ABSTRACT

NGUYEN, PHUNGHOANG THI. Probing Substrate Promiscuity of Polyketide Synthases.
(Under the direction of Dr. Gavin J. Williams).

Polyketides are natural products that are biosynthesized from a variety of plant and
bacterial sources. Polyketide synthases (PKSs) act as biosynthetic assembly lines, which
produce numerous valuable natural products by sequential condensations of acyl-coenzyme
A (CoA) building blocks called starter units and extender units. Polyketides exhibit many
biologically significant activities, including antibiotic, antiparasitic, anticancer, antibacterial,
antifungal, and immunosuppression. The pharmacological use of polyketides provides
continued motivation to exploit their biosynthetic machinery to enable the discovery of novel
natural products. Germicidin is a pyrone-derived product of a type Il PKS germicidin
synthase (Gcs) and is known to inhibit germination of its host’s spores. Germicidin is
naturally produced by successive condensations of a poly-p-keto-acyl-CoA starter unit and
an ethyl- or methylmalonyl-CoA extender unit. Incorporation of an ethylmalonyl-CoA
extender unit is rare in PKSs and previously unprecedented in type Il PKSs. This
information could lead to exploration of extender unit promiscuity of Gcs towards unnatural
malonyl-CoA analogues and to provide additional opportunities to engineer chemical diverse
polyketides using rational approaches. In this work, Gcs has been shown in vitro to exhibit
promiscuity towards unnatural acyl-CoA extender units. In addition, mutations at His261 and
Met274 exhibited large effects on enzyme activity compared with the wild-type enzyme, and

the extender unit specificity could be altered by site-directed mutagenesis.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Polyketides and Drug Discovery

Polyketides comprise a large group of natural products that are mainly derived from
microbes and plants (Figure 1.1). Polyketides display remarkable diversity of structure and
pharmacological properties and are commonly used in medicine as antimicrobial, anticancer,
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antiparasitic, antibiotic, and immunosuppressant agents.” It has been shown that the

diversification of existing natural products can enhance various pharmacological properties.*
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Figure 1.1 Polyketide natural products and their clinical bioactivities.



Many new organic compounds isolated from terrestrial and marine organisms exhibit
interesting biological activities.” However, it is often difficult to obtain a sufficient quantity
of these compounds to use as therapeutics.® Given their structural and stereo-complexity, the
synthesis of these natural products and their derivatives is challenging. While efforts toward
developing effective methods to synthesize these compounds have improved, multistep
synthesis of small libraries of these compounds still requires a tremendous effort and is
plagued by low yield.® For example, four isomers of cytostatin, an anticancer natural product
which was isolated from Streptomyces sp, were synthesized by employing the fluorous
synthesis technique.'® This strategy was used to tag the building blocks during library
synthesis by utilizing fluorinated hydrocarbons to encode structure and facilitate product
isolation.™* The synthesis of these natural product analogues required many steps from the
starting reagents to the final products.® Another powerful technology used in total synthesis
of alkaloid (+)-plicamine and its enantiomer is the use of polymer-immobilized scavenger
reagents for trapping excess reagents after intermediate steps, thereby avoiding interference
of the reagents with subsequent reaction steps, and rendering the final reaction mixture
amenable to product isolation.'**® However, analogues derived from these natural products
can also be accessed via biosynthetic enzymes and pathways. Understanding the chemical
structures, mechanism, and limitations of the biosynthetic machinery responsible for
construction of polyketides must be investigated in order to alter their activities. To this end,
the promiscuity of various biosynthetic components are being studied in vitro to determine
the diversity of possible products.***® Engineering wild-type biosynthetic machinery has

been shown to improve the promiscuity and alter the substrate specificity.*® %



1.2 Polyketide Synthases

Polyketides are biosynthesized from acyl-Coenzyme A (CoA) precursors.”"? Based

on the architecture and mode of action of the polyketide biosynthetic machinery, PKSs are

classified into three different types."?*** Type | PKSs are composed of multifunctional

proteins that are covalently attached as modules.’®* Type Il PKSs are made up from a

dissociable complex of discrete and monofunctional enzymes.?® Lastly, type 11l PKSs are

multifunctional homodimeric enzymes (Figure 1.2).?’
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Figure 1.2 General scheme of three types of polyketide synthases.



Modular type | PKSs are mainly found in bacteria. Each of the modules minimally
consists of a B-ketosynthase (KS), acyltransferase (AT), and acyl-carrier protein (ACP).
Modules can also contain various domains for altering the redox state of nascent ketones,
such as ketoreductase (KR) or dehydratase (DH), and a thioesterase (TE) domain is usually
located at the C-terminus of the terminal module of a PKS. Generally, each module of a type
| PKS catalyzes a single elongation step, and the number of the modules corresponds to the
number of extension cycles.?’* One of the best-studied PKS is the 6-deoxyerythonolide B
synthase (DEBS) which produces the precursor to the antibiotic erythromycin. DEBS
comprises a loading didomain, six extension modules, and a thioesterase domain, which are

housed across three polypeptides, DEBS1, DEBS2, and DEBS3 (Figure 1.3).%
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Figure 1.3 The 6-deoxyerythronolide polyketide synthase, DEBS. KS = ketosynthase, AT =
acyltransferase, ACP = acyl carrier protein, KR = ketoreductase, DH = dehydratase, ER =
enoylreductase, TE = thioesterase. Wavy line on ACP represents the phosphopantetheine
prosthetic arm.

Unlike type | PKSs, bacterial type 1l PKSs contain two ketosynthase (KS) domains,
KS, and KSg, and an acyl-carrier protein (ACP) domain. The KS, enzyme catalyzes the
decarboxylative condensation; the KSg domain controls the chain length, and the ACP serves
as an anchor for the growing chain of polyketides. A classic example of natural products

biosynthesized by type Il PKSs are the anticancer drugs daunorubicin and doxorubicin

(Figure 1.4).%3
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Figure 1.4 Biosynthesis by type Il PKSs

In contrast to type | and Il PKSs, the all-in-one multifunctional type 11l PKSs are
mainly found in plants, are less widespread in bacteria and rarely found in fungi. The single
active site in each monomer catalyzes the priming, extension, and cyclization reactions to
form small polyketide products.®® Iterative plant type 111 PKSs include the chalcone synthase
(CHS) superfamily, which was the first type 111 PKS to be characterized in the early 1970s. It
is known to produce chalcone which is a precursor of flavonoid biosynthesis.** Chalcone
synthase catalyzes the reaction of p-coumaroyl-CoA starter unit and three malonyl-CoA
extender units. This is followed by cyclization and formation of the aromatic tetraketide
chalcone (Figure 1.5) CHS couples with other enzymes such as chalcone flavanone

isomerase to form flavonoid. Flavonoid biosynthesis is further diversified by tailoring



reactions such as O-methylation, hydroxylation, acylation, prenylation, and conjugation at
multiple positions.** Besides CHS, an increasing number of functionally divergent CHS-like
PKS has been discovered in plants, including benzalacetone synthase (BAS), stilbene
synthase (STS), acridone synthase (ACS), and 4-coumaroyl triacetic acid synthase

(CTAS)**>* (Figure 1.5).
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Figure 1.5 Reactions catalyzed by the plant type Il chalcone synthase (CHS) superfamily,
stilbene synthase (STS), benzalacetone synthase (BAS), coumaroyl triacetic acid synthase
(CTAS), and acridone synthase (ACS).
1.3 Polyketide Synthase Engineering

Engineering biosynthetic pathways is an alternative method of modifying the

structures of polyketide natural products that can complement total synthesis and



semisynthesis.?® The structural diversity of polyketides is dictated in part by the variety of
starter unit and extender unit acyl-CoA thioesters available to PKSs, and the immediate PKS
products are usually modified by post-tailoring enzymes such as glycosyltransferases or
oxidoreductases to provide mature natural products (Figure 1.6). Polyketide biosynthetic
machinery has been the target of engineering, and specifically an individual pathway can be
engineered to accept non-native and non-natural substrates to produce new polyketide

product analogues.®
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Figure 1.6 Polyketide biosynthesis of natural products



Recent advances related to engineering PKSs have been employed to expand natural
product diversification by site-directed mutagenesis of substrate binding pocket, semi-
rational mutagenesis, whole-gene random mutagenesis, or swapping individual domains or
entire modules of type | PKSs with those of different building block specificity.>*® The
active site of type 111 PKSs where chain elongation and cyclization occur has been targeted
for site-directed engineering. Crucially for enzyme engineering, several plant and bacterial
chalcone synthases were shown to display activity towards acyl-CoA starter substrates
ranging from aliphatic-CoAs to aromatic-CoAs, from small acetyl-CoA to the bulkier N-
methylanthraniloyl-CoA starter substrate, and from polar malonyl-CoA to nonpolar
hexanoyl-CoA.?" Although many type 11l PKSs condense three malonyl-CoAs as extender
units, some of type Il PKSs can utilize anywhere from one to eight malonyl-CoAs. Point
mutations readily alter substrate and product specificity of type Il PKSs. For example,
benzophenone synthase (BPS) from Hypericum androsaemun catalyzes the formation of
2,4,6-trinydroxybenzophenone by condensation of a benzoyl-CoA starter unit with three
units of malonyl-CoA extender substrate.***! The benzophenone-forming activity can be
abolished by a single amino acid substitution, T135L, in the active-site cavity that
subsequently yields a triketide a-pyrone product via condensation of only two malonyl-CoA
extender units (Figure 1.6).*> CHS from H. androsaemun shares 60% amino acid sequence
with BPS, a triple mutant was identified that switched the starter unit preference to benzoyl-

CoA from p-coumaroyl-CoA.*
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Figure 1.7 Benzophenone and triketide pyrone produced by BPS wild-type and the T135L
mutant.

Whereas many type Il PKSs have been known to incorporate a broad variety of
starter units,** similar promiscuity towards the extender unit substrate has yet to be
determined, likely due in part to the lack of easily accessible synthetic routes to malonyl-
CoA analogues. Nevertheless, several polyketides isolated from plants contain methyl-
extended moieties, which suggest that type Il PKSs also utilize methylmalonyl-CoA as a
substrate for elongation reaction. For example, in vitro assays of RppA, a chalcone synthase-
related PKS has revealed tolerance towards the methylmalonyl-CoA extender unit.*®
Scutellaria baicalensis CHS as well as Arachis hypogaea STS and Rheum palmatum BAS
catalyzed sequential decarboxylative condensations of a p-coumaroyl-CoA starter unit and a
methylmalonyl-CoA extender unit to produce an unnatural C¢-Cs aromatic polyketide.**
Furthermore, when CHS was incubated with benzoyl-CoA or hexanoyl-CoA starter substrate
and methylmalonyl-CoA extender unit, CHS afforded unnatural novel triketide and

tetraketide pyrones.* Taken together, the remarkable catalytic potential and the substrate
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tolerance make type Il PKSs ideal candidates to probe the promiscuity towards the non-
native extender units and to expand the structural diversity of small molecules through

engineering approaches.

11



10.

11.

12.

13.

14.

REFERENCES

Shen, B. Polyketide Biosynthesis Beyond The Type I, Il, and 11l Polyketide Synthase
Paradigms. Curr. Opin. Chem. Biol. 2003, 7, 285-295.

Walsh, C. T. The Chemical Versatility of Natural-Product Assembly Lines. Acc. Chem.
Res. 2008, 41, 4-10.

Newman, D. J.; Cragg, G. M.; Snader, K. M. The Influence of Natural Products Upon Drug
Discovery. Nat. Prod. Rep. 2000, 17, 215-234.

Li, L. W.; Vederas, J. C. Drug Discovery and Natural Products: End of Era or an Endless
Frontier? Science 2009, 325, 161-165.

Lee, H. Y.; Khosla, C. Bioassay-Guided Evolution of Glycosylated Macrolide Antibiotics
in Escherichia coli. Plos. Biology 2007, 5, 243-250.

Bright, G. et al. Synthesis, Invitro and Invivo Activity of Novel 9-Deoxo-9a-Aza-9a-
Homoerythromycin a Derivatives — a New Class of Macrolide Antibiotics, the Azalides.
J. Antibiot. 1988, 41, 1029-1047.

Wilson, Z. E.; Brimble, M. A. Molecules Derived from the Extremes of Life. Nat. Prod.
Rep. 2009, 26, 44-71.

Piel, J. Bacterial Symbionts: Prospects for the Sustainable Production of Invertebrate-
Derived Pharmaceuticals. Curr. Opin. Med. Chem. 2006, 13, 39-50.

Kumar, K.; Waldmann, H. Synthesis of Natural Product Inspired Compound Collections.
Angew. Chem. Int. Ed. Engl. 2009, 48, 3224-3242.

Jung, W. et al. Confirmation of the Stereostructure of (+)-Cytostatin by Fluorous Mixture
Synthesis of Four Candidate Stereoisomers. Angew. Chem. Int. Ed. Engl. 2008, 120,
1146-1149.

Lou, Z. et al. Fluorous Mixture Synthesis: a Fluorous-Tagging Strategy for the Synthesis
and Separation of Mixtures of Organic Compounds. Science 2001, 291, 1766-1769.

Solinas, A.; Taddei, M. Solid-Supported Reagents and Catch-and-Release Techniques in
Organic Synthesis. Synthesis 2007, 16, 2409-2453.

Baxendale, I.; Ley, S. Synthesis of Alkaloid Natural Products Using Solid-Supported
Reagents and Scavengers. Curr. Org. Chem. 2005, 9, 1521-1534.

Kim, C. Y. et al. Reconstituting Modular Activity from Separated Domains of 6-

12



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Deoxyerythronolide B Synthase. Biochemistry 2004, 43, 13892-13898.

Siskos, A. P. et al. Molecular Basis of Celmer's Rules: Stereochemistry of Catalysis by
Isolated Ketoreductase Domains from Modular Polyketide Synthases. Chem. Biol. 2005,
12, 1145-1153.

Chen, A. Y. et al. Structure-Based Dissociation of a Type | Polyketide Synthase Module.
Chem. Biol. 2007, 14, 784-792.

Kittendorf, J. D. et al. Interrogating the Molecular Basis for Multiple Macrolactone Ring
Formation by the Pikromycin Polyketide Synthase. Chem. Biol. 2007, 14, 944-954.

Beck, B. J. et al. Substrate Recognition and Channeling of Monomodules from the
Pikromycin Polyketide Synthase. J. Am. Chem. Soc. 2003, 125.

Beck, B. J. et al. Iterative Chain Elongation by a Pikromycin Monomodular Polyketide
Synthase. J. Am. Chem. Soc. 2003, 125, 4682-4683.

Weissman, K. J.; Leadlay, P. F. Combinatorial Biosynthesis of Reduced Polyketides. Nat.
Rev. Microbiol. 2005, 3, 925-936.

Reeves, C. D.; Rodriquez, E. Genetic Engineering to Produce Polyketide Analogues.
Meth. Enzymol. 2009, 459, 295-318.

Staunton, J.; Weissman, K. J. Polyketide Biosynthesis: A Millennium Review. Nat. Prod.
Rep. 2001, 18, 380-416.

Chan, Y. et al. Biosynthesis of Polyketide Synthase Extender Units. Nat. Prod. Rep.
2009, 26, 90-114.

Hertweck, C. The Biosynthetic Logic of Polyketide Diversity. Angew. Chem. Int. Ed.
Engl. 2009, 48, 4688-4716.

Hopwood, D. A.; Sherman, D. H. Molecular Genetics of Polyketides and Its Comparison
to Fatty Acid Biosynthesis. Annu. Rev. Genet. 1990, 24, 37-66.

Hertweck, C. et al. Type Il Polyketide Synthases: Gaining a Deeper Insight Into
Enzymatic Teamwork. Nat. Prod. Rep. 2007, 24, 162-190.

Abe, |.; Morita, H. Structure and Function of the Chalcone Synthase Superfamily of Plant
Type 111 Polyketide Synthases. Nat. Prod. Rep., 2010, 27, 809-838.

Cane, D.E.; Walsh, C. T. The parallel and convergent universes of polyketide synthases
and nonribosomal peptide synthetases. Chem. Biol. 1999, 6, R319-R325.

13



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Walsh, C. T. Polyketide and Nonribosomal Peptide Antibiotics: Modularity and
Versatility. Science. 2004, 303, 1805-1810.

Fischbach, M. A.; Walsh, C. T. Assembly-line Enzymology for Polyketide and
Nonribosomal Peptide Antibiotics: Logic, Machinery, and Mechanism. Chem. Rev. 2006,
106, 3468-3496.

Otten, S. et al. Cloning and expression of daunorubicin biosynthesis genes from
Streptomyces peucetius and S. peucetius subsp. caesius. J. Bacteriol. 1990, 172, 3427—
3434.

Yu, D. et al. Type Ill Polyketide Synthases in Natural Product Biosynthesis. Life. 2012,
64, 285-295.

Austin, M. B.; Noel, J. P. The chalcone synthase superfamily of type Il polyketide
synthases. Nat. Prod. Rep. 2003, 20, 79-110.

Williams, G. J. Engineering polyketide synthases and non-ribosomal peptide
synthetases. Curr. Opin. Struct. Biol. 2013, 23, 603.

Bernhardt, P.; O’Connor, S. E. Opportunities for enzyme engineering in natural product
biosynthesis. Curr. Opin. Chem. Biol. 2009, 13, 1-8.

Khosla, C. et al. Tolerance and specificity of polyketide synthases. Annu. Rev. Biochem.
1999, 68, 219-253.

Pieper, R. et al. Erythromycin biosynthesis: Kinetic Studies on a fully active modular
polyketide synthase using natural and unnatural substrates. Biochemistry 1996, 35, 2054-
2060.

Koryakina, 1. et al. Promiscuity of a modular polyketide synthase towards natural and
non-natural extender units. Org. Biomol. Chem. 2013, 11, 4449-4458.

Beerhues, L. Benzophenone synthase from cultured cells of Centaurium erythraea. FEBS
Letters 1996, 383, 264-266.

Liu, B. et al. Benzophenone synthase and chalcone synthase from Hypericum
androsaemum cell cultures: cDNA cloning, functional expression, and site-directed
mutagenesis of two polyketide synthases. Plant J. 2003, 34, 847-55.

Beerhues, L.; Liu, B. Biosynthesis of biphenyls and benzophenones--evolution of benzoic
acid-specific type Il polyketide synthases in plants. Phytochemistry 2009, 70, 1718-
1727.

14



42.

43.

44,

45.

Klundt, T. et al. A Single Amino Acid Substitution Converts Benzophenone Synthase
into Phenylpyrone Synthase. J. Biol. Chem. 2009, 30957-30964.

Funa, N. et al. Properties and substrate specificity of RppA, a chalcone synthase-related
polyketide synthase in Streptomyces griseus. J. Biol. Chem. 2002, 277, 4628-4635.

Abe, I. et al. Enzymatic formation of an unnatural C6-C5 aromatic polyketide. Org.
Lett. 2002, 4, 3623-3626.

Abe, I. et al. Enzymatic formation of unnatural novel polyketides from alternate starter

and non-physiological extension substrate by chalcone synthase. Org. Lett. 2003, 5,
1277-1280.

15



CHAPTER 2

PREDICTION AND ANNOATATION OF TYPE | POLYKETIDE SYNTHASE

EXTENDER UNIT SPECIFICITY

2.1 Introduction
Type | modular polyketide synthases are composed of large multifunctional
enzymes that catalyze the sequential decarboxylative condensation between the acyl-CoA
thioester extender units to form carbon-carbon bonds and produce structural and bioactive
natural products.! Polyketide natural products act as a broad range of therapeutics, including
antimicrobial, antifungal, antiviral, anticancer and immunosuppressant agents.' Many
polyketides are biosynthesized via covalently-linked catalytic domains that are organized into
linear modules to perform a single elongation step. Each extending module receives the
growing chain from the previous module, extends the chain by two carbons and modifies this
portion before transferring it to the downstream module of PKS pathway.” The immediate
polyketide natural product generated from a PKS is determined by number of extending
modules, the catalytic domain composition, and the arrangement of the biochemical pathway.
The structural and functional modularity of these enzyme complexes has been
exploited to pursue novel biologically-active unnatural products. The acyltransferase (AT)
domains of these gigantic polyketide synthases play a critical role as the “gatekeeper” for
selection and incorporation of the starter and extender units and thus are responsible for a

large amount of the resulting polyketide structural diversity. With the advancement in high-
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throughput sequencing technologies and the whole-genome sequencing, the increase in the
number of available PKS gene clusters has been substantial.®> Hundreds of AT domains have
been sequenced and characterized and have provided scaffolds to aid engineering AT
substrate specificity via strategies that include AT domain swapping, hybrid AT domains, AT
site-directed mutagenesis, and trans-AT complementation.” Further, many AT domains share
high sequence homology and can be identified computationally based on their sequence
similarity to a template AT domain.> A variety of computational techniques are now
available to identify various PKS AT domains and make the prediction and annotation of AT
substrate specificity possible, all of which offers a useful dataset for future attempts to

engineer these domains.

2.2 An Annotated AT-specificity Dataset: Highlight and Examples

2.2.1 Discrepancy

The biosynthesis of modular polyketide synthases has been widely studied and
exploited to produce novel natural products by genetic manipulation. In addition to site-
directed mutagenesis and structure-based approaches, computational approaches can be
developed to correlate the sequences of various polyketide synthase domains and their
polyketide products.® The AT domains of PKSs have been engineered to alter the substrate
specificity and analysis of AT active-site has been carried out to determine the residues that
dictate the specificity of various starter and extender units.>® Phylogenetic analyses of the AT
domains annotated for substrate specificity produced two major classes based on malonyl-

CoA and methylmalonyl-CoA specific substrate usage (Figure 2.1).>”’
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Figure 2.1 Phylogenetic tree of PKS AT domains. The acyltransferase domains are clustered
into two distinct groups based on substrate specificity, and the conserved residues are also
shown for each AT domain.

Charles Melancon 111 of the University of Mexico has used an unpublished computer
algorithm to predict the AT substrate specificity of ninety-two PKS clusters from
Streptomyces. In his work, the most likely preferred substrate out of a set of nine candidates
(allylmalonate, aminomalonate, chloroethylmalonate, ethylmalonate, hexylmalonate,
hydroxylmalonate, malonate, and methylmalonate) was identified using a similarity matrix
with known AT specificity motifs. Our role in this collaborative project was to compare the
computational predictions of all ninety-two AT domains against their presumed actual AT
specificity based on biosynthetic pathway analysis and structure of the corresponding
polyketide product. In this way, we hoped to validate this algorithm and provide a training

set that could be used to identify AT domains from uncharacterized PKSs with rare substrate
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specificities.

Although the specificity for 90% of the annotated AT-substrates matched the
computational predictions, several AT domains exhibited deviation from the model
predictions. For example, bafilomycin is an antibiotic produced from Streptomyces lohii.?
The bafilomycin biosynthetic pathway reveals the AT domains in modules 2 and 6 contain
the signature motifs (HAFHS) associated with the incorporation of malonate. The motifs
(FAGHS) and (YASHS) found in modules 5 and 11, respectively, are predicted to be
methoxymalonate specific, whereas the remaining modules are specific for methylmalonate
(YASHS), and the loading domain was expected to incorporate isobutyrate.® In contrast, the
loading domain and module 11 were predicted to be methylmalonate specific by the
computational approach (Appendix). Although the conserved sequences YASHS of module
11 indicates that it is methylmalonate specific, the bafilomycin PKS actually incorporates a
methoxymalonate extender unit at this position. Module 11 is the final module for
condensation and has a C-terminal integral thioesterase domain required for lactonization and
release of the polyketide chain. Sequence homology between PKS’s AT domains has
revealed residues that might dictate AT-specificity for methoxymalonate and differentiates
them from methylmalonate specific domains. The AT domains that are proposed to
incorporate methylmalonate have the sequence RXRR(X)3;YASHS, where X is any amino
acid, while those proposed to incorporate methoxymalonate have the sequence
MXWR(X)s(Y/F)A(S/G)HS.® Very few modular PKS AT domains from Streptomyces were
found to have a tryptophan (W) in the position that is highly conserved in methylmalonate

specific and usually occupied by an arginine (R). In addition, the position corresponding to
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the methionine (M) in the motif is usually occupied by a positively charged residue.’

However, this module was predicted to use methylmalonate likely due to occupancy of those
rare residues and occurrence of common motif FAGHS.

Another example of mismatched AT-substrate specificity between the computational
prediction and the structure of the polyketide product is phoslactomycin (PLM). The PLM
family of natural products is produced by Streptomyces platensis and exhibits a broad range
of biological activities, including antitumor, antibacterial, and antifungal properties.’®**
Analysis of the polyketide backbone of the PLMs structure suggests that the loading domain
uses cyclohexylcarbonyl (CHC) as the starter substrate, that modules 1, 2, 3, 5, and 7 are
specific for malonate, and that modules 4 and 6 are specific for ethylmalonate™ (Figure 2.2).

However, the computer algorithm predicted that the loading domain, module 4 and module 6

accept methoxymalonate, hexylmalonate, and methylmalonate, respectively.
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Adapted from: Chen, Y. et al. Identification of phoslactomycin biosynthetic gene clusters
from Streptomyces platensis SAM-0654 and characterization of PnR1 and PnR2 as positive
transcriptional regulators. Gene 2012, 509, 195-200.

Figure 2.2 Proposed biosynthetic pathway of phoslactomycins.

2.2.2 Non-canonical clusters

Annotation of Streptomyces PKSs uncovered the genetic non-canonical organization
of some polyketide synthases. The assembly line domains of polyketide synthases are
grouped into modules whose genes and corresponding translated proteins are co-linear'?, thus
the structure of the polyketide products can be predicted from the gene sequence. However,
recent studies show that the biosynthetic machineries of several modular PKSs have been

identified in which a module is “stuttered” or iteratively used and skipped.*®
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Adapted from: Takahashi, S. et al. Reveromycin A biosynthesis uses RevG and RevJ for
stereospecific spiroacetal formation. Nat. Chem. Biol. 2011, 7, 461-468.

Figure 2.3 Genetic organization of the biosynthetic gene cluster and the deduced domain
organization of reveromycin

The reveromycin-producing PKS is one example where the genetic organization of
the biosynthetic gene cluster and the corresponding proteins are not linear (Figure 2.3) unlike
the biosynthetic gene cluster of piericidin A1l (Figure 2.4) and other type | PKSs. The
analysis of the reveromycin PKS shows that RevC contains a loading domain and module 1-
3, RevA contains modules 4-6, RevB consists of modules 7-8, and RevD houses the last four
modules.* It is possible that after translation, RevC protein associates with RevA instead of
RevD, whose gene are located next to and downstream of RevC to bring the set of

contiguous domains together to form functional modules.
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243-253.

Figure 2.4 Organization of the piericidin Al gene clusters and its biosynthetic model.

After the initial discovery that modular PKSs may produce longer polyketide chains

by using the individual modules twice, several modular PKSs which appear to display such

iterative used were isolated.*> A comparison of the deduced PKS and the metabolite structure

of aureothin and neoaureothin indicated that their biosynthetic pathway catalyzes two rounds

of elongation in module 1* (Figure 2.5). It is still a mystery as to what determines the
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iteration and non-iteration in polyketide biosynthesis. The non-canonical arrangements and
the stoichiometries of various domains could be revealed as more natural products are

characterized.?
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Figure 2.5 Comparison between the aureothin (A) and neoaureothin (B) biosynthetic
pathways.
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2.3 Conclusion

Engineering the substrate specificity of AT domains by various techniques has
provided new insights to allow for the manipulation of gene products. Computational tools
have provided useful information capable of predicting the substrate specificity for PKS
clusters from various microbial genomes with a reasonable high accuracy. Most of the AT
substrate specificities that were predicted by computational approach correlated with
structures of the corresponding polyketide reported in the literature. However, some PKS
models were shown to violate the co-linearity rules and assignment of starter and extender
units by the computational calculations when using other than literature reported substrates.
These results could be due to other important residues in addition to the highly conserved
residues that have not yet been identified. Future studies for engineering the AT domains

such as amino acid coevolution can be applied to investigate the available sequence data.
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CHAPTER 3

PROBING THE EXTENDER UNIT PROMISCUITY OF ATYPE 111 POLYKETIDE

SYNTHASE: GERMICIDIN SYNTHASE

3.1 Introduction

The homodimeric type Il PKSs give rise to a range of aromatic compounds
including chalcones as well as to some acylpyrones.' Pyrone-containing natural products
exhibit a wide range of biological activities,>* as a consequence of their structural diversity,
and are produced by several types of PKS. For example, fusapyrone* is most likely derived
from a fungal type | PKS; enterocin® is produced by a type Il PKS; whereas germicidins®
along with the signaling molecule precursor, phlorocaprophenone’ have shown to be
produced by type Il PKSs (Figure 3.1). Type Il PKSs iteratively condense malonyl-CoA
derivatives with acyl-CoA thioesters’ rather than utilizing substrates that are covalently
attached to acyl carrier proteins (ACP) which is usually seen on type | and Il PKSs.? The
proposed mechanism of type 111 PKSs is initiated by a starter substrate loading at the thionyl
(SH) group of the active site cysteine (Figure 3.2a), which is followed by iterative
decarboxylative Claisen-type condensations of malonyl-CoA (Figure 3.2b-c), and the final

cyclization of the enzyme-bound B-keto intermediate (Figure 3.2d).!
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Figure 3.2 Proposed mechanism for the enzyme reactions catalyzed by type 111 PKSs.

Recent structural studies have shown that type Il PKSs share a common three-
dimensional structure and catalytic machinery which contains a conserved Cys-His-Asn

catalytic triad.® In addition, type 111 PKSs have demonstrated relaxed substrate specificity
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and have been shown to convert non-native acyl-CoA starter substrates to pyrones in vitro.”
1 Bacterial chalcone synthase (CHS)-like sequences typically share only 25-50% identity
with each other and with plant type Il PKSs, which usually share 60-95% amino acid
identity between themselves.*® RppA from Streptomyces griseus was characterized as the
first bacterial CHS-like type 111 PKS.* Rppa catalyzes polyketide biosynthesis by selecting
malonyl-CoA as the starter, iteratively condensing four malonyl-CoA extender units, and
cyclizing the resulting pentaketide to provide tetrahydroxynapthalene (THN)*® (Figure 3.3)
as an intermediate for melanin biosynthesis.** This is based on Funa et al. which revealed
that the substrate tolerance of RppA, and RppA accepted aliphatic acyl-CoA as starter
substrates to yield various a-pyrones and phloroglucinols when condensing with malonyl-
CoA extender units. RppA was also found to catalyze acetoacetyl-CoA starter substrate and a
methylmalonyl-CoA extender unit to form C-methylated pyrone. Thus, the broad substrate

specificity of RppA yields a wide variety of products.

OH OH
o O O O O O O O
RppA
s I, o S AAI L, —— 1
(0] SCoA fe) ? HO OH

RppA

Figure 3.3 Proposed reaction catalyzed by RppA.

Recently, two type Il PKSs, germicidin synthase (Gcs) and SCO7671 from

Streptomyces coelicolor, were shown in vitro to accept both unnatural acyl-CoA and acyl-

ACP as starter units.”®> Germicidins (Figure 3.4) produced by Gcs have been shown to inhibit
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the germination of its own anthrospores. Unlike other type 11l PKSs, Gcs catalyzes a f-
ketoacyl-CoA thioester (3) starter unit, which is generated by fatty acid synthase (FabH), and
a methylmalonyl-CoA or ethylmalonyl-CoA (2) extender unit to yield the triketide pyrones
(4) (Figure 3.4). The Gcs reaction has shown to utilize an ethylmalonyl-CoA extender unit®
which is unprecedented for any type 11l PKS.? Several polyketides isolated from plants and
bacteria contain a methyl-extended moiety, which suggests that type 111 PKSs also utilize
methylmalonyl-CoA as a substrate for the carbon-carbon bonds elongation reaction.*®*® In
recent work, it has been experimentally determined that the fatty acid biosynthesis pathway
can be coupled with the Gcs biosynthesis pathway.* The flexibility of Gces to accept various
starter substrates has inspired our research to explore the promiscuity of Gcs toward non-
native and unnatural malonyl-CoA derivatives. Such promiscuity, if established, could form a
platform for understanding and manipulating extender unit specificity of Gcs and other type

Il PKSs. In this way, it is hoped that knowledge gained from studying Gcs could be applied

to the synthesis of a broad range of polyketide analogues.
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Figure 3.4 Proposed biosynthetic pathway of germicidin synthase.
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3.2 Materials and Methods

Materials. The malonyl-CoA synthetase (MatB) gene from R. trifolii was synthesized
by GeneScript (Piscataway, NJ, USA) and previously cloned into the plasmid pET28a
between the Ndel and Hindlll restriction sites.”® The MatB double mutant (MatB
T207G/M3061) was previously generated and cloned into the plasmid pET28a between the
Ndel and Hindlll restriction sites.”* The Gcs gene was previously amplified and cloned into
the plasmid pET28b between the Ndel and Hindlll restriction sites. Unless otherwise noted,
all reagents were purchased from Sigma Aldrich (St. Louis, MO).

Expression and Purification of Wild-type Gcs. E. coli BL21(DE3) harboring
pDHS10027 was obtained from Sherman Laboratory (University of Michigan). A single
colony was cultured in Luria Broth (LB) (3 mL) supplemented with kanamycin (50 pg/mL)
and grown overnight at 37 °C and 250 rpm. The culture was used to inoculate LB media (1 L)
containing kanamycin (50 pg/mL). The culture (1 L) was incubated at 37°C and 250 rpm to
an optical density of 0.6, at which point protein synthesis was induced by the addition of 1
mM isopropyl-B-D-thiogalactopyranoside (IPTG). After incubation at 18 °C and 250 rpm for
16 — 20 hours, cells were collected by centrifugation at 4700 rpm for 20 minutes,
resuspended in 20 mL lysis buffer (100 mM Tris-HCI, pH 8.0 containing 300 mM NacCl), and
then lyzed by sonication. Following centrifugation at 8500 rpm for 20 minutes, the soluble
extract was loaded onto 1 mL HisTrap HP column (GE Healthcare, Piscataway, NJ, USA)
and was purified by fast protein liquid chromatography using the following buffers: wash
buffer (20 mM phosphate, pH 7.4 containing 500 mM NaCl and 10 mM imidazole) and

elution buffer (20 mM phosphate, pH 7.4 containing 500 mM NaCl and 200 mM imidazole).
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The protein was concentrated by using an Amicon Ultra 30 000 molecular weight cut-off
(MWCO) centrifugal filter (Millipore Corp., Billerica, MA, USA), buffer exchanged with
storage buffer (50 mM sodium phosphate, pH 7.4 containing 250 mM NaCl, 1 mM tris(2-
carboxyethyl)phosphine (TCEP), and 20% glycerol). Aliquots of the enzymes were stored at
-80 °C until needed. Protein purity was verified by SDS-PAGE, and protein quantification
was carried out by using the Bradford protein assay kit from Bio-Rad.

Expression and Purification of Wild-type MatB, MatB T207G/M3061, and FabH.
FabH expression plasmid E. coli BL21(DE3)pLysS was obtained from Zhixia Ye (Williams
lab, NCSU). The enzymes were expressed and extracted using the same procedure as for the
Gces except that chloramphenicol and kanamycin were added to FabH culture and proteins
were stored in 50 mM Tris-HCI, pH 7.4 containing 500 mM NaCl, 20% glycerol.
HPLC analysis of MatB activity. The in vitro enzyme assays were performed in a reaction
mixture (100 pL) containing 2 mM CoA, 4 mM ATP, 10 mM malonate or an analogue, 100
mM potassium phosphate (pH 7.0), 2 mM MgCl,, and 16pg MatB WT or MatB
T207G/M3061. Reactions were run at room temperature for 24 hours. Aliquots were removed
at the start and end of the reaction. Each aliquot was quenched with an equal volume of ice-
cold methanol and centrifuged for 10 minutes at 10,000 rpm. The supernatant was collected
and 25 pL was analyzed on a Varian ProStar HPLC (Walnut Creek, CA) for each sample. A
35 minute gradient was used that started at 100% 0.1% TFA in water and linearly increased
to 100% methanol. The flow-rate was 1 mL/min and the absorbance was monitored at 254
nm.

Gcs Reaction. The in vitro enzyme assays were performed in a reaction mixture (100
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ML) containing 1 mM isobutyryl-CoA, 2 mM malonyl-CoA, 2 mM malonyl-CoA analogue, 2
mM TCEP, 10 mM magnesium sulfate (pH 7.0), 50 mM 4-(2-hydroxyethyl)piperazine-1-
ethansulfonic acid sodium salt (HEPES), 150 mM NaCl, 10 pg FabH, and 10 pg Gcs.
Reactions were run at room temperature for 24 hours and analyzed HPLC using the same
protocol as for MatB at 290 nm, except for reaction with 2j was run with a 40 minute
gradient.

Mass Spectrometry Analysis of Gcs Products. A high resolution accurate mass LC-
ESI/MS instrument was used to analyze Gcs products. A gradient elution (2% - 95% solvent
B in 22 minutes) was performed at a flow-rate of 0.5 mL/min with water (solvent A) and
methanol (solvent B) as mobile phase solvent system. Reverse phase C18 column was used
for separation of the product.

Competition experiments. Triketide pyrone formation catalyzed by Gcs was assayed
in the presence of 1 mM isobutyryl-CoA, 1 mM 2a, 1.5 mM 2c, 1.5 mM each 2b, 2d, 2g, and
2h, and needed reagents. The 40 pL reaction mixture was done in triplicate, incubated at
45°C for 3 hours and analyzed by the HPLC using the same protocol describe for Gcs

reaction above.

3.3 Results and Discussion
3.3.1 MatB-catalyzed Extender Unit Generation

Generation of a panel of potential PKS extender units, which provides chemical
functionality beyond the extender substrates available to natural biosynthetic systems, has

been used to probe the in vitro acyl-CoA specificity of PKSs and related biosynthetic
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machinery.”*?* The malonyl-CoA synthetase MatB? from Rhizobium trifolii catalyzes the
ATP-dependent ligation of malonic acid and CoA to generate the corresponding malonyl-
CoA thioester. Mutants of MatB have been generated that display expanded promiscuity
towards diverse malonic acid analogues (Figure 3.5). Accordingly, the wild-type and
T207G/M3061 double mutant MatB was each overexpressed in 1L culture as an N-terminally
hexa-histidine tagged fusion protein and purified to at least 90% homogeneity (confirmed by
SDS-PAGE gel) by fast protein liquid chromatography (FPLC). The purified enzymes were
used to synthesize a panel of malonyl-CoA analogues via an in-house set of previously
prepared malonic acid analogues (1a-k). In each case, the corresponding acyl-CoA was

verified by comparison to previously established elution times, and by LC-MS analysis.
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Figure 3.5 The MatB-catalyzed conversion of malonic acid analogues to the corresponding
malonyl-CoA analogue. Each reaction shown was analyzed by HPLC (representative
examples are shown). See Materials and Methods for details.
3.3.2 Extender Unit Promiscuity of Germicidin Synthase
The entire panel of malonyl-CoA derivatives (2a-k) was used to probe the extender

unit promiscuity of Gcs. The B-ketoacyl synthase FabH from fatty acid biosynthesis was

previously determined to catalyze the reaction of isobuytryl-CoA with malonyl-CoA to form
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3-o0x0-4-methyl-pentyl-CoA (3), and this reaction was coupled with Gcs in vitro to provide
the starter substrate for germicidin biosynthesis (Figure 3.6).*° Subsequently, purified FabH
and Gcs were incubated with isobutyryl-CoA, malonyl-CoA, and an acyl-CoA (2a-1), and the
product profile was then analyzed using an HPLC-based end point assay (Figure 3.7). As
expected,™ incubation of WT Gcs with 2b-c each resulted in the detection of a product peak
with unique retention time. Analysis of a series of negative controls revealed that the putative
products were only detected when every reaction component was included in the reaction
mixture. Notably, putative products were also detected using every other acyl-CoA tested
(2d-2k), including those with long unbranched aliphatic C2 side-chains (2h, 2j), branched
and/or bulky side-chains (2e, 2i), alkynyl and allyl chains (2f, 2g), and those that are not
found in natural biosynthetic pathways (e.g. 2g, 2k). Given the lack of product standards for
each pyrone, the product yield in each case was estimated on the basis of comparison of the
product peak area to that obtained with the native substrate, 2c (Table 3.1). Product yields
varied from as high as 100% to as low as 2.8% based on this analysis. In every case, product
identity (4a-4k) was confirmed by high resolution LC-MS analysis of the product mixtures

(Table 3.1).
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Figure 3.7 Gces-catalyzed triketide pyrones formation via HPLC analysis. Putative product

peaks are labeled with the corresponding compound number.
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Table 3.1 Estimated percentage product yield of triketide pyrones (4a-4k). The product peak
area of each 4a-4k was compared with 4c. Theoretical and actual masses of germicidin
analogues. Every mass was within 5 ppm of the theoretical [M+H]

Product  Productyield (%) Theoretical Mass [M+H] Observed Mass [M+H]

4a 50.9 155.07027 155.07008
4b 25.9 169.08658 169.08628
4c 100 183.10157 183.10132
4d 84.3 197.11788 197.11724
4e 2.8 197.11788 197.11711
Af 85.2 195.10223 195.10211
49 71.3 193.08658 193.08599
4h 47.2 211.13353 211.13264
4i 100 211.13353 211.13278
4j 97.2 225.14852 225.14806
4k 68.5 224.10363 224.10268

3.3.3 Competition Assay

In an effort to describe the relative level of discrimination between the natural
extender unit of Gecs and the successfully utilized non-native and unnatural extender units,
Gces-catalyzed triketide pyrone formation was assayed in the presence of equimolar native
extender 2c and either 2b, 2d, 2g, or 2h as the competing extender substrates. In this way, the
resulting product distribution is likely to at least approximately reflect the relative ratios of
keat/Knm for each substrate. The relative proportion of native and non-native products in each
reaction was determined by HPLC analysis (Figure 3.8). The native extender substrate 2c
exhibited approximately 3-, 2-, 5-, and 19-fold higher conversion than that with the unnatural

substrates, 2b, 2d, 2g, and 2h, respectively. These results indicate that the wild-type enzyme
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exhibited preference towards the native extender unit substrate, whereas previous studies
have shown that Gcs accepted various non-native acyl-CoA starter units.*>*® Crucially, this
initial promiscuity towards a broad range of extender units provides a platform for enzyme

engineering.

+
0
A
2 /jjj\SCoA . SCOA  CoASH 4c

0 R = 2b/4b, 2d/4d,
2g/4g, 2h/4h
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Figure 3.8 Gcs-catalyzed triketide pyrone formation in the presence of 2c and competing
extender unit 2b, 2d, 2g, and 2h. R = Methyl (2b/4b), Propyl (2d/4d), Propargyl (29/49),
Butyl (2h/4h). The reactions were run in triplicate with an average standard deviation of less
than 2%
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3.4 Conclusion

The results presented here demonstrate that Ges is highly tolerant of a broad range
of malonyl-CoA analogue extender units. The vast majority of polyketide biosynthetic
diversification strategies have focused on a small number of extender units with limited
chemical functionalities, thus probing Gcs in vitro has determined the enzyme is
promiscuous toward diverse extender units. The scale-up reaction of Gcs is underway for
characterization of these products that would enable the confirmation of structure by NMR.
The remarkable promiscuity described here sets the stage for significantly expanding the
potential scope and utility of such strategies to explore other type 111 PKSs that share a high
homology sequence with Gcs. Further, a description of type Il PKS extender unit
promiscuity now provides a foundation for kinetic analysis and future engineering efforts

which include rational design and directed evolution approaches.
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CHAPTER 4

SITE-DIRECTED MUTAGENESIS OF GERMICIDIN SYNTHASE

4.1 Introduction

The type 111 PKSs are small homodimeric proteins that are responsible for catalyzing
the biosynthesis of aromatic polyketides in bacteria and plants. The type 111 PKSs catalyze
carbon-carbon bond formation through a complete series of decarboxylation, condensation,
and cyclization reactions with a single active site.®> Several X-ray crystal structures of type
Il PKSs revealed that their overall folded structures are nearly identical and that most of the
active-site residues are superimposable in nearly identical positions (Figure 4.1).*> The
volume and shape of the active-site cavity governs the substrate selectivity, polyketide chain
length, and the folding and cyclization pathways of the enzyme-catalyzed reaction.>*>®’ In
addition, type 111 PKSs exhibit extremely broad starter unit tolerance, and accept a variety of
non-physiological substrates, including aromatic and aliphatic CoA thioesters to produce a
series of chemical and structurally divergent unnatural polyketides.®? Interestingly, it is
remarkable that a single point mutation could lead to the expansion of the catalytic repertoire
of these enzymes.’®* The two Azotobacter type Il PKSs (ArsB and ArsC) were
characterized and found to have different cyclization specificity.'*® The sequence alignment
of ArsB and ArsC shows that they share 71% identity; yet ArsB produces alkylresocinols and

ArsC produces akylpyrones. It has been determined that substitution of a single amino acid

reverses the cyclization specificity of Azotobacter type I11 PKSs and swaps the main products
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without significant loss of the enzymatic activities.*

Gcs (bacterial type 1l PKS) Gcs (bacterial type 11l PKS)
CHS (plant type Ill PKS) THNS (bacterial type Il PKS)

Figure 4.1 An overlapping structure of Gcs with a bacterial (THNS) and a plant (CHS) type
11 PKSs

Recently, the X-ray crystal structure of Gecs (Figure 4.2) has been solved to gain
fundamental information about the enzyme catalytic activities.” In Chapter 3 of this
document, it was shown that Gcs is promiscuous toward non-native' and unnatural starter
and extender substrates, although activity of the wild-type enzyme towards unnatural acyl-
CoA’s was lower than that with the natural substrate 2c¢ in most cases. Here, we turn to
computational molecular docking to examine the catalytic site cavity of Gcs in the presence
of various substrates. In this way, the residues that may control acyl-CoA specificity and

polyketide length could be identified. Mutagenesis of putative specificity determinants and
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subsequent kinetic analysis will be used to provide further evidence of the role of such
residues. Finally, identification of key specificity conferring residues will provide a template
for engineering the acyl-CoA specificity of Gcs and other type Il PKSs in an effort to
provide mutant PKSs with improved activity and/or specificity towards unnatural and non-

native extender units.

Figure 4.2 Homodimeric crystal structure of wild-type Gcs generated from PISA software.

4.2 Materials and Methods

Molecular Docking. The protein structure of Gcs was obtained from Protein Data
Bank (PDB code: 3V71).** The structure of methylmalonyl-CoA was drawn and energy-
minimized in Spartan (Wavefunction Inc.). Enzyme and substrate were saved as .pdb
(program database) files, and the online docking program Patchdock™®*’ was used to dock the

ligand to the enzyme active site. The enzyme-substrate complex structure was then examined
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in PyMol.

Site-Directed Mutagenesis. Mutations (H261A, H261G, H261W, and M274A) were
introduced into Gcs cloned in pET28b (+) by using the QuikChange site-directed
mutagenesis kit (Stratagene, USA) with the addition of 6% dimethyl sulfoxide (DMSO).
After confirmation of the sequences, the plasmids that expressed the mutants was
transformed into E. coli BL21(DE3) competent cells. The enzymes were expressed and
purified using the same procedure as for the wild-type Gcs.

Enzyme Reactions. The in vitro enzyme assays were performed in a reaction mixture
(100 pL) containing 200 uM isobutyryl-CoA, 400 UM malonyl-CoA, 200 uM malonyl-CoA
analogue (2a-1), 2 mM TCEP, 10 mM magnesium sulfate (pH 7.0), 50 mM HEPES, 150 mM
NaCl, 10 pg FabH, and 10 pg Ges wild-type, Ges M274A or Ges H261A. Reactions were
run in triplicate at room temperature for 24 hours and analyzed by HPLC using the same
protocol as for MatB at 290 nm.

Competition experiments. Triketide pyrone formation catalyzed by Gcs wild-type and
Gces mutants (H261A, H261G, H261W, and M274A) were assayed in the presence of 1 mM
isobutyryl-CoA, 1 mM 2a, 1.5 mM 2c¢, 1.5 mM each 2d, 2g, and 2h, 1 mM TCEP, 10 mM
magnesium sulfate (pH 7.0), 50 mM 4-(2-hydroxyethyl)piperazine-1-ethansulfonic acid
sodium salt (HEPES), 150 mM NaCl, 10 pg FabH, and 10 pug Gces . The 40 pL reaction
mixture was assembled in triplicate, incubated at 45°C for 3 hours and analyzed by the

HPLC using the same protocol describe for Ges reaction above.
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4.3 Results and Discussion
4.3.1 Molecular Docking

From the results that were generated by the Patchdock molecular docking program,
the best enzyme-substrate complex model was obtained based on the position and the binding
of the methylmalonyl-CoA ligand. The conformation of the CoA molecule bound to Gcs
resembles that observed in the crystal soaked malonyl-CoA bound Alfalfa CHS™ (PDB code:
1CML) (Figure 4.3). A hydrogen bond between the backbone amide nitrogen of Ala376 and
the first carbonyl of the pantetheine moiety and van der Waals contacts interactions between
Ges and CoA were observed. The pantetheine arm of CoA extends into the enzyme,
positioning the terminally bound thioester-linked substrate near the presumed catalytic
residue, Cys175. In addition, the side chain amide of Asn346 provides a hydrogen bond to
the carbonyl oxygen of the thioester, thus this interaction stabilizes the enolate anion

resulting from decarboxylation of methylmalonyl-CoA (Figure 4.4).

_ -«
L.' WA ( [a
Figure 4.3 Enzyme-substrate complex structures of CHS-malonyl-CoA™ (a) and Gcs-
methylmalonyl-CoA (b).

49



Figure 4.4 Interactions of methylmalonyl-CoA with the residues in Gcs active site.

Based on the enzyme-substrate docking model, two residues His261 and Met274
were identified in close proximity to the conserved catalytic triad His312, Cys175, and
Asn346 (Figure 4.5a-b). Accordingly, it was hypothesized that these two residues might
restrict the activity of WT Gcs towards acyl-CoA’s 2d-2k. To test this hypothesis, His261
and Met274 were individually mutated to alanine, and the H261A and M274A mutants
overexpressed and purified to homogeneity. The activity of H261A and M274A was
compared to the wild-type Gcs by HPLC analysis of the reaction product mixtures using a
panel of acyl-CoA’s (2a-2k). Remarkably, the H261A and M274A mutants significantly
increased the triketide pyrone production (4a-4k) with every substrate tested compared with
the wild-type Gcs (Figure 4.6). For example, when 2a-2h were each used as the extender
units, the H261A mutant exhibited 3.1-, 6.4-, 3.9-, 3.0-, 12.5-, 7.1-, 12.2-, and 13.9-fold

increased production of the corresponding pyrone 4a-4h, respectively, compared to the wild-
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type Gcs. Similarly, the M274A mutation supported production of 4a-4h at 5.7-, 7.7-, 10.0-,
3.3-, 1.8-, 18.1-, 31.4-, 1.6-fold higher than the wild-type Gcs, using substrates 2a-2h,
respectively. These data suggest that the activity of the H261A and M274A mutants is very
different from the wild-type enzyme, and that the mutated residues might be critical in

controlling the substrate specificity and/or catalytic efficiency of Gcs.

Figure 4.5 A close-up views of the active-site cavity of wild-type Gcs (a and b), the H261A
mutant (c), and the M274A mutant (d). Methylmalonyl-CoA is shown with blue carbons.
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reactions were run in triplicate with an average standard deviation less than 0.2 (mAU.min)
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4.3.2 Competition Experiments

As previously noted in Chapter 3, the wild-type enzyme showed preference towards
the native substrate 2c rather than the unnatural substrates (e.g. 2d, 2g, and 2h). In addition,
the H261A and M274A mutants have been shown to exhibit different activity towards the
extender unit panel, as compared to the WT Gcs. One hypothesis for these observations is
that the mutations H261A and M274A have altered the specificity between 2c and the other
extender unit. To test this hypothesis, competition experiments were performed using WT,
H261A, and M274A Gcs in the presence of the natural extender 2c and either propyl 2d,
propargyl 2g, and butyl 2h. Interestingly, when either 2d or 2g were used in the competing

assay along with H261A or M274A, the ratio of the ‘natural’ pyrone 4c and unnatural
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product (4d/4g) were not significantly different than when the WT Gcs is used (Figure 4.7).
This data suggests that at least for 2d/2g, the single mutations do not alter the discrimination
between these two extenders and 2c. In contrast, when 2h was used in the competition assay,
the H261A mutation clearly discriminated between 2c and 2h, while M274A displayed 2c/2h
discrimination similar to WT Gcs. This data was somewhat surprising since previous data
(Figure 4.5) showed that the M274A mutant exhibited a higher activity towards each of these
unnatural substrates. Perhaps, the formation of the unnatural product might be inhibited in
the presence of native substrate 2c, or its product, 4c. To provide additional insight into the
role of His261 in controlling activity or discrimination between various acyl-CoA’s, two
additional single mutations, H261G and H261W, were designed. Substitution with glycine
was expected to further reduce steric constraints in the active site and possibly improve
activity with the larger extender units, while substitution with tryptophan expected to have
the opposite effect. Subsequent competition assay revealed that H261G did not significantly
alter the product distribution between 4c/4d or 4c/4g, compared to the wild-type Gcs.
However, H261G modestly increased product distribution towards butyl 4h in the presence
of 2¢/2h, compared to WT Gcs. H261W provided modest impact on product distribution, and
shifted product formation towards the natural pyrone 4c when 2d, 2g, or 2h were used in the
competition assay. Thus, in the case of the bulkier butyl 2h, substitution of His261 with
glycine might favor incorporation of butylmalonyl-CoA over ethylmalonyl-CoA.
Substitution at this position with tryptophan appears to shift specificity towards 2c, compared

to histidine.
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Figure 4.6 Percent conversion ratio of natural (4c)/unnatural (4d,49,4h) triketide pyrones
The reactions were run in triplicate with an average standard deviation of less than 2%
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4.4 Conclusion

It is perhaps surprising that site-directed mutagenesis of Gcs at His261 and Met274
resulted in a change in the activity of Gcs and production of germicidin analogues. Thus,
whereas amino acid substitutions at His261 and Met274 appear to improve the overall
activity of the enzyme with all substrates tested (including 2d and 2g, Figure 4.5), specificity
shifts were detected with only a subset of the unnatural substrate tested (2h). To the best of
my knowledge, this is the first time that the extender unit specificity of a type Il PKS has
been manipulated, although there are previous examples of improving the overall activity of
type 111 PKSs by directed evolution.”® Future work will focus on a more detailed kinetic
analysis to determine whether improvements in k¢ and/or Ky are responsible for the general
improvements in activity and specificity shift. It is expected that a similar process of
mutagenesis followed by competition assays and kinetic analysis can be applied to other
residues predicted to form the substrate binding pocket. In this way, residues critical for
substrate specificity will be delineated, and further mutagenesis should facilitate the tailoring
of this enzyme for the production of novel polyketides. These results provide a foundation
for enzyme engineering to determine other residues that might play critical roles in

enzymatic activity.
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AT

Compound [domain Motif 1 Motif 2 Motif 3 Motif 4 |Max Motif

rubradirin methylmaldR VDV I QIGHS QGE|VD - VRRV- A- V-DJ|Y A S H S|methylmalonyl
malonyl-CdQ T I YT QIGHS I GE[HK - TRRL - P- V- S|HA F H S|malonyl
methylmalqR VDVV QIGHS QGEVR - TRPV- P-V-D|YA S H T[methylmalonyl
methylmalyR VDVV QIGHS QGE[- | RFRRI - P-V-D|YA S H S|methylmalonyl
malonyl-CQ TVYT QIGHSV GE[RK- VHRL - P- V- S|HA F H S|malonyl
methylmalfR T DV V Q|G S S Q G E|l - FRRL- R- A-D|YA S H S|methylmalonyl

5-alkenyl

furanones malonyl-CR T VF T Q|G H S V G E[R - ATAL- R-V-S|HAF H S|malonyl
methylmaldP VEVV QIGHS Q GE - HRRI - P-V-TI|YA S H T|methylmalonyl
methylmaldP VEVV Q|G HS Q G E|l -HRRI - PV--T]|YA S H T|[methylmalonyl
malonyl-CR TRYAQ|IGHSV GD|- - - - REL- H-V-S[HAF H S|malonyl
methylmaldP VEVV QIGHS QGE|l - RHRRI - P-V-T|YA S H T|[methylmalonyl
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malonyl-CE T AYT QIGHS | GE[RK- SKRL- T-V-S|HAF H S|malonyl
malonyl-CE TGY T Q|GHS I GE[RK- SKRL- T-V-S[HAF H S|malonyl
malonyl-CE T AYT QIGHS I GE[RK- SKRL- T-V-S|HAF H S|malonyl
malonyl-CE T AHT QIGHS I GE[RK- SKRL- T-V-S|[HAF H S|malonyl
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malonyl-CQ T AVT QIGHS I GE[RK- SKHL - A- V- S|HA F H S|malonyl
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bafilomycin |isobutyryl- R ADVV Q[GHSV GE|IVH - ARRIl - AV- - G|L A A H S|methylmalonyl
methylmaldR VDVV QIGHS Q GE[V- RARRV- -EV-D|YA S H S|methylmalonyl
malonyl-CQR TRY T QIGHS I GE[RR- TRRL - S-V-S|HAF H S|malonyl
methylmaldR VDVV QIGHS Q GE|l - RAKAI - -PV-D|YA A H S|methylmalonyl
methylmalqR VDVV QIGHS Q GE[VR - ARSV - E- V- DJ|Y A S H S|methylmalonyl
methoxymR VDVV QIGHS QGE|[VL - TWPV- PGV-D|FA G H S|methoxymalony
malonyl-CQR TEYT QIGHSV GE[RK - TRRL - R- V-S|HAF H S|malonyl
methylmaldR VDVV QIGHS QGE|l - RSRRI - -PV-D|YAS H S|[methylmalonyl
methylmalqR VDVV QIGHS Q GE[V- RARLI - -EV-D|YA S H S|methylmalonyl
methylmalJR VDVV QIGHS Q GE[V- RARPV- -PV-D|YA S H S|methylmalonyl
methylmalqR VDVV QIGHS Q GE[V- RARRV- -EV-D|YA S H S|methylmalonyl
methoxymiR VDVV QIGHS Q GEJ[VW- ASRI - E- V- D|Y A S H S|methylmalonyl
tetronasin methylmalR VDVV QIGHS QGEVQ- TRLL- P-V-D|YAS H S|methylmalonyl
malonyl-CH TTYT QIGHS I GE[l R- TRAL- N-V-S|[HAF H S|malonyl
malonyl-CQH TTYT QIGHS | GE|l R- TRAL- N-V-S|HAF H S|malonyl
methylmalyR VDVV QIGHS QGE[VQ- TRLL-P-V-D|YAS H S|methylmalonyl
methylmalR VDVV QIGHS QGEVQ- TRLL- P-V-D[YAS H S|methylmalonyl
malonyl-CH T TYT QIGHS I GE[l R- TRAL- N-V-S|[HAF H S|malonyl
malonyl-CQH TTYT QIGHS | GE|l R- TRAL- N-V-S|HAF H S|malonyl
methylmalJR VDVV QIGHS QGE[VQ- TRLL-P-V-D|YAS H S|methylmalonyl
methylmalR VDVV QIGHS QGEVQ- TRLL- P-V-D[YAS H S|methylmalonyl
malonyl-CR TQYT Q|IGHSL GE[HS - TKRL - R-V-S|[HAF H S|malonyl
malonyl-CR T AYT QIGHS | GE[RR - TKQL - R-V-S|HAF H S|malonyl
malonyl-CH T TYT QIGHS I GE[l R- TRAL- N-V-S|[HAF H S|malonyl
methylmalR VDVV QIGHS QGEVQ- TRLL- P-V-D[YAS H S|methylmalonyl
EIl RYMQIGHSI GE|l R- TKRL- A-V-S|CA S H S|hydroxymalonyl
KTQYTQIGHSL GE[A- - YTVL- R-V-G|GA F H S|malonyl
streptolydigin|malonyl-CQR TRY T QIGHS I GE[HR - TKRL - N-V-S|HAF H S|malonyl
malonyl-CR TE YA QIGHS I GE[RR- TRRL - R-V-S|HAF H S|malonyl
methylmalfR VDV V QIGHS Q GE[VR - ARRI - A- V- D|Y A S H S|methylmalonyl
methylmalqR VDVV QIGHS Q GE[VR - ARRI - A- V- DJ|Y A S H S|methylmalonyl
malonyl-CR TEF AQIGHSV GE[RR - VRRL - R-V-S|HAF H S|malonyl
methylmalqR VDVV QIGHS Q GE|l R- ARRI - A- V-DJ|Y A S H S|methylmalonyl
malonyl-CR TEF AQIGHSV GE[RR - VRRL - R-V-S|HAF H S|malonyl
methylmalqR VDVV QIGHS Q GE|l R- ARRI - A- V-DJ|Y A S H S|methylmalonyl
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