT (red/teal) of E. coli ACC at the interface of the
a and B subunits via interactions of the succinimide warhead situated in the active site.

In another case study of fatty acid biosynthesis targeting, it was found that three different
herbicides in use, dichlofop, haloxyfop, and sethodim, both inhibit lipid and fatty acid biosynthesis
in corn and other monocot plants®®. Shortly after, another group deduced that these herbicides
specifically targeted the plastid ACC. The group reported nearly 90% inhibition of Zea mays
plastid ACC activity with 1 uM haloxyfop and 10 uM sethoxydim. In addition,it was found in the
same study that while these herbicides were potent in corn in other monocots, they had no effect
at 10-fold increased concentration in the model dicot plant, peas®.

To provide one more example of efficacy of targeting fatty acid biosynthetic machinery
with inhibitors, consider the case of the natural product cerulenin. Cerulenin features an oxirane
ring, flanked by carbonyl groups — one of which is bound to a short, unsaturated hydrocarbon tail.
It has long been known that cerulenin is a potent inhibitor of fatty acid biosynthesis — specifically
FabB — a critical KS enzyme that leads to iterative condensation of long-chain fatty acids. Rock
and colleagues determined the structure of the bacterial fatty acid biosynthesizing KSs, FabB,
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FabF, and FabH®. Furthermore, they elucidated the cerulenin-FabB structure, which illustrated
that the enzyme catalyzed a covalent linkage with the oxirane ring amide carbonyl, leading to
irreversible inhibition of the enzyme, Figure 1.62%. Additionally, the amide carbonyl was situated
in the proposed oxyanion hole used in catalysis to promote malonyl-ACP decarboxylation.
Furthermore, this inhibitor was shown to have antineoplasia activity in mice, suggesting its

potential as an anti-cancer drug.
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Figure 1.6 Cerulenin (black) irreversibly inhibits the catalytic cysteine residue of FabB (teal).

Many of these drugs that target fatty acid biosynthesis share a common theme of having
been characterized as inhibitors for multiple decades; often having been discovered
serendipitously. While further research has been conducted by academic groups to elucidate the
mechanism of action of these inhibitors — there has been a lack of fatty acid synthesis inhibitor
discovery in the past 15 years. Later on in this thesis, | will address a new plan to tackle the
challenge of drug discovery targeting fatty acid biosynthesis. However, like two-sides of the same
coin, while we have seen that fatty acid biosynthesis is a drug target, a source of many natural
product drugs (e.g. lovastatin) is polyketide biosynthesis. Next, we will explore the origin of many

of these natural product drugs through the analogous iterative activity of PKS.
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1.3 Polyketide biosynthesis catalysis, complexity, and importance mirrors fatty acid
biosynthesis, as polyketides have revolutionized the pharmaceutical industry

Like fatty acid biosynthesis, polyketide biosynthesis has a long, rich history of discovery
of modular, assembly line-like enzymatic machinery producing lengthy C-C bond centered
molecules?. However, in stark contrast to the production of fatty acids, polyketides are much more
specialized, only being produced by some plants, bacteria, and fungi?2. Additionally, in contrast to
the simplicity of long, undecorated hydrocarbon chains of fatty acids, polyketides are much more
diverse in nature, featuring a variety of functional groups, heterocycles, aromatics, and varying
degrees of oxidation and unsaturation uncommon to fats22. Perhaps most interesting of all, is that
polyketides are produced by virtually the same enzymatic reactions as fatty acids — via acyl-
thioesters transthiolated by an AT and shuttled to KS-KR-DH-ER modules in succession. We will
examine this concept as we dive into more decades of discovery, medicinal success stories,
engineering attempts, and mechanistic observations, we will begin to unravel how these

similarities and differences coexist.

1.3.1 While polyketide synthases perform similar C-C bond extension reaction to FAS,
diversity in their assembly line allows for a wide variety of products

To first understand how polyketide synthases perform their complicated chemistry, let’s
compare them to fatty acid biosynthesis. Both types of enzymes employ similar modules for
catalysis®. Thus, we begin polyketide biosynthesis via an acyl-thioester substrate, such as acetyl-
CoA, propionyl-ACP, butanoyl-ACP, etc. This acyl-thioester substrate is known as the starter unit.
This starter unit can then be transacylated to the ACP of a polyketide synthase (PKS), via the action
of an AT, again similar to FASZ, This starter unit will have a designated route to move through
various modules of the PKS in the case of modular type | PKS, or move iteratively through a
module in the case of type Il and iterative type | PKS.

To illustrate representative type | PKS biosynthesis, consider the biosynthesis of the
polyketide, rapamycin, a pharmaceutical used as an immunosuppressant to prevent organ
transplant rejection, Figure 1.7. The biosynthesis of rapamycin begins via the action of three
modular PKS — RapA, RapB, and RapC?. These PKS contain, 4, 6, and 4 modules, respectively,
and within each module, there is a KS, AT, and ACP, responsible for extending the bound nascent

polyketide chain. Additionally, there is a variety of derivatized malonyl-thioesters used to extend

27



the nascent polyketide chain. These malonyl-thioesters, referred to as extender units, may contain
different substituents at the a-carbon, leading to more diversity of the polyketide. In RapB, the
module 5 KS uses a malonyl-thioester to extend the polyketide chain, whereas module 6 uses a
methylmalonyl-thioester to extend the chain. After biosynthesis of the linear polyketide scaffold
by RapA, RapB, and RapC, other enzymes, such as the nonribosomal peptide synthase (NRPS),
RapP, further modify the growing molecule and cyclize it. Lastly, rapamycin synthesis is finished
through modification by the tailoring enzymes Rapl (O-methylation), RapJ (oxidation), RapM (O-
methylation), RapN (hydroxylation), and RapQ (O-methylation)?*. As this representative
polyketide biosynthesis demonstrates — the chemistry performed by the PKS is the same as in a
FAS, however, the mix-and-match format of the enzymes in each module lead to a much more

sophisticated product than a fatty acid.
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Figure 1.7 Biosynthesis of the immunosuppressant drug, rapamycin, is performed by the
sequential action of polyketide synthase modules and tailoring enzymes. Atoms donated by
malonyl-CoA are shown in blue, while atoms donated by methylmalonyl-CoA are in red.
Engineering of different PKS components could allow for substrate promiscuity in any of the
extension reactions.
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While PKS are known have a great diversity in their starter units, they frequently only
incorporate two types of extender units: malonyl-CoA and methylmalonyl-CoAZ. As observed by
the 14 PKS catalyzed extension steps in rapamycin biosynthesis, there is a large opening for
diversifying PKS products via use of different extender units. Within the past two decades PKS
researchers gained some understanding of the usage of rarely used extender units that provide a
means of incorporating diverse functional groups such as amines, halogens, alkenes, and
aromatics, Figure 1.82°. Additionally, research conducted by G. Williams’ group demonstrated the
potential to synthesize unnatural extender units via the activity of a mutant malonyl-CoA
synthetase (MatB)2. Furthermore, using both unnatural and uncommon extender units generated
by MatB, they were able to incorporate these rare, a-substituted extender units into a polyketide
by the action of the final PKS module from 6-deoxyerythonolide B synthase (DEBS). A

noncomprehensive list of PKS extender units is shown below.
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Various Extender Units Used by PKS
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Figure 1.8 Variation of extender units used by polyketide synthases is route being researched to
diversify polyketide products. Most PKS demonstrate little diversity in extender unit
incorporation, using only malonyl- or methylmalonyl-CoA. However, PKS pathways exist that
accept less common (or even synthetic) extender units.

1.3.2 Polyketide biosynthesis provides a vast variety of natural product pharmaceuticals
with hopes to engineer many more

Whereas fatty acid biosynthesis is essential for organismal viability, making it an ideal
drug target, PKS are nonessential. A PKS is an evolutionary advantage, not a necessity, as many

organisms use their PKS to secrete toxins, such as maitotoxin, which will allow them to easily
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fight off their neighbors and proliferate?’. Many of molecules produced (or partially produced) by
the action of PKS sit on the World Health Organization (WHO) Essential Medicines List (EML)
— a list of medications that are very safe and effective for treatment within a health system?. Some
medicines on this list that are produced in part by PKS are the antibiotics vancomycin,
doxycycline, and erythromycin. In addition to these antibiotics, we also find the cholesterol
lowering agent, lovastatin on this list. However, more recent drug candidates, such as the proposed
anti-cancer drug neocarzinostatin, synthesized partially by a PKS may eventually find their way
on this list.

Although polyketides have helped usher in a golden age of drug discovery in the 20%
century, there has been a marked decrease in discovery and approval of natural product medicines
in the past two decades?®. This may be due to a combination of factors including a paradigm shift
in drug discovery to drug library screening, unmet promise in PKS engineering, and possibly a
dried up pool of undiscovered natural products with pharmaceutical potential. While PKS
engineering seems to be a logical idea to increase the amount of polyketide drugs going from

discovery to clinical trials, this engineering has posed a challenge’.

1.3.3 Shortcomings of PKS engineering are due to an underestimation of the complex
effects of protein-protein interactions and conformational changes on catalysis

In late 2017, at the beginning of my Ph.D. work, | had the opportunity to attend a lecture by
Professor David Sherman as part of the seminar series held by the Purdue Department of
Biochemistry. On a slide near the beginning of Dr. Sherman’s talk was a graphic from his 2005
Nature Biotechnology paper titled “The Lego-ization of polyketide biosynthesis”. In this paper,
Sherman had observed the work of many research groups engineering polyketide synthases by
mixing and matching pieces of various PKS to generate systems that make new products®. Here,
Sherman described this concept as “Lego-ization”, where different PKS components can be used
in conjunction to make a new product, analogous to how different Lego pieces from different kits
can be stuck together to make a Lego masterpiece. This idea was remarkable — that mixing and
matching PKS components from different systems could take the number of polyketide products
discovered from 10,000 to hundreds of millions, with that many new drug leads to evaluate. While
some success has been demonstrated from this idea, shortly after this slide in Dr. Sherman’s talk,

he went on to talk about this conclusion being hasty, and that many details were missing to truly
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realize the potential of PKS engineering. These missing details are what our lab and others in our
field seek to elucidate®:2%, For example, what specific protein-protein interactions are mandated
intra- and inter-module in a PKS to efficiently catalyze polyketide formation and these preserved
during mixing-and-matching components? Next, how do we accommodate substrate promiscuity
into our Lego-ized PKS? To elaborate, can downstream PKS modules perform chemistry on
unnatural substrates produced by upstream modules? Lastly, what are the changes in conformation
and substrate binding throughout catalysis of this highly dynamic system? Understanding the

answer to these questions will help researchers in their goal of mass engineering PKS.

1.4 Mechanistic studies on fatty acid and polyketide biosynthesis components can provide
critical missing information tackling drug discovery and engineering hurdles

As a result of these previously mentioned unknowns hampering PKS engineering studies,
some researchers have taken a more mechanistic approach to understand PKS and FAS structure-
function relationships®*. The work of Professor Joe Noel and his research group conducted many
important structure-function and kinetic studies on type Il PKS, which are the smallest and
simplest models for polyketide production. Some type 111 PKS, such as Medicago sativa chalcone
synthase Il (CHS), Gerbera hybrida 2-pyrone synthase (2-PS), and Pinus sylvestris stilbene
synthase (STS), perform all of their chemistry in a single active site3”2, This is in stark contrast
to the mega type | PKS from the previous section. Noel’s group performed X-ray diffraction
experiments on crystals grown of these enzymes, gaining high-resolution data of their structure in
the presence of various ligands®:. These structures were effective at illustrating the general
substrate binding pocket, allowing for some speculation about how catalysis might occur.
However, this work did not share the details of conformational changes of different catalytic states,
such as the acyl-enzyme intermediate of the PKS, malonyl-thioester binding, decarboxylation, or
Claisen condensation. This work laid the foundation that other groups, including ours, would work
to build upon“C,

Over a decade later, the collaborative effort of the Gorgio Skiniatis and David Sherman
research groups would lead to solution of the first structure of an entire type | PKS module via
cryo-electron microscopy (cryo-EM)*: 42, This collaborative effort would lead to insights into how
the ACP moved to interact with each reaction center in the module. The module being studied was

module 5 of the pikromycin biosynthetic pathway, containing the ACP tethered acyl chain, and
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three enzymatic activities — KS, AT, and KR. The group noted that the ACP of module 5 would
be found interacting with different catalytic domains of the module based on the oxidation state of
the acyl group appended to the ACP. This result suggests that substrates are efficiently recognized
by each domain, which results in effective catalysis by the PKS assembly line. However, the group
noted that while this study provided catalytic details, it meant that much more care than originally
anticipated would need to be done to engineer the PKS system*2, Additionally, while this study is
groundbreaking, it also is just the beginning of many details to be uncovered about PKS catalysis.
Due to the low resolution of the cryo-EM in 2014, fine conformational changes, such as residue
movement shifts and substrate binding are unidentifiable from this work.

A longstanding challenge of capturing individual catalytic states and conformational
changes that are often undetermined is the reactivity of the acyl-thioester substrates to enzyme
chemistry. As discussed at the beginning of this thesis, CoA (and ACP) can effectively move acyl
groups and transthiolate enzyme chemistry as a result of the facile cleavage of the thioester moiety.
While this property of CoA is great for maintaining homeostasis of an organism, it complicates
structure-function studies to a great degree, Figure 1.9. If we examine the protein data bank (PDB),
many enzyme structures have been deposited with acyl-CoAs listed as ligands2® . In the electron
density map of many of these structures, the acyl-CoA is in a hydrolyzed state, with electron
density becoming obscured after the thiol on CoA, Figure 1.10. Additionally, it is known that
malonyl-thioesters are prone to decarboxylating from enzyme chemistry or in acidic conditions*.
As acyl/malonyl-thioesters are substrates for a vast number of enzymes, this becomes a major
problem to overcome when conducting structure-function studies of these enzymes. This poses the
question — how can unknown catalytic states be observed in structure-function studies of highly-
reactive enzyme substrate pairs? One approach to answering this long standing question has been
synthesis of nonreactive analogs the mimic the chemical properties of the reactants, intermediates,

and products of different reactions.
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Figure 1.10 Structure of E. coli FabD (PDB: 2G2Z) solved at 2.8 A with a malonyl-enzyme
intermediate modeled. This structure models a malonyl-enzyme intermediate and CoA in the
active site, though the density is sparse.
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1.5 Synthesis of CoA-thioester analogs has a long, slowly-evolving history, as probes for
enzyme catalysis, conformational changes, and inhibition

Not long after the initial discovery of CoA as a critical coenzyme in shuttling acyl groups
were scientists working to determine the structure and chemically synthesize the molecule. These
tasks were in part completed by the Nobel prize awarded Fritz Lipmann, who pieced together the
structure of CoA in 1953, and synthesized one half of CoA, known as 4’-phosphopantetheine
(PPANT)L. Finally, at the beginning of 1959, the research team of J.G. Moffatt and H.G. Khorana
had accomplished the first recorded total synthesis of CoA“. This synthesis was an impressive
feat, using previously established information on the structure of CoA and synthesis of PPANT in
conjunction with the new concept of developing the 2’,3’phospho-AMP-morpholine synthon,
Figure 1.11. Fusion of this new synthon with PPANT in basic conditions, followed by acid
cleavage of the cyclic phosphate ring yielded a mix of CoA and iso-CoA (where the 3’-phosphate
of CoA is instead on the 2’ position), which were separated via anion exchange chromatography.
This reaction, unbeknownst to the researchers, would go on to pave the road for decades of CoA

derivative and analog chemical synthesis.
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Figure 1.11 Chemical synthesis of CoA using 2’,3’-phospho-AMP-morpholine synthon.

After the initial synthesis of CoA the floodgates for CoA analog synthesis and synthetic
improvements were opened. The non-exhaustive table below, Table 1.1, demonstrates some of
these advances in CoA analog synthesis.
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Table 1.1 Non-exhaustive list of CoA analogs reported in the 1960’s.

Compound (substitutions shown in red) Reported
year
seleno-CoA 196547
O\\P,OH
|\f/§N Hq \O\OH
N
N=/ o O\ﬁ/O\ﬁ/o - ”/\)J\”/\/Se
O O OH
oxy-CoA 1966

I I z
on H
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O\\P/OH
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The key to production of all of the above analogs was to synthesize a new B-aletheine
moiety, shown in Figure 1.12, then use the existing CoA synthesis procedure (with minor

improvements) to produce analogs of CoA>.. These CoA analogs of the 1960s tied together the
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knowledge of synthesizing pantetheine analogs in the 1950s with the procedure of synthetic
procedure of Khorana and Moffatt. In each of the initial synthesis papers, these analogs were
assayed with model enzymes, such as phosphotransacetylase for their action as substrates or
inhibitors?® *2, The CoA analog synthesis work of this decade would serve as the roadmap for
development of more sophisticated CoA analogs in the ensuing decades which would cement their

use as mechanistic probes of enzyme activity.

B-alanine  cysteamine

H
N

H
N\/W ~
-
O
N J
Y
-aletheine

Figure 1.12 B-aletheine is composed of -alanine and cysteamine.

1.5.1 Acyl-CoA analogs stable to hydrolysis emerged in the 1970s with application in enzyme
mechanism experiments but featured difficult synthesis procedures

In the 1970s, the method of producing CoA analogs would begin to be extended to acyl-CoA
analogs, where the first syntheses of acetyl-CoA analogs were reported. The researchers led by
C.J. Stewart would report the syntheses of acetyl-carba(dethia)CoA and acetyl-amino(dethia) CoA
for the first time in this decade. Early studies of CoA analogs examined the importance of the role
of the sulfur atom, the thioester carbonyl, and length of the acyl group with respect to enzyme
catalysis. In the case of the enzyme phosphotransacetylase, it was shown that the inhibition
constant (Ki) of acetyl-carba(dethia)CoA was reported as 0.36 mM=3, It was then found that
removing the carbonyl group from the analog (producing ethyl-CoA) raised the Ki 3-fold to 1 mM.
Additionally, deviations of acyl group chain length from 2-carbons raised the Ki further, as was
observed for methyl-, propyl-, and butyl-CoA>3. Thus, the authors could conclude that acyl group
length and presence/position of the acyl-carbonyl moiety are important factors in substrate

recognition by phosphotransacetylase.

Using the idea of the initial acetyl-carba(dethia)CoA synthesis, groups would create other

acyl-carba(dethia) CoA analogs to evaluate their propensity for serving as substrates of inhibitors
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of a variety of enzymes>. A non-comprehensive list of these analogs is presented in the table

below.
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Table 1.2 Representative methylene substituted acyl-CoA analogs reported in the 1980’s.

Compound (substitutions shown in red)

Reported

year

palmitoylcarba(dethia)-CoA
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The research group led by J. Rétey reported the complex chemical synthesis of propionyl-
carba(dethia)CoA and eloquently demonstrated the ability of the enzyme transcarboxylase from
Propionibacterium shermanii to convert this substrate analog into (2S)-methylmalonyl-
carba(dethia)CoA. Furthermore, the authors also demonstrated the ability of methylmalonyl-CoA
epimerase (MMCE) to epimerize this analog into (2R)-methylmalonyl-carba(dethia)CoA, which
was then shown to be a substrate for methylmalonyl-CoA mutase (MCM), which produced
succinyl-carba(dethia)CoA®¢. Through the use of these p- and y-keto acid analogs, nuclear
magnetic resonance (NMR) experiments conducted by Rétey allowed for mechanistic
characterization of MCM?>2, MCM is known to be a vitamin B1, dependent enzyme, and was known
to perform a carbon skeleton rearrangement through a radical mechanism. The non-hydrolyzable
nature of succinyl-carba(dethia)CoA and methylmalonyl-carba(dethia)CoA allowed for NMR
analysis of the enzyme reaction to capture details of a 1,2 hydrogen atom shift performed by the

enzyme that maintained the reaction stereospecificity>°.

During the same decade, another group took a different approach to synthesizing acyl-CoA
analogs to probe enzyme mechanism. The work of V.E. Anderson and colleagues led to the
synthesis of acetyl-dithio-CoA and octanoyl-dithio-CoA, which replace the carbonyl oxygen of
the corresponding acyl-CoA with a sulfur atom®. These acetyl-dithio-CoA served as a substrate
for both citrate synthase and choline O-acetyltransferase. However, the rate of reaction was about
10-fold less than that of the natural substrate, acetyl-CoA. Additionally, the dithioester moiety
provides a unique absorbance maximum at A = 306 nm. The authors hypothesized that slow
reaction rate and characteristic absorbance spectrum of acyl-dithio-CoAs would make them
effective probes for detecting acyl-enzyme intermediates in reactions such as those performed by
ATs. This feature of the analog would be applied nearly 20 years later, where it was determined
that acetyl-dithio-CoA could not be enolized by the enzyme 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) synthase when the enzyme was mutated, preventing formation of an acyl-enzyme
intermediate®’. Thus, acetyl-dithio-CoA served as a mechanistic probe to confirm the existence

and necessity of an acyl-enzyme intermediate for HMG-CoA synthase catalysis.
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Table 1.3 Initially reported acyl-dithio-CoA analogs of the 1980°s.

Compound (substitutions shown in red) Reported
year
acetyl-dithio-CoA 1988%°
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(0] O OH S
octanoyl-dithio-CoA 1988%
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In the 1990s, the work of D. G. Drueckhammer’s group would take development of CoA
analogs used as mechanistic probes a step further by improving the upon existing CoA syntheses
via chemoenzymatic synthesis, and synthesizing various reaction intermediate analogs®2. Although
it had been shown previous that purified CoA biosynthesizing enzymes, phosphopantetheine
adenosyl transferase (PPAT/CoaD) and dephospho-CoA kinase (DPCK/CoaE) could be used to
synthesize CoA from “C -labelled CoA, the promiscuity of these enzymes toward unnatural
substrates was unknown®, This research group determined that CoaD/CoaE were able to accept
diverse substrates with modified aletheine moieties, paving the way for contemporary CoA analog
chemoenzymatic synthesis®2. Also notably, Drueckhammer and colleagues synthesized a variety
of acyl-CoA analogs meant to mimic intermediates of enzymatic reactions®. As an example, this
research group produced analogs that mimic the tetrahedral intermediate of acyltransfer performed
by various acetyltransferases by substituting carbonyl of acetyl-CoA with a secondary alcohol in
R/S forms®®. Using these diastereomers, the researchers found through inhibition assays that three

model acetyltransferases bind the S-alcohol analog with significantly higher affinity than the R-
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alcohol analog. Thus, these probes led to the discovery of previously unknown stereochemical

preference for various types of acetyltransferases.

Table 1.4 Report of reaction intermediate analog, hydroxyethyl-CoA.

Compound (substitutions shown in red) Reported
year
(R/S)-hydroxyethyl-CoA 1995%
O\\P/OH
[\;/%N Hq gOH
HNT N & OH OH 0 o)
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1.5.2 Structure-function studies of acyl-thioester analogs seek to elucidate key
conformational changes

Up to this point, most mechanistic investigations of CoA utilizing enzymes had not been
structural in nature. Synthetic chemists producing acyl-CoA analogs would often characterize the
affinity of the analog toward enzymes, showing that it provides insight for a potential mechanistic
probe®. However, the group led by H. M. Holden and J. A. Gerlt produced a novel analog of
methylmalonyl-CoA at the turn of the millennium®’. This analog removed the thioester carbonyl
of methylmalonyl-CoA, leaving behind a thioether group in place. This analog, (2S)-
carboxypropyl-CoA, was referred to as the thioether analog, and was co-crystallized with the
enzyme methylmalonyl-CoA decarboxylase (MMCD) from E. coli. The co-crystal structure of
MMCD was determined with the thioether analog bound in the active site at a resolution of 2.7 A
— relatively low for mechanistic studies, Figure 1.13. The thioether analog had its carboxylate
moiety positioned to interact with the active site His-66 and Gly-110. However, modeling studies
and comparison to the ligand bound structure of homologous 4-chlorobenzoyl-CoA dehalogenase
did not support the positioning of the thioether analog with MMCD to be catalytically relevant.
Rather, this interaction adopted by the thioether analog with His and Gly residues is likely an

artifact of the missing thioester functional group, which was proposed to be coordinated by these
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residues. The authors instead hypothesized that the carboxylate of methylmalonyl-CoA likely
interacts with Tyr 140 in the active site to perform decarboxylation®’. A key conclusion to take
away from this study is that the thioether analog may not be suitable for probing mechanism of
enzymes that orient the thioester carbonyl in an oxyanion hole for catalysis.

//

Figure 1.13 Crystal structure of E. coli methylmalonyl-CoA decarboxylase with (2S)-
carboxypropyl-CoA (PDB: 1EF9) solved at 2.7 A.

To provide another example in the same vein as the thioether analog from above, let’s
consider the work of S. Tsai and colleagues from 2018, In this paper, the researchers synthesized
an analog of malonyl-PPANT that replaces the thioester carbonyl with an oxetane ring as probe
for catalysis by daunorubicin-doxorubicin polyketide synthase (DpsC). DspC is a bifunctional
AT/KS used in the synthesis the anticancer drug daunorubicin, where it uses one molecule of
propionyl-CoA and malonyl-ACP to extend its polyketide chain. In this structure (PDB: 5WGC),
the authors have trapped an acyl-enzyme intermediate (propionyl-Serine) with their oxetane-
PPANT analog bound, mimicking the substrates in position to decarboxylate malonyl-ACP.

Intuitively, the presence of the oxygen atom in the same general location as the thioester carbonyl
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with the same relative molecular orbital positioning would be a quality mechanistic probe for
malonyl-CoA using enzyme catalysis, Figure 1.14. However, a critical detail of this structure that
is confusing is what residues form the oxyanion hole of DpsC to bind the thioester of malonyl-
ACP? This is confusing as based on existing proposals of KS catalyzed Claisen condensation, we
would expect the oxygen of the oxetane ring to be coordinated by an oxyanion hole, however there
are no residues within range to form a polar interaction with this moiety. This disparity between
the suspected location of a thioester carbonyl and the location of the oxetane ring is surprising and
suggests that the oxetane-bearing malonyl-PPANT isostere is inappropriate for probing catalysis

of this ketosynthase.

Figure 1.14 Crystal structure of Streptomyces peucetius DpsC with oxetane-PPANT analog
bound (PDB: 5WGC) solved at 2.15 A .

Learning from the successes and pitfalls of previous acyl-thioester analogs as mechanistic
probes for enzyme catalysis, our lab, led by J. R. Lohman, reported the synthesis of sulfonate- and
nitro-bearing analogs of methylmalonyl-CoA in 2019%. These analogs feature different
combinations of carboxylate and thioester substitutions for probing the catalysis of
methylmalonyl-CoA using enzymes, such as MMCD. In 2019, our lab reported capture of these
analogs in the active site of MMCD from E. coli. Unlike the previous structure of MMCD bound
to the thioether analog, these structures featured the native thioester (or carbonyl-bearing analogs)
situated in the oxyanion hole of MMCD formed by His-66 and Gly-110, Figure 1.15. While the
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oxyanion interactions found via X-ray diffraction experiments are in line with the previously
posited model for MMCD catalysis, we found that the carboxylate moiety hydrogen bonds to Thr-
132, while being pressed against a hydrophobic pocket formed by several non-polar residues,
Figure 1.16. This data provides support for the utility of B-carbonyl-retaining malonyl-thioester
analogs in probing catalysis decarboxylating enzymes. Future studies by our group also provided
evidence of the ability of these analogs to probe bifunctional AT/DC and epimerase catalysis as

well82: 70

Figure 1.15 Crystal structure of E. coli MMCD with 2-sulfonate-propionyl-CoA bound (PDB:
6N95) solved at 1.8 A.
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Figure 1.16 Flattened schematic displaying: A) 2-sulfonate-propionyl-CoA bound to MMCD, B)
(2R/S)-methylmalonyl-CoA modeled with MMCD, C) (2S)-carboxypropyl-CoA bound to
MMCD.

