ABSTRACT

KASEY, CHRISTIAN MAYFIELD. Genetically-Encoded Biosensors for High-throughput
Engineering and Synthetic Biology of Polyketide Biosynthesis. (Under the direction of Gavin
Williams).

Polyketide synthases (PKSs) are responsible for the production of diverse and complex natural
products that often contain clinically relevant properties. Rationally engineering PKSs to produce
higher yields or analogues of a target compound in vivo is often hampered by the complexity of
the biosynthetic machinery and lack of high-throughput polyketide screens. The MphR protein
naturally detects erythromycin in the context of a microbial resistance mechanism. Here we
describe engineering MphR as a transcription factor-based biosensor to respond to erythromycin
with increasing levels of sensitivity by employing multiple mutagenic strategies to alter the MphR
gene and its upstream RBS. Additionally, the selectivity of MphR for closely-related macrolides is
described and the ability to fine tune ligand recognition between these macrolides demonstrated.
By demonstrating the ability to detect erythromycin production in a parallel and high-throughput
fashion, MphR-based biosensors hold promise as a means to alleviate the bottlenecks that plague
PKS engineering.

Investigations into the specificity determinants of erythromycin biosynthesis towards small
molecule building blocks revealed the promiscuous nature of building block selection and
incorporation. Mutagenesis of key enzyme residues revealed the plasticity of building block
preference of the acyltransferase domains responsible for selection and incorporation of malonyl
coenzyme A molecules (malonyl-CoA). This study demonstrated a complete reversal of building
block preference in the preferred biosynthesis for a polyketide which incorporates a non-canonical
malonyl-CoA versus the natural building block. This demonstration shows promise for the
engineering of polyketide synthases with optimized function and opens the door for unbiased

approaches to polyketide synthase engineering that may leverage high-throughput screening.



Studies of the methyltransferase EryG and the erythromycin-producing microbe
Aeromicrobium erythreum highlight further the scope of polyketide synthetic biology engineering
aims. The application of biosensor-guided high-throughput screening is demonstrated in the

detection of erythromycin biosynthesized by A. erythreum.
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CHAPTER 1

Introduction to polyketide biosynthesis and high-throughput engineering

1.1 Polyketides and drug discovery

Polyketides, natural products that have tremendous diversity in molecular mass,
structure and chemical functionality, are biosynthesized in bacteria, fungi and plants by
polyketide synthases (PKSs) (Figure 1.1).1'4 Polyketides display potent and diverse biological
activities, including antibacterial, anticancer, antifungal, and immunosuppression.?®
Accordingly, polyketides comprise a significant portion of commercially available
pharmaceuticals, accounting for 20% of top grossing drugs.? As natural products, they are a
privileged class with a hit rate for commercialization of 0.3% of total discovered polyketides.®
Thus, polyketides, along with other classes of natural products, are attractive targets for drug
discovery. Macrolides, a subset of polyketides which consist of a polyketide macrolactone
core decorated by at least one sugar moiety in addition to other post-PKS modifications, are
of extreme clinical importance. Antibiotic macrolides like erythromycin A (ErA) and similar
compounds have been identified by the World Health Organization as essential for successful

basic helath-care.”

1.1.1 Polyketide optimization

Natural products are rarely pre-optimized by nature for our particular use, but structural
optimization can elevate natural products with insufficient activity or poor pharmacokinetic
properties to clinically acceptable levels. The diversification of existing natural product
scaffolds has already proven to be a powerful strategy for the discovery of natural product

analogues with enhanced pharmacological properties.® ° For example, over 3600 metric tons



of ErA are produced annually. Of this, roughly 75% is converted via semi-synthesis to
clarithromycin, azithromycin, and roxithromycin.** From these second generation macrolide
drugs, newer generation drugs such as solithromycin and tulathromycin, have been
synthesized. However, the structural complexity of many polyketides makes diversification by
semi-synthesis difficult. Structural optimization of erythromycin has been limited to
modifications at the few functional groups that are synthetically tractable. For example, the
semi-synthesis and further decoration of azithromycin installs an oxime in place of the C9 keto
group of ErA and expands the macrolide ring.? Other semi-synthetic attempts have made
many valuable derivatives, but all are limited to carrying out chemo-selective transformations
at the biosynthetically installed functional groups of erythromycin. These top-down
approaches are incapable of regio-specific maodification of much of the polyketide backbone.
Diversification of macrolides has been critical to develop lead compounds into clinically used
drugs. For instance, ErA has served as a scaffold for several next-generation macrolide
antibiotics with reduced off-target affects, longer half-life, and improved antibiotic activity. As
microbial resistance to antibiotics evolves, it is critical researchers keep pace with antibiotic
resistance by improving existing macrolides and discovering new ones. This need is
particularly important since the pharma industry has, by and large, abandoned natural product
discovery from environmental samples and reduced support of natural product research in
favor of synthetic compound libraries constructed and organized for easy screening. Despite
thischange,nat ur al product sr ateetdaivne ras ths gshyerrt hdentiitc ¢ o mg