1.6 Our lab has applied acyl-CoA analogs as mechanistic probes to KS and carboxylase
catalysis via kinetic and structure-function studies

We have seen multiple examples of the evolution of various CoA and acyl-thioester
analogs employed as mechanistic probes with successes and pitfalls of various substitutions made
along the way. In summary, for an acyl-thioester analog to serve as an effective mechanistic probe
of an enzyme, it should deviate minimally in terms of size, charge, polarity, and function group
presence from the molecule it is to mimic. Afterward, the affinity of the analog for the enzyme
should approximate the Km of the mimicked molecule. Lastly, the binding of the analog should be
observed via structural/computational studies and critically evaluated for catalytic relevance. The
diverse skillset required of organic synthesis, enzyme Kkinetics, assay development, structural
techniques (e.g. X-ray diffraction, cryo-EM, or NMR), and computational work creates a complex
barrier to overcome when performing mechanistic experiments. When combined with the need to
multiple analogs to thoroughly approximate the reaction coordinate of the enzyme catalysis,
characterizing the catalysis of a single enzyme may take decades, as seen for MMCD.

When we consider the complexity of chemistry performed by the KS enzymes of FAS and
PKS, one might appreciate the difficulty in understanding how these enzymes orient the
appropriate substrates and lower the activation energy to generate critical biological molecules.
Understanding the details C-C bond forming catalysis of KS and carboxylases has been the subject

of my graduate work. Here, 1 aim to convince the reader of the utility of the acyl-thioester analogs
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| have synthesized as mechanistic probes that we lead to success in structure-function analysis of
C-C bond forming enzymes. To reach this goal, | have synthesized several acyl-thioester analogs,
assessed their stability to different enzymatic chemistries, determined the Ki of the analogs and
compared them with the Km of mimicked molecules for a given enzyme, and generated
preliminary data indicating the ability of these molecules to be mechanistic probes for C-C bond
forming enzymes. The information gained from my graduate work will be directly applicable to
rational engineering of KS to diversify PKS products and to recognizing enzyme conformational
changes when designing lead compounds for inhibition.
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CHAPTER 2. DESIGN, SYNTHESIS, AND IMPROVEMENTS OF
ACYL-THIOESTER ANALOGS FOR USE IN PROBING C-C BOND
CATALYSIS

Contributions: Jeremy Lohman and Trevor Boram designed experiments and interpreted the
resulting data. Trevor Boram carried out the majority of experiments. Lee Stunkard and Aaron
Benjamin performed synthesis of some small molecules and protein expression.

Note: Literature references and chemical numbers within schemes are unique within this chapter.

2.1 Abstract

Analogs of acyl-CoAs have a long, rich history of synthesis and application to the probing
of enzyme catalysis. However, the landscape of acyl-CoA analog synthesis has greatly broadened,
synthetic approaches migrating to the use chemoenzymatic synthesis of CoA. Many useful, but
laborious to synthesize acyl-CoA analogs have been reproduced here for the first time using
simplified synthetic methodologies. Additionally, analogs that have been synthesized before, but
have had limited use in mechanistic studies are reproduced here with the intention of applying
them to structure-function studies. Lastly, the synthesis of several novel acyl-CoA analogs are
reported below, such as the incorporation of a 2-acetyl-phosphonate isostere of malonyl-CoA. This
chapter highlights synthetic strategies of many acyl-CoA analogs | have prepared. These analogs
are expected to have a wide range of application in mechanistic studies of various acyl-CoA

utilizing enzymes, outlined in subsequent chapter.

2.2 The strategy of acyl-thioester analog design involves mimicking the enzyme catalyzed
transformations from substrate to product via atom substitutions that stabilize the
molecule to enzyme chemistry while having minimal changes

In Chapter 1, we learned about the rich history of CoA analog synthesis and its applications
toward probing enzyme catalysis. From previous CoA analog mechanistic studies, we know that
analogs should be similar in size, charge, and polarity to the molecule they mimic. In the case of
the thioether and oxetane bearing malonyl-CoA analogs, we learned the pitfalls of using analogs
that deviate notably at the thioester carbonyl as probes for C-C bond remodeling enzymes. To lead

to the most meaningful mechanistic studies using substrate analogs it is recommended to
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synthesize a spectrum of analogs with slightly different substitutions and confirm that all of the
analogs are binding with similar affinity and orientation relative to the mimicked molecule. Even
a single atom change can lead to drastic changes in enzyme-analog interaction strength, as seen
below for analogs used to study the reaction of citrate synthase, Figure 2.17. In this figure, a single

atom substitution leads to a 1000-fold decrease in citrate synthase inhibitor strength.

o° T i
'S N_ o
CoA- /& coac” o CoA-C”@® YO
H2 H2

nitro-carba(dethia)CoA
enolate analog

acetyl-CoA (enolate) carboxylate-carba(dethia)CoA
reaction intermediate enolate analog

K; =16 nM Ki=16 uM

Figure 2.1 Comparison of inhibition constants of different enolate isosteres with citrate synthase.

The next consideration of analog design when probing catalysis is what molecule in the
reaction is being mimicked? To illustrate this point, let’s revisit KS catalysis in the below Figure

2.2.

acyl-S-KS Claisen condensation

Transthiolation acyl-S-KS/decarboxylation
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NN e <~y 0 < -H--0 j\ ~H ]\
| M Cys Hl Cys i cys | i cys oo

Analogs to consider:

mutant amino acid

acyl-CoA analogs NH, malonyl-CoA analogs enolate-CoA analogs 3-oxoacyl-CoA analogs
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acetyl-aza(dethia)CoA

Glutamine

malonyl-oxa(dethia)CoA

Hz
carboxyl-carba(dethia)CoA

acetoacetyl-oxa(dethia)CoA

Figure 2.2 Proposed mechanism of Cys-His-Asn KS catalysis, with presentation of analogs to
mimic catalytic states.

Each stage of KS catalysis can be mimicked by designing a panel of mechanistic probes resembling
the ligand at each state. For example, our analogs of malonyl-CoA paired with an acyl-KS analog

can allow us to make inferences about how the KS is able to lower the activation energy to
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decarboxylation and orient the substrate for catalysis. With a variety of mechanistic probes, kinetic,
and structure-function experiments, we can observe movement through catalytic states to propose

a detailed model for KS chemistry.

2.3 Synthesis of malonyl-CoA analogs for use as mechanistic probes of C-C bond forming
enzymes

Near the end of the 2000’s, the group led by Jonathan (Joe) Spencer synthesized malonyl-
CoA analogs in the figure below with thioester substitutions to increase their stability to hydrolysis.
The goal of these analogs was to probe the catalytic mechanism of the simple type III PKS STS
by trapping various reaction intermediates and examining them via mass-spectrometry (MS)2. This
strategy was useful to confirm the existence of various (normally unstable) reaction intermediates.
These clever analogs showed promise as mechanistic probes in structure-function studies with
ketosynthases, but this potential was left unrealized by the tragic passing of Dr. Spencer in 2008.
In 2013, these analogs were revisited by C. Schofield and colleagues, where the ester and ketone
bearing malonyl-CoA analogs were synthesized again, as was the first (and until now only)

reported synthesis of malonyl-aza(dethia)CoA~.
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Table 2.1 Malonyl-CoA, methylmalonyl-CoA, and oxa, aza, and carba(dethia) thioester isosteres

sulfur substitution malonyl-CoA and analogs methylmalonyl-CoA and analogs

-5~ (retained) 0O O

O O
cone A2 cone A

malonyl-CoA methylmalonyl-CoA

O- 0 o

0O O
o ©
CoA-OJj\/lLO CoA-O 0

malonyl-oxa(dethia)CoA methylmalonyl-oxa(dethia)CoA

-CH;- O O O O

© ©
COA-CJJ\)LO COA'CJS)LO
Ho Ho

malonyl-carba(dethia)CoA methylmalonyl-carba(dethia)CoA

_NH- O O o O
© ©
CoA-NJj\)LO CoA-N (0]
H H
malonyl-aza(dethia)CoA methylmalonyl-aza(dethia)CoA

Here, we synthesize the ester and amide bearing analogs again, simplifying the synthesis
of each analog by a step. In Scheme 2.1, we compare the previous reported syntheses of malonyl-
oxa(dethia)CoA and malonyl-aza(dethia)CoA to our simplified synthesis for both, which reduces
the number of synthesis steps to make both malonyl-oxa(dethia)CoA and malonyl-
aza(dethia)CoA, while making them using the same general synthetic procedure. As is a theme in
this chapter, substitution of the acyl-CoA thioester to an amide or ester minimal changes analog
structure, conformation or change, while vastly increasing their stability to enzyme chemistry.
Thus, we suspected amide and ester substituted malonyl-CoAs would be effective probes for

malonyl-CoA using/synthesizing enzyme catalysis.

In this scheme we also illustrate how this same synthetic simplification can be used to
improve upon the existing synthesis of methylmalonyl-oxa(dethia)CoA and methylmalonyl-
aza(dethia)CoA. We set out to synthesize these analogs for conducting structure-function

experiments with enzymes that have methylmalonyl-CoA as a substrate or product.
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Scheme 2.1 Comparison of differing synthetic routes for aza(dethia) and oxa(dethia) isosteres of
malonyl-CoA and (2R/S)-methylmalonyl-CoA.

We also attempted to produce the malonyl-carba(dethia)CoA using a new procedure
outlined in Scheme 2.2, which uses a formaldehyde-carba(dethia)pantetheine acetonide synthon,
based on previous niobium catalyzed C-C bond coupling reports?. The synthesis of the B-ketoester
with ethyldiazoacetate leads to poor yield, thus not improving upon the existing synthesis.
Unfortunately, the lack of stability of the malonyl-carba(dethia)CoA analog (which rapidly

decarboxylates) limits its utility to substrate trapping and kinetic experiments, as it is not suitable

for structure-function studies?.
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Scheme 2.2 Comparison of our attempted synthetic route for malonyl-carba(dethia) CoA (left) vs.

the previously reported synthesis of malonyl-carba(dethia) CoA?

To further explore malonyl-CoA analogs as probes for structure-function and kinetic

experiments, we considered substitution of the carboxylate moiety for a sulfinate, sulfonate, nitro,

and phosphonate moiety. We suspected that a sulfonate

bicarbonate model of enzyme catalyzed B-ketoacid decarboxylation. While our lab had reported

synthesis of nitro and sulfonate bearing methylmalonyl-CoA analogs initially in 2019, we had

difficulty achieving pure malonyl-CoA analog variants®

lab, Dr. Lee Stunkard, synthesized 2-sulfonoacetyl-CoA analogs, but they had low yields due to

massive loss of product from the bromoacetylation step
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these analogs with higher yield, which is compared in Scheme 2.3. While the different synthetic

steps used lead to the same intermediates, our improvements, shown in green, lead to simpler

workup and higher yields.
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Scheme 2.3 Synthetic improvements (green) for 2-sulfonate bearing isosteres of malonyl-CoA
compared to their previously synthesis (black)’.

In the initial synthesis of the sulfonate-bearing isosteres of malonyl-CoA, we attempted to
use sodium dithionite to convert the 2-bromoacetyl intermediate into a sulfinate isostere.
Unfortunately, this species is prone to rapid oxidation under atmospheric oxygen, spontaneously

converting the sulfinate into a sulfonate moiety. In theory, creating an anaerobic reaction
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environment would allow for capture of the sulfinate species, but another problem we are faced
with is that sodium dithionite is no more than 88% pure when prepared commercially. A common
contaminant is sodium sulfite, which can react with the 2-bromoacetyl intermediate to directly
produce a sulfonate. The sulfinate and sulfonate-bearing moieties are intractable. Although
currently unobtainable in a pure form, the sulfinate bearing isostere would closely mimic the

carboxylate of malonyl-CoA in charge and size, Figure 2.3.

O O ) (|)I
CoA—s/U\/LL 09 CoA—S/U\/ "0©
malonyl-CoA 2-sulfinate-acetyl-CoA

Figure 2.3 Comparison of 2-sulfinate-acetyl-CoA analog to malonyl-CoA. The single sulfur
atom substitution closely mimics malonyl-CoA.

Similar to the synthesis of sulfonate-bearing analogs of methylmalonyl-CoA being applied
to malonyl-CoA analogs, we attempted to apply the synthesis of nitro-bearing methylmalonyl-CoA
analogs to malonyl-CoA. The original a-nitroketone synthesis applies the same method as used by
Dr. Stunkard in 2019 for the synthesis of methylmalonyl-CoA nitro-bearing isosteres, Scheme 2.4
A. Both Dr. Stunkard and myself were unable to detect a product from the nitration reaction via
electrospray ionization-mass spectrometry (ESI-MS)~. Dr. Stunkard and I also attempted a second
route of producing primary a-nitroketones via a nitroacetic acid synthon, Scheme 2.4 B. Based on
synthesis of nitroacetamides via nitroacetic acid, I attempted this synthesis using various
carbodiimides (DCC, DIC, EDC) and a mixed anhydride method (ECF), but was never able to
detect a mass-to-charge ratio (m/z) in positive or negative ionization mode that was indicative of
nitro product formation. On the final attempted strategy to producing the a-nitroketone isostere of
malonyl-CoA, I acylated aza(dethia)-pantetheine acetonide with a crotonyl group. I then proceeded
to perform oxidative cleavage of the olefin using catalytic osmium tetroxide coupled with sodium
periodate, yielding a glyoxal moiety. The glyoxal moiety was converted into an acetamido oxime
group using hydroxylamine in basic conditions. This reaction was incompatible with ester and
thioester-bearing substrates, which were hydrolyzed easily by hydroxylamine. This intermediate
was purified and characterized by NMR spectroscopy. Afterward, several attempts were made with
varying conditions to oxidize the oxime into a nitro group using trifluoroperoxyacetic acid

generated in situ via reaction of trifluoroacetic anhydride and urea-hydrogen peroxide (UHP)
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complex using the method of Ballini®. Alternatively, OXONE was used in place of UHP, using the

method of Base and colleagues®. Again, conversion to nitro product was undetectable by ESI-MS,
Scheme 2.4 C.
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Scheme 2.4 Attempted synthesis of 2-nitroacetyl-aza(dethia)CoA via 3 routes: A) nitration of 2-
bromoacetyl intermediate, B) DCC coupling of nitroacetic acid to pantetheine acetonide, C)
acylation and repeated oxidation of aza(dethia)-pantetheine acetonide.
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Scheme 2.5 Synthesis of (2R/S)-nitropropionyl-carba(dethia)CoA and attempted synthesis of 2-

nitroacetyl-carba(dethia) CoA.

Not satisfied with the lack of detection of the primary a-nitroketone pantetheine acetonide

product, we set out to examine the nitro forming reactions seen in Scheme 2.4 B on a test substrate.

To analyze this reaction, we used benzyl alcohol as a test substrate for production of a nitroacetic

ester through the same chemistry seen above. I synthesized fresh nitroacetic acid as published

previously, then reacted it with benzyl alcohol’. The crude reaction was then tested via normal
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phase thin-layer chromatography (TLC) against the reactant, and the reaction before addition of
nitroacetic acid, Figure 2.4. The Rr of the main TLC spot from the reaction appears to have
increased relative to the substrate, suggesting a potential coupling of the primary alcohol to
nitroacetic acid. However, an m/z value corresponding to the anticipated product of this test

reaction was not detected via ESI-MS, leaving the result of this chemistry dubious.

O\CE',O
‘\?o
HO @9 0 0
© o’N\/u\OH
DCC, DMAP'

Benzyl alcohol Ph-O-nitroacetate

Figure 2.4 Thin-layer chromatography of different reaction states in producing phenyl-O-
nitroacetate.

Lastly, we set out to synthesize an analog of malonyl-CoA featuring a phosphonate in lieu
of the carboxylate group, while substituting the thioester to an amide moiety. This analog is

expected to be stable to enzyme chemistry, but the high polarity of the phosphonate group makes
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purifying the compound to be challenging. The synthesis of this analog is outlined in Scheme 2.6
below. Removal of phosphonate ethyl ester protecting groups was accomplished via McKenna
reaction - careful reflux of the substrate in dichloromethane with 10-fold excess of
bromotrimethylsilane (Br-TMS) with Michael acceptor allyl-TMSZ.. This reaction went to
completion, and simultaneous evolution of HBr removed the acetonide protecting group. The
product was the incredibly polar phosphonate acetyl aza(dethia)pantetheine, which is very difficult
to purify from polar reaction side products, due to its lack of retention on C18 resin, intractability
from other phosphonate products on anion exchange resin, and inability to be desalted due to its
low molecular weight. Instead, this material was briefly cleaned up from hydrophobic materials

by washing it with ethyl acetate, then the resulting mixture was converted into a CoA product.
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Scheme 2.6 Synthetic route to 2-phosphonate-acetyl-aza(dethia) CoA
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The successfully synthesized malonyl-CoA and methylmalonyl-CoA analogs were
examined in kinetic and structure-function experiments with model KSs, ATs, decarboxylases

(DCs), and carboxylases, which will be discussed in Chapters 3 and 4.

2.4 Synthesis of stable acyl-CoA, enolate, and product analogs provides a means to probe
enzyme catalysis for KS, carboxylases, and related acyl-CoA using enzymes

The majority of the analogs in this section have been previously synthesized, and either
feature improvements over previous syntheses or use the same method outright with new
application. However, many of these analogs have never been used to study the chemistry of
ketosynthase enzymes, and only feature limited previous use for probing enzyme mechanism in
structure-function studies. The analogs provide a means for studying varying reaction states in
acyl-CoA using enzymes. Here we revisit some of the analogs mentioned in Chapter 1 with the
intention to apply them to new Kinetic and structure-function studies as mechanistic probes for
catalysis.

The first acyl-CoA analog we consider is acetyl-aza(dethia)CoA, which replaces the
thioester function group of acetyl-CoA with an amide. Based on our knowledge of malonyl-CoA
analogs, we know that substitutions to the thioester sulfur improve the stability of the linkage to
hydrolysis. This analog was originally reported in 1975 in a conference abstract with a laborious
chemical synthesis by C.J. Stewart’s group2. This analog would not appear again in literature until
43 years later in 2018 through the work of M.C.Y. Chang’s group where it was again synthesized
using a vastly improved contemporary chemoenzymatic method, Scheme 2.82. Here, they would
take this compound, as well as the analogous ester and ketone-bearing acetyl-CoA analogs to probe
fluoroacetyl-CoA thioesterase via kinetic and structure-function experiments. We demonstrate
another large improvement in acetyl-aza(dethia)CoA synthesis, where we shorten the existing

scheme by 2 steps and improve the yield of these changed steps, Scheme 2.8.
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Alternative synthesis (2022)
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Scheme 2.7 Our synthetic route to acetyl-aza(dethia)CoA (left) vs. previously reported synthesis
of acetyl-aza(dethia)CoA (right).

Similar to acetyl aza(dethia)-CoA, we also produced acetyl-oxa(dethia)CoA, this time
retaining nearly the same procedure as M. Chang’s research group, but improving the yield of the
acetylation step by replacing acetic acid/ HATU activation for mild and volatile acetic anhydride

in slightly basic conditions®. The resynthesized acetyl/malonyl-oxa/aza(dethia)CoA analogs will
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be revisited more in-depth in their synthesis and application to studying ketosynthase catalysis in
Chapter 4.
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acetyl-oxa(dethia)CoA

Scheme 2.8 Synthetic route and changes for acetyl-oxa(dethia)CoA. Steps exclusive to the
original route are grayed out. Changes shown in the new route are shown in green text.
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Scheme 2.9 New synthetic route to acetyl-carba(dethia)CoA (left) and novel 2-sulfonate-acetyl-
carba(dethia)CoA (right).

While analogs of acetyl-CoA are appropriate for studying acetyl-CoA using enzymes such
as FabH, 2-PS, or ACC, other acyl-CoA analogs are needed to maintain high fidelity to the
molecule being mimicked. In the case of enzymes that use propionyl-CoA (TC, PCC, or DpsC)

designing stable analogs of propionyl-CoA is needed. In literature, there are few previous reports
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of the synthesis of propionyl-CoA analogs, which replace the thioester with a ketone or amide*
15 Both of these syntheses are over 30 years old and are quite complicated. Here, we drastically
improve the synthesis of propionyl-aza(dethia)CoA, while reporting the synthesis of propionyl-
oxa(dethia) CoA for the first time.

Our synthesis (2022) Previous synthesis (1993)
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Scheme 2.10 Simplified synthesis of propionyl-aza(dethia)CoA and novel synthesis of

propionyl-oxa(dethia) CoA. Our synthetic route is shown on the left, previous route in on the
right>.,
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We additionally decided to synthesize propionyl-carba(dethia)CoA using an alternative
strategy, which had not been reported in literature in over three decades. Our synthetic strategy,
involved using a Grignard reagent (ethylmagnesium bromide), which acts as a carbon nucleophile
to attack an pantetheine acyl chloride intermediate, leading to its alkylation. While | demonstrate
this method produces product successfully, the yield is very poor as there are solvent
incompatibilities between the Grignard reagent and the pantetheine substrate. Preliminary
experiments in our lab suggest using a Weinreb amide functional group on a simpler aletheine
substrate, then forming an amide bond with the aletheine moiety and pantothenate acetonide may
be a preferable strategy.

Our synthesis (2022) Previous synthesis (1986)
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Scheme 2.11 Simplified synthesis of propionyl-carba(dethia) CoA. Our synthetic route is shown
on the left, previous route in on the right®,
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In addition to synthesis of acyl-CoA analogs with thioester sulfur substitutions, we
additionally substituted the thioester carbonyl with a thiocarbonyl group. Using the same synthetic
scheme as previously used by other groups, we made acetyl-dithio-CoA, and applied this chemistry
to make hexanoyl-dithio-CoA for the first time, shown in Scheme 2.13%%. The acyl-dithio-CoA
analogs are unique in that the thiocarbonyl group is not as electrophilic compared to a carbonyl,
but the thiol of CoA is retained and is a good leaving group. These properties of the dithioester
linkage allow for hydrolysis of the thiocarboxylic acid at a slow rate relative to enzyme catalyzed
thioester hydrolysis. As a result, transthiolation of the acyl dithioester onto a KS catalytic cysteine

may occur slowly, allowing for capture of an acyl-enzyme intermediate in structure-function

@lw

studies.

A orea
O
S R
Y
¢}
i Lawesson's reagent
S R
T

CoA-SH, Na,CO3

acyl- -CoA R = CHg, (CH5)4CH3

Scheme 2.12 Application of previous acyl-dithio-CoA synthesis to the production of novel
hexanoyl-dithio-CoA.

Like the acyl-dithio-CoA analogs, another analog type occasionally seen in literature but

with minimal structure-function application are acyl-sulfoxide CoA analogs. These analogs
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substitute the thioester functional group for a sulfoxide, which mimics the carbonyl in size and
charge and is non-reactive to enzyme chemistry. Previously, the methylsulfoxide-
carba(dethia)CoA analog has been applied to kinetic studies with the C-C bond forming enzyme
citrate synthase, but has never been applied in a structure-function study to an acetyl-CoA using
enzymel’. Here, we resynthesized this analog using the method reported in 2019, but improving
the yield of oxidation of the thioether moiety from 25% to 70.4% using sodium periodate, Scheme
2.14%,
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2N\/\ “°N
NaIO4

OH OH H

N NN \<— I>€\[r N\/\C’ ~
DOWEX 50W, H*

l CoaA, CoaD, CoaE, AckA,
ATP, AcPi, MgCl,, pH=7.5

- ,OH
‘P\
NN HOQ \

o

=T

(0] (0]
/\/k o 5H, o1 H,
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methyl -carba(dethia)CoA

Scheme 2.13 Modified synthesis of methylsulfoxide carba(dethia)-CoA. Reagents and
purification strategies of this synthetic route were altered from previous work to improve the
yield of this compound?.

Many groups for the past three decades have employed the use of acyl-CoA analogs meant
to mimic the enolate intermediate of C-C bond remodeling enzymes. Most of these analogs replace

the thioester sulfur with a methylene group bonded to a carboxylate or amide’ &, The carboxylate
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and amide linkages are proposed to mimic the enolate intermediate as the nitrogen and oxygen
heteroatoms are more electron-rich and lead to partial delocalization of electron density across the

function group. This partial delocalization is comparable to that seen in an enolate, which exists in
resonance, Figure 2.4.

00 (@]
CoA—S& CoA—S)J\G)
enolate carbanion

Figure 2.5 Tautomerization of an acetyl-CoA enolate intermediate.
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Scheme 2.14 Synthesis of thiocarbamate CoAs and a novel carbothionic CoA ester.
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Scheme 2.15 Synthetic scheme for enolate-carba(dethia) CoA analogs.

Analogs of acetoacetyl-CoA were produced as outlined below via the acetoacetylation of
pantetheine acetonide isosteres, Scheme 2.16. acetoacetyl-oxa(dethia)CoA and acetoacetyl-
aza(dethia)CoA were both produced rapidly using 2,2,6-trimethyl-4H-1,3-dioxin-4-one under
reflux conditions. These analogs could serve as mechanistic probes to enzymes that produce

acetoacetyl-CoA (such as FAS and PKS enzymes) or ones that use it as a substrate.
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Scheme 2.16 Synthetic scheme for acetoacetyl-aza/oxa(dethia)CoA analogs.

2.5 Synthesis of CoA isosteres as tools for monitoring analog stability in the presence of
thioester cleaving enzymes

To control for the substitution of an acyl-CoA thioester sulfur into a carba, aza, or
oxa(dethia) substitution, we synthesized oxa(dethia)CoA, aza(dethia)CoA, carba(dethia)CoA, and
desulfo-CoA, Scheme 2.17. The synthesis of aza(dethia)CoA proved to be more complicated than
the other CoA isosteres due to its poor recognition by CoaE (E. coli), which is outlined in Chapter
4 of this thesis. The synthesis of the other three analogs proceeded normally via chemoenzymatic

procedures detailed in Chapter 4.
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Scheme 2.17 Synthesis of oxa/carba(dethia)CoA and desulfo-CoA.

2.6 Materials and Methods

All reagents were purchased and used without additional purification from Acros, Alfa
Aesar, Honeywell, Millipore-Sigma, Oakwood Chemical, TCI, or Thermo Fisher. Flash
chromatography was performed on a CombiFlash Rf200 (Teledyne ISCO) with 40 gram silica
columns. Solvents were dried over 4 A molecular sieves before use. Preparative HPLC
chromatography was performed on an Agilent 1100 preparative HPLC with diode array detection
over a Luna 5p C18(2) 100 A 250 x 21.2 mm column (Phenomenex). All reactions were stirred
via PTFE stir bars unless otherwise notes. Reactions and products were characterized by analytical
HPLC-MS on an Agilent 1100 HPLC with diode array detection over a Luna 5 pm C18(2) 100 A
50 x 2 mm (Phenomenex) or Luna 5 pm C18(2) 100 A 250 x 4.6 mm (Phenomenex) with low
resolution mass spectrometry (LRMS) analysis in positive and negative modes by an Agilent 1100
G1946D single quadrupole with ESI. All NMR spectra were collected on a Bruker AV500HD
equipped with a 5mm BBFO Z-gradient cryoprobe in the solvents indicated. *H and *C NMR
spectra are referenced using the signals of the residual undeuterated solvent and where applicable

tetramethylsilane. All spectra were collected at 298 K. Chemical shifts are reported in parts per
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million (ppm) and multiplicities are abbreviated as follows: s (singlet), d (doublet), 79 t (triplet),
g (quartet), m (multiplet), br (broad). Coupling constants (J) are reported in Hertz (Hz).

2.7 Synthetic Procedures and Results

Synthesis and characterization of malonyl/acetyl-oxa/aza(dethia)CoAs are reported in
Chapter 4 of this thesis. Additionally, general procedures for the deprotection of pantetheine
acetonide and the chemoenzymatic synthesis of CoA from pantetheine derivatives are outlined in
Chapter 4. Pantothenic acid acetonide, aza(dethia)pantetheine, oxa(dethia)pantetheine, carboxy-
carba(dethia)pantetheine acetonide, and pantetheine acetonide were synthesized as reported
previously®. Additionally, thiomethyl-carba(dethia)pantetheine acetonide, pthalimide pentene, and

pent-4-enamine were synthesized as reported previously-.

e X
N oH i) DIPEA N N
~ N
SN e SO o
(0] (@) DCM (@] (@]
" OH
H2N/\/\/

Preparation of hydroxymethyl-carba(dethia)pantetheine acetonide via pantothenic acid acetonide.
Procedure:

A solution of DCM containing pantethenate acetonide was mixed with DIPEA (2.5 equiv.) in a
round bottom flask on ice. Ethylchloroformate (1.2 equiv.) was added slowly and the reaction was
allowed to stir for 15 minutes on ice. Afterward, 2 eq. of 4-aminobutanol were dissolved in 10 ml
of DCM and added dropwise to the activated carboxylic acid. The reaction was left to stir
overnight, gradually warming up to room temperature. The reaction was subjected to flash
chromatography (40g silica; 0 — 70% gradient of DCM — acetone over 12 column volumes)
affording hydroxymethyl-carba(dethia)pantetheine acetonide.

Hydroxymethyl-carba(dethia)pantetheine acetonide:

Pantothenic acid acetonide (1000 mg, 3.85 mmol) was reacted according to the above procedure
affording the pure product (clear oil, 1120 mg, 3.39 mmol, 87.9%).

'H NMR (500 MHz, CDCls3) 8 7.24 (d, J = 5.8 Hz, 1H), 6.96 (t, ] = 6.2 Hz, 1H), 3.76 (s, 1H), 3.38
(d, J=11.7 Hz, 1H), 3.30 (s, 1H), 3.33 - 3.20 (m, 2H), 3.15 (dq, J = 12.7, 6.2 Hz, 1H), 2.99 — 2.92
(m, 2H), 2.92 (d, J = 6.2 Hz, 1H), 2.14 (t, J = 6.7 Hz, 2H), 1.31 — 1.25 (m, 4H), 1.14 (d, J = 11.2
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Hz, 6H), 0.71 (s, 3H), 0.66 (s, 3H). *C NMR (126 MHz, CDCls) 4 170.75, 169.39, 98.35, 77.42,
77.35, 77.16, 76.90, 76.42, 70.61, 61.01, 38.61, 34.94, 34.51, 32.23, 29.28, 28.76, 25.40, 21.48,
18.26, 18.07. MS (ESI) m/z calculated for CL6H30N205 ([M+H]") 331.27, found 331.3.

4 DMSO, DIPEA 4
o” o H SO3: pyridine o o H
N N
SO o = SN
© © DCM O O

Preparation of formaldehyde-carba(dethia)pantetheine acetonide via Parikh-Doering oxidation.
Procedure:

A solution of DCM containing hydroxymethyl-carba(dethia)pantetheine acetonide was mixed with
DIPEA (5 equiv.) in a round bottom flask. DMSO (5 equiv.) was added, followed by addition of
sulfur trioxide:pyridine complex (2.2 equiv.) to the stirring mixture. The reaction was left to stir
for 2 hours at room temperature. The reaction was washed with saturated ammonium chloride (2
x 10 ml), then subjected to flash chromatography (40g silica; 0 — 50% gradient of DCM —
acetone over 12 column volumes) affording formaldehyde-carba(dethia)pantetheine acetonide.

Formaldehyde-carba(dethia)pantetheine acetonide:

Hydroxymethyl-carba(dethia)pantetheine acetonide (140 mg, 0.4 mmol) was reacted according to
the above procedure affording the pure product (white powder, 55.8 mg, 0.17 mmol, 42.3%).

'H NMR (500 MHz, CDClz) *C NMR (126 MHz, CDCl3 LRMS (ESI) m/z calculated for
C16H28N205 ([M+H]") 329.20, found 329.2.

NbCls
o)
>< = ~
Q9 N H NZ/\([)r OXO H H 9
N N > \/\)J\/U\
%( \/\n/ ~TNXg > §<'\H/N\/\H/N o
o] o) H,0 o) o)
Procedure:

A solution of 6 ml of DCM containing 100 mg of formaldehyde-carba(dethia)pantetheine
acetonide was mixed with niobium pentachloride (0.05 equiv.) in a round bottom flask. A 13%
solution of ethyldiazoacetate (1.2 equiv.) was added dropwise. The reaction was left to stir for

overnight at room temperature in the dark. The reaction was quenched by addition of 1 volume of
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water (v/v). Based on HPLC peak integration, less than 10% of reactant was converted to product.

The product was not purified or used in subsequent reactions.

Acetoethylacetate-carba(dethia)pantetheine acetonide:
LRMS (ESI) m/z calculated for C20H34N207 ([M+H]") 415.24, found 415.2.

0]

)J\/Br
HO
DCC, HOBt ><

o o H H
%(N N\/\SH DIPEA %( N\/\ )J\/BI'
rY Ty

Preparation of 2-bromoacetyl-pantetheine acetonide via carbodiimide activation of bromoacetic
acid.

Procedure:

Pantetheine acetonide were dissolved in dichloromethane with bromoacetic acid (2 equiv.), DIPEA
(3 equiv.), and HOBt (0.5 equiv.) and stirred in a round bottom flask. The reaction was initiated
by addition of DCC (1.5 equiv.) and left to stir overnight at room temperature. The reaction was
washed with saturated ammonium chloride (3 x 20 ml) and subjected to flash chromatography
(40g silica; 0 — 50% gradient of DCM — acetone over 12 column volumes) affording 2-

bromoacetyl-pantetheine acetonide.

Bromoacetyl-pantetheine acetonide:

Pantetheine acetonide (300 mg, 0.94 mmol) was reacted according to the above procedure
affording bromoacetyl-pantetheine acetonide (clear oil, 261 mg, 0.60 mmol, 63.2%).

LRMS (ESI) m/z calculated for CL6H27N205BrS ([M+H]") 439.09, found 439.1, 441.1.

0
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Preparation of (E)-crotonyl-aza(dethia)pantetheine acetonide via mixed anhydride method.
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Procedure:

A solution of DCM containing trans-crotonoic acid (1.5 equiv.) was mixed with DIPEA (2.5
equiv.) in a round bottom flask on ice. Ethylchloroformate (1.2 equiv.) was added slowly and the
reaction was allowed to stir for 15 minutes on ice. Afterward, (1 equiv.) of aza(dethia)-pantetheine
acetonide was dissolved in 10 ml of DCM and added dropwise to the activated carboxylic acid.
The reaction was left to stir overnight, gradually warming up to room temperature. The reaction
was subjected to flash chromatography (40g silica; 0 — 70% gradient of DCM — acetone over 12

column volumes) affording the (E)-crotonyl-aza(dethia)pantetheine acetonide.

(E)-crotonyl-aza(dethia)pantetheine acetonide:

Aza(dethia)pantetheine acetonide (9.6 g, 31.89 mmol) was reacted according to the above
procedure affording the pure product (clear oil, 8.46 g, 22.93 mmol, 72%).

'H NMR (500 MHz, CDCl3) 6 7.13 (d, J = 5.6 Hz, 1H), 7.04 (t, ] = 6.3 Hz, 1H), 6.78 (dq, J = 15.3,
6.8 Hz, 1H), 6.72 (d, J = 5.4 Hz, 1H), 5.81 (dq, J = 15.2, 1.7 Hz, 1H), 4.04 (s, 1H), 3.65 (d, J =
11.7 Hz, 1H), 3.59 — 3.41 (m, 2H), 3.43 — 3.30 (M, 4H), 3.24 (d, J = 11.7 Hz, 1H), 2.42 (, J = 6.3
Hz, 2H), 1.81 (dd, J = 6.9, 1.7 Hz, 3H), 1.39 (s, 3H), 0.99 (s, 3H), 0.94 (s, 3H). 3C NMR (126
MHz, CDCl3) 6 172.12, 170.21, 166.95, 140.01, 124.97, 99.09, 77.32, 77.17, 77.07, 76.81, 71.38,
39.96, 39.91, 36.06, 34.94, 32.95, 29.45, 22.13, 18.88, 18.68, 17.72. LRMS (ESI) m/z calculated
for C18H31N305 ([M+H]*) 370.23, found 370.2.

NalO
N N = 4 - N N N
H ii) hydroxylamine:HCI o o H

Nach:;
H,0

Preparation of 2-(hydroxyimino)-acetyl-aza(dethia)pantetheine acetonide via oxidative cleavage
and imine formation.

Procedure:

A suspension of water containing (E)-crotonyl-aza(dethia)pantetheine acetonide was stirred, and
to it was added a 4% solution of osmium tetroxide (0.1 equiv.) in a round bottom flask. Sodium
meta-periodate (2.2 equiv.) was added portionwise over 10 minutes and the reaction was allowed

to stir for 5 hours at room temperature. Afterward, hydroxylamine:HCI (5 equiv.) and sodium

81



carbonate (10 equiv.) were dissolved in water, then added dropwise to the stirring glyoxal
intermediate reaction, which was left to stir overnight. The reaction was subjected to flash
chromatography (40g silica; 0 — 70% gradient of DCM — acetone over 12 column volumes)
affording the 2-(hydroxyimino)-acetyl-aza(dethia)pantetheine acetonide.

2-(hydroxyimino)-acetyl-aza(dethia)pantetheine acetonide:
(E)-crotonyl-aza(dethia)pantetheine acetonide (250 mg, 0.68 mmol) was reacted according to the
above procedure affording the pure product (white powder, 60 mg 0.16 mmol, 23.8%).

'H NMR (500 MHz, MeOD) 6 4.11 (s, 1H), 3.73 (d, ] = 11.5 Hz, 1H), 3.54 — 3.21 (m, 6H), 2.41
(t, J = 6.7 Hz, 2H), 1.44 (d, J = 4.1 Hz, 6H), 0.97 (d, J = 10.2 Hz, 6H). 3*C NMR (126 MHz,
MeOD) 6 172.81, 170.87, 170.79, 163.92, 142.55, 99.00, 76.99, 70.86, 48.11,47.94, 47.77, 47.60,
47.43, 47.26, 47.09, 38.50, 35.01, 34.84, 32.54, 28.30, 21.03, 17.99, 17.62. LRMS (ESI) m/z
calculated for CLI8H31N305 ([M+H]*) 373.21, found 373.2.
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R =H, CHs
Preparation of 2-nitro-hydroxyalkyl-carba(dethia)pantetheine acetonide via Henry reaction.
Procedure:

A suspension of water containing Formaldehyde-carba(dethia)pantetheine acetonide was mixed
with DBU (5 equiv.) and the corresponding nitroalkane (25 equiv.) in a round bottom flask
overnight. The reaction was subjected to flash chromatography (40g silica; 0 — 70% gradient of
DCM — acetone over 12 column volumes) affording the 2-nitro-hydroxyalkyl-

carba(dethia)pantetheine acetonide.
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2-nitro-hydroxypropyl-carba(dethia)pantetheine acetonide:
Formaldehyde-carba(dethia)pantetheine acetonide (55.8 mg, 0.17 mmol) was reacted according to
the above procedure affording the pure product (orange oil, 44.1 mg, 0.11 mmol, 61%).

1H NMR (500 MHz, CDCl3) & 7.07 — 7.03 (m, 1H), 6.45 (s, OH), 4.07 (d, J = 3.8 Hz, 1H), 3.68 (d,
J=11.7 Hz, 1H), 3.52 (ddp, J = 20.4, 13.8, 6.7 Hz, 1H), 3.42 — 3.27 (m, 1H), 3.27 (d, J = 9.3 Hz,
1H), 2.63 (s, 2H), 2.55 — 2.49 (m, 1H), 2.42 (ddd, J = 20.1, 14.4, 6.7 Hz, 1H), 2.17 (d, J = 3.2 Hz,
4H), 1.99 — 1.90 (m, 1H), 1.46 (d, J = 3.4 Hz, 3H), 1.42 (s, 3H), 1.25 (s, 6H), 1.24 (s, 1H), 1.02 (d,
J=2.6 Hz, 3H), 0.96 (d, J = 2.4 Hz, 3H). 1*C NMR (126 MHz, CDCls) & 171.50, 170.41, 99.04,
98.95, 77.45, 77.20, 77.07, 76.99, 76.94, 32.85, 29.33, 22.07, 22.02, 18.82, 18.77, 18.63. LRMS
(ESI) m/z calculated for CL8H33N307 ([M+H]") 404.21, found 404.2.

2-nitro-hydroxyethyl-carba(dethia)pantetheine acetonide:
Formaldehyde-carba(dethia)pantetheine acetonide (220 mg, 0.67 mmol) was reacted according to
the above procedure affording the impure product (red liquid). The product was intractable from

reaction and not could be oxidized into the corresponding a-nitroketone.

LRMS (ESI) m/z calculated for C17H31N307 ([M+H]") 390.21, found 390.2.
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Preparation of 2-nitropropionyl-carba(dethia)pantetheine acetonide via mixed anhydride
intermediate.

Procedure:

A solution of DCM containing carboxy-carba(dethia)pantetheine acetonide on ice was mixed with
DIPEA (5 equiv.), followed by dropwise addition of ECF (1.2 equiv.), and allowed to stir for 15
minutes. Nitroethane (25 equiv.) was added dropwise to the stirring reaction, which was left to
react overnight. The reaction was subjected to flash chromatography (40g silica; 0 — 60% gradient
of DCM — acetone over 12 column volumes) affording the 2-nitropropionyl-

carba(dethia)pantetheine acetonide.
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2-nitropropionyl-carba(dethia)pantetheine acetonide:

Carboxy-carba(dethia)pantetheine acetonide (1200 mg, 3.5 mmol) was reacted according to the
above procedure affording the pure product (orange oil, 240 mg, 0.6 mmol, 17%).

1H NMR (500 MHz, CDCl3) & 7.07 — 7.03 (m, 1H), 6.45 (s, 1H), 4.07 (d, J = 3.8 Hz, 1H), 3.68 (d,
J=11.7 Hz, 1H), 3.52 (ddp, J = 20.4, 13.8, 6.7 Hz, 1H), 3.42 — 3.27 (m, 1H), 3.27 (d, J = 9.3 Hz,
1H), 2.63 (s, 2H), 2.55 — 2.49 (m, 1H), 2.42 (ddd, J = 20.1, 14.4, 6.7 Hz, 1H), 2.17 (d, J = 3.2 Hz,
4H), 1.99 — 1.90 (m, 1H), 1.46 (d, J = 3.4 Hz, 3H), 1.42 (s, 3H), 1.02 (d, J = 2.6 Hz, 3H), 0.96 (d,
J = 2.4 Hz, 3H). C NMR (126 MHz, CDCls)  210.88, 171.26, 170.49, 99.15, 77.28, 77.12,
77.02, 76.77, 71.39, 69.56, 53.78, 38.57, 35.84, 35.10, 32.99, 31.75, 30.95, 29.44, 29.26, 24.22,
22.14,18.88, 18.70, 0.00. LRMS (ESI) m/z calculated for C1I8H31N307 ([M+H]") 402.47, found
402.5.
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Preparation of 2-(diethylphosphono)-acetyl-aza(dethia)pantetheine acetonide via carbodiimide
activation of diethylphosphonoacetic acid.

Procedure:

Aza(dethia)-pantetheine acetonide was dissolved in DCM with diethylphosphonoacetic acid (1.3
equiv.), DIPEA (3 equiv.), and HOBt (0.5 equiv.) and stirred in a round bottom flask. The reaction
was initiated by addition of DCC (1.5 equiv.) and left to stir overnight at room temperature. The
reaction was washed with saturated ammonium chloride (3 x 20 ml) and subjected to flash
chromatography (40g silica; 0 — 40% gradient of DCM — MeOH over 12 column volumes)
affording 2-(diethylphosphono)-acetyl-aza(dethia)pantetheine acetonide.

2-(diethylphosphono)-acetyl-aza(dethia)pantetheine acetonide:

Aza(dethia)pantetheine acetonide (500 mg, 1.66 mmol) was reacted according to the above
procedure affording 2-(diethylphosphono)-acetyl-aza(dethia)pantetheine acetonide (clear oil, 613
mg, 1.28 mmol, 77%). H NMR (500 MHz, MeOD) & 4.21 — 4.08 (m, 7H), 3.76 — 3.70 (m, 1H),
3.47 (ttd, J = 15.0, 8.2, 7.4, 5.8 Hz, 2H), 3.34 (s, 2H), 3.29 (s, 4H), 3.31 — 3.21 (m, 4H), 2.93 (dd,
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J=21.6,3.6 Hz, 3H), 2.42 (t, J = 6.8 Hz, 2H), 1.93 (d, J = 3.0 Hz, 2H), 1.44 (d, J = 3.9 Hz, 6H),
1.33 (t, J = 7.1 Hz, 6H), 0.98 (d, J = 9.8 Hz, 6H). 3C NMR (126 MHz, MecOD) § 172.68, 172.20,
170.79, 170.72, 165.76, 98.98, 77.00, 70.87, 62.75, 62.70, 48.50, 48.16, 47.99, 47.82, 47.65, 47.48,
47.30, 47.13, 38.87, 38.66, 38.52, 38.44, 35.09, 34.97, 34.91, 34.84, 33.84, 32.55, 28.38, 21.27,
21.23, 21.09, 18.04, 17.69, 15.32, 15.27. LRMS (ESI) m/z calculated for C20H38N308P
([M+H]*) 480.24, found 480.2.
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Preparation of 2-phosphonoacetyl-aza(dethia)pantetheine via McKenna reaction.

Procedure:

2-(diethylphosphono)-acetyl-aza(dethia)pantetheine acetonide was dissolved in DCM with allyl-
TMS (5 equiv.) and DIPEA (2 equiv.) and stirred in a round bottom flask on a heating mantle. The
reaction was initiated by addition of Br-TMS (8 equiv.) and left to stir for 6 hours at reflux. The
reaction was rapidly concentrated by rotavap and quenched by addition of 20 ml of water. The
reaction was then subjected to preparative RP HPLC (C18; 0 — 10% gradient of 0.1% TFA —
ACN over 45 minutes), which was then Ilyophilized, affording 2-phosphonoacetyl-
aza(dethia)pantetheine.

2-phosphonoacetyl-aza(dethia)pantetheine:
2-(diethylphosphono)-acetyl-aza(dethia)pantetheine acetonide (184 mg, 0.38 mmol) was reacted
according to the above procedure affording 2-phosphonoacetyl-aza(dethia)pantetheine
(diisopropylethylamine salt) (white powder, 88 mg, 0.23 mmol, 60.5 %). 'H NMR (500 MHz,
D20) 6 3.85 (d, J = 1.1 Hz, 1H), 3.59 (hept, J = 6.7 Hz, 1H), 3.42 — 3.31 (m, 3H), 3.25 (dd, J =
11.2, 1.0 Hz, 1H), 3.21 (dd, J = 12.8, 6.6 Hz, 1H), 3.19 (s, 3H), 3.15 — 3.03 (m, 1H), 2.72 — 2.69
(m, 1H), 2.66 (d, J = 1.1 Hz, 1H), 2.36 (t, J = 6.5 Hz, 2H), 1.24 — 1.17 (m, 8H), 0.80 — 0.73 (m,
6H). 13C NMR (126 MHz, D;0) § 175.08, 174.16, 169.62, 169.57, 75.70, 68.29, 54.31, 42.50,
38.79, 38.61, 38.54, 37.64, 36.66, 35.39, 35.24, 20.43, 19.02, 17.67, 16.20, 12.09. LRMS (ESI)
m/z calculated for CL13H26N308P ([M-H]’) 382.13, found 382.1.
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Preparation of ethene-carba(dethia)pantetheine acetonide via mixed anhydride intermediate.
Procedure:

A solution of DCM containing (1.5 equiv.) pantothenic acid acetonide on ice was mixed with
DIPEA (3 equiv.), followed by dropwise addition of ECF (1.2 equiv.), and allowed to stir for 15
minutes. Pent-4-enamine (1 equiv.) was dissolved in DCM and added dropwise to the stirring
reaction, which was left to react overnight. The reaction was subjected to flash chromatography
(40g silica; 0 — 50% gradient of DCM — acetone over 12 column volumes) affording ethene-

carba(dethia)pantetheine acetonide.

Ethene-carba(dethia)pantetheine acetonide:

Pantothenic acid acetonide (1000 mg, 11.63 mmol) was reacted according to the above procedure
affording ethene-carba(dethia)pantetheine acetonide (white crystals, 1600 mg, 4.91 mmol,
42.2 %). *H NMR (500 MHz, CDCl3) & 7.03 (t, J = 6.2 Hz, 1H), 5.99 (t, ] = 5.8 Hz, 1H), 5.80 (ddt,
J=16.9, 10.2, 6.7 Hz, 1H), 5.04 (dg, J = 17.1, 1.7 Hz, 1H), 4.99 (dq, J = 10.2, 1.4 Hz, 1H), 4.08
(s, 1H), 3.69 (d, J = 11.7 Hz, 1H), 3.65 — 3.47 (m, 2H), 3.34 — 3.19 (m, 3H), 2.47 — 2.41 (m, 2H),
2.09 (tdd, J = 8.0, 6.1, 1.4 Hz, 2H), 1.61 (p, J = 7.3 Hz, 2H), 1.47 (s, 3H), 1.42 (s, 3H), 1.05 (s,
3H), 0.98 (s, 3H). 13C NMR (126 MHz, CDCls) § 170.83, 170.23, 137.65, 115.30, 99.09, 77.30,
77.15, 77.04, 76.79, 71.43, 39.06, 36.22, 34.91, 32.98, 31.06, 29.46, 28.72, 22.14, 18.88, 18.68.
LRMS (ESI) m/z calculated for C17H30N204 ([M+H]") 327.23, found 327.2.
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Preparation of (2-bromo-hydroxyethyl)-carba(dethia)pantetheine acetonide via bromohydrin

addition.
Procedure:
A suspension of water containing ethene-carba(dethia)pantetheine acetonide on ice was mixed

with N-bromosuccinimide (2 equiv.) and allowed to stir for 1 hour. Afterward, the reaction was
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quenched by addition of 1M NaOH to pH = 7. The reaction was subjected to flash chromatography
(40g silica; 0 — 100% gradient of DCM — acetone over 12 column volumes) affording (2-bromo-

hydroxyethyl)-carba(dethia)pantetheine acetonide.

(2-bromo-hydroxyethyl)-carba(dethia)pantetheine acetonide:
Ethene-carba(dethia)pantetheine acetonide (1300 mg, 3.99 mmol) was reacted according to the
above procedure affording (2-bromo-hydroxyethyl)-carba(dethia)pantetheine acetonide (clear oil,
564 mg, 1.34 mmol, 33.5 %). *H NMR (500 MHz, CDCls3) § 7.03 (t, J = 6.3 Hz, 1H), 6.60 (dq, J
=12.0, 5.5 Hz, 1H), 5.26 (s, 1H), 4.02 (d, J = 1.8 Hz, 1H), 3.75 (q, J = 6.2 Hz, 1H), 3.64 (d, J =
11.7 Hz, 1H), 3.57 — 3.39 (m, 3H), 3.38 — 3.15 (m, 3H), 2.40 (td, J = 6.5, 5.4, 3.2 Hz, 2H), 1.61 (s,
1H), 1.64 — 1.55 (m, 1H), 1.42 (s, 3H), 1.38 (s, 3H), 0.98 (s, 3H), 0.92 (s, 3H). 3C NMR (126
MHz, CDCls) & 171.15, 170.41, 170.37, 99.10, 77.35, 77.09, 76.84, 71.33, 70.65, 39.73, 39.68,
39.21, 38.70, 36.18, 35.05, 32.95, 32.07, 29.45, 29.27, 25.77, 22.13, 18.90, 18.70, 0.99. LRMS
(ESI) m/z calculated for C17H31N205Br ([M+H]*) 423.25, found 423.2, 425.2.
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Preparation of 2-bromoacetyl-carba(dethia)pantetheine acetonide via pyridinium chlorochromate

oxidation.

Procedure:

A solution of acetone containing (2-bromo-hydroxyethyl)-carba(dethia)pantetheine acetonide was
mixed with 4 A powdered molecular sieves (1 equiv. by m/m), followed by portionwise addition
of pyridinium chlorochromate (2 equiv.) and allowed to stir for 1 hour at room temperature.
Afterward, the reaction was neutralized by addition of 1M NaOH to pH = 7. The reaction was
subjected to flash chromatography (24g silica; 0 — 50% gradient of DCM — acetone over 12

column volumes) affording 2-bromoacetyl-carba(dethia)pantetheine acetonide.
2-bromoacetyl-carba(dethia)pantetheine acetonide:

(2-bromo-hydroxyethyl)-carba(dethia)pantetheine acetonide (85 mg, 0.20 mmol) was reacted

according to the above procedure affording 2-bromoacetyl-carba(dethia)pantetheine acetonide
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(orange oil, 39 mg, 0.09 mmol, 46.4 %). 'H NMR (500 MHz, CDCls) & 7.04, 6.37, 4.10, 4.05,
3.91, 3.67, 3.65, 3.54, 3.49, 3.27, 3.24, 2.69, 2.63, 2.62, 2.42, 2.36, 2.15, 1.44, 1.40, 1.01, 0.94.
13C NMR (126 MHz, CDCls) § 201.73, 171.32, 170.34, 99.11, 77.32, 77.15, 77.07, 76.81, 71.39,
38.66, 37.07, 36.95, 36.21, 34.95, 34.42, 32.97, 29.48, 29.28, 23.75, 22.16, 18.91, 18.71. LRMS
(ESI) m/z calculated for C17H31N205Br ([M+H]*) 421.13, found 421.1, 423.1.
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Preparation of 2-sulfonate-acetyl-carba(dethia)pantetheine via substitution reaction.

Procedure:

A suspension of water containing 2-bromoacetyl-carba(dethia)pantetheine acetonide was mixed
with sodium bicarbonate (2 equiv.), followed by addition sodium sulfite (2 equiv.) and allowed to
stir for overnight at room temperature. Afterward, the reaction was immediately deprotected by
dropwise addition of 50% formic acid to pH = 2.0, which was left again to stir overnight. The
following day, the reaction was subjected to preparative RP HPLC (C18; 0 — 20% gradient of
0.1% TFA — ACN over 45 minutes), which was then lyophilized, affording 2-sulfonate-acetyl-
carba(dethia)pantetheine.

2-sulfonate-acetyl-carba(dethia)pantetheine:

2-bromoacetyl-carba(dethia)pantetheine acetonide (39 mg, 0.09 mmol) was reacted according to
the above procedure affording 2-sulfonate-acetyl-carba(dethia)pantetheine (clear oil, 29 mg, 0.076
mmol, 76.8 %). 'H NMR (500 MHz, CDCls)  3.89 (d, J = 1.6 Hz, 1H), 3.65 (s, OH), 3.42 (dd, J
=12.1,5.6 Hz, 3H), 3.29 (d, J = 11.2 Hz, 1H), 3.14 - 3.03 (m, 2H), 2.71 (q, J = 7.2 Hz, 1H), 0.82
(d, J =1.6 Hz, 3H), 0.78 (d, J = 2.0 Hz, 3H). C NMR (126 MHz, CDCls) § 204.99, 175.07,
173.20, 115.18, 75.74, 68.36, 40.34, 38.57, 38.46, 35.46, 35.29, 22.27, 20.48, 19.05. LRMS (ESI)
m/z calculated for C14H26N208S ([M-H]") 381.14, found 381.1.
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Preparation of hydroxyethyl-carba(dethia)pantetheine acetonide via oxymercuration-

demercuration reaction.

Procedure:

A solution of 50% tetrahydrofuran (THF) containing ethene-carba(dethia)pantetheine acetonide
was mixed with mercury (I1) acetate (1.5 equiv.) and allowed to stir for 1 hour. Afterward, sodium
borohydride (3 equiv.) in 3M NaOH was added to the reaction, which precipitated out elemental
mercury. Mercury was removed by filtration, and the filtrate was subjected to flash
chromatography (40g silica; 0 — 60% gradient of DCM — acetone over 12 column volumes)
affording hydroxyethyl-carba(dethia)pantetheine acetonide.

Hydroxyethyl-carba(dethia)pantetheine acetonide:

Ethene-carba(dethia)pantetheine acetonide (130 mg, 0.40 mmol) was reacted according to the
above procedure affording hydroxyethyl-carba(dethia)pantetheine acetonide (clear oil, 105 mg,
0.31 mmol, 76.54 %). *H NMR (500 MHz, CDClIs) 8 7.07 (t, J = 6.3 Hz, 1H), 6.99 (t, J = 5.6 Hz,
1H), 3.97 (s, 1H), 3.71 (h, J = 6.1 Hz, 1H), 3.62 — 3.51 (m, 2H), 3.42 (ddt, J = 31.4, 13.6, 6.7 Hz,
2H), 3.22 — 3.05 (m, 3H), 2.34 (t, J = 6.5 Hz, 2H), 1.59 — 1.44 (m, 2H), 1.37 (s, 3H), 1.33 (s, 3H),
1.08 (d, J =6.2 Hz, 3H), 0.92 (s, 3H), 0.87 (s, 3H). 3C NMR (126 MHz, CDCl3) 8 171.25, 170.39,
170.32,169.85, 169.11, 99.05, 98.97, 77.41, 77.16, 77.04, 76.90, 71.35, 71.28, 67.17, 62.23, 53.46,
39.42, 36.08, 35.92, 35.21, 32.88, 29.35, 25.59, 22.06, 18.83, 18.64. LRMS (ESI) m/z calculated
for C17H32N205 ([M+H]*) 345.24, found 345.2.
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Preparation of acetyl-carba(dethia)pantetheine acetonide via Dess-Martin Periodinane oxidation.
Procedure:

A solution of water containing hydroxyethyl-carba(dethia)pantetheine acetonide was mixed with
Dess-Martin Periodinane (1.5 equiv.) and allowed to stir for 5 hours. Afterward, the reaction was
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vacuum filtered, and washed with sodium bicarbonate (3 x 10 ml). The organic phase was
subjected to flash chromatography (40g silica; 0 — 50% gradient of DCM — acetone over 12

column volumes) affording acetyl-carba(dethia)pantetheine acetonide.

Acetyl-carba(dethia)pantetheine acetonide:

Hydroxyethyl-carba(dethia)pantetheine acetonide (105 mg, 0.31 mmol) was reacted according to
the above procedure affording acetyl-carba(dethia)pantetheine acetonide (clear oil, 33 mg, 0.10
mmol, 31.6 %). *H NMR (500 MHz, CDCls) § 7.05 (d, J = 6.5 Hz, OH), 6.40 (d, J = 6.0 Hz, OH),
4.04 (s, 1H), 3.65 (d, J = 11.7 Hz, 1H), 3.60 — 3.41 (m, 1H), 3.29 — 3.15 (m, 2H), 2.48 (t, J = 7.0
Hz, 1H), 2.41 (t, J = 6.3 Hz, 1H), 1.74 (p, J = 7.0 Hz, 1H), 1.43 (s, 2H), 1.39 (s, 2H), 1.00 (s, 2H),
0.94 (s, 2H), 0.91 (s, 1H). 3C NMR (126 MHz, CDClIs) § 208.66, 171.21, 170.29, 99.09, 77.31,
77.26, 77.12, 77.06, 76.81, 71.38, 40.94, 39.01, 36.15, 36.06, 34.99, 32.95, 30.01, 29.44, 23.37,
22.11, 18.88, 18.68, 1.01. LRMS (ESI) m/z calculated for C17H30N205 ([M+H]*) 343.23, found
343.2.
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Preparation of propionyl-aza/oxa(dethia)pantetheine acetonide via propionic anhydride.

General procedure:

A solution of DCM containing either oxa(dethia)pantetheine acetonide or aza(dethia)pantetheine
acetonide was added DIPEA (10 equiv.) and propionic anhydride (5 equiv.) and allowed to stir for
overnight. Afterward, the reaction was concentrated by rotary evaporation, then subjected to flash
chromatography (40g silica; 0 — 70% gradient of DCM — acetone over 12 column volumes)
affording propionyl-oxa(dethia)pantetheine acetonide or propionyl-aza(dethia)pantetheine
acetonide.

Propionyl-oxa(dethia)pantetheine acetonide:

oxa(dethia)pantetheine acetonide (400 mg, 1.32 mmol) was reacted according to the above
procedure affording propionyl-oxa(dethia)pantetheine acetonide (clear oil, 357.3 mg, 1.0 mmol,
75.6 %). 'H NMR (500 MHz, CDCl3) & 7.02 (t, J = 6.4 Hz, 1H), 6.17 (d, I = 6.2 Hz, 1H), 4.15 (t,
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J=5.4 Hz, 2H), 4.06 (s, 1H), 3.67 (d, J = 11.7 Hz, 1H), 3.63 — 3.43 (m, 4H), 3.27 (d, J = 11.7 Hz,
1H), 2.45 (t, J = 6.2 Hz, 2H), 2.35 (q, J = 7.6 Hz, 2H), 1.41 (s, 3H), 1.14 (t, J = 7.6 Hz, 3H), 1.03
(s, 3H), 0.96 (s, 3H). 13C NMR (126 MHz, CDCls) 6 174.49, 171.10, 170.25, 99.10, 77.29, 77.14,
77.03, 76.78, 71.43, 63.11, 38.74, 36.08, 34.81, 32.97, 29.46, 27.42, 22.13, 18.87, 18.69, 9.04.
LRMS (ESI) m/z calculated for C17H30N206 ([M+H]") 359.22, found 359.2.

Propionyl-aza(dethia)pantetheine acetonide:

aza(dethia)pantetheine acetonide (430 mg, 1.43 mmol) was reacted according to the above
procedure affording propionyl-aza(dethia)pantetheine acetonide (clear oil, 307 mg, 0.86 mmol,
60.1 %). 'H NMR (500 MHz, CDCls) & 7.45 (s, 1H), 7.01 (t, J = 6.1 Hz, 2H), 3.94 (s, 1H), 3.56
(d, J = 11.6 Hz, 1H), 3.40 (ddt, J = 35.4, 13.5, 6.7 Hz, 2H), 3.22 (h, J = 2.3 Hz, 4H), 3.14 (d, J =
11.7 Hz, 1H), 2.37 — 2.30 (m, 1H), 2.09 (g, J = 7.6 Hz, 2H), 1.31 (d, J = 14.0 Hz, 6H), 1.00 (td, J
= 7.6, 4.2 Hz, 3H), 0.89 (s, 3H), 0.84 (s, 3H).1*C NMR (126 MHz, CDCls) 6 174.98, 172.17,
170.03, 98.97, 77.46, 77.40, 77.20, 77.06, 76.95, 71.25, 39.72, 39.55, 35.68, 34.95, 32.83, 29.42,
29.33, 22.03, 18.79, 18.61, 18.28, 9.82. LRMS (ESI) m/z calculated for C17H31N305 ([M+H]")
358.24, found 358.2.

%H H\/\)CJ)\ i) SOCly, pyridine OXO H H 1)
or > N N\/\)J\/
I \/\[O]/ %( \/\ﬂ/

ii) Fe(acac);
.B
/\Mg r

THF, -80C

Preparation of propionyl-carba(dethia)pantetheine acetonide via Grignard Reagent.

Procedure:

A solution of THF containing carboxy-carba(dethia)pantetheine acetonide was added pyridine (5
equiv.), followed by dropwise addition of thionyl chloride solution (2M in DCM) (1.5 equiv.)
which was left to stir for 30 minutes at room temperature. Afterward, the reaction was placed in a
dry ice/acetone bath, where Iron (I11) acetoacetonate (1 equiv.) was added, followed by rapid
addition of ethylmagnesium bromide solution (1M in diethylether) (1.2 equiv.). The reaction was
capped and left to stir overnight, slowly warming up to room temperature. The reaction was

quenched by washing with water (2 x 20 ml). The organic phase was then subjected to flash
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chromatography (40g silica; 0 — 50% gradient of DCM — acetone over 12 column volumes)

affording propionyl-carba(dethia)pantetheine acetonide.

Propionyl-carba(dethia)pantetheine acetonide:

Carboxy-carba(dethia)pantetheine acetonide (300 mg, 0.88 mmol) was reacted according to the
above procedure affording propionyl-carba(dethia)pantetheine acetonide (orange oil, 11 mg, 0.03
mmol, 3.5 %). LRMS (ESI) m/z calculated for CL8H32N205 ([M+H]") 357.23, found 357.2.

DCM
Preparation of phenylthiohexanoate via thiophenol acylation.
Procedure:
To a solution of DCM containing thiophenol and pyridine (2 equiv.) was added hexanoyl chloride
(1.2 equiv.) which was left to stir for 5 hours on ice. Afterward, the reaction was subjected to flash
chromatography (40g silica; 0 — 20% gradient of hexanes — EtOAc over 12 column volumes)

affording phenylthiohexanoate.

Phenylthiohexanoate:

Thiophenol (500 mg, 4.54 mmol) was reacted according to the above procedure affording
phenylthiohexanoate (clear oil, 858 mg, 4.13 mmol, 91%). 'H NMR (500 MHz, CDCl3) 6 7.41 (s,
4H), 2.68 — 2.62 (m, 2H), 1.77 — 1.66 (m, 3H), 1.35 (tt, J = 7.0, 2.9 Hz, 4H), 0.95 — 0.86 (m, 3H).
13C NMR (126 MHz, CDCls) & 197.66, 134.50, 129.30, 129.16, 77.28, 77.03, 76.78,43.71, 31.11,
25.29, 22.33, 13.88.LRMS (ESI) m/z calculated for C12H160S ([M+H]*) 209.10, found 209.1.

S\ﬂ/\/\/ Lawesson's reagent ©/S\n/\/\/
©/ DCM S

(0]

Preparation of phenyldithiohexanoate via thiophenol acylation.

Procedure:
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To asolution of DCM containing phenylthiohexanoate was added Lawesson’s reagent (0.7 equiv.)
which was left to stir at reflux for 18 hours. Afterward, the reaction was subjected to flash
chromatography (40g silica; hexanes isocratic over 12 column volumes) affording
phenyldithiohexanoate.

Phenyldithiohexanoate:

Phenylthiohexanoate (858 mg, 4.13 mmol) was reacted according to the above procedure affording
phenyldithiohexanoate (orange oil, 623 mg, 2.78 mmol, 67.3%). *H NMR (500 MHz, CDCls) §
8.44 (s, 1H), 7.49 (d, J = 7.7 Hz, 1H), 7.30 (t, J = 7.6 Hz, 1H), 7.27 — 7.20 (m, 1H), 4.00 (t, J = 2.2
Hz, 2H), 2.64 (t, J = 7.7 Hz, 2H), 1.75 (d, J = 7.5 Hz, 2H), 1.73 (s, 1H), 1.30 (ddtd, J = 15.9, 11.4,
8.6, 4.2 Hz, 5H), 0.89 (t, J = 6.8 Hz, 4H). 1*C NMR (126 MHz, CDCls) § 207.95, 129.08, 127.52,
127.17,77.29,77.04, 76.78, 47.16, 45.61, 31.03, 28.99, 22.37, 13.94. LRMS (ESI) m/z calculated
for C12H16S2 ([M+H]") 225.07, found 225.1.

S
S CoA-SH )J\/\/\
N > CoA-S
S N82C03
1:1 H,0:EtOH

Preparation of hexanoyl-dithio-CoA via transthiolation.

Procedure:

30 mg of CoA-SH were weighed and placed into a clean beaker. This material was dissolved in 50
ml of 1M Sodium bicarbonate mixed with 50 ml of ethanol. To this reaction, 200 mg of S-
phenyldithiohexanoate were added. Then, to the stirring pale orange suspension were added 3 ml
of ethylacetate. The reaction was covered with a larger beaker and left to stir for 30 minutes. The
material was then purified away from salt and any other polar contaminants remaining via
preparative reverse phase HPLC (C18) using the following gradient:

0 - 10 min, 0.1% TFA isocratic

10 - 45 min, 0.1% TFA -> 80% acetonitrile

The product fractions were pooled, neutralized to pH=7 and freeze dried.

Hexanoyl-dithio-CoA:
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CoA-SH (30 mg, 0.04 mmol) was reacted according to the above procedure affording hexanoyl-
dithio-CoA (orange solid, 9.4 mg, 0.01 mmol, 25%). 'H NMR (500 MHz, D20) & 8.45 (s, 1H),
8.18 — 8.13 (m, 1H), 6.07 (dt, J = 6.9, 1.7 Hz, 1H), 4.49 (s, 1H), 3.95 — 3.90 (m, 1H), 3.74 (s, 1H),
3.47 (dd, J =9.9, 4.8 Hz, 1H), 3.34 (dd, J = 11.9, 5.9 Hz, 4H), 3.28 (d, J = 6.4 Hz, 2H), 2.91 — 2.84
(m, 1H), 2.32 (t, J = 5.7 Hz, 2H), 1.62 (d, J = 8.1 Hz, 2H), 1.19 — 1.12 (m, 4H), 0.82 — 0.70 (m,
6H), 0.65 (q, J = 5.2, 3.5 Hz, 3H). 13C NMR (126 MHz, D20) § 174.70, 173.91, 163.16, 162.88,
162.60, 155.61, 152.93, 119.83, 117.51, 115.19, 112.87, 86.57, 74.36, 74.09, 51.79, 38.29, 36.93,
35.33, 35.08, 30.77, 30.02, 21.66, 20.89, 18.18, 13.19. LRMS (ESI) m/z calculated for
C27H46N7016P3S2 ([M-H]") 880.16, found 880.2.

O><O H H i) NalO4 OH OH H H 9
N N S >
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Preparation of methylsulfoxide-carba(dethia)pantetheine acetonide via periodate oxidation.
Procedure:

Thiomethyl-carba(dethia)pantetheine acetonide was dissolved in 10 ml of water followed by
addition of sodium meta-periodate (2 equiv.) and stirred in a round bottom flask overnight at room
temperature. The reaction was subjected preparative RP HPLC (C18; 0 — 20% gradient of 0.1%
TFA — ACN over 45 minutes), which was then lyophilized, affording methylsulfoxide-

carba(dethia)pantetheine.

Methylsulfoxide-carba(dethia)pantetheine:

Thiomethyl-carba(dethia)pantetheine acetonide (410 mg, 1.18 mmol) was reacted according to the
above procedure affording methylsulfoxide-carba(dethia)pantetheine (clear oil, 303 mg, 0.94
mmol, 79.4%). *H NMR (500 MHz, D;0) & 4.14 (s, 1H), 3.74 (d, J = 11.9 Hz, 1H), 3.46 — 3.32
(m, 2H), 3.28 — 3.17 (m, 3H), 2.86 — 2.71 (m, 2H), 2.61 — 2.57 (m, 3H), 2.42 — 2.34 (m, 2H), 1.88
—1.78 (m, 2H), 1.37 (t, J = 1.7 Hz, 3H), 0.87 — 0.82 (m, 6H). 3C NMR 13C NMR (126 MHz,
D20) 6 173.93, 171.81, 171.74, 99.83, 77.02, 70.59, 50.02, 38.01, 36.53, 35.29, 35.23, 32.32,
28.32, 21.95, 21.89, 20.91, 18.28, 18.12. LRMS (ESI) m/z calculated for C13H26N205S
([M+H]*) 323.17, found 323.2.
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Preparation of p-nitrophenol-formate-pantetheine acetonide via acylation of pantetheine
acetonide.

Procedure:

Pantetheine acetonide was dissolved in DCM with DIPEA (3 equiv.), followed by addition of p-
nitrochloroformate (1.2 equiv.), which was stirred in a round bottom flask on ice overnight. The
reaction was washed with saturated ammonium chloride (3 x 20 ml) and subjected to flash
chromatography (40g silica; 0 — 40% gradient of DCM — acetone over 12 column volumes)

affording p-nitrophenol-formate-pantetheine acetonide.

p-nitrophenol-formate-pantetheine acetonide:

Pantetheine acetonide (190 mg, 0.60 mmol) was reacted according to the above procedure
affording p-nitrophenol-formate-pantetheine acetonide (yellow oil, 249 mg, 0.52 mmol, 86.3%).
'H NMR (500 MHz, CDCls) 4 8.31 —8.24 (m, 2H), 7.39 — 7.32 (m, 2H), 7.02 (t, ) = 6.3 Hz, 1H),
6.47 — 6.41 (m, 1H), 4.11 (g, J = 7.1 Hz, 1H), 4.08 (s, 1H), 3.70 — 3.64 (m, 1H), 3.56 (tddd, J =
20.3, 7.8, 6.1, 4.4 Hz, 4H), 3.27 (d, J = 11.7 Hz, 1H), 3.10 (t, J = 6.4 Hz, 2H), 2.48 (dd, J = 6.6,
5.8 Hz, 2H), 2.04 (s, 1H), 1.46 (s, 2H), 1.41 (d, J = 0.7 Hz, 3H), 1.25 (t, J = 7.2 Hz, 2H), 1.02 (s,
3H), 0.96 (s, 3H). 13C NMR (126 MHz, CDCl3) 5 171.35, 171.19, 170.47, 169.34, 155.46, 145.52,
125.37,122.02,99.14, 77.29, 77.15, 77.04, 76.78, 71.39, 60.41, 38.99, 36.16, 34.80, 32.99, 31.05,
29.48, 22.13, 18.93, 18.69, 14.20. LRMS (ESI) m/z calculated for C21H29N308S ([M+H]")
484.17, found 484.2.

ST DU I g Lo TS
§<'\”/N\/\H/N\/\S 0 DIPEA o %( \/\n/ ~"s NHR
(0] (0] DCM O (@)
R = H, CHs

Preparation of formamide-pantetheine acetonide and methylformamide-pantetheine acetonide via

amidation.
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Procedure:

p-nitrophenol-formate-pantetheine acetonide was dissolved in DCM with DIPEA (6 equiv.),
followed by addition of either ammonia solution (0.5 M in dioxane) or methylamine:HCI (3
equiv.), which was stirred in a round bottom flask on ice for 5 hours. The reaction was washed
with saturated ammonium chloride (3 x 20 ml) and subjected to flash chromatography (40g silica;
0 — 100% gradient of DCM — acetone over 12 column volumes) affording formamide-

pantetheine acetonide or methylformamide-pantetheine acetonide.

Formamide-pantetheine acetonide:

p-nitrophenol-formate-pantetheine acetonide (200 mg, 0.42 mmol) was reacted with ammonia
according to the above procedure affording formamide-pantetheine acetonide (white powder, 80
mg, 0.22 mmol, 53%). *H NMR (500 MHz, CDCls) 6 7.03 (t,J = 6.3 Hz, 1H), 6.67 (t,J = 5.6 Hz,
1H), 5.91 (s, 2H), 4.06 (s, 1H), 3.67 (d, J = 11.7 Hz, 1H), 3.61 — 3.47 (m, 2H), 3.47 (d, J = 6.0 Hz,
1H), 3.47 — 3.39 (m, 1H), 3.27 (d, J = 11.7 Hz, 1H), 3.01 (t, J = 6.5 Hz, 2H), 2.43 (t, J = 6.3 Hz,
2H), 1.45 (s, 3H), 1.41 (s, 3H), 1.02 (s, 3H), 0.96 (s, 3H). 13C NMR (126 MHz, CDCls) & 171.38,
170.24,169.31, 99.11, 77.29, 77.18, 77.04, 76.79, 71.43, 40.35, 35.91, 35.05, 32.96, 29.48, 29.37,
22.15, 18.93, 18.71. LRMS (ESI) m/z calculated for C15H27N305S ([M+H]*) 362.18, found
362.2.

Methylformamide-pantetheine acetonide:

p-nitrophenol-formate-pantetheine acetonide (150 mg, 0.31 mmol) was reacted with
methylamine:HCI according to the above procedure affording formamide-pantetheine acetonide
(white powder, 100 mg, 0.27 mmol, 87.1%). *H NMR (500 MHz, CDCls) § 7.04 (t, J = 6.2 Hz,
1H), 6.91 (t, J = 5.4 Hz, 1H), 6.40 (q, J = 4.8 Hz, 1H), 4.01 (s, 1H), 3.62 (d, J = 11.7 Hz, 1H), 3.56
—3.29 (m, 5H), 3.21 (d, J = 11.7 Hz, 1H), 2.96 (t, J = 6.4 Hz, 2H), 2.80 (d, J = 4.7 Hz, 3H), 2.38
(t,J=6.3 Hz, 2H), 1.40 (s, 3H), 0.96 (s, 3H), 0.91 (s, 3H). **C NMR (126 MHz, CDCl3) 5 171.48,
170.06, 167.76, 99.05, 77.38, 77.13, 76.87, 71.37, 40.62, 40.50, 35.66, 34.91, 32.92, 29.43, 29.10,
28.01, 22.11, 18.90, 18.69. LRMS (ESI) m/z calculated for C1I6H29N305S ([M+H]") 376.19,
found 376.2.
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Preparation of methylformate-pantetheine acetonide via acylation of pantetheine acetonide.
Procedure:

Pantetheine acetonide was dissolved in DCM with DIPEA (3 equiv.), followed by addition of
methylchloroformate (1.2 equiv.), which was stirred in a round bottom flask on ice overnight. The
reaction was washed with saturated ammonium chloride (3 x 20 ml) and subjected to flash
chromatography (40g silica; 0 — 40% gradient of DCM — acetone over 12 column volumes)

affording methylformate-pantetheine acetonide.

Methylformate-pantetheine acetonide:

Pantetheine acetonide (150 mg, 0.47 mmol) was reacted according to the above procedure
affording methylformate-pantetheine acetonide (white crystals, 158 mg, 0.42 mmol, 89%). ‘H
NMR (500 MHz, CDCls3) 6 7.01 (t, J = 6.3 Hz, 1H), 6.30 (t, ] = 5.8 Hz, 1H), 4.07 (s, 1H), 3.82 (s,
3H), 3.67 (d, J = 11.8 Hz, 1H), 3.61 — 3.40 (m, 4H), 3.27 (d, J = 11.7 Hz, 1H), 2.99 (t, ] = 6.4 Hz,
2H), 2.43 (t, J = 6.2 Hz, 2H), 1.45 (s, 3H), 1.41 (s, 3H), 1.02 (s, 3H), 0.96 (s, 3H). 13C NMR (126
MHz, CDCls) & 171.45, 171.22, 170.19, 99.09, 77.30, 77.16, 77.04, 76.79, 71.44, 54.40, 39.52,
35.97, 34.78, 32.97, 30.56, 29.47, 22.13, 18.91, 18.69. LRMS (ESI) m/z calculated for
C16H28N206S ([M+H]") 377.18, found 377.2.

OXO H H % CHal o><o
wN N : > N H\/\)J\
I \/\c[)]/ OH DBU %( \/\n/ O/

DCM 0 0

Preparation of methylformate-carba(dethia)pantetheine acetonide via methylation.

Procedure:

Carboxy-carba(dethia)pantetheine acetonide was dissolved in DCM with DBU (10 equiv.),
followed by slow addition of iodomethane (10 equiv.), which was stirred in a round bottom flask

on ice overnight. The reaction was quenched by washing with saturated ammonium chloride (3 x
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20 ml) and subjected to flash chromatography (40g silica; 0 — 40% gradient of DCM — acetone

over 12 column volumes) affording methylformate-pantetheine acetonide.

Methylformate-carba(dethia)pantetheine acetonide:

Pantetheine acetonide (300 mg, 0.88 mmol) was reacted according to the above procedure
affording methylformate-carba(dethia)pantetheine acetonide (white powder, 199 mg, 0.56 mmol,
63.2%). *H NMR (500 MHz, CDClz) 6 7.02 (t, ] = 6.5 Hz, 1H), 6.10 (d, J = 6.9 Hz, 1H), 5.29 (s,
2H), 4.07 (s, 1H), 3.67 (d, J = 11.6 Hz, 1H), 3.67 (s, 3H), 3.63 — 3.45 (m, 2H), 3.31 (dd, J = 13.2,
6.4 Hz, 1H), 3.28 (d, J = 2.3 Hz, 1H), 3.28 — 3.22 (m, 1H), 2.42 (t, ) = 6.2 Hz, 2H), 2.36 (1, J = 7.2
Hz, 2H), 1.83 (p, J = 7.1 Hz, 2H), 1.45 (s, 3H), 1.41 (s, 3H), 1.03 (s, 3H), 0.96 (s, 3H).*C NMR
(126 MHz, CDCls) 6 173.74, 171.05, 170.23, 99.09, 77.28, 77.15, 77.03, 76.78, 71.44, 51.74,
38.96, 36.16, 34.84, 32.98, 31.45, 29.46, 24.63, 22.13, 18.87, 18.68.LRMS (ESI) m/z calculated
for CL7H30N206 ([M+H]*) 359.22, found 359.2.
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Preparation of formamide-carba(dethia)pantetheine acetonide and methylformamide-
carba(dethia)pantetheine acetonide via mixed anhydride.

Procedure:

Carboxy-carba(dethia)pantetheine acetonide was dissolved in DCM with DIPEA (6 equiv.),
followed by dropwise addition of ECF while stirring on ice. The reaction was left to proceed for
15 minutes before dropwise addition of either ammonia solution (0.5 M in dioxane) or
methylamine:HCI (3 equiv.), which was stirred in a round bottom flask on ice for overnight. The
reaction was washed with saturated ammonium chloride (3 x 20 ml) and subjected to flash
chromatography (409 silica; 0 — 100% gradient of DCM — acetone over 12 column volumes)
affording formamide-carba(dethia)pantetheine acetonide or methylformamide-

carba(dethia)pantetheine acetonide.

Formamide-carba(dethia)pantetheine acetonide:
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Carboxy-carba(dethia)pantetheine acetonide 500 mg, 1.46 mmol) was reacted with ammonia
according to the above procedure affording formamide-carba(dethia)pantetheine acetonide (white
powder, 206 mg, 0.6 mmol, 41.1%). LRMS (ESI) m/z calculated for CL6H29N305 ([M+H]")
344.22, found 344.2.

Methylformamide-carba(dethia)pantetheine acetonide:

Carboxy-carba(dethia)pantetheine acetonide (300 mg, 0.88 mmol) was reacted with
methylamine:HCl  according to the above procedure affording  formamide-
carba(dethia)pantetheine acetonide (white powder, 240 mg, 0.67 mmol, 76.5%). LRMS (ESI) m/z
calculated for CL7H31N305 ([M+H]*) 358.24, found 358.2.
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CHAPTER 3. APPLICATION OF ACYL-COA ANALOGS TO
MECHANISTIC AND DRUG DEVELOPMENT STUDIES WITH
RESPECT TO ACYL-COA CARBOXYLASES

Contributions: Jeremy Lohman and Trevor Boram designed experiments and interpreted the
resulting data. Trevor Boram carried out the majority of experiments. Lee Stunkard, Amanda Silva
de Sousa, and Aaron Benjamin contributed cloning and expression of some constructs.

Note: Literature references and chemical numbers within schemes are unique within this chapter.

3.1 Abstract

Acyl-CoA carboxylases (YCCs) are responsible for the critical role of making malonyl-
CoAs through two half reactions. While the importance of malonyl-CoA is apparent from its use
in making fatty acids and polyketides, there remains a great deal to be uncovered in the mechanism
of YCC catalysis. Particularly, details of the second YCC half reaction, catalyzed by the
carboxyltransferase reaction center are obscured due to difficulties in capturing all components of
the reaction complex in structural studies. Advances in the resolving capability of cryo-EM over
the past decade and synthesis of stable reactant/product analogs create new avenues for uncovering
the carboxyltransferase catalytic strategy. In this chapter, | outline the application of acyl-CoA

analogs to structure-function studies of various YCCs.

3.2 While the BC reaction of YCCs is largely understood and well-studied, there are still
missing details obscuring understanding of the CT catalytic mechanism

From our rudimentary discussion of YCCs in chapter 1, we learned that these biotin-
dependent carboxylases ligate CO to their substrates to form B-ketoacid productst. Among these
B-ketoacid products are oxaloacetate, malonyl-CoA, and (2S)-methylmalonyl-CoA, all playing
roles in metabolism in fatty acid synthesis or the citric acid cycle. The mechanistic details of these
biotin-dependent carboxylases have been subject to investigation for decades through a variety of
kinetic, isotopic labeling, and structure-function experiments?. As a result of these investigations,
a vast amount of support has been provided for a proposed BC catalytic mechanism. However,

providing support for catalytic details of proposed CT mechanisms has proven more challenging,
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and is an important topic of investigation. In 1989, a leader in the carboxylase field, J.R. Knowles,
summarized much of the work that had been done toward understanding the catalytic mechanism
of biotin-dependent carboxylases, analyzing previously posited mechanisms for CT catalysis2. The
first mechanism which kinetic isotope effect (KIE) data did not refute features carboxylbiotin
decarboxylating to yield free CO2 and a biotin-enolate. This biotin-enolate can then act as a base
to deprotonate the a-carbon of the acyl-CoA substrate, producing an acyl-CoA enolate. From here,
the enolate can attack the free CO> to yield a malonyl-CoA product. An alternative potential
mechanism proposed involves a base (provided by the CT) directly removing a proton from the a-
carbon of the acyl-CoA substrate, generating the enolate form. This enolate can then attack the
carboxylbiotin to generate a malonyl-CoA. Currently, there is not conclusive evidence to refute

either of these mechanisms, Figure 3.1.

102



1. CO, leaves

O
1]
G
i ik e
SN R TS
CoA S)j\ﬁR NEQ N CoA_S)J\’<H 5
H \va/ R N/ NH
H Ve
acyl-CoA carboxylbiotin
0}
1]
i
O O 0 O@ O
)LX%L o J < o)
CoA=S ° HN™ 'NH < Ccon-s™ A
H R HN™ "NH
H
malonyl-CoA
2. Active site base attacks
B@
<// HB
Q O O O% o
COA_SJ\KH @)J\ JJ\ R o ONJ\
R O N °NH TP CoA-57 AN
" H \nd
acyl-CoA carboxylbiotin enolate intermediate
HB
o O 2
S
CoA—SMC NJ\NH
H R \ond
malonyl-CoA
B = base

HB = conjugate acid

0
2 i
HN)J\NH N

\an/

Figure 3.1 Proposed catalytic strategies of YCC CTs in the product of malonyl-CoA products

ZT

“Lys
O

103



High-resolution structural data of CT domains in various YCCs is sparse, with the apo
structure of the E. coli ACC CT being solved in 2006 at 3.2 A% While other CT structures
improved notably on the resolution limits seen in this E. coli CT structure, much of the data barely
approaches the resolution needed to make supported mechanistic inferences of enzyme catalysis®.
In addition to CT resolution problems, there is a lack of catalytically relevant CT-substrate
structures due to the reactivity of the substrates as well as the complexity of capturing the ternary
carboxybiotin-BCCP, CT, and acyl-CoA complex crystallographically.

One of the first studied carboxylases is the transcarboxylase from P. shermanii, which,
unlike other carboxylases, is not ATP dependent®. Rather, transcarboxylase moves the carboxylate
of (2S)-methylmalonyl-CoA to pyruvate, yielding propionyl-CoA and oxaloacetate as the
products. This reaction can proceed in either direction. Transcarboxylase does however share a
similar protein organization to other carboxylases, with a BCCP tethered to biotin (1.3S subunit),
a CT working on a CoA substrate (12S subunit), and a CT working on pyruvate (5S subunit)®.
Transcarboxylase was one of the first discovered carboxylases, with notes on its reaction dating

back to the 1940’s, it became a model carboxylase for studying’.

O O o) 0 o O

©
CoA—S/U\/U\oe + A B COA‘S)H + o N\N/l\j,\v/NH

: HN NH ——

(2S)-methylmalonyl-CoA biotin propionyl-CoA carboxylbiotin
o O 5s e}
o} © O O
© 0 N/”\NH = o o A
o) + —~~ o) + HN™ 'NH
\nd O \nd
0} e}
pyruvate carboxylbiotin oxaloacetate biotin
£
0o
HN
J NH
HN™ 'NH
o/ H
S N
“BCCP
(¢}

Figure 3.2 Overall reaction of P. shermanii transcarboxylase.
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In the early 1970s, the electron microscopy (EM) structure of transcarboxylase was solved,
showing that the complex consists of a core hexamer of 12S subunits, where each 12S monomer
interacts with a 5S homodimer®. The 5S homodimeric interactions are promoted by the binding of
a 1.3S subunit to interface between the 125 and 5S subunits®. The 12S subunit, which interconverts
between propionyl-CoA and (2S)-methylmalonyl-CoA, should be expected to proceed through the
same mechanism as other CTs. However, the structure-function details of this reaction are largely
unknown, Figure 3.2.

In 2003, the first (and only) structure of the 12S subunit of transcarboxylase was solved
(albeit the C-terminal 106 amino acids were truncated)’. Additionally, the enzyme was also solved
with methylmalonyl-CoA bound with clear ligand density in the active site at a high-resolution of
1.9 A, Figure 3.3. While initially this result seems like it should contain all critical mechanistic
information we need, there is one box this structure does not check: biotin is not bound at all. Thus,
we are left with the question of how does biotin participate in catalysis? More concerning from
this structure — how is methylmalonyl-CoA in an orientation to decarboxylate and allow biotin to
accept this COz to shuttle it to the 5S subunit?

Since this structure does not include biotin, which is a substrate in catalysis, it is completely
unclear how biotin could accept a CO2, or even act as a base to deprotonate the a-carbon of
methylmalonyl-CoA (proposed in CT — CO: leaves mechanism, Figure 3.1). When we consider a
critical substrate is missing from the reaction that would occupy a large portion of the 12S active
site, this certainly brings into question if the orientation of methylmalonyl-CoA in the active site
is correct for catalysis. If we consider the second proposed CT mechanism, there should be a basic
residue close enough to the substrate to remove a proton and generate an enolate intermediate.
However, upon inspecting all of the residues within reasonable distance to the substrate, none of
them contain appropriate functional groups or orientations to remove a proton. What is unclear is
if this result indicates that biotin serves as the base to generate an enolate, or if the substrate is
simply bound in the wrong orientation for catalysis due to missing biotin and BCCP interactions.
An incorrect catalytic orientation is supported if we consider that enzymes that decarboxylate -
ketoacids oriented the carbonyl group in an oxyanion hole to lower the activation energy of
decarboxylation. In this structure, there are no residues within a reasonable distance of the thioester

carbonyl to form an oxyanion, providing evidence to why methylmalonyl-CoA has not
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decarboxylated in this structure. Although the methylmalonyl-CoA substrate is intact in this crystal

structure, catalytic inferences that could be made here are not sound.
w

Figure 3.3 Crystal structure of P. shermanii transcarboxylase 12S subunit (1-507) with (2R/S)-
methylmalonyl-CoA bound (PDB: 10N3), solved at 1.9 A%,

In the following year, the structure of another carboxylase CT, propionyl-CoA carboxylase
(PCC) B subunit from Streptomyces coelicolor was solved at 2.2 A for the first time, having both
substrates - propionyl-CoA AND biotin bound in the active site'l. As such, the authors proposed
a new, more detailed mechanism to CT catalysis, with the below flattened schematic suggesting
that propionyl-CoA is situated in an oxyanion hole formed by adjacent glycine backbone amides,
Figure 3.4. Additionally, this schematic shows the ureido moiety of carboxybiotin situated in an

oxyanion hole, which seems logical to promote decarboxylation necessary for catalysis.
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Figure 3.4 Flattened schematic displaying the inferred orientation of propionyl-CoA and
carboxy-biotin bound in the active site of PCCB from S. coelicolorL.

However, the issue of CT catalysis remains unsolved. Like transcarboxylase before, the
structure of PCCP was missing some information necessary to understand CT catalysis. Unlike the
transcarboxylase ligand density, the density of both the biotin and propionyl-CoA molecules are
sparse and do not support the modeled ligands, Figure 3.5. The carbonyl of propionyl-CoA which
is modeled to sit in the oxyanion hole formed by Gly 182 and Gly 183, yet there is no density for
the oxygen atom. Additionally, the hydrogen-bond contact formed by the amide of G182 is 4.1 A
to the modeled carbonyl oxygen, which is unreasonable long for an H-bond. Lastly, the N’1 atom
of biotin is modeled facing the a-carbon of propionyl-CoA, where it is suggested to act as a base.
Without CO; additionally in the active site, we cannot determine if this orientation is meaningful

in terms of catalysis.
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Figure 3.5 Crystal structure of PCCp from S. coelicolor with propionyl-CoA and biotin modeled

(PDB: 1XNY) solved at 2.2 A. Top- Display of proposed oxyanion hole with the carbonyl group

of propionyl-CoA oriented for catalysis. Bottom- Display of modeled biotin and propionyl-CoA
ligands in PCCP crystal structure®L.
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Twelve years later, another notable YCC structure with ligands bound would be solved,
this time of the Saccharomyces cerevisiae ACC1 (PDB: 5CSL)*2. This structure was determined
using Cryo-EM with CoA and biotin bound in the active site, Figure 3.6. While this structure is a
great achievement considering it is of the whole enzyme, it is still an incomplete picture. The
resolution of this structure is 3.2 A, which leads to a high degree of uncertainty when modeling
the ligands in the proper orientation. Additionally, the ligands are incomplete, as the propionyl

group of propionyl-CoA and the carboxyl group of carboxy-biotin are both missing.

Figure 3.6 Cryo-EM structure of biotinylated-ACC1 from S. cerevisiae with CoA bound
(PDB: 5CSL), solved at 3.2 A2,

Between all of these structures, we see a common theme is an inability to capture both
substrates in a correctly modeled, high-resolution ternary complex. In this thesis, we attempt to
co-crystallize various substrate, product, and intermediate acyl-CoA analogs with CTs to deduce

the conformational changes and orientation of substrates for catalysis, Figure 3.7.
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Figure 3.7 The malonyl-CoA:CT:biotin interaction could be mimicked by a stable malonyl-CoA
analog, capturing the ternary complex.

3.3 Optimization of YCC production is necessary to overcome difficulty in sample
production for crystallography and protein crystal diffraction quality

When attempting to determine the structure-function relationship of a YCC, biotin, and a
malonyl-CoA analog, we chose to use X-ray crystallography for its ability to yield high resolution
data, allowing for proper modeling of ligands. Additionally, we used a variety of YCCs, as it has
been observed that differences between them may largely influence the quality of diffraction data
obtained from their crystals. For example, where Staphylococcus aureus ACC CT had been solved
to 1.8 A, the same group solved the homologous E. coli ACC CT to 3.2 A2. Therefore, we selected
five representative YCCs for structure-function analysis: ACC CT from Staphylococcus aureus,
(SaACC CT), ACC CT from Escherichia coli (ECACC CT), PCC CT from Streptomyces
coelicolor (ScPCC CT), transcarboxylase 12S subunit from Propionibacterium shermanii (PfTC-
12S), and ACC1 from Saccharomyces cerevisiae (ScvACC1), Figure 3.8.

YCCs all have the same core function — carboxylation, but all have different subunit
organizations. This difference is a double-edged sword for the biochemist, as these differences
present ample opportunity to develop drugs targeting only bacterial or plant carboxylase, while
ignoring human YCCs. However, studying each enzyme biochemically comes with unique
challenges in protein expression/purification, crystallization, enzyme assay development,

holoenzyme reconstitution. For example, ScvACC1 is expressed as a single polypeptide, which
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makes molecular cloning more laborious and crystallization efforts likely to be lower resolution.
However, this enzyme can be expressed all off of one plasmid, with one purification tag, and
requires no incubation of subunits to reconstitute activity. As such, with this enzyme, we decided
to take a cryo-EM approach to structure-function analysis.

Saccharomyces

cerevisiae ACC1 e S

Escherichia

CT
piia e BN e
Staphylococcus T NN B
aureus ACC

Streptomyces

| [ et ]
coelicolor PCC - ec

Proplonivecterim I

shermanii TC

Figure 3.8 Various prokaryotic and eukaryotic YCCs were studied in mechanistic investigations
in this thesis work.

Our lab was not initially trained in cryo-EM, and thus we formed a collaboration with Dr.
Wen Jiang’s lab at Purdue University, with postdoctoral associate, Dr. Xueyong Xu. The
collaborative effort between our labs has led to promising negative stain images of ScvACCl1,
Figure 3.9. Based on this preliminary data, we plan to solve the structure of ScvACC1 with our
nonreactive acyl-CoA analogs bound to gain insight into the conformational changes the enzyme
undergoes during catalysis.
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Figure 3.9 Cryo-EM negative stain of ScvACC1 in the following conditions: 1 mg/ml ACC1, 10
mM HEPES pH = 7.5, 150 mM NacCl, 20 mM sodium citrate, 0.9% glycerol

While the ScvACCL1 structure may provide useful insights into overall conformational
changes of the enzyme, potential higher resolution crystal structures of isolated CT components
may provide more definite information of the enzyme:substrate interactions. | began my journey
to capture a YCC CT crystal structure studying ECACC CT, which is formed by the gene product
of the accA and accD genes. Initially, I cloned these genes on separate plasmids, and attempted to
express their proteins separately, then incubate them together and correct for stoichiometry
differences using size exclusion chromatography (SEC). Much of the protein was lost in this
process through precipitation. | observed a notable amount of precipitation of the individually
expressed CT peptides prior to mixing them together. The yields of recovered protein were further
reduced due to poor cleavage by TEV protease at the His-tag cleavage site. In spite of this, we
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were able to grow crystals of the enzyme, and obtain low resolution diffraction data of these
crystals. Unfortunately, these crystals appeared to suffer from twinning, and we faced issues
proceeding further in processing this data set.

Afterward, | generated a new construct that coexpressed accA and accD via action of a
ribosome binding site between the genes. This construct featured only a single His-tag on accA,
meaning less protein would need to be cleaved by TEV protease. Additionally, the coexpression
of the two proteins enabled the complex to form immediately, which eliminated post-purification
protein precipitation issues. Once again, we generated uniform crystals of ECACC CT produced
from this construct, seen in Figure 3.10, but the crystals obtained produce very low resolution
diffraction data or high resolution data with severe twinning issues, Figure 3.11.

One reason why the enzyme may diffract poorly (which had been seen in the previous
ECACC CT structure) is the presence of a disordered N-terminal region. We sought to develop
better diffracting crystals by truncating the flexible N-terminal residues of the AccA subunit. Thus,
I next subcloned ECACC CT to remove the first 56 amino acids of ECACC. The unintended
consequence of this truncation was raising the computed pl of the subunit from 5.76 to 7.9, which

| suspect severely changed the stability of the protein. After protein expression, virtually all of the

Figure 3.10 Protein crystals grown in various morphologies and sizes of E. coli ACC CT that led
to low quality diffraction.
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Figure 3.11 Representative X-ray diffraction image of ECACC CT crystals. Diffraction data
shows severe twinning/multiple crystals.

Around this time, we decided to put ECACC CT crystallization on hold, due to existing
evidence that other CTs may lead to more success in crystallography. The next such CTs we
studied were ScPCC CT and SaACC CT, both of which had been solved to higher resolution than
ECACC CT by other groups. Like ECACC CT, SaACC CT is encoded by an accA and accD gene,
but unlike the E. coli ACC, SaACC CT does not feature a disordered N-terminal region.
Additionally, SAACC CT genes are found next to each other in the S. aureus genome, and are
translated together by an overlapping stop/start codon. Thus, | cloned and expressed SAACC CT
together on a single plasmid, taking advantage of the overlapping stop/start system. This protein
appeared to express well, but was incompletely digested by TEV protease. We suspected that the
N-terminus of the protein had the opposite problem of the E. coli version— it had too rigid and
defined of a structure which left the protease cleavage site inaccessible. Attempting to solve the
problem, | cloned off of the ACC template to insert two glycine residues in between the TEV
protease cleavage site and the start of SAACC CT. Unfortunately, even with the added space

between the protease cut site and the body of the protein, TEV protease could still not remove the
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His-tag on the protein. Additionally, | moved the His-tag from the AccD peptide to the AccA
peptide of this construct, but protease cleavage was not improved. Crystallization of the His-tagged
protein was not attempted due to suspicion that conformational flexibility of the large N-terminal
tag would lead to low resolution diffraction data.

After the challenges faced with His-tag removal from ECACC CT and SaACC CT, I
focused on producing ScPCC CT, which is produced by a single gene: pccB. | cloned, expressed,
and purified ScCPCC CT via a His-tag. This protein is known to form a homohexameric quaternary
structure, and thus, features 6-His tags per SCPCC CT. However, TEV protease was able to cleave
the His-tag off of the protein to yield SCPCC CT for crystallography. The construct was crystallized
initially at 15 mg/ml, and rapidly produced large crystals (>0.5 mm in length), which were
diffracted at the Advanced Photon Source (APS) at Argonne National Labs (ANL). These crystals
yielded poor resolution, around 5 A. It was also noted, that the crystals produced low quality
diffraction spots, due to hollow-interior cores of the crystals.

Initially, we suspected that due to high stoichiometry of the ScCPCC CT complex, the
protein was able to form a heterogeneous population post-TEV protease cleavage of tagged and
cleaved-tag SCPCC CT monomers. Thus, | cloned a variant of the protein that featured no tag, and
purified it to homogeneity via ammonium sulfate fractionation, followed by anion exchange
chromatography, and SEC. Purified protein was confirmed via sodium dodecyl sulfate —
polyacrylamide gel electrophoresis (SDS-PAGE), Figure 3.12. The completely untagged ScPCC
CT was again crystallized, again producing large, hollow crystals very rapidly. As anticipated,
these crystals still experienced poor resolution diffraction. We suspected that lowering the protein
concentration and reexamining crystallization conditions would slow the rate of crystal growth,
thus giving them sufficient time to grow without deformed interiors. These crystals were grown at
7 mg/ml, and featured no interior deformities, but were much smaller in size, Figure 3.13.
However, their diffraction improved slightly, featuring no twinning, and resolution of 3.9 A — an

improvement, but not sufficient to make mechanistic inferences, Figure 3.14.
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Figure 3.12 SDS-PAGE gel demonstrating the successful purification of tagless-PCCp via non-
affinity chromatography methods.

Figure 3.13 Protein crystals grown in various morphologies of S. coelicolor PCCp that led to low
quality diffraction.
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Figure 3.14 Representative X-ray diffraction image of PCCp (tagless).

PfTC 12S was the last carboxylase | studied, which (like ScCPCC CT) is encoded on one
gene and forms a homohexamer. Previously, a truncation of the structure of PfTC 12S had been
solved to 1.9 A, missing the C-terminal 105 amino acids. It is also known that removing this region
of the protein reduces the rate of TC holoenzyme assembly. Like ScPCC CT, | expressed and
purified the 12S subunit with no tag, but was unable to reconstitute its enzymatic activity based on
HPLC assays. This is likely due to the inability of the enzyme to use free biotin as a substrate.
Thus, | expressed the 1.3S and 5S subunits of TC, and confirmed that the 1.3S was biotinylated
via MALDI-TOF mass spectrometry. | incubated these subunits together based off of existing
literature, and attempted to assay TC activity again, still appearing inactive. Again | consulted the
literature, and found report of PfTC 5S subunit expressed recombinantly in E. coli being inactive.
This could be rectified by harvesting endogeneously expressed TC from P. shermanii, an anaerobic
bacteria, which is a future goal.
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3.4 Development of UV-vis assays for YCC enzymology for studying inhibitor induced
futile-cycle activation

Initially, we began studying all YCC turnover via analytic HPLC activity assays, which
provide extensive information about consumption and production of specific molecules, but are
quite laborious and low-throughput. To simplify assay of YCCs, we decided to adopt a continuous,
coupled enzyme assay for ATP dependent YCCs using the enzymes pyruvate kinase and lactate
dehydrogenase (both from Homo sapiens). As the BC domain of a YCC hydrolyzes ATP to ADP,
the reaction can be supplemented with a large excess of phosphoenolpyruvate and nicotinamide
adenine dinucleotide — reduced form (NADH), which allows for monitoring decrease in UV
absorbance at 340 nm as a readout, Figure 3.15.

pyruvate kinase

pyruvate l f PEP
* perirh bioti boxyl (BC)
lactate ATP + HCO+ iotin carboxylase ADP + Pi
+ +P
NAD dehydrogenase e N\ !
? lactate biotin carboxy
carrier -biotin
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follow at 340 nm CoA—-$S 0] carboxyltransferase (CT) CoA-S

Figure 3.15 Strategy of monitoring ACC ATP turnover using a continuous, coupled UV-vis
assay to look for futile cycle producing small molecules.

After purifying pyruvate kinase and lactate dehydrogenase with nickel affinity
chromatography, we assayed their activity, then applied the enzymes to this assay, and were able
to demonstrate that we can observe the reaction readout quickly using the above strategy.

A key reason we wanted to assay the activity of YCCs was to examine the activity of the
enzyme BC half-reaction in different conditions that would not be productive for producing
malonyl-CoA. This idea came from literature by Dr. J. Rétey’s group, where propionyl-
carba(dethia)CoA and propionyl-aza(dethia)CoA were synthesized and characterized with PFTCL3,
In these studies, the researchers found that propionyl-carba(dethia)CoA was a substrate for TC,
producing (2S)-methylmalonyl-carba(dethia)CoA, but propionyl-aza(dethia) CoA was not a
substrate. Interestingly, while no (2S)-methylmalonyl-aza(dethia)CoA was formed, oxaloacetate
was still enzymatically turned over, suggesting that the presence of substrate to accept a carboxyl
group in the CT activity site activates the reaction in the BC domain. If propionyl-aza(dethia)CoA

was found to be a BC activator, this could serve as an antimetabolite to promote PCC to turnover
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ATP at a rate that could limit cell growth or cause death. As such, a small molecule of high
specificity and affinity for the CT active site that leads to increased BC ATP turnover may serve
as a novel bacteriocidal pharmaceutical.

To test this idea, we initially performed an HPLC assay to monitor ATP turnover and
malonyl-CoA formation of ECACC in the presence of acetyl-CoA, acetyl-oxa(dethia)CoA, or
acetyl-aza(dethia)CoA, Figure 3.16. To more easily visualize conversion of ATP to ADP, we
coupled the assay to the enzyme adenylate kinase (Adk) from E. coli, which converts two
molecules of ADP into one molecule of ATP and one of AMP. AMP has a longer retention time
on HPLC, and is retained past the solvent front, simplifying visualization. The HPLC analysis of
the ACC reactions indicated that the enzyme could turnover ATP to make malonyl-CoA with
acetyl-CoA as the substrate, ACC would turnover more ATP in the other cases, but fail to make
any of the corresponding oxa- or aza- malonyl-CoAs. In addition, we examined the half-reaction
of the BC domain on its own (without CT or acetyl-CoA) to turn over ATP and observed a large
decrease in ATP turnover. Thus, we learned that the CT and its substrate occupancy is related to
the ATP turnover rate of the BC domain. We can rationalize this idea as an organism should not
exhaust its energy resources through ATP hydrolysis when there is no potential for a useful product
to be made, such as malonyl-CoA. Non-reactive acetyl-CoA analogs exploit this feature and allow

the enzyme to actively turnover ATP with no useful product formation, leading to a futile cycle.

119



1500
1000

S00

Jamp

L AN

0 -

1ecACC reaction acetyl-Cod

rmalanyl-Cod l

mAld ]
1500 -
1000

500

acetyl-oxa(dethia)Coh

S

0 -

mAL _
1500 —
1000 —
500 —

0

acetyl-amido{dethia)CoA

500

v i v 1 v i v v I i v i i I
ecACC reaction withaut CT or acetyl-CoA

Figure 3.16 HPLC traces de

In the future, we would like to apply our continuous UV-vis assay to perform a high-

throughput screen of a drug

turnover in ACC, leading to a futile cycle. The structural diversity of YCCs in nature provides a

means to find small molecules that exclusively target a YCC in a specific organism. Thus, a futile

cycle inducer of a YCC could

3.5 Conclusions

From this chapter, one can appreciate the complexity of determining the catalytic details of
carboxylase CTs due to the holoenzyme size, instability of the substrates/intermediates, and low

affinity of BCCP:CT interacti
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not novel, but has never been applied to YCCs in structure-function studies. Here, we have
demonstrated the ability to produce protein crystals of varying YCCs in the presence of stable
product analogs. Although these crystals diffract poorly, further truncations to CT proteins being
studied may produce more organized, well-diffracting crystals. In the future, we will continue to
alter CT constructs, and try tagless expression to gain higher quality crystals for diffraction studies.

Additionally from this work, we have gained insight into the presence of a CT antimetabolite
induced futile cycle in ACC. While we have shown that aza- and oxa- bearing isosteres of acetyl-
CoA can induce futile cycles of ATP turnover in ECACC, in the future we plan to conduct a drug
library screen using our high-throughput assay for futile cycle examination. Using this strategy

may produce new drug leads to a biological critical, yet heavily studied enzyme.

3.6 Materials and Methods

The materials and methods section of this chapter’s work are described below in detail.

3.6.1 Cloning, expression, and purification of carboxylases

Cloning of all constructs except for ScvACC1 was performed using the below primers:
EcAccA-forward: 5'- GAGAACCTCTACTTCCAAAGTCTGAATTTCCTTGATTTTG -3/,
EcAccA-reverse: 5'- CTCGAGGAGATTACGGATTACGCGTAACCGTAGCTCATCAGGC-
3,

EcAccD-forward: 5- GAGAACCTCTACTTCCAAAGCTGGATTGAACGAATTAAAAG -3/,
EcAccD-reverse: 5'- CTCGAGGAGATTACGGATTAGGCCTCAGGTTCCTGATCCGGTAC-
3,

EcAccB-forward: 5'-
GAGAACCTCTACTTCCAAAGTGATATTCGTAAGATTAAAAAACTG -3/,
EcAccB-reverse: 5'- CTCGAGGAGATTACGGATTACTCGATGACGACCAGCGGCTCGTC-
3,

EcAccC-forward: 5'- GAGAACCTCTACTTCCAAAGTCTGGATAAAATTGTTATTGCCAA
-3

EcAccC-reverse: 5'-CTCGAGGAGATTACGGATTATTTTTCCTGAAGACCGAGTTTTTTCT
-3,
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EcBirA-forward: 5'- GAGAACCTCTACTTCCAAAGTAAGGATAACACCGTGCCACTGA -
3,

EcBirA-reverse: 5'- CTCGAGGAGATTACGGATTATTTTTCTGCACTACGCAGGGAT -3/,
EcAccB rbs EcBirA forward: 5'- TAAAGaggagaATACTAGatg
AAGGATAACACCGTGCCACTGA -3/,

EcAccB rbs EcBirA -reverse: 5'- ctCTAGTATtctcctCTTTA
CTCGATGACGACCAGCGGCTCGTC -3/,

EcAccA rbs EcAccD -forward: 5'- TAAAGaggagaATACTAGatg
AGCTGGATTGAACGAATTAAAAG-3/,

EcAccA rbs EcAccD -reverse: 5 catCTAGTATtctcctCTTTA
CGCGTAACCGTAGCTCATCAGGC-3/,

EcAccA D57 start -forward: 5'- TAAAGaggagaATACTAGatg
AGCTGGATTGAACGAATTAAAAG-3',

SaAccDA- forward: 5'- GAGAACCTCTACTTCCAAAGTTTTAAAGATTTTTTTAATCGAA
-3

SaAccDA-reverse: 5'- CTCGAGGAGATTACGGATTATTCTATATAAGAACCGATATTTC -
3,

SaAccA -forward: 5- GAGAACCTCTACTTCCAAAGTTTAGATTTTGAAAAACCACTTT-
3,

SaAccD -reverse: 5'- CTCGAGGAGATTACGGATTATTTAGTCACCTCTTGATGGATTT -
3,

SaAccA rbs SaAccD -forward: 5'- TAAAGaggagaATACTAGatg
AGCTGGATTGAACGAATTAAAAG -3/,

SaAccA rbs SaAccD -reverse: 5-catCTAGTATtctcctCTTTA
TTCTATATAAGAACCGATATTTC -3,

ScPccB -forward: 5'- GAGAACCTCTACTTCCAATCCGAGCCGGAAGAGCAGCAG-3,
ScPccB -reverse: 5'- CTCGAGGAGATTACGGATTACAGGGGGATGTTGCCGTGCTTCTTC
-3

ScPcceB (no tag) -forward: 5'-
TTTAATAAGGAGATATACAATGTCCGAGCCGGAAGAGCAGCAG-3/,
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PfTC 12S -forward: 5'- GAGAACCTCTACTTCCAAGCTGAAAACAACAATTTGAAGCTC-
3,

PfTC 12S (no tag) -forward: 5'-
TTTAATAAGGAGATATACAATGGCTGAAAACAACAATTTGAAGCTC-3,

PfTC 12S (507) -reverse: 5'-
CTCGAGGAGATTACGGATTAGCAGGGGAAGTTTCCATGCTTCTTC -3/,

PfTC 12S (FL) -reverse: 5'-
CTCGAGGAGATTACGGATTAACGAATGGAATGGTTCTGCAGAGC-3/,

PfTC 5S-forward: 5'- GAGAACCTCTACTTCCAAAGTCCGCGAGAAATTGAGGTTTC-3,
PfTC 5S -reverse: 5'- CTCGAGGAGATTACGGATTACGCCTGCTGAACGGTGACTTCGC -
3,

PfTC 1.3S-forward: 5'-
GAGAACCTCTACTTCCAAAGTAAACTGAAGGTAACAGTCAACGG-3/,

PFfTC 1.3S -reverse: 5'- CTCGAGGAGATTACGGATTAGCCGATCTTGATGAGACCCTGAC
-3

Genomic DNA was isolated from Escherichia coli (K12), Staphylococcus aureus MRSA (ATCC
BAA-1556), Propionibacterium freudenreichii subsp. Shermanii (DSM 4902), and Streptomyces
coelicolor (M1154) using established procedures. All inserts were PCR amplified directly from
genomic DNA, except for untagged variants, which were amplified from the analogous tagged
construct. All inserts were designed to overlap with the sticky ends of the linearized vector using
the New England Biolabs Gibson Assembly protocol and reagent.

All inserts to be expressed with hexahistidine tags were cloned into the pRSF-TEV-Gib
vector, digested at the BseR1 restriction enzyme cut site. Inserts amplified to be expressed
without any tag were cloned into the pRSF-Gib-Kan vector, digested at the BseR1 restriction
enzyme site.

The pRSF-TEV-Gib vector (and subsequently the pRSF-Gib-Kan vector) is derived from
the previously reported pRSF-Duet vector via PCR amplification with the following primers:
TEV:GIB insert -forward: 5'-
CATGGGCAGCAGCCATCACCATCATCACCACAGCGGATCCGAGAACCTCTACTTCCA
ATCCGTAATCTCC -3/,
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TEV:GIB insert -reverse: 5'-
TCGAGGAGATTACGGATTGGAAGTAGAGGTTCTCGGATCCGCTGTGGTGATGATGGT
GATGGCTGCTGCC -3,
This was subsequently followed by digestion with the restriction enzymes Ncol and Xho1l, then
phosphorylation of 5’ ends via T4 kinase and ligation by T4 ligase using New England Biolabs’
protocol.
pRSF-Gib-Kan was produced by polymerase chain reaction (PCR) mutagenesis of the pRSF-
TEV-Gib vector using the following primers:
TEV—WELQ/Atag -forward: 5'- CAATCCGTAATCTCCTCGAGTCTG -3/,
TEV—His6/Atag -reverse: 5'- TATATCTCCTTATTAAAGTTAA -3/,
All PCR products were purified by agarose gel electrophoresis using a 1% agarose gel in tris-
acetate EDTA buffer (1X TAE), with GelRed for UV-vis detection and a 1 kb DNA ladder for
molecular weight determination. Gels were ran at 90 V for 1 hour, before being analyzed on a
transilluminator to cut out bands with the appropriate sized PCR product. Gel fragments
containing PCR products were isolated using the QIAGEN - QIAquick gel extraction kit. PCR
product yields ranged from 500-2000 ng of DNA. pRSF-TEV-Gib and pRSF-Gib-Kan vectors
were digested by BseR1 (purchased from New England Biolabs) for 15 minutes at 37°C. The
digested vector was ligated to PCR products via Gibson Assembly for 1 hour at 50°C, and
subsequently transformed into chemically competent (CaCl. method) E. coli DH5a cells.
Transformation was performed via a 45 second heat shock at 42°C. Outgrowth steps were
performed in 350 ul of SOC buffer for 1 hour at 37°C while shaking at 220 rpm, before plating
100 pl of the culture onto LB agar plates containing 50 pug/ml of kanamycin sulfate. Plates were
stored at 37°C for 18 hours, after which multiple individual colonies were grown in 5 ml LB
cultures, stored in 25% glycerol, and confirmed via sequencing by the Purdue University
Genomics Core. Culture glycerol stocks were stored at -80°C indefinitely. Plasmids were
transformed into E. coli BL21 cells for subsequent protein expression.

A plasmid containing ScvACCL1 coexpressed with ScvBPL1 on the pRSF-TEV-Gib
vector was purchased from Genscript. Plasmids containing lactate dehydrogenase and pyruvate
kinase (Homo sapiens) were purchased from DNASU. These plasmids were transformed into

chemically competent E. coli DH5a and BL21 cells for later expression.
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All protein expression was performed in 1L cultures of terrific broth (TB), supplemented
with 50 pg/ml kanamycin sulfate and 10 mM MgClz. 5 ml of a saturated BL21 cell culture were
added to the 1L TB solution, which was shaken at 170 rpm at 37°C until an ODsoo = 1.0 was
reached. Afterward, the cultures were cooled at 18°C for 20 minutes, to which isopropyl p- d-1-
thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM. These solutions
were left to shake for 18 hours. The next day, the cells were pelleted at 6,000 rpm at 4°C for 10
minutes. The cell pellets were transferred to 50 ml conical tubes and resuspended in 35 ml of
lysis buffer (20 mM Tris, 300 mM NacCl, 10% Glycerol, 20 mM Imidazole pH 8.0), then frozen
at -20°C indefinitely.

Protein purification of all proteins proceeded by thawing cell suspensions under running
cold water for 15 minutes before adding 2 mg of lysozyme powder and 50 pl of a 2 mg/mi
solution of DNase. These suspensions were then mechanically disrupted by sonication for 2
minutes with 1 second on; 1 second off pulses. Afterward, the cell lysate was clarified by
centrifugation at 11,000 rpm at 4°C for 45 minutes, followed by filtration of the supernatant
through a 0.45 pm syringe filter.

Hexahistidine tagged proteins were purified over a 5 ml His-Trap column using 20
column volumes of wash buffer (20 mM Tris:HCI, 40 mM Imidazole, 300 mM NaCl, pH 8.0),
followed by a step gradient to 50% wash buffer and 50% elution buffer (500 mM Imidazole, 20
mM Tris:HCI, 300 mM NaCl pH 8.0) for 7 column volumes. Purified protein was analyzed by
sodium dodecyl sulfate — polyacrylamide gel electrophoresis (SDS-PAGE) (Biorad). After
confirmation of the molecular weight and purity of the protein eluant, the protein solution was
buffer exchanged via a Superdex Hiprep 26/10 desalt column (Cytiva) into desalt buffer (10 mM
Tris:HCI, 200 mM NaCl pH 8.0). Fractions were pooled for further purification by preparative
SEC (Cytiva) into desalt buffer. All macromolecular chromatography was performed on an
AKTA FPLC instrument.

Untagged proteins were purified by increasing the concentration of ammonium sulfate in
solution from 0% to 50% using a 10% step size, followed by centrifugation at 11,000 rpm at 4°C
for 20 minutes. Ammonium sulfate pellets were resuspended in 20 ml of desalt buffer and buffer
exchanged via a Superdex Hiprep 26/10 desalt column (Cytiva) into low salt anion exchange
buffer (50 mM Tris:HCI, 50 mM NaCl pH 8.5). The desalted protein fractions were analyzed via
SDS-PAGE and fractions containing the an appropriate molecular weight band were further
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purified. Anion exchange chromatography was performed using a 5 ml quaternary ammonium
fast flow column (Cytiva), using a linear gradient of Buffer A (50 mM Tris:HCI, 50 mM NaCl
pH 8.5) to Buffer B (50 mM Tris:HCI, 1 M NaCl pH 8.5) over 30 column volumes. Fractions
were analyzed again by SDS-PAGE gel, and pooled for further purification by preparative SEC
over a Superdex 26/100 200 pg. preparative size exclusion column (Cytiva) into desalt buffer.
Pure protein was then examined by SDS-PAGE.

All proteins were concentrated via centrifuge concentrators with 30,000 Da molecular
weight cutoff values at 4°C to concentrations between 20-30 mg/ml. Purified proteins were

frozen in 40 pl droplets on liquid nitrogen and stored indefinitely at -80°C.

3.6.2 Crystallization and diffraction of ECACC CT and ScPCC CT

EcACC CT and ScPCC CT were examined in a sitting-drop crystallization screen, that
examined 384 conditions at the 0.5 ul scale at room temperature, set up with a Mosquito
(SPTlabtech, Melbourne, Australia). This screen used ECACC CT at 15 mg/mL stored in desalt
buffer (20 mM Tris:HCI at pH 8.0 and 200 mM NacCl), with 1 mg/ml biotin and 5 mM 2-
sulfonateacetyl-oxa(dethia)CoA as ligands. For ScPCC CT, crystals were screened at both 7 mg/ml
and 20 mg/ml (stored in desalt buffer), with 1 mg/ml biotin and malonyl-aza(dethia)CoA as
ligands. Initial conditions that led to SCPCC CT crystals were produced in 4 pl hanging drop trays
over 1.0 mL wells with mother liquor conditions: A) 0.17 M ammonium acetate, 0.085 M Sodium
acetate: HCl pH = 4.6, 26% PEG 3350 and 15% glycerol; B) 0.1 M Bis-Tris:HCl pH = 6.5 and 20%
PEG 3350; C) 0.11 M sodium citrate and 20% PEG 3350 with 5% isopropanol. ECACC CT crystals
were also produced in hanging drop trays with mother liquor conditions: A) 0.15 M sodium citrate,
1% PEG 400, 18% PEG 3350, 22% isopropanol; B) 0.1 M sodium citrate, 19% PEG 3350, 21%
glycerol. Crystals grown for 3-5 days were looped using 0.15, 0.3, and 0.6 mm Litholoops and
transferred immediately to liquid nitrogen. Diffraction experiments were conducted at the LS-CAT

beamline 21-ID-F. Diffraction intensities were analyzed using the HKL.2000 suite 2,

3.6.3 HPLC assay, UV-vis assay, and futile cycle development for ECACC

All ECACC UV-vis assays were conducted in a 1.2 ml semimicro quartz cuvette (Starna

Cells) in 1 ml reactions using Cary Win UV 100 spectrophotometer. Reactions were setup with
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100 mM bis-tris propane:HCI (pH 7.5), 20 mM KCI, 7 mM MgClz, 0.1 mM ATP, 0.025 mM
acetyl-CoA, 40 mM sodium bicarbonate, 1 mM phosphoenolpyruvate, 0.4 mM NADH, 1 uM
lactate dehydrogenase, 1 uM pyruvate kinase, and 1 uM of ECACC (holoenzyme). Reactions were
initiated by addition of ECACC holoenzyme, which was prepared by incubation of 50 uM of each
EcACC subunit. Reactions were continuously monitored at 340 nm for 1 hour at 23°C. An
extinction coefficient of 6.220 mM*cm™ at 340 nm was used to determine concentration change
of NADH over time. For futile cycle assays, acetyl-CoA was omitted from the reaction and
replaced with an equivalent concentration of acetyl-oxa(dethia) CoA or acetyl-aza(dethia)-CoA.
HPLC assays were performed on an Agilent 1100 instrument and prepared as UV-vis assays
were with the following modifications. NADH, phosphoenolpyruvate, pyruvate kinase, and lactate
dehydrogenase were all omitted from the reaction. Also the concentration of acetyl-CoA (or acetyl-
CoA analog) was increased from 0.025 mM to 0.25 mM. Additionally, the 1 ml reaction was
prepared in a microcentrifuge tube instead of a quartz cuvette. Lastly, discrete 100 ul time points
were taken from the reaction at 0 min, 1 min, 5 min, 10 min, 30 min, and 1 hr after addition of
enzyme. All time points were quenched by rapid mixing of the reaction aliquot with 50 ul of 50%
FA. The reaction time points were examined by analytical HPLC using a C18 column
(Phenomenex) and a gradient of pure Buffer A (0.1% TFA in water) to 25% Buffer B (acetonitrile)
over the course of 20 minutes. UV was monitored continuously using a diode array detector

(DAD).
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CHAPTER 4. APPLICATION OF ACYL-COA ANALOGS TO
MECHANISTIC STUDIES WITH KETOSYNTHASES

Contributions: Jeremy Lohman and Trevor Boram designed experiments and interpreted the
resulting data. Trevor Boram carried out the majority of experiments. Lee Stunkard, Amanda Silva
de Sousa, and Aaron Benjamin contributed synthesis, kinetics, cloning and expression of some
constructs. Note: Literature references and chemical numbers within schemes are unique within

this chapter.

4.1 Abstract

Fatty acid biosynthetic enzymes exploit the reactivity of acyl- and malonyl-thioesters for
catalysis. Here we synthesize acetyl/malonyl-CoA analogs with ester or amides in place of the
thioester and characterize their behavior as substrates or inhibitors of the E. coli FabH
ketosynthase. The acetyl- and malonyl-oxa(dethia)CoA analogs undergo extremely slow
hydrolysis in the presence of FabH or C112Q mutant, which mimics the acyl-enzyme intermediate.
Decarboxylation of malonyl-oxa(dethia)CoA by FabH or C112Q mutant was not detected. The
amide analogs were completely stable to enzyme activity as expected. In enzyme assays, acetyl-
oxa(dethia)CoA is surprisingly somewhat activating, while acetyl-aza(dethia)CoA is a moderate
inhibitor. The malonyl-oxa/aza(dethia)CoAs are all relatively poor inhibitors. Considering that
malonyl-CoA is an extremely poor substrate for FabH compared to malonyl-S-acyl carrier protein
and that these substrate analogs are stable, the analogs are promising for structure-function studies
to undercover the basis of FabH cooperativity and acyl carrier protein interactions. Furthermore,
we determine the reaction rates of each substrate alone, informing us about the fundamental
catalytic traits of FabH.

4.2 Synthesis and Application of Acyl-CoA analogs to FabH may serve as effective
mechanistic probes

Acyl-CoA analogs have been used in a relatively small number of enzyme structure-function
studies, where the analogs can clarify roles of catalytic residuest. These acyl-CoA analogs have
the relatively labile thioester substituted with esters/amides/ketones to examine acyl-transfer
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catalysis, or the acyl-thioester is substituted by acyl-enolate isosteres to examine carbon-carbon
bond forming enzymes. The thioester bond of malonyl-CoA is considered to be especially labile
compared to acetyl-CoAZ. Thus, stable malonyl-thioester analogs are desired for use in structure-
function studies®>. Other uses for stable malonyl-CoA analogs include off-loading polyketide
synthase metabolic intermediates, or as probes of enzymes like carboxymethylproline synthase,
where the analogs can participate as slow substrates®®. To determine suitability of stable
acetyl/malonyl-thioester analogs in fatty acid and polyketide synthase structure-function studies
or as inhibitor warheads, we report alternative syntheses of acetyl-oxa(dethia)CoA/acetyl-
aza(dethia)CoA (1/2), malonyl-oxa(dethia)CoA/malonyl-aza(dethia) CoA (3/4) and their reactivity
with Escherichia coli FabH, a ketosynthase (KS) initiating fatty acid biosynthesis, Figure 4.1. We
also determine the inhibition constants of 1-4, oxa(dethia) CoA (5) and aza(dethia) CoA (6) against
FabH using a continuous spectrophotometric assay applicable to other KS.

Carbon-carbon bonds in fatty acids are generated by condensation of acyl-thioesters and
malonyl-thioesters, carried by either CoA or an acyl carrier protein (ACP)2. In E. coli and related
bacteria the first fatty acid carbon-carbon bond formed is between acetyl-CoA and malonyl-S-ACP
by FabH, which is likely rate limiting in vivo, Figure 4.1A%Y. Inhibition of FabH with
thiolactomycin in vivo leads to overall growth inhibition, revealing FabH and homologs are valid
drug targetst 12, Thus, a better understanding of FabH catalysis might inform drug discovery
efforts®s,
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Figure 4.1 Initiation of fatty acid biosynthesis and potential substrate analogs. A) FabH activity.

B) FabH C—Q mutant decarboxylation activity. C) FabH transthiolation reaction prevented by

stable acetyl-CoA analogs. D) Decarboxylation reaction of FabH C—Q prevented or slowed by
stable malonyl-thioester analogs.

It is known that FabH transfers the acetyl group of acetyl-CoA onto its active site cysteine
followed by decarboxylation of malonyl-S-ACP forming an enolate intermediate that reacts with
acetyl-S-FabH generating acetoacetyl-S-ACPL 1417 14-17 Mutation of the FabH active site
cysteine to a glutamine is expected to generate a malonyl-S-ACP decarboxylase, similar to other
B-ketoacyl-ACP synthases, Figure 4.1B*%. Studies probing FabH catalysis with CoA mixed
disulfides revealed negative cooperativity between the active sites of the dimer'®. We expect that
substrate analogs combined with structural biology can reveal the details of negative cooperativity,
conformational changes and decarboxylation mechanism, but a first step is synthesis and
characterization of substrate analog:enzyme affinity and stability.

We synthesized the extremely polar acetyl-CoA and malonyl-CoA analogs using the strategy
in Scheme 4.1, similar to our previous synthesis of methylmalonyl-CoA analogs?’. Acetonide
protected oxa(dethia)pantetheine (7) and aza(dethia)pantetheine (8) were generated as previously
published?. The acetonide pantetheine analogs 7/8 were treated with acetic anhydride and
triethylamine to give acetyl-oxa(dethia)pantetheine  acetonide (9) and acetyl-
aza(dethia)pantetheine acetonide (10), respectively. Malonyl-oxa(dethia)pantetheine acetonide

(11) and malonyl-aza(dethia)pantetheine acetonide (12) were generated through heating 7/8 with
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Meldrum’s acid for 4 hours, respectively. Decarboxylation of 11/12 to 9/10 was detected if the
reactions were left refluxing for extended times. The acetonides 7-12 were deprotected with formic
acid in water and chemoenzymatically converted to the CoA analogs 1-5 using an acetate kinase
ATP regeneration system. The deprotection of esters 9 and 11 required careful addition of formic

acid to a pH of 2.2 and careful neutralization to avoid ester hydrolysis.
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Scheme 4.1 Synthesis of acetyl- and malonyl-oxa/aza(dethia) CoA analogs.

The product standard aza(dethia) CoA (6) was a challenge to generate using our workflow
due to side reactions or limited turnover during chemoenzymatic preparation. If the ATP
regeneration system was used with aza(dethia)pantetheine (14), a large amount of 2 was generated

due to acetylation by acetyl phosphate as an expected side product. If an excess of ATP is used
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rather than the ATP regeneration system 6 can be generated in small quantities but the major
product is 3’-dephospho-aza(dethia)CoA, which appears to be a very poor substrate for E. coli
CoaE. Therefore, we turned to alternative routes for 6, Scheme 4.2. Starting with N-Boc-
ethylenediamine and pantothenic acid acetonide, we produced intermediate 19 using mixed
anhydride coupling. We generated the azide intermediate 20 using previously published methods?.
Selective acetonide deprotection of 19 to N-Boc-aza(dethia)pantetheine (21) and 20 to
azide(dethia)pantetheine (22) was achieved with careful application of formic acid. The N-
protected pantetheines were converted to CoAs chemoenzymatically yielding 23 and 24. The final
deprotection of 23 to 6 using TFA was possible with careful monitoring. The conversion of 24 to
6 was examined with a few reducing reagents with TCEP being superior to the reagents
triphenylphosphine, tributylphosphine, tris(hydroxymethyl)phosphine, or borohydride. We
confirmed the identity of 6 through comparison of products by HPLC, HRMS and NMR.
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Scheme 4.2 Alternative synthetic routes of aza(dethia) CoA using different amine protecting

strategies.

Our synthesis of the malonyl-CoA analogs 3/4 via Meldrum’s acid used fewer steps than
previous methods and gave high yields before purification as judged by analytical LCMS®,
Furthermore, our strategy of using Meldrum’s acid is likely applicable to 2-substituted analogs for

use with polyketide synthase enzymes. All of the analogs 1-6 are completely stable overnight in

buffer at pH 6, 7 and 8 used for the subsequent enzymology.

To establish our FabH enzyme is active we performed HPLC assays with acetyl-CoA and

malonyl-CoA, Figure 4.2. We chose malonyl-CoA rather than malonyl-S-ACP for a few reasons.
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First to avoid the need for coupled enzyme assays with FabD to generate malonyl-S-ACP, since
FabD is also expected to be inhibited by the malonyl-CoA analogs. In addition we needed to avoid
generating ACPs with substrate analogs attached for use in the enzyme assays. Another reason is
that malonyl-CoA has been used as a FabH substrate in drug screening platforms or in other studies
with FabH homologs, but is incompletely characterized as a substrate?>2>, One complication of
our HPLC assay is that the substrate acetyl-CoA peak overlaps with the product, acetoacetyl-CoA,
although the acetoacetyl-CoA peak is distinctly broader, Figure 4.2, panel A. Nevertheless, the
disappearance of malonyl-CoA and appearance of CoA can be easily monitored to provide
kinetics, Figure 4.2, panels J and K. In these HPLC assays with 10 uM FabH and equimolar acetyl-
CoA and malonyl-CoA at 125 or 250 uM at pH 8, the initial rates were 0.33+0.01 and 0.61+0.02
min! respectively, suggesting FabH was still not saturated even at these high concentrations. FabH

activity increased slightly from pH 6.3 to 7.3 and 8.1, Table 4.1.
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Figure 4.2 Analyses of FabH activity with substrates and analogs at pH 8.1. HPLC traces for A)
acyl- and Coenzyme A standards, B) 1, 3, 5, C) 2, 4, 6 standard HPLC traces for D-I) stability of
250 UM acetyl- or malonyl-CoA and analogs with 10 uM FabH over 24 hours at pH 8.1, D) ace-
tyl-CoA, E) 1, F) 2, G) malonyl-CoA, H) 3, 1) 4. J) HPLC traces for 10 uM FabH with 250 uM
each acetyl- and malonyl-CoA at pH 8.1. K) Representative kinetic analysis of HPLC data from
panel J) with malonyl-CoA (red squares and line) use and CoA (green circles and line)
production fit to exponential decay or increase, with the acetyl-CoA substrate and acetoacetyl-
CoA (black Xs and gold line) product peaks integrated together and shown with a smoothed
trend line for visualization. Notice that the CoA production line and acetyl-CoA/acetoacetyl-CoA
has a burst phase, while malonyl-CoA does not. L) Representative UV-Vis assay for acetoacetyl-
CoA production by 0.5 uM FabH with 30 uM acetyl-CoA and 125 uM malonyl-CoA, initiating
the reaction with either FabH or malonyl-CoA. Notice that there is a significant lag phase when
the reaction is initiated with FabH as compared to malonyl-CoA.

136



In order to determine the reactivity or inhibition behavior of FabH with acetyl- and malonyl-
CoA analogs, we first explored their stability in the presence of FabH, Figure 4.2, panels D-1. Our
synthesis of the standards oxa and aza(dethia) CoA, allowed us to confirm the presence or absence
of the hydrolysis products and acetyl-oxa/aza(dethia)CoA and decarboxylation products. The
reactions of acetyl-CoA and malonyl-CoA alone varied greatly with pH in the presence of FabH,
while the oxa(dethia) analogs were relatively unreactive and aza(dethia) analogs were completely
stable over 24 hours. Surprisingly, at pH 8.1 FabH displayed biphasic acetyl-CoA hydrolysis,
which we could attribute to transfer of the acetyl-group from CoA to DTT in a fast phase, with a
slow phase that is likely due to hydrolysis of the acyl-enzyme intermediate. FabH generates some
acetoacetyl-CoA via de-carboxylation of malonyl-CoA to acetyl-CoA at pH 6.3 and 7.3, whereas
hydrolysis dominates at pH 8.1, Figure 4.2, panel G. However, the background rate of
decarboxylation was much slower than in the overall reaction, suggesting formation of the acyl-
enzyme intermediate generates a state of FabH that is more competent for decarboxylation.

The C112Q mutation is expected to generate a FabH locked into an acyl-enzyme
intermediate state primed for decarboxylation, Figure 4.1B. The stability of malonyl-CoA and
analogs was tested with the FabH C112Q mutant. Again, while malonyl-CoA was relatively
rapidly converted to CoA or acetyl-CoA in a pH dependent fashion, malonyl-oxa(dethia) CoA was
relatively unreactive and malonyl-aza(dethia)CoA was completely stable over 24 hours, Figure
4.3. The rate of malonyl-CoA decarboxylation by FabH C112Q was 2-5 fold slower than the rate
of malonyl-CoA decarboxylative Claisen condensation by the wild-type enzyme, Table 4.1.
However, FabH C112Q decarboxylation of malonyl-CoA was 10-20 times faster than wild-type
in the absence of acetyl-CoA. The hydrolysis of malonyl-CoA and acetyl-CoA by FabH C112Q
was unexpected but only 1/10" the rate of decarboxylation. Upon reflection, the lack of an
electrophile or appropriate proton donor in the active site is expected for FabH C112Q, thus water

is likely to fulfill that role, accounting for the lower rate of decarboxylation and hydrolytic activity.
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Table 4.1 Rates of FabH or C112Q mutant reactivity with substrates and analogs.

FabH wt (rates in min™) FabH C112Q (rates in min™)
reactants — products H 6.3 7.3 8.1 6.3 7.3 8.1
acetyl-CoA & malonyl-CoA — acetoacetyl-CoA | 0.503 £0.001 0.565+0.008 0.610 +0.020
acetyl-CoA — CoA 0.010+0.003 0.058 +0.009 0.019 +0.008 | 0.0033 +0.0003 0.0230 + 0.0040 0.0270 + 0.0050
malonyl-CoA — acetyl-CoA or acetoacetyl-CoA | 0.006 +£0.005 0.024 +£0.001 0.008 +0.001 | 0.1270 +0.0090 0.2600 +0.0300 0.1210 + 0.0090
malonyl-CoA — CoA 0.023+0.007 0.072+0.009 0.069 +0.007 | 0.0036 + 0.0003 0.0148 + 0.0003 0.0187 + 0.0005
acetyl-oxa(dethia) CoA — oxa(dethia)CoA 0.003 0.001
malonyl-oxa(dethia)CoA — oxa(dethia)CoA 0.001 0.001

* reactions determined by HPLC analysis have 250 uM substrate or analog and 10 uM FabH wt or FabH C112Q.
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Figure 4.3 Analyses of FabH C112Q activity with substrates and analogs at pH 8.1. HPLC traces
for A/C/D/E/G/H) stability of 250 uM acetyl- or malonyl-CoA and analogs with 10 uM FabH
over 24 hours at pH 8.1, A) acetyl-CoA, C) 1, D) 2, E) malonyl-CoA, G) 3, H) 4. B) Kinetic
analysis of HPLC data from panel A) with the acetyl-CoA substrate (gold Xs and line) and
hydrolysis product CoA (green circles and line) fit to exponential decay or increase. F) Kinetic
analysis of HPLC data from panel E) with the malonyl-CoA (red squares and line) substrate and
acetyl-CoA (gold Xs and line) product or hydrolysis product CoA (green circles and line) fit to
exponential decay or increase.

Since there was some activity with the acetyl-oxa(dethia)CoA analog, we assayed it with
malonyl-CoA and wild-type FabH. FabH with acetyl-oxa(dethia)CoA and malonyl-CoA is
expected to generate acetoacetyl-CoA, however the same amount of acetoacetyl-CoA was
generated whether or not acetyl-oxa(dethia) CoA was added, indicating the reaction is minimal
when compared to the background rate of malonyl-CoA decarboxylation to acetyl-CoA. Thus, we

can conclude that the ester and amide analogs of acetyl- and malonyl-CoA are stable to the
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enzymatic activity of FabH on the timeframe of biophysical experiments, leading us to characterize
the analogs as inhibitors.

In order to obtain inhibition constants, we used a continuous UV-Vis assay for the
production of acetoacetyl-CoA. Previously a UV-Vis assay based on 5,5'-dithiobis(2-nitrobenzoic
acid) (DTNB, Ellman’s reagent) as a probe of CoA production was used to examine the inhibition
of FabH by small molecules®. However, we found that incubation of FabH with DTNB resulted
in precipitation of the protein, which decreased accuracy and repeatability. FabH precipitation was
likely avoided with the use of 10% DMSO in the previous DTNB assay, or not a problem since it
was an endpoint assay. Rather, we chose to follow the production of acetoacetyl-CoA, which has
a reasonable extinction coefficient at 302 nm of 17.7 mM* cm™ in the presence of 50 mM Mg?*
at pH 8.0 and has been previously described for FabH at pH 7 where the extinction coefficient is
lower?* 26, Comparison of FabH enzymatic reactions in the presence and absence of Mg?* followed
by HPLC revealed no inhibition by 50 mM Mg?*. In our UV-Vis assays, with equimolar acetyl-
CoA and malonyl-CoA, we again could not saturate the enzyme, but could determine a Kcat/Km 0Of
1.87+0.05 nM1-min, Figure 4.1A.

We observed a significant lag-phase if the reactions were started with FabH, which was
eliminated by starting the reactions with malonyl-CoA, Figure 4.2 panel L, which we attributed to
hysteresis of FabH. This suggests conversion of the enzyme from the ground state to an active
state takes place in the presence of acetyl-CoA. Such hysteresis is likely difficult to observe in the
discontinuous radioactivity based assays previously used. The lack of a burst phase for production
of acetoacetyl-CoA with acetyl-CoA preincubated FabH indicates C-C bond formation is the slow
step with malonyl-CoA as a substrate. This observation is further supported by the HPLC assays
where there appears to be a burst phase of acetyl-CoA conversion to CoA but not for malonyl-
CoA consumption.

In previous reports at pH 7.0 with malonyl-S-ACP as an acceptor, the observed ket values
are on the order of 2-3 s, with an apparent Ky of 5 uM for malonyl-ACP and 40 uM for acetyl-
CoA, approximate Kea/Km of 24 uM™-min* and 3 pM1-min’? respectively?” 28, This indicates
malonyl-CoA is a comparatively very poor substrate compared to malonyl-S-ACP. To determine
the importance of the malonyl-CoA nucleotide, we explored FabH catalysis with malonyl-S-
pantetheine, see supplemental information for synthesis. Surprisingly, malonyl-S-pantetheine is an

even poorer substrate than malonyl-CoA with a kea/Km that is 20 times lower, further
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demonstrating the importance of the ACP for FabH catalysis. As such, we did not attempt to
determine inhibition constants for the acetyl- and malonyl-pantetheine substrate analogs. We
expect follow up studies comparing structures of FabH in the presence of malonyl-CoA and
malonyl-S-ACP analogs will reveal how the significant substrate specificity is determined, but

these studies need to be guided by knowledge of analog behavior with the enzyme.

A O B
. e [malanyl-CoA] = 125 pM
ﬁU.ST k_JK, =0.00187 +0.00005 uM " mi thzD Y 0.176.20.004 min”
= / 't I
E042 £ &
= 20131 F
8 :
g0.26 v g K, 31503 M
© 8
So010} €005
f x
50 125 200 275 50 60 100 140
[acetyl- & malonyl-CoA] (M) [acetyl-CoA] (UM)
C [acetyl-CoA] = 125 pM
0.20 f &K, =000136 £0.00004 M min

e .

E

20.13

[

o

2 %

o

:‘E 0.05 .

ot

20 60 100 140
[malonyl-CoA] (uM)

Figure 4.4 Kinetic analysis of FabH activity with acetyl- and malonyl-CoA. Panel A) is varying
both substrates at the same concentration, Xs are data points for UV-Vis assay monitoring
formation of acetoacetyl-CoA and circles are from the HPLC assay for the disappearance of
malonyl-CoA. Panel B) varying acetyl-CoA while holding malonyl-CoA at 125 yuM. Panel C)
varying malonyl-CoA while holding malonyl-CoA at 125 uM.

Our initial assay used equimolar acetyl-CoA and malonyl-CoA, which likely only reported
on the kea/Km of the rate limiting substrate. We attempted to find the Kv of acetyl-CoA with
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malonyl-CoA as the acceptor. If we hold the malonyl-CoA concentration at 125 uM and vary
acetyl-CoA, we find an apparent Km of 3.1+0.3 M and Vmax of 0.176+0.004 min™ for acetyl-CoA,
Figure 4.4. A confounding factor for determination of the apparent Km was contamination of
commercial malonyl-CoA with between ~9% acetyl-CoA, preventing us from going lower in
acetyl-CoA concentration. We have accounted for the acetyl-CoA concentration coming from
stocks of malonyl-CoA in our calculations. Holding acetyl-CoA constant at 125 uM and varying
acetyl-CoA up to 250 uM we find that there is no saturation. Nevertheless, we have kinetic values
necessary to determine inhibition by the analogs.

Based on the UV-Vis assays in the presence of 50 uM acetyl- and malonyl-CoA with 150
UM acetyl-oxa(dethia) CoA we found no inhibition and unexpectedly, some slight activation. This
suggests acetyl-oxa(dethia)CoA sufficiently mimics acetyl-CoA as far as promoting FabH
activation. Conversely, acetyl-aza(dethia)CoA was a mild inhibitor with a K of 33 puM, see Table
4.2 for inhibition constants. The replacement of the relatively non-polar CoA thioester sulfur with
an oxygen generates a substrate analog with two hydrogen bond acceptors, while an amide
generates a hydrogen bond donor. The more polar ester and amide likely need to be desolvated to
enter the active site compared to the thioester, explaining the weak inhibition. The thioester is
expected to generate a tetrahedral intermediate en route to the acyl-enzyme intermediate. Specific
deprotonation of the active site cysteine and protonation of the leaving CoA thiolate would be
expected to speed up the reaction. However, since our analogs are poor inhibitors and substrates,
it suggests the FabH active site does not strongly interact with the CoA thioester sulfur during
catalysis and does not likely protonate the thiolate leaving group upon acyl transfer to the active

site cysteine.

Table 4.2 Inhibition constants of substrate and product analogs

Substrate or Product analog Ki (mM)
1 acetyl-oxa(dethia)CoA slight activation
2 acetyl-aza(dethia)CoA 0.0328+0.005
3 malonyl-oxa(dethia)CoA 1.140.2
4 malonyl-aza(dethia)CoA 22404
5 oxa(dethia)CoA 0.9+0.2
6 aza(dethia)CoA 1.240.3
CoA 0.090+0.04
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In order to confirm the lack of interaction of FabH with the CoA product, we determined
product inhibition constants. We found that CoA is a reasonable inhibitor with a Ki of 90 uM,
while, oxa(dethia) CoA inhibits with a Ki of 900 uM and aza(dethia)CoA inhibits with a K of 1200
MM. This weak inhibition by the CoA product analogs again confirms these analogs don’t strongly
interact with any of the catalytic states. We would like to note that in our HPLC assays, the
commercial acetyl- and malonyl-CoA stocks had a significant amount of Coenzyme A
contamination, such that the concentration may contribute to lowering the overall activity
observed, Figure 4.2 panels J and K. Substrates with much lower Coenzyme contamination were
used for the individual substrate studies and in the UV-Vis assay.

The malonyl-CoA substrate analogs are also poor inhibitors, Table 4.2, but not especially so
when considering the fact that malonyl-CoA is also poor substrate. Previous experiments using
malonyl-CoA as a substrate at 5 mM suggests the Keat is roughly 3 min,2* combined with our
Kcat/ Km, We can estimate the Ky to be 1.7 mM. Since the kca/Km for malonyl-S-ACP is 16000 times
larger than malonyl-CoA, and Km for malonyl-S-ACP is about 340 times lower than malonyl-CoA,
we expect appending the malonyl-thioester isosteres to the ACP will also engender them with
tighter binding on the same order of magnitude.

There are two previous reports of malonyl- and methylmalonyl-aza(dethia)CoA synthesis
and use in enzyme assays” &. In both cases the material was tested for the ability to undergo
decarboxylative Claisen condensation or decarboxylative Michael addition. We here demonstrate
again that the malonyl-aza(dethia)CoA is stable in the presence of an enzyme. The B-keto acid
decarboxylation would normally be enabled by the formation of an enolate intermediate, however
amide resonance competes with enolate formation. The malonyl-oxa(dethia)CoA analog also
likely behaves similar to the amino analog with regard to ester resonance competing with enolate
formation. For example, if we consider the methyl-group pKa of acetyl-CoA and analogs (pKa
~21 for the thioester, ~26 for the ester and ~28 for the amide)?? stabilization of the enolate during
decarboxylation by FabH is appropriately 5 orders of magnitude more difficult for the ester and 7
for the amide compared to the thioester. A slight decrease in binding affinity on the other hand
reveals why the analogs are stable and likely promising isosteres for structure-function studies in
experiments that take hours to days like NMR and crystallography.

In a previous study of fluoroacetyl-CoA hydrolase, the acetyl-CoA oxa/aza analogs were

generated and compared with the corresponding fluorinated analogs as sub-strates®’. In those
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studies, the aza analogs were completely stable, whereas the oxa analogs were substrates at very
low rates. In our study, we found that the oxa analogs undergo minor hydrolysis. Together these
studies reveal the usefulness of acyl-CoA thioester isosteres for studying enzyme function.

In conclusion, we have demonstrated an alternative route to malonyl-CoA analogs where the
thioester has been replaced with an ester or amide. These analogs were found to be generally stable
over a 24-hour time course with FabH, an enzyme which performs acyl transfer and
decarboxylative Claisen-condensation. Furthermore, in the course of investigating the stability of
substrate stability in the presence of FabH, we have revealed some interesting aspects of FabH
catalysis, especially hysteresis. Previous reports of FabH reactivity with CoA disulfides revealed
that there was likely a disordered conformation of FabH in the absence of acetyl-CoA along with
negative cooperativity between the FabH active sites of the dimer, however the structural basis
was not apparent in crystal structures®. We expect careful examination of FabH catalysis with the
UV-Vis assay used here and malonyl-S-ACP will reveal deeper insights into previously suggested

FabH negative cooperativity.

4.3 Synthetic Procedures and Characterization Data

O><O O><O 0]
%{ \/\H/ ~"RH acetic anhydride %f \/\m ~"R
0] 0] DCM O (0]
7R=0 9R =0 (96%)
8 R=NH 10 R = NH (92%)

Preparation of 9/10 via 7/8:

General procedure

A solution of DCM containing 7/8 was mixed with TEA in a round bottom flask on ice. Acetic
anhydride was added slowly and the reaction was left stirring overnight at room temperature. The
reaction was mixed with silica, the solvent removed, and subjected to flash chromatography (0 —
100% gradient of DCM — acetone with six column volumes of acetone at the end of the gradient)
affording 9/10.
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Acetyl-oxa(dethia)-pantetheine acetonide (9):

7 (1.0 g, 3.31 mmol) was reacted with acetic anhydride (1 mL, 10.6 mmol) in DCM with TEA (4
mL, 23.0 mmol) according to the general procedure above affording 7 (transparent oil that
solidifies on standing, 1.1 g, 3.19 mmol 96%).

!H NMR (500 MHz, CDCl3) § 6.97 (t, J = 6.3 Hz, 1H), 6.83 (t, J = 5.8 Hz, 1H), 3.97 (t, J = 5.6
Hz, 2H), 3.90 (s, 1H), 3.52 (d, J = 11.7 Hz, 1H), 3.47 — 3.23 (m, 4H), 3.11 (d, J = 11.7 Hz, 1H),
2.31 (t,J = 6.3 Hz, 2H), 1.90 (s, 3H), 1.28 (d, J = 15.7, 6H), 0.83 (d, J = 27.5, 6H). 13C NMR (126
MHz, CDClz) & 171.28, 170.83, 169.99, 98.93, 77.5, 71.22, 62.97, 38.35, 35.62, 34.77, 32.80,
29.31,22.01,20.74,18.76, 18.57. LRMS (ESI) m/z calculated for C16H28N206 ([M+H]") 345.41,
found 345.0.

Acetyl-aza(dethia)-pantetheine acetonide (10):

8 (1.0 grams, 3.32 mmol) was reacted with acetic anhydride (1 mL, 10.6 mmol) in DCM with TEA
(4 mL, 28.7 mmol) according to the general procedure above affording 10 (transparent oil that
solidifies on standing, 1.05 g, 3.06 mmol 92%).

!H NMR (500 MHz, CDCl3) 6 7.04 (t, J = 6.2 Hz, 1H), 6.94 (d, ] = 5.0 Hz, 1H), 6.61 (s, 1H), 4.05
(s, 1H), 3.67 (d, J = 11.7 Hz, 1H), 3.61 — 3.44 (m, 2H), 3.42 — 3.30 (m, 4H), 3.26 (d, J = 11.7 Hz,
1H), 2.44 (t,J = 6.3 Hz, 2H), 1.97 (s, 3H), 1.43 (d, J = 18.5 Hz, 6H), 0.98 (d, J = 28.7 Hz, 6H). *C
NMR (126 MHz, CDCl3) 6 172.09, 171.23,170.33,99.12, 77.17, 71.38, 40.06, 39.91, 36.2, 34.95,
32.96, 29.48, 23.2, 22.13, 18.88, 18.7. LRMS (ESI) m/z calculated for C16H29N305 ([M+H]")
344.42, found 344.0.

o><o H H o><o H H O O
N N Meldrum's acid N N
W TN RH O TEAforg _ Y \/\ﬁJ\/H\OH
o] o] ACN,A 0 o]
7R=0 1M1 R=0 (61%)
8R=NH 12 R = NH (60%)

Preparation of 9-10 via 5-6:
General procedure
A solution of ACN containing 7/8 and Meldrum’s acid was refluxed over approximately 4 hours.

Every 20 min the reaction was monitored via LCMS and if 7 or 8 remained, 1.5-2 equivalents of
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Meldrum’s acid was added until no starting material remained. The reaction was mixed with silica,
the solvent removed and subjected to flash chromatography (0 — 100% gradient of DCM —
acetone for 11 and DCM — MeOH for 12) affording 11/12.

Malonyl-oxa(dethia)-pantetheine acetonide (11):

7 (303 mg, 1.0 mmol) was reacted with four additions of Meldrum’s acid (240 mg, 1.67 mmol)
according to the general procedure above affording 11 (slight yellow oil, 237 mg, 0.61 mmol 61%).
'H NMR (500 MHz, CDCls) § 7.19 (t, ] = 6.4 Hz, 1H), 6.78 (t, ] = 5.8 Hz, 1H), 4.27 (t, J = 5.2
Hz, 2H), 4.10 (s, 1H), 3.68 (d, J = 11.7 Hz, 1H), 3.63 — 3.45 (m, 4H), 3.42 (s, 2H), 3.28 (d, J =
11.7 Hz, 1H), 2.45 (t, J = 6.8 Hz, 2H), 1.44 (d, J = 21.0 Hz, 6H), 0.98 (d, J = 25.4 Hz, 6H). *C
NMR (126 MHz, CDCls) 6 171.43, 171.28, 168.94, 166.81, 99.28, 77.04, 71.31, 63.66, 41.52,
38.18, 35.96, 35.62, 33.03, 29.4, 22.06, 18.84, 18.7. MS (ESI) m/z calculated for C17H28N208
([M-H]") 387.42, found 387.0.

Malonyl-aza(dethia)-pantetheine acetonide (12):

8 (361.7 mg, 1.2 mmol) was reacted with four additions of Meldrum’s acid (280 mg, 1.94 mmol)
in acetonitrile with TEA (0.7 ml, 5 mmol) according to the general procedure above affording 12
as the TEA salt (slight yellow oil, 351 mg, 0.72 mmol 60%).

'H NMR (500 MHz, CDCls) & 8.26 (s, 1H), 7.35 (s, 1H), 7.14 (t, ] = 6.2 Hz, 1H), 4.04 (s, 1H),
3.65 (d, J =11.7 Hz, 1H), 3.49 (m, 2H), 3.40 — 3.30 (m, 4H), 3.28 - 3.22 (m, 5H), 3.10 (9, J=7.3
Hz, 6H), 2.42 (t, J = 6.4 Hz, 2H), 1.94 (s, 2H), 1.42 (d, J = 18.9 Hz, 6H), 1.29 (t, J = 7.3 Hz, 9H,
0.96 (d, J = 21.7 Hz, 6H). 13C NMR (126 MHz, CDCI3) & 172.16, 171.96, 170.27, 169.23, 99.11,
77.15,71.39, 45.61, 42.35, 39.26, 35.78, 35.13, 32.95, 29.44, 22.98, 22.14, 18.89, 18.71, 8.54. MS
(ESI) m/z calculated for C17H28N208 ([M-H]") 386.43, found 386.0.

e e
N OH ) DIPEA N N
\/\
SN e
(@] (@] DCM (0] (@)
i 19 R = Ny (XX%)

HZN/\/R 20 R = NH-Boc (79%)

Preparation of 19/20 via pantothenic acid acetonide

General procedure
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A solution of DCM containing 19/20 was mixed with DIPEA (2 equiv.) in a round bottom flask
on ice. Ethylchloroformate (1.2 equiv.) was added slowly and the reaction was allowed to stir for
15 minutes on ice. Afterward, 2 eg. of either N-Boc ethylenediamine (19) or 2-azidoethylamine
(20) were dissolved in 10 ml of DCM and added dropwise to the activated carboxylic acid. The
reaction was left to stir overnight, warming up to room temperature. The reaction was subjected to
flash chromatography (40g silica; 0 — 50% gradient of DCM — acetone over ten column

volumes) affording 19/20.

Boc-aza(dethia)-pantetheine acetonide (19):

Pantothenic acid acetonide (1000 mg, 4.24 mmol) was reacted according to the general procedure
above affording 20 (white powder, 1220 mg, 2.98 mmol 79%).

!H NMR (500 MHz, CDCl3) 8 7.04 (d, J = 6.8 Hz, 1H), 6.47 (s, 1H), 4.97 (s, 1H), 4.08 (s, 1H),
3.68 (d, J = 11.7 Hz, 1H), 3.62 — 3.47 (m, 2H), 3.43 — 3.29 (m, 2H), 3.27 (dd, J = 11.3, 6.6 Hz,
3H), 2.44 (t, J = 6.1 Hz, 2H), 1.46 (s, 3H), 1.44 (s, 9H), 1.42 (s, 3H), 1.04 (s, 3H), 0.97 (s, 3H).
13C NMR (126 MHz, CDCls) & 171.58, 170.21, 99.10, 71.45, 40.72, 40.29, 36.14, 34.81, 32.97,
29.49, 28.37, 22.14, 18.89, 18.71. MS (ESI) m/z calculated for C19H35N306 ([M+H]") 402.26,
found 402.3.

Azido(dethia)-pantetheine acetonide (20):

Pantothenic acid acetonide (1000 mg, 3.85 mmol) was reacted according to the general procedure
above affording 20 (white powder, 970 mg, 2.98 mmol, 77.4%).

IH NMR (500 MHz, CDCl3) & 7.04 (t, I = 6.3 Hz, 1H), 6.54 (d, = 5.7 Hz, 1H), 4.08 (s, 1H), 3.68
(d, J =11.7 Hz, 1H), 3.59 (dt, J = 13.9, 6.2 Hz, 1H), 3.54 (q, J = 6.2, 5.5 Hz, 1H), 3.54 — 3.45 (m,
1H), 3.47 — 3.43 (m, 1H), 3.45 — 3.40 (m, 2H), 3.43 — 3.35 (m, 1H), 3.28 (d, J = 11.7 Hz, 1H), 2.48
(t, J = 6.2 Hz, 2H), 1.46 (s, 3H), 1.42 (s, 3H), 1.04 (s, 3H), 0.97 (s, 3H). *C NMR (126 MHz,
CDCl3) 6 171.33, 170.30, 99.09, 77.13, 71.40, 50.72, 38.89, 36.02, 34.74, 32.96, 29.46, 22.11,
18.86, 18.67, 18.65. MS (ESI) m/z calculated for C14H25N504 ([M+H]*) 328.39, found 328.2.
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O><O H H OH OH H H
N N~ formic acid/H,0 N N

~ : hd : g b : Y : 4
APANT PANT

7R=0H 13 R = O-acetyl

8 R =NH, 14 R = NH-acetyl

9 R = O-acetyl 15 R = O-malonyl

10 R = NH-acetyl 16 R = NH-malonyl

11 R = O-malonyl 17R=0H

12 R = NH-malonyl 18 R = NH,

Preparation of 13-18 via 7-12:

General procedure

One of 7-12 was added to 10 mL of water and enough methanol added to solubilize the material,
which was then acidified to pH 2.2 with formic acid. The reaction was monitored by LCMS until
complete, around 8 hours. The solution was placed under a stream of air to remove some formic

acid and methanol, then frozen and lyophilized affording 13-18.

Acetyl-oxa(dethia)-pantetheine (13):

9 (500 mg, 1.45 mmol) was used as starting material to afford 11 (white powder, 435 mg, 1.43
mmol 98%).

!H NMR (500 MHz, D20) 6 8.35 (s, 2H), 4.05 (t, J = 5.3 Hz, 2H), 3.87 (s, 1H), 3.47 — 3.36 (m,
5H), 3.27 (d, J = 11.3 Hz, 1H), 2.39 (t, J = 6.5 Hz, 2H), 1.99 (s, 3H), 0.79 (d, J = 17.7 Hz, 6H). 13C
NMR (126 MHz, D20) 6 175.06, 174.26, 174.09, 170.94, 75.73, 68.36, 63.42, 38.58, 38.23, 35.40,
35.24,20.49, 20.35, 19.07. LRMS (ESI) m/z calculated for CL3H24N206 ([M+H]*) 305.34, found
305.0.

Acetyl-aza(dethia)-pantetheine (14):

10 (500 mg, 1.46 mmol) was used as starting material to afford 14 (white crystals, 428 mg, 1.41
mmol 97%).

I1H NMR (500 MHz, D20) & 8.17 (s, 0H), 3.84 (s, 1H), 3.43 —3.30 (m, 3H), 3.28 — 3.19 (m, 2H),
3.16 (s, 4H), 3.07 (q, J = 7.3 Hz, 4H), 2.35 (t, J = 6.6 Hz, 2H), 1.85 (s, 3H), 1.15 (t, J = 7.3 Hz,
6H), 0.85 (d, J = 12.7 Hz, 1H), 0.78 (s, 3H), 0.75 (s, 3H). 1*C NMR (126 MHz, D20) & 175.02,
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174.24, 174.03, 119.84, 117.52, 115.20, 75.73, 68.33, 46.62, 38.63, 38.59, 35.40, 35.27, 21.89,
20.47, 19.09. LRMS (ESI) m/z calculated for C13H25N305 ([M+H]*) 304.36, found 304.0.

Malonyl-oxa(dethia)-pantetheine (15):

11 (111.5 mg, 0.29 mmol) was used as starting material to afford 15 (white powder, 95.5 mg, 0.27
mmol 93%).

'H NMR (500 MHz, D20) & 3.86 (d, J = 3.5 Hz, 1H), 3.53 (m, J = 6.3, 5.5, 0.9 Hz, 2H), 3.50 —
3.29 (m, 4H), 3.29 — 3.25 (m, 1H), 2.40 (t, J = 6.5 Hz, 2H), 0.80 (d, J = 2.7 Hz, 4H), 0.77 (d, J =
2.4 Hz, 4H). BC NMR (126 MHz, D20) § 176.16, 175.12, 174.15, 172.35, 75.73, 68.32, 59.85,
38.54, 35.69, 35.42, 20.43, 19.02. MS (ESI) m/z calculated for C14H24N208 ([M-H]") 347.35,
found 347.0.

Malonyl-aza(dethia)-pantetheine (16):

12 (108.6 mg, 0.29 mmol) was used as starting material to afford 16 (oil, 94.5 mg, 0.27 mmol
97%).

!H NMR (500 MHz, D20) 6 3.89 (s, 1H), 3.46 — 3.35 (m, 3H), 3.32 — 3.15 (m, 7H), 2.40 (t, J =
6.5 Hz, 2H), 0.82 (s, 3H), 0.79 (s, 3H). 13C NMR (126 MHz, D20) § 175.18, 175.10, 174.18,
171.08, 75.77, 68.36, 45.24, 38.68, 38.64, 38.59, 35.46, 35.34, 20.53, 19.11. MS (ESI) m/z
calculated for C16H28N206 ([M-H]") 346.37, found 346.0.

oxa(dethia)-pantetheine (17):

7 (111.5 mg, 0.29 mmol) was used as starting material to afford 13 (oil, 95.5 mg, 0.27 mmol
95.5%).

'H NMR (500 MHz, D20) & 3.86 (d, J = 3.5 Hz, 1H), 3.53 (m, J = 6.3, 5.5, 0.9 Hz, 2H), 3.50 —
3.29 (m, 4H), 3.29 — 3.25 (m, 1H), 2.40 (t, J = 6.5 Hz, 2H), 0.80 (d, J = 2.7 Hz, 4H), 0.77 (d, J =
2.4 Hz, 4H). C NMR (126 MHz, D20) § 176.16, 175.12, 174.15, 172.35, 75.73, 68.32, 59.85,
38.54, 35.69, 35.42, 20.43, 19.02. MS (ESI) m/z calculated for C14H24N208 ([M-H]") 347.35,
found 347.0.

aza(dethia)-pantetheine (18):
8(108.6 mg, 0.29 mmol) was used as starting material to afford 14 (oil, 94.5 mg, 0.27 mmol 97%).
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IH NMR (500 MHz, D20) & 3.89 (s, 1H), 3.46 — 3.35 (m, 3H), 3.32 — 3.15 (m, 7H), 2.40 (t, J =
6.5 Hz, 2H), 0.82 (s, 3H), 0.79 (s, 3H). 3C NMR (126 MHz, D20) & 175.18, 175.10, 174.18,
171.08, 75.77, 68.36, 45.24, 38.68, 38.64, 38.59, 35.46, 35.34, 20.53, 19.11. MS (ESI) m/z
calculated for C16H28N206 ([M-H]") 346.37, found 346.0.

Boc-aza(dethia)-pantetheine (21):

19 (81 mg, 0.20 mmol) was reacted according to the general procedure above affording 21 (white
powder, 49 mg, 0.14 mmol 67.2 %).

H NMR (500 MHz, D20) 6 3.80 (s, 1H), 3.38 —3.28 (m, 3H), 3.20 (d, J = 11.2 Hz, 1H), 3.08 (dd,
J=6.7,4.9 Hz, 2H), 3.00 (dd, J = 6.7, 4.8 Hz, 2H), 2.30 (t, J = 6.6 Hz, 2H), 1.24 (s, 9H), 0.72 (d,
J=18.1Hz, 6H).13C NMR (126 MHz, D20) & 175.04, 173.99, 158.13, 80.87, 75.62, 68.23, 39.14,
38.49, 35.40, 35.29, 27.56, 20.39, 18.95, 12.70. MS (ESI) m/z calculated for C16H31N306
([M+H]") 362.23, found 362.2.

Azido(dethia)-pantetheine (22):

Pantothenic acid acetonide (149 mg, 0.46 mmol) was reacted according to the general procedure
above affording 20 (white powder, 114 mg, 0.40 mmol 87.2%).

'H NMR (500 MHz, D20) 6 3.89 (s, 1H), 3.50 — 3.37 (m, 3H), 3.37 — 3.27 (m, 5H), 2.43 (t, J =
6.5 Hz, 2H), 0.82 (d, J = 17.3 Hz, 6H).*C NMR (126 MHz, D-0) & 175.12, 174.22, 75.72, 75.48,
68.32, 49.90, 38.65, 38.55, 35.33, 35.20, 20.42, 19.01. MS (ESI) m/z calculated for CL1IH21N504
([M+H]*) 288.17, found 288.2.

CoaA/CoaD/CoaE/AckA

acetyl phosphate 20 equiv.

ATP 1.2 equiv.

H20 i, L N0 208 300 Iy N N
PANT —R 2 N “TSor T ~

N N \\‘ "/
MU Ho o o-R-oe
0o

13 R = O-acetyl 1 R = O-acetyl
14 R = NH-acetyl 2 R = NH-acetyl
15 R = O-malonyl 3 R = O-malonyl
16 R = NH-malonyl 4 R = NH-malonyl
17 R =OH 5R=0H
18 R = NH, 6 R =NH;
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Chemoenzymatic preparation of 1-8:

General procedure

A solution containing 100 mM Triethanolamine (pH 7.5), 10 mM MgClz, 50 mM NaCl, 100 mM
acetyl-phosphate, and 6 mM ATP was used to dissolve the 13-18 at a final concentration of 5.5
mM, between 20-100 mL total. Then CoaA and AckA were added to final concentrations of 2.7
uM and 1 uM respectively, and the reaction allowed to mix at room temperature for 1 hours. Then
CoaD and CoaE were added to a final concentration of 5.6 pM and 13.1 uM, respectively, and
allowed to mix at room temperature overnight. The reaction was quenched with by dropwise
addition of 50% TFA to a final pH of 2.2, precipitating the protein out of solution, which was
removed by centrifugation (4500 RPM at room temperature for 10 minutes), followed by passage
through a 0.2 um syringe filter. Reverse phase HPLC (C18) was used to purify the final products
using isocratic 0.1% TFA in water for 0-10 minutes, followed by 0 — 15% gradient of 0.1% TFA

in water — ACN from 10-45 minutes. Pure fractions were pooled and lyophilized.

Acetyl-oxa(dethia)-CoA (1):

13 (200 mg, 0.25 mmol) was used as starting material to afford 1 (off white powder, 492 mg, 0.62
mmol 94%).

IH NMR (500 MHz, D20) § 8.41 (s, 1H), 8.10 (s, 1H), 6.04 (d, I = 6.5 Hz, 1H), 4.71 (d, 1H), 4.46
(9, J = 2.7 Hz, 1H), 4.13 (m, 2H), 3.99 (t, J = 5.2 Hz, 2H), 3.87 (s, 1H), 3.70 (m, 1H), 3.43 (m,
1H), 3.32 (m, 4H), 2.37 — 2.26 (m, 3H), 1.94 (s, 3H), 0.74 (s, 3H), 0.61 (s, 3H). 2*C NMR (126
MHz, D20) 6 174.68, 174.23, 174.06, 155.53, 152.86, 149.25, 139.82, 118.48, 86.52, 83.90, 74.16,
74.05, 73.47, 71.85, 65.64, 63.34, 61.26, 59.41, 38.25, 38.17, 35.36, 35.26, 20.74, 20.30, 18.02.
MS (ESI) m/z calculated for C23H38N7018P3 ([M-H]) 792.14, found 792.1.

Acetyl-aza(dethia)-CoA (2):

14 (200 mg, 0.25 mmol) was used as starting material to afford 2 (off white powder, 484 mg, 0.61
mmol 92%).

IH NMR (500 MHz, D20) 6 8.58 —8.51 (m, 1H), 8.34 (s, 1H), 6.12 (dd, J = 5.7, 2.1 Hz, 1H), 4.84
—4.77 (m, 2H), 4.53 — 4.49 (m, 1H), 4.18 (d, J = 7.9 Hz, 1H), 3.98 (d, J = 7.5 Hz, 1H), 3.92 (dd, J
=2.0,1.0 Hz, 1H), 3.82 - 3.75 (m, 1H), 3.62 (dt, J = 2.1, 1.1 Hz, 5H), 3.58 — 3.52 (m, 1H), 3.41 —
3.35 (m, 2H), 3.32 (dt, J = 10.8, 3.2 Hz, 1H), 3.30 - 3.11 (m, 8H), 3.11 — 3.05 (m, 1H), 2.62 — 2.53
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(m, 1H), 2.36 (td, J = 6.8, 6.4, 2.1 Hz, 2H), 2.16 — 2.07 (m, 1H), 1.99 (ddt, J = 14.9, 2.0, 1.0 Hz,
1H), 1.90 — 1.82 (m, 6H), 1.25 — 1.03 (m, 5H), 0.97 (dddd, J = 8.2, 7.2, 2.0, 1.0 Hz, 1H), 0.88 —
0.82 (m, 3H), 0.74 (d, J = 2.2 Hz, 3H). 3C NMR (126 MHz, D20) & 174.72, 174.40, 174.17,
163.06, 162.78, 158.92, 149.86, 148.47, 144.69, 142.48, 118.54, 117.44, 115.12, 87.51, 83.37,
74.22, 73.84, 72.04, 65.12, 61.76, 61.42, 59.30, 46.65, 44.49, 44.37, 39.59, 39.14, 38.67, 38.59,
38.30, 37.15, 35.43, 35.36, 25.77, 22.08, 21.85, 21.81, 21.54, 20.75, 18.29, 13.79, 12.62, 11.63,
8.20. MS (ESI) m/z calculated for C23H39N8017P3 ([M-H]’) 791.15, found 791.1.

Malonyl-oxa(dethia)-CoA (3):

15 (50 mg, 0.14 mmol) was used as starting material to afford 3 (off white powder, 112 mg, 0.13
mmol 93%).

'H NMR (500 MHz, D20) & 8.58 (s, 3H), 8.34 (s, 3H), 6.12 (d, J = 5.5 Hz, 3H), 4.78 (s, 6H), 4.51
(s, 2H), 4.17 (s, 4H), 4.13 (t, J = 5.0 Hz, 2H), 3.93 (d, J = 2.0 Hz, 3H), 3.77 (dd, J = 10.1, 4.4 Hz,
3H), 3.62 (s, 10H), 3.56 — 3.48 (m, 9H), 3.38 (9, J = 4.7, 3.0 Hz, 8H), 3.19 (t, J = 5.5 Hz, 6H), 2.62
—2.52 (m, 2H), 2.38 (g, J = 8.3, 7.5 Hz, 7H), 2.16 — 2.07 (m, 2H), 0.84 (s, 9H), 0.73 (s, 9H). 13C
NMR (126 MHz, D20) & 174.76, 174.18, 171.52, 144.72, 142.49, 87.44, 74.18, 73.97, 71.88,
61.41, 59.85, 59.28, 41.43, 38.28, 35.44, 35.35, 20.82, 18.18. MS (ESI) m/z calculated for
C24H38N7020P3 ([M-H]") 836.14, found 836.1.

Malonyl-aza(dethia)-CoA (4):

16 (49 mg, 0.14 mmol) was used as starting material to afford 4.

'H NMR (500 MHz, D;0) & 8.51 — 8.47 (m, 1H), 8.31 — 8.27 (m, 1H), 6.06 (dt, J = 6.0, 1.0 Hz,
1H), 4.83 — 4.71 (m, 2H), 4.48 (s, 1H), 4.15 (p, J = 14.3, 13.1 Hz, 2H), 3.90 — 3.85 (m, 1H), 3.84
—3.73 (m, 2H), 3.53 (dd, J = 9.8, 4.4 Hz, 1H), 3.37 — 3.28 (m, 3H), 3.27 — 3.19 (m, 1H), 3.20 (d,
J=45Hz, 1H), 3.21 - 3.13 (m, 3H), 2.32 (t, J = 6.6 Hz, 2H), 0.81 (s, 3H), 0.73 — 0.69 (s, 3H).
13C NMR (126 MHz, D;0) & 174.67, 174.16, 171.57, 168.94, 149.73, 148.36, 144.71, 142.38,
118.39, 87.45, 83.20, 74.34, 74.30, 74.19, 73.78, 73.74, 72.14, 72.09, 65.13, 55.23, 54.94, 41.89,
38.72, 38.43, 38.34, 38.28, 35.39, 35.31, 20.68, 18.30. MS (ESI) m/z calculated for
C24H39N80O19P3 ([M-H]") 835.14, found 835.1.
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Oxa(dethia)-CoA (5):

15 (18 mg, 0.14 mmol) was used as starting material to afford 3 (off white powder, 112 mg, 0.13
mmol 93%).

'H NMR (500 MHz, D20) & 8.58 (s, 3H), 8.34 (s, 3H), 6.12 (d, J = 5.5 Hz, 3H), 4.78 (s, 6H), 4.51
(s, 2H), 4.17 (s, 4H), 4.13 (t, J = 5.0 Hz, 2H), 3.93 (d, J = 2.0 Hz, 3H), 3.77 (dd, J = 10.1, 4.4 Hz,
3H), 3.62 (s, 10H), 3.56 — 3.48 (m, 9H), 3.38 (9, J = 4.7, 3.0 Hz, 8H), 3.19 (t, ) = 5.5 Hz, 6H), 2.62
—2.52 (m, 2H), 2.38 (g, J = 8.3, 7.5 Hz, 7H), 2.16 — 2.07 (m, 2H), 0.84 (s, 9H), 0.73 (s, 9H). 13C
NMR (126 MHz, D20) & 174.76, 174.18, 171.52, 144.72, 142.49, 87.44, 74.18, 73.97, 71.88,
61.41, 59.85, 59.28, 41.43, 38.28, 35.44, 35.35, 20.82, 18.18. MS (ESI) m/z calculated for
C21H36N7017P3 ([M-H]") 750.14, found 750.0.

Aza(dethia)-CoA (6):

16 (50 mg, 0.14 mmol) was used as starting material to afford 4 (off white powder, 108.5 mg, 0.13
mmol 90%).

'H NMR (500 MHz, D20) § 8.39 (s, 1H), 8.10 (dd, J = 10.8, 0.7 Hz, 1H), 6.00 (dd, J =20.1, 6.3
Hz, 1H), 4.46 — 4.41 (m, 1H), 4.11 — 4.05 (m, 2H), 3.85 (s, 1H), 3.69 — 3.60 (m, 2H), 3.59 (s, 6H),
3.58 - 3.52 (m, 1H), 3.39 (dd, J = 9.8, 5.0 Hz, 1H), 3.35 - 3.24 (m, 3H), 3.23 — 3.09 (m, 5H), 3.09
—2.96 (m, 3H), 2.38 — 2.21 (m, 4H), 2.02 — 1.93 (m, 1H), 1.23 - 1.05 (m, 6H), 0.72 (d, J = 9.6 Hz,
3H), 0.61 (d, J = 29.7 Hz, 3H). 13C NMR (126 MHz, D20) § 175.15, 174.63, 174.05, 171.49,
155.54, 152.84, 149.30, 139.83, 118.54, 86.47, 74.06, 73.70, 71.82, 65.60, 61.31, 59.31, 54.28,
46.52, 45.19, 42.48, 38.59, 38.51, 38.22, 38.16, 35.37, 35.30, 28.68, 20.74, 18.49, 17.96, 17.69,
16.23, 12.10, 8.18. MS (ESI) m/z calculated for C24H39N80O19P3 ([M-H]") 749.14, found 749.1.

4.4  Cloning and mutagenesis of FabH and AckA from Escherichia coli

A modified pRSF-Duetl vector with a Gibson cloning site was used, which leads to the
overexpression of proteins with an N-terminal sequence of MGSSHHHHHHSGSENLYFQ, which
is cleaved by TEV protease and will be referred to as pRSF-TEV/GIB. Briefly, pRSF-TEV/GIB
was digested with BseRI and purified by gel electrophoresis, mixed with with PCR fragments
described below, and treated with Gibson Assembly Master Mix (New England Biolabs). The
assembled vector were cloned into E. coli DH5a, and the resulting isolated plasmid sequences

confirmed by sequencing. The ackA and fabH genes were amplified by PCR from E. coli DH5a
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genomic DNA (or from plasmids containing the genes) using the following primers (overlapping
regions with pRSF-TEV/GIB underlined, extra codons are in bold):
AckA-forward: 5'-GAGAACCTCTACTTCCAA AGTTCGAGTAAGTTAGTACTGG-3'
AckA-reverse: 5'-CTCGAGGAGATTACGGATTATCAGGCAGTCAGGCGGCTC-3'
FabH-forward: 5'- GAGAACCTCTACTTCCAAAGTATGTATACGAAGATTATTGGTAC-
3,
FabH+GG-forward:
5-'GAGAACCTCTACTTCCAAAGTGGTGGTCAATTTGCATTTGTGTTCC-3’,
FabH-reverse: 5'-CTCGAGGAGATTACGGATTAGAAACGAACCAGCGCGGAGCCC-3/,
Plasmids containing the appropriate genes were isolated and confirmed by DNA
sequencing, yielding expression plasmids for AckA (pRSF-TEV/GIB-ackA), FabH (pRSF-
TEV/GIB-fabH), and FabH+GG (pRSF-TEV/GIB-GGfabH). Extra N-terminal glycines were

added to FabH in order to yield protein that was cleavable by TEV protease. Expression plasmids

for CoaA/D/E were previously described.

The mutant FabH+GG C112Q was generated by PCR mutagenesis with the following
primers:

FabH-C112Q forward: 5-GGCTGCTGCAACGTCAAATG-3',
FabH-C112X reverse: 5'-GCAGCAGCCcagGCAGGTTTCAC-3’,

The PCR product was treated with polynucleotide kinase, T4 DNA ligase and transformed
into E. coli DHSa. Plasmids containing were isolated and the mutation confirmed by DNA
sequencing, yielding expression plasmid for FabH+GG C112Q (pRSF-TEV/GIB-
GGfabHC112Q).

4.5 Enzyme expression and purification

Expression plasmids for FabH, FabH C112Q, and AckA were transformed into E. coli
BL21 (DE3), and the resultant recombinant strains were grown overnight in 50 mL of LB and 50
pg/mL kanamycin. A 5 mL aliquot of the overnight culture was used to inoculate 1 L of TB
containing 10 mM MgCl, and 50 pg/mL kanamycin, which was incubated at 37 °C while being
shaken at 180 rpm. Once the ODsoo reached 1.0, the temperature was reduced to 18 “C. Once the

cultures reached thermal equilibrium, gene expression was induced by the addition of isopropyl -
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p-thiogalactopyranoside with a final concentration of 0.5 mM, with incubation for an additional
18 hours. E. coli cells were harvested by centrifugation at 6000 rpm at 4 “C for 10 min.

E. coli cell pellets, carrying FabH, FabH C112Q,and AckA were re-suspended in lysis
buffer [2 pg/mL DNase, 1 pg/mL lysozyme, 300 mM NaCl, 20 mM imidazole, 10% glycerol, and
20 mM Tris-HCI (pH 8.0)], sonicated (60 x 1 s on ice), and clarified by centrifugation at 11000
rpm at 4 °C for 30 min. The supernatant was passed through a 0.45 um filter, applied to a 5 mL
HisTrap HP column (GE Healthcare), and washed with lysis buffer using an Akta pure fast-
performance liquid chromatography system (GE Healthcare). Wash buffer [300 mM NaCl, 40 mM
imidazole and 20 mM Tris-HCI (pH 8.0)] was used to remove additional contaminants, and
proteins were eluted with wash buffer containing 500 mM imidazole. At this point the purity of
FabH, FabH C112Q, and AckA from the fractions was analyzed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE). Pure fractions were pooled and cleaved using
TEV protease to remove the hexahistidine tag except for AckA. All three were then buffer-
exchanged into 20 mM Tris-HCI (pH 8.0), 200 mM NaCl, and 1 mM DTT, concentrated, and

frozen in small aliquots on liquid nitrogen followed by stored at —80 °C.

4.6 FabH enzymatic assay procedures

The stability or activity assays (containing either acetyl-CoA or malonyl-CoA exclusively)
were performed in a 1 ml reaction mixture which contained 100 mM bis-tris propane buffer at pH
8.0, 10 mM MgCly, 10 uM enzyme (FabH or FabH C112Q), and 250 uM of 1-4 (stability assays)
or acetyl-CoA/malonyl-CoA (activity assays). Reaction mixtures were incubated at 25 °C, 100 uL
aliquots taken at times 0 min, 1 min, 1 hour, 3 hours, 6 hours, 12 hours, and 24 hours (only 0 min
and 24 hour time points were used for stability assays of 1-4), quenched by rapid mixing in 50 pL
of 25% FA (v/v) to precipitate the protein. Centrifugation at 13000 rpm at 25 °C for 2 minutes was
used to pellet the protein and the supernatant was analyzed via the procedure outlined below.

General procedure for interpretation of HPLC stability and activity assays. Acyl-CoA, CoA,
and 1-6 were identified using HPLC with detection at 254 nm over a 250 x 4.6 mm C18(2) column.
The analytes were separated with a 2 — 25% gradient of 0.1% TFA in water — ACN over 20 min.
Peak areas of assays containing 1-6, malonyl-CoA, acetyl-CoA, and CoA were integrated,

concentration determined, and plotted over time using KaleidaGraph (Synergy Software).
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E. coli FabH kinetic parameters were determined using a continuous spectroscopic UV-vis
assay. All assays were performed using an Agilent Cary 100 UV-vis spectrophotometer in a
semimicro quartz cuvette (Starna Cells). 100 mM bis-tris propane:HCI (pH 8.0), 50 mM MgCly,
10 mM KClI, 5 mM tris(2-carboxylethyl)phosphine (TCEP), 50 mM NacCl, 50 uM acetyl-CoA, 50
MM malonyl-CoA, and 1 uM FabH. Inhibition assays added 0 or 150 uM inhibitor (300 puM
inhibitor was used in lieu of 150 uM for malonyl-CoA analogs). All reactions were conducted at
25°C for 10 minutes. Reactions were initiated by addition of malonyl-CoA followed by 10 second
rapid mixing via pipette, then quickly closing the instrument door to collect data and set a baseline.
Production of acetoacetyl-CoA enol by FabH was monitored at 302 nm (calculated e302 = 17.7

mM=t.cm™). All reactions were conducted in triplicate.

0.8 I I I I I I
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Figure 4.5 Representative plot, fitting, and determination of initial rates of FabH with varying

malonyl-CoA and acetyl-CoA concentrations. [E] = 0.5 uM, [acetyl-CoA] = 15 uM, [malonyl-
CoA] =125 pM.
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CHAPTERSS. CONCLUDING REMARKS

5.1 Analogs of acyl-thioesters have broader implications in the study of enzymes that are
not C-C bond forming

Returning to the initial ideas posited in the beginning of this thesis, the reader is reminded
that acyl-CoA analogs have seen broad application toward a variety of enzymes, such as
phosphotransacetylase, DpsC, MMCD, MCM, and MMCEX=, All of these enzymes perform
completely different chemistry on similar acyl-thioester substrates. With a diverse panel of analogs
in hand, we can probe the catalytic mechanism of any enzyme that has an acyl-thioester substrate,
intermediate, or product. While C-C bond forming enzymes are critical in the incorporation of
different extender units in PKS biosynthesis and extension of catenated chains in FAS, Figures 1.2
and 1.7 show that they are just once piece of a complicated puzzle. Other researchers in the PKS
field have shown the importance of further understanding of the protein-protein interactions in
modular PKS assembly lines for effective engineering of PKS products® Z. However, the major
takeaway from this work is that our panel of tools is broadly applicable, and we have demonstrated

proof of principle of their power in probing C-C bond forming enzyme catalysis.

In future work, we plan to expand the scope of our analog applicability by loading acyl-
CoA analogs onto various ACPs, which are often greatly preferred enzyme substrates mimics over
the corresponding acyl-CoAs®. As observed in the case of FabH in Chapter 4, malonyl-CoA (and
its aza- / oxa-bearing analogs) bind to the enzyme with very low affinity compared to malonyl-
ACP. Using the enzyme Sfp from Bacillus subtillus, we can load our analogs onto a variety of
ACPs (crypto-ACPs), seen in Figure 5.1, appropriate for targeting many type | PKS and FAS
enzymes in cryo-EM studies® . We have had challenges confirming the
phosphopantetheinylation activity of Sfp on ACP, due to lack of a detection strategy for determine
the amount of ACP labeled. Missing protein-protein interactions between the acyl-carrier protein
and the ketosynthase, seen in our FabH kinetic studies allows for the inference of the importance

of this interaction in enzyme-substrate affinity.
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Figure 5.1 Preparation of crypto-ACPs from acyl-CoA analogs using Sfp catalysis.

A current interest of the lab is the synthesis and purification of diastereomers of acyl-CoAs
and their analogs for kinetic and structure-functions studies. For example, the AT/DC enzyme
LnmK will only accept (2R)-methylmalonyl-CoA as a substrate. Thus, within racemic mixtures of
substrates and analogs, the enzyme will only bind half of the material, with the other half
potentially affecting the activity of the enzyme in an unknown manner. We can exploit the activity
and stereospecificity of different acyl-CoA synthesizing enzymes to producing stereochemically
pure acyl-CoAs. PCCp is known to only produce (2S)-methylmalonyl-CoA as a product, which is
the only accepted substrate of various PKS. Similarly, MatB is known to only synthesize (2R)-
methylmalonyl-CoA, the substrate of LnmK, Figure 5.2. The enzyme MMCE, which interconverts
between the R/S absolute configurations of methymalonyl-CoA could be assayed in a coupled

enzyme assay with LnmK and (2S-4C)-methylmalonyl-CoA via NMR spectroscopy.
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Figure 5.2 Proposed enzymatic synthesis of stereospecific methylmalonyl-CoA for Kinetic
characterization of LnmK and KS enzymes with stereochemical substrate preference.

5.2 Concluding remarks

In summary, we have developed a panel of new acyl-CoA analogs to be used as mechanistic
probes for acyl-thioester enzyme catalysis. Additionally, we resynthesized and improved on the
synthesis of several existing analogs and applied them for the first time as probes to a ketosynthase
enzyme. We have also performed structure-function studies of these analogs with various
carboxylase and ketosynthase enzymes using a combination of X-ray diffraction and cryo-EM
experiments. This work outlines a general strategy of how one can synthesize various acyl-
thioester analogs to kinetically and structurally characterize enzyme-ligand relationships in order
to gain insight into catalytic mechanism. We also provide a stern reminder of the importance of
critically analyzing structure-function studies with analogs to assess their relevance in the context
of enzyme catalysis. Through mechanistic characterization of enzymes involved in the assembly
line-like catalysis of PKS and FAS enzymes, we anticipate new insights into engineering these
enzymes will be revealed from greater understanding of conformational changes, protein-protein
interactions, and substrate orientation in the active site.

The implications of PKS engineering are great within the context of rapid derivatization of
natural products, resulting in seemingly endless combinatorial variations of already successful
pharmaceutical molecules. Thorough understanding of the protein-protein interactions between
PKS components, conformational changes associated with catalysis, and substrate orientation can

rationally guide PKS engineering. However, attempts at investigating these topics through
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structure-function studies have been hampered by the reactivity of acyl-thioester and p-ketoacid
substrates. In this thesis, we have synthesized a panel of acyl-CoA analogs to mimic substrates,
products, and intermediates of PKS catalysis. Furthermore, we have determined inhibition
constants of these analogs with a model KS (FabH) and conducted preliminary structure-function
studies with these analogs and model C-C bond forming enzymes. Follow up work determining
structure-function relationships of individual and complexed PKS enzymes can lead to mechanistic
inferences, which will provide insight into rational engineering of PKS pathways. For example,
determination of enzyme conformation and orientation of a malonyl-thioester in the binding pocket
of a KS that accepts only malonyl-ACP may reveal a bulky residue (i.e. phenylalanine) sterically
hindering entry of a-substituted malonyl-thioesters. Using this knowledge, if researchers wanted
this KS to perform chemistry on a hydroxymalonyl-ACP substrate, incorporating a new hydroxyl
group into the polyketide product, they could mutate phenylalanine into a smaller hydrophobic
amino acid (i.e. valine), then test if the KS can accept the new substrate.

To emphasize the importance of this work further, the analogs synthesized in Chapters 2
and 4 of this thesis are not limited to studying C-C bond forming enzymes. As demonstrated in
Chapter 1, acyl-CoA analogs have been kinetically characterized with many enzymes of all
different classes. With the massive pool of enzymes estimated to use acyl-thioester substrates, the
utility of acyl-thioester analogs as mechanistic probes in structure-functions studies is boundless.
Future studies may gain insight from these structure-function studies to rationally engineer PKS
and other enzymes to produce diverse libraries of natural product derivatives. These natural

product derivatives will serve as important pharmaceutical leads in the future.
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