have more structural diversity.®*3
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Figure 1.1 Clinically important polyketides. (A) Examples of the diversity of structures and
activity of polyketides. (B) Second generation macrolides generated from erythromycin by
semi-synthesis with clinically valuable properties such as reduced off-target effects and

resistance to degradation.



Impressive chemical syntheses have been accomplished to address these
difficulties.’*1® For example, the total synthesis of ErA was accomplished with a yield of
0.0089%, while synthetic yields for the ErA glycone, 6-deoxyerythronolide (6dEB), tend to be
under 5%.1" Recent successes in this field include the work of Myers and coworkers who have
developed clever strategies to produce several new erythromycin-like macrolides with potent
biological activities by functionalizing portions of the polyketide that are typically templated
during biosynthesis.?® From initial building blocks available commercially or produced in
relatively high yield (>75%), Myers and coworkers report a yield of 32% for an azaketolide
example. Strategies to engineer biosynthesis to biologically diversify and efficiently produce
macrolides holds key advantages too, including the low cost of producing strain feedstocks
and precursor molecules, the insight genomic data provides regarding biosynthetic pathway
sequence and organization, and the tractability of several industrially interesting

microorganisms to genetic engineering.

1.2 Polyketide biosynthesis

Type | modular PKSs are biosynthetic assembly lines with multiple catalytic centers
responsible for the production of the scaffolds of complex reduced polyketides such as
erythromycin.’® The genes for modular type | PKSs are found in large biosynthetic gene
clusters and encode large polypeptides that contain one or more modules. Each module is
responsible for an elongation step of the nascent polyketide chain, and can be divided into
individual domains which each contribute to the selection, incorporation, and in-line tailoring
of the appropriate malonyl coenzyme A (malonyl-CoA)-derived extender unit. These modules
are organized as a template in a linear fashion such that the number, order, and identity of
the modules describes the structure of the product of the type | PKS. The immediate

polyketide products of type | PKSs is typically acted on by post-PKS tailoring enzymes
4



including hydroxylases, glycosyltransferases, and methyltransferases. These decorating

steps are critical for the final activity of many polyketides.

1.2.1 Polyketide synthase organization

The polyketide core of erythromycin is biosynthesized by the canonical type | PKS, 6-
deoxyerythronolide B synthase (DEBS). Erythromycin biosynthesis begins with the DEBS
loading module, which consists of an acyltransferase (AT) domain and an acyl carrier protein
(ACP) domain. The AT transfers propionate from propionyl-CoA onto the thiol of the ACP
phosphopantetheine group. The propionyl group is then transferred to the ketosynthase (KS)
domain of module 1, and the module 1 AT transfers methylmalonate from (2S)-methylmalonyl-
CoA (mm-CoA) onto the module 1 ACP. Acyltransferase (AT) domains are responsible for
charging the ACP within each module with the cognate extender unit to be incorporated into
the growing polyketide chaingateka@epeAD domaiim,i @I
AT domains for modules 1-6 have high specificity for mm-CoA. Accordingly, each AT domain
of DEBS determines the functionality at alternating carbons in the erythronolide scaffold,
which in this case is a methyl side-chain. The module 1 KS then catalyzes a decarboxylative
thio-Claisen condensation, resulting in an elongated diketide bound to the module 1 ACP. The
module 1 ketoreductase (KR) domain catalyzes the NADPH-dependent reduction of the newly
f o r meketond) setting one or two stereocenters depending on if the KR also possesses
epimerase activity. The diketide is then transferred to the KS of module 2. This cycle of
transfers, condensation, and reduction continues throught to module 6, whith minor variations
at modules 3 and 4. Module 3 does not have an active KR domain, resulting in a ketone
(Figure 2, green), while module 4 has two additional reductive domains that eliminate the
newly formed hydroxyl and reduce the resulting double bond, resulting in a methylene (Figure

2, orange). After the module 6 KR domain catalyzes the final reduction, the thioesterase (TE)
5



domain catalyzes the regioselective macro-cyclization to afford 6-deoxyerythronolide B

(6dEB) (Figure 1.2)

1.2.2 Post-PKS enzymes

A host of enzymes are responsible for the conversion of the product of DEBS 1-3
(6dEB) to ErA. 6dEB is first acted on by the P450 hydroxylase EryF, which adds a hydroxyl
group at C6, vyielding erythronolide B (EB). EB then serves as a substrate for two sequential
O-glycosylations: EryB transfers a desosamine sugar from TDP-desosamine onto the C5-OH
oxygen and EryC transfers a mycarose sugar from TDP-mycarose onto the C3-OH oxygen,
yielding erythromycin D. ErD can proceed by two routes to ErA, going through intermediate
erythromycin C or erythromycin B. The hydroxylation of ErD by the P450 hydroxylase EryK at
C10 produces Erythromycin C, which is then methylated by the methyltransferase EryG at the
my ¢ a r o s@H o8yge@, yielding ErA. An alternative pathway goes through Erythromycin
B, where the EryG methylation precedes EryK hydroxylation. This alternative pathway has
been noted as a shunt pathway and is not as productive as the Erythromycin C pathway,

owing to the poor substrate recognition of EryK for Erythromycin B (Figure 1.2).%°
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Figure 1.2 Erythromycin A biosynthesis. Polypeptides DEBS 1-3 biosynthesize macrolactone
6-deoxyerythronolide B. A suite of post-PKS enzymes supported by the biosynthesis of TDP-
desosamine and TDP-mycarose are responsible for the biosynthesis of erythromycin A.

1.3 Production of non-natural polyketides by biosynthetic engineering
Polyketide-producing organisms include plants, fungi, and bacteria. Polyketide
products of bacterial type | PKSs are frequently found in soil samples as secondary

metabolites of the phylum Actinobacteria.?'?2 Erythromycin and its producing microorganisms

7



have been revealed by screening soil sample isolates. The first producing strain described
was Saccharopolyspora erythraea, an actinomycete bacteria, in 1952. While there have been
significant improvements in industrial fermentation of other natural products, erythromycin

production from S. erythraea has only been improved 10-fold over the last 50 years.!!

1.3.1 Pathway engineering

A potentially attractive alternative to traditional synthetic and semisynthetic
approaches for polyketide diversification is to harness the natural product biosynthetic
apparatus. This bottom-up biosynthetic approach constructs the growing polyketide scaffold
piece by piece rather than chemically tailoring the finished polyketide product, though these
approaches are complementary. The key benefit of templating the diversification of polyketide
biosynthesis is that the chemically recalcitrant backbone of most macrolides, the

macrolactone core, may be diversified in novel ways.

1.3.2 Mutasynthesis and chemobiosynthesis

Early observations noted that alternate precursor donors can be assimilated to some
extent instead of the natural precursor.?® Precursor-directed biosynthesis involves feeding an
alternative building block in place of the native building block for incorporation into the final
product.?* In a precursor-directed biosynthesis approach, a PKS chain surrogate can be used
in place of the natural ACP-bound polyketide intermediate and incorporated at some specific
downstream module to produce a 6dEB analogue.?2% A mutasynthesis approach combines
precursor-directed biosynthesis with active site mutations that inactivate upstream domains.
Production is rescued when a chain surrogate is included and accepted by an active

downstream KS. In the context of 6dEB biosynthesis, the use of extender unit analogues with



point mutations at specific domains to inactivate catalysis?’ or alter specificity?® have been

employed.

1.3.3 Domain and module swapping

Early attempts at DEBS engineering were conducted using the rationale that while the
DEBS extending modules are specific for mm-CoA,* the loading domain was more
permissive, allowing, in addition to propionyl-CoA incorporation, the installation of acetyl-CoA
and butyryl-CoA starter units, albeit at reduced rate in comparison to the natural starter unit.*°
The paradigm at this stage was that the best way to introduce chemical diversity was to swap
DEBS loading modules and extender ATs with those of different substrate specificities.3'*° If
the AT-swapped module and downstream machinery is tolerant of the incorporated non-
cognate extender unit, this technique allows regio-specific incorporation of alternative building
blocks.36:37
Several successes of this approach demonstrated that the anticipated polyketide analogue
products were produced, often along with the wild-type PKS product, and in low yields
compared to the natural product.®®3° Nevertheless, these studies confirm the modular nature

of PKS domains and modules.

1.3.4 Acyltransferase promiscuity

While these successes are notable, they are largely restricted to existing PKS AT
specificities such that the only extender units up for consideration are those with existing
cognate ATs. This becomes limiting when groups other than hydrogen, methyl, or ethyl are
targets for incorporation. Given extender units comprise the majority of the structure of 6dEB,

expanding the pool of extender units capable of incorporation makes millions of 6dEB



analogues possible. A benefit of this approach is that it provides a route to an entirely new
panel of polyketides for semisynthetic diversification or for further biological tailoring.

An emerging paradigm in PKS engineering and particularly DEBS engineering
reexamines the assertion that DEBS modules are tolerant of only mm-CoA extender units.?°
Recent work has shown a relaxed substrate specificity of the AT of the sixth module of DEBS
for malonyl-CoA extender units that are rare or do not exist in nature.*%4! This new approach
to polyketide engineering enables exploration of extender unit promiscuities of DEBS domains
with previously untested substrates. Given the high homology of DEBS ATs, it is reasonable
to think these results are broadly applicable to the other ATs of DEBS as well. Latent
promiscuity towards a non-natural extender unit, no matter how small, is the toehold a protein
engineer needs to begin engineering efforts at increasing affinity towards the desired extender
unit. With customized ATs installed at different modules of DEBS, extender units may be
selected in a regio-specific manner (Figure 1.3). This enzyme-directed mutasynthesis
approach avoids any complications from heterologous module incompatibilities with DEBS
biomachinery yet remains completely synergistic the other described approaches including

precursor-directed biosynthesis.
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Figure 1.3 Methods to generate polyketide diversity. Top: AT-swapping to incorporate an
alternative extender unit cognate for that AT. Middle: AT mutagenesis to tailor AT selectivity
away from its natural extender unit towards an extender unit of interest. Bottom:
Chemobiosynthesis using a chemically synthesized polyketide surrogate to rescue or

analogue biosynthesis of a mutant pathway.
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1.4 Post-PKS analoging

The post-PKS modifications made to polyketides are often what imbue the molecule
with its natural and/or clinically desired activity. For instance, the glycosylations of 6dEB are
essential post-PKS modifications that confer the antibiotic property of erythromycin.%42
Several groups have recognized the potential to elevate the clinical potential of target
biomolecules by modifying late-stage biosynthetic steps. The purpose of this section is to
briefly survey the scope and limitations of macrolide diversification strategies that leverage

post-PKS tailoring steps.

1.4.1 P450 engineering

For example, Zotchev and coworkers developed nystatin analogues by inactivating a
post-PKS P450 oxidase which oxidizes a methyl group to a carboxyl. This modification,
coupled with a PKS modification which provided a conjugated heptaene as opposed to the
interrupted alkene chain of the natural product, produced nystatin derivatives with improved
antifungal activity.*® Likewise, lovastatin was modified by Tang and coworkers by the
enzymatic attachment of alternative acyl groups to the C8 hydroxyl of monacolin J, a
biosynthetic intermediate of lovastatin, using a promiscuous acyltransferase, LovD.84

Sherman and coworkers have extensively studied the biosynthesis of pikromycin, a
mono-glycosylated macrolide antibiotic. A continued target of their efforts is PikC, the P450
monooxygenase responsible for converting narbomycin to pikromycin and YC-17 to
methymycin. The promiscuity of this enzyme has been demonstrated several times. It
produces not only the quintessential macrolides of pikromycin biosynthesis, but also the
derivatives neo- and novapikromycin and neo- and novamethymycin, which have
hydroxylation patterns that differ from their namesake compounds.*® This basal promiscuity

was leveraged in the construction of the PikCpson-RhFRED mutant, which incorporates a
12



fused reductase domain into the chimeric catalyst. PikCpson-RhFRED was used to generate a
panel of hydroxylated products including linear, cyclic, polycyclic and aromatic compounds
with the only apparent requirement being the presence of a desosamine sugar.*® Clearly, the
biosynthetic potential to tailor the late stages of polyketide biosynthesis exists and has the

potential to be exploited to generate novel and clinically improved compounds.

1.4.2 Glycosyltransferase engineering

Efforts at diversifying polyketides by swapping or engineering glycosyltransferases
(GTs) has produced many unique macrolides.®*24” Desosamine is a N,N-dimethyl amino
sugar found on many macrolide antibiotics and can be critical for antibiotic activity.*? Tang and
McDaniel explored the capacity of the promiscuous desosaminylating GT DesVII to produce
monoglycosylated macrolide derivatives of 6dEB. Using a combined bioassay and LC-MS
approach, over twenty novel macrolides were produced with varying levels of GT efficiency
and bioactivity.*?

GTs have also been engineered for promiscuity. The Thorson lab engineered a GT,
OleD, which naturally glucosylates oleandomycin to produce an oleandomycin glucoside, to
transfer a host of sugars from UDP-sugar substrates to 4-methyl umbelliferone. This success
was notable not only for the promiscuity towards sugar donors of the OleD variant, but its

relaxed acceptor specificity as well.*®

1.4.3 Methyltransferase engineering

Methyltransferases (MTases) are responsible for the methylation of primarily carbon,
nitrogen and oxygen atoms in the biosynthesis of several natural products (Figure 1.4). These
modifications are often critical for the full bioactivity of a compound. S-adenosyl-L-methionine

(SAM) dependent MTases are ubiquitous in organisms and support a host of critical functions
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including cell signaling,*® epigenetic regulation,®® and modification of key metabolites.5!
Methylation is an important tailoring step in the biosynthesis of several significant natural
products of bacterial and plant origin. Natural product MTases catalyze these methylations by
employing remarkably conserved SAM binding motifs, with O-directed natural product
MTases the most abundant of natural product MTases.>* Of the diverse classes of SAM-
binding proteins in nature, only two have been identified in natural product MTases. Of these
two, Class | predominates in the vast majority of natural product MTases. Class | natural
product MTases have remarkable substrate diversity, utilizing methyl-accepting substrates of

a variety of sizes, geometries, and of various biosynthetic origin.>*

NHMe
HO
HO
OH
Erythromycin A Rapamycin Epinephrine
antibiotic immunosuppresant aIIergy treatment

Figure 1.4 Natural products with methyltransferase steps in their biosynthesis. Green
background denotes the location of methylation.

1.5 Polyketide synthetic biology

One aspect of synthetic biology aims to harness biology and repurpose it to create
parts or pathways capable of recapitulated and improved biosynthesis of target compounds.
PKSs are extremely complicated biosynthetic machinery that, even when engineered

successfully, often suffer from decreased yields of the target compound.? Due to this
14



complexity and the reduced yields often associated with engineering by rational design, efforts
that explore more sequence space to develop improved PKS catalysts must be developed.
To overcome this challenge, mutant libraries of genes of interest may be generated by several
methods discussed below, using either an unbiased approach like DNA shuffling and error-
prone polymerase chain reaction (epPCR) or focused approaches like multi-site saturation
mutagenesis to leverage important regions and bias the library for improved phenotype.
Critical to this effort, especially in the case of large libraries, is the utilization of a suitable
screen or selection to adequately comb through a large percentage of library space. The role
of the screen or selection is to enrich the library for the desired phenotype by eliminating
library members that do not meet the phenotypic threshold (selection), or allowing the

experimenter to manually examine a library based of experimental results (screen).

1.5.1 Library design and high-throughput screening

As an alternative to rational protein design, several recent efforts have focused on
generating diverse libraries of biocatalytic variants. Focused mutagenesis methods target
specific residues or regions of the target protein or proteins that are predicted to positively
influence the proteins activityand libraries that randomize one or several residues may be
devised.®?>®** Random design (e.g. DNA shuffling® and error-prone PCR®®) allows for the
generation of mutant libraries where parts of or the entire protein coding sequence and regions
flanking it may be randomized. Both focused and unbiased techniques to develop libraries
have their merits and have been discussed at length.%*°%°7 The libraries of variants produced
using these approaches often number in the tens of thousands to millions, making typical
screening methods including nuclear magnetic resonance (NMR) and gas or liquid
chromatography coupled to mass spectrometry, UV-Vis, or evaporative light scattering

detectors (GC-MS, LC-MS, HPLC-UV-Vis, HPLC-ELSD) unfeasible. Instead, one method that
15



has been developed is to refactor transcription factors that are responsible for detecting and
responding to a stimuli. Transcription factors regulate specific DNA operator sequences
upstream of one or more genes whose transcription is dependent on the regulatory state of
the transcription factor, blocking or initiating transcription by binding its cognate DNA operator
sequence. Configured appropriately, transcription factors have been used as biosensors to
enable high-throughput screening and selections of mutant libraries of proteins or biosynthetic

pathways of interest.58 60

1.5.2 Transcription-factor biosensors

Transcription factors are responsible for the temporal regulation of gene expression in
organisms driven by environmental or internal queues. Allosteric transcription factors (aTFs)
are a large and diverse subset of transcription factors ubiquitous in prokaryotes and
eukaryotes. In prokaryotes, transcriptional repressors and activators are readily identified by
a signature helix-turn-helix DNA-binding motif present in nearly 95% of described DNA-
binding transcription factors.®! Despite this commonly conserved feature, aTFs respond to an
extremely diverse set of stimuli. Several major allosteric transcriptional regulator families
exist.®2 Among the best characterized and most studied prokaryotic regulatory families are the
AraC activators, TetR repressors, Lacl repressors, LuxR activators and MarR
activator/repressors (Table 1).* These important but by no means exhaustive examples of
well-studied transcriptional regulators families have been the focus of numerous structural
and mechanistic studies to understand ligand binding, DNA binding, and the conformational

changes that occur due to these binding events.
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Table 1.1 Prokaryotic transcriptional regulator families

Transcriptional

Regulator Regulator type Organism source Inducer
AraC Activator E. coli L-arabinose
TetR Repressor E. coli Tetracycline
Lacl Repressor E. coli Allolactose

(lactose)
LuxR Activator V. fischeri Al-1 lactone
MarR Activator/Repressor E. coli Several
FapR Activator/Repressor B. subtilis Malonyl-CoA

1.5.3 Biosensor successes

To generate biosensors for a particular analyte with desired response properties, a
transcription factor must often be modified via mutagenesis and high-throughput screening to
evolve it for a particular application. An excellent summary published in 2006 highlights the
biophysical determinants that can be manipulated for design of transcription factor properties
and notes important examples.® Critically, the authors point out the intractability of searching
through every possible ligand binding pocket geometry. While crystal structure analysis allows
for predictions based on protein structure, in many cases this data is not available. Instead,
the researcher often must partially or wholly rely on focused or random design to generate
mutant clones that potentially possess the phenotype of interest.

By leveraging the throughput enabled by high-throughput screening methods to
process vast libraries of mutant clones, current methods to reprogram aTFs indeed often
utilize saturation mutagenesis or error-prone PCR to engineer designer aTFs for use in a
custom biosensor. Several transcription factors have been the subject of extensive

manipulation.
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An early example of mutagenesis to alter a repressor protein response to its inducer
studied the TetR transcription factor. Using directed evolution, the specificity of TetR for its
natural inducer tetracycline and four closely related tetracycline-like compounds was
drastical |y Bghlacwesidasd scneeniHilen aral cofvorkers evolved several TetR
variants that exhibited unique induction profiles.®* Of particular note, the triple mutant
H64L/L131I/S135L, a product of four rounds of directed evolution, demonstrated a complete
inversion of selectivity for molecules tetracycline (tc) and 4-de(dimethylamino)-6-demethyl-6-
deoxy-tetracycline (cmt3) as compared to the wild-type protein (Figure 1.5). Mutations at

residue 64 were found in over half of the sequenced variants.

Ses

OH O OH O
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OH O OH O

% B-galactosidase activity 0

cmt3 m

Round of directed evolution

Figure 1.5. Rounds of directed evolution of the TetR TR caused an inversion of inducibility by
closely related molecules tc and cmt3. Figure (A) the closely related structures of tc and cmt3,
(B) the evolution of TetR for selective activation by cmt3 instead of its natural inducer, tc.
Panel (C) depicts the X-Ray crystal structure of TetR (PDB code 2VKE) and all residues within
a 5 A shell of tc. Residues H64, L131, and S135 are depicted in green and numbered and tc
is orange with a semi-transparent surface. Hydrogen bonding between tc and nearby residues
is depicted by black dashed lines.

An example of araC engineering shifted the selectivity of the araC regulatory protein
to D-arabinose (D-ara) from its natural effector L-arabinose (L-ara).®® The ability to subtly

tweak the capability of araC to discriminate between enantiomers and invert selectivity was
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achieved through dual Fluorescence Activated Cell Sorting (FACS) selections of saturation
mutagenesis araC libraries that targeted key residues in the ligand binding pocket. This
strategy revealed several improved variants from two libraries. Several of the variants
identified with altered ligand binding properties contained residue changes from non-charged
sidechains to charged (P8R, F15W, T24D, T24E, Y82Q), charged to non-charged sidechains
(H80T, H80I, H80A), and changes in sidechain size and aromaticity (T24P, Y82T, Y82S). Two
variants in particular had substantial improvements including increased activation with D-ara
and decreased activation with L-ara (Figure 1.6A).

AraC was also engineered to detect triacetic acid lactone (TAL) and integrated into a
biosensor to improve the production of TAL in E. coli.®® Employing saturation mutagenesis at
key residues in the ligand binding cavity again, araC variants were engineered to detect TAL
with an apparent Ki» of ~4 mM using a FACS-based approach. Ultimately employing a blue-
white LacZ-based screen for detection of TAL overproducers, TAL titer in E. coli was
increased from 0.8 mM to 2.3 mM TAL by screening a mutant library of the TAL-producing
enzyme 2-pyrone synthase with the engineered TAL-responsive biosensor. A similar success
in araC engineering produced a mevalonate responsive variant.®” This impressive set of
successes saw the araC regulatory system that is normally induced by a naturally occurring

sugar utilized for detection of a polyketide and a terpene (Figure 1.6B).
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Figure 1.6 Specificity improvements of the AraC biosensor. (A) Improved variants from
saturation mutagenesis libraries of araC display a selectivity shift from L-ara to D-ara. Most
notable improvements are highlighted in green and include maximum fluorescence with D-
ara, low fluorescence with no ligand, low fluorescence with L-ara, high activation ratio with D-
ara, and improved activation with D-ara compared to activation with L-ara (adapted from Tang,
SY., et al. JACS, 2008, 130, 5267-5271). (B) The structures of L-ara, the natural effector of
AraC, and mevalonate (terpene) and TAL (polyketide) activating ligands for engineered
variants of araC.

1.6 The scope of this dissertation

The scope of this work seeks to build on the successes of previous PKS and post-PKS
engineering efforts and to add new techniques that will accelerate the rate and efficiency of
engineering. As DNA sequencing and synthesis costs decrease and automation plays a
continually larger role in laboratory work, the ability to build libraries of variants and link
sequence to function will become more feasible. This dissertation covers developments in
PKS engineering and the design and optimization of a transcription-factor based biosensor

for application in PKS directed evolution, high-throughput screening and selections.
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CHAPTER 2

Inversion of extender unit selectivity in the erythromycin polyketide synthase by
acyltransferase engineering

Reprinted with permission from: Inversion of Extender Unit Selectivity in the
Erythromycin Polyketide Synthase by Acyltransferase Domain Engineering. Irina
Koryakina, Christian Kasey, John B. McArthur, Andrew N. Lowell, Joseph A. Chemler, Shasha

Li, Douglas A. Hansen, David H. Sherman, and Gavin J. Wiliams, ACS Chemical
Biology 2017 12 (1), 114-123. Copyright 2017 American Chemical Society. This work was
part of a coll aborative effort and the autho
work. For compl eteness and context the work in i
contributions included the design of experiments, execution, and analysis of data
corresponding to Figures 2.3, 2.4, and 2.5.
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2.1 Introduction

Type | polyketide synthases (PKSs) are huge mega-enzyme assembly lines that
catalyze the condensation of acyl-CoA thioester building blocks to form the scaffolds of a large
variety of clinically relevant polyketides.'? PKSs are organized into modules of enzyme
domains, whereby each discrete module is responsible for the installation and modification of
a malonyl-derived extender unit into the growing polyketide chain® (Figure 2.1A). The
acyltransferase (AT) domain of these modular PKSs controls the specific extender unit
selected by each module, which ultimately dictates large portions of polyketide structure as
these extender units are assembled into natural product scaffolds. Accordingly, ATs offer
powerful potential opportunities for the synthesis of regioselectively-modified analogues for
optimization of pharmacological properties*® and the development of molecular probes.®

Numerous studies have described the ability of AT domains to discriminate between
extender units naturally offered to the PKS in the producing organism.!%!! Consequently, AT-
swapping and complementation of inactivated ATs by trans-ATs have been explored in

attempts to direct the installation of alternative extender units into polyketides.®”22 However,
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chimeric/hybrid PKSs are often completely inactive or display activity reduced by several
orders of magnitude, compared to their wild-type counterparts.’*®* Moreover, such
approaches have been largely limited to the incorporation of naturally occurring extender units
and by the narrow extender unit specificity of wild-type ATs. Thus, the ability to introduce
diverse chemical functionality in a regio-selective fashion by these approaches is limited by
the inherent extender unit specificity of the AT.

To address these limitations, and in an effort to minimally perturb important structural
features of PKSs, attempts have been made to alter the extender unit specificity of individual
AT domains by site-directed mutagenesis.'*!¢8 The installation of a non-natural extender unit
directed to a single position in a polyketide requires a mutant AT that no longer recognizes its
natural extender unit, but instead favors alternative substrates which themselves are not
utilized by other ATs in the PKS (Figure 2.1B). To date, mutant ATs with inverted extender
unit specificities have not been reported, largely due to our insufficient understanding of
extender unit specificity in PKSs, and partly as a result of the difficulties associated with
determining substrate specificity of mutant PKSs in vivo.!°

Recently, our group reported that the terminal module from the 6-deoxyerythronolide
B synthase (DEBS) displays remarkable in vitro promiscuity towards a variety of non-native
and non-natural extender units.?® Our work and that of others'®17:2! suggests that extender
unit discrimination could be used as a platform to discover AT mutations that shift specificity
away from native extender units and toward those poorly incorporated by a given PKS module.
In order to discover amino acid mutations that can improve extender unit specificity towards
non-natural substrates, we conducted saturation mutagenesis at a small number of amino
acid residues in the AT that are hypothesized to be important for extender unit recognition. To
probe the capacity of AT mutations to switch extender unit selectivity, engineered Ery6 AT

mono-modules from the DEBS3 PKS were assayed in vitro using an acyl-CoA competition
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assay in conjunction with a chemically synthesized late stage intermediate.???® This strategy
successfully led to the identification of a set of mutants with preferences for or against non-

natural and non-native extender unit substrates, respectively.
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Figure 2.1 Assembly of the erythromycin macrolactone core by 6-deoxyerythronolide B
synthase (DEBS). (A) Organization of the DEBS PKS from the erythromycin biosynthetic
pathway as an example of a type | PKS. (B) Production of erythronolide analogues via AT
engineering. The extender unit specificity of a target AT (e.g. from the terminal DEBS module)
needs to be manipulated in order to produce selectively-modified macrolactones. In this
regard, an engineered PKS module needs to display substrate specificity orthogonal to that
of the wild-type assembly line.
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2.2 Results and Discussion

2.2.1 Identification of Ery6 mutants with altered extender unit specificities

Several motifs have been identified that predict extender unit specificity of AT domains
from PKSs (Figure 2.2A),24?5 yet this information has proven entirely insufficient to switch
specificity from one extender unit toward another. Indeed, ATs subjected to site-directed
mutagenesis have displayed only relaxed substrate selectivity.'*1” Rather than attempting to
recapitulate specificity determinants found among wild-type PKSs, we hypothesized that
saturation mutagenesis at selected AT active site residues could provide novel solutions by
reprogramming extender unit specificity in a manner that is distinct from wild-type biosynthetic
machinery. Previously, our group and others have shown that the AT and ketosynthase (KS)
domain of Ery6, the terminal module from DEBS, are remarkably promiscuous towards non-
native and non-natural extender units, although native methylmalonyl-CoA remains the
preferred extender unit.1’2%26 Here, such promiscuity provided a platform for discovering AT
mutations that shifted selectivity towards extender units that were otherwise poor substrates
for the wild-type PKS.

Inspection of an EryAT6 homology model revealed several residues that likely form
the binding pocket for the incoming extender unit (Figure 2.2B). Three residues were selected
for mutagenesis: Leull8, Tyrl89, and Serl91. Leull8 does not locate to a previously
described specificity-conferring motif, and was chosen because of its close proximity to the
extender unit side-chain likely position. Both Tyr189 and Ser191, on the other hand, are
located inthe welkk nown O YASH moti f 6 us e dCoA specifiaityfigure
2.2B).?" Partially degenerate mutagenic oligonucleotides (NDT codons)® were used to
introduce on average 12 theoretical different amino acid substitutions at each targeted
position. Following saturation mutagenesis, unigue variants at each targeted position were

identified by DNA sequencing. Subsequently, each Ery6 variant was subjected to in vivo
33
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phosphopantetheinylation conditions and each holo-Ery6 variant was purified to homogeneity
as a hexa-histidine fusion protein by metal-chelation affinity chromatography. Crucially, in
order to discover AT mutations that support installation of non-native and non-natural extender
units over the natural substrate, a competition assay was devised that reports activity between
competing extender units (Figure 2.2C).

Each Ery6 AT variant (Figure 2.2C) was incubated with the diketide-SNAC thioester 3
and a 1:3 mixture of methylmalonyl-CoA (1) and propargylmalonyl-CoA (2) prepared via
engineered MatB mutants?%2%3° (see Appendix A for details). These conditions mimic desired
in vivo feeding experiments whereby the non-natural extender unit is usually provided in
excess over the natural substrate.'%® The alkyne 2 was selected as the competing extender
unit given (1) it was previously established to be a substrate for the DEBS system, albeit a
poor one, (2) the potential utility of a regioselectively installed alkyne for semi-synthesis or
new macrolide derivatives, and (3) the size of 2 might be a good surrogate for other extender
units and thus guide the identification of Ery6 AT mutants that could utilize other substrates.
Next, the relative amount of the corresponding methyl (4) or propargyl (5) pyrone was
determined by HPLC analysis of the product mixture. The DEBS thioesterase (TE) was
omitted from these constructs for clarity of analysis given that the resulting triketide
spontaneously cyclizes and offloads.3!*? Notably, variants with activities and product profiles
very different from that of the wild-type Ery6 were identified (Figure S2, Appendix A). For
example, AT6 Leul18His gave 4 and 5 as a 94:6 mixture, indicating that this variant is more
selective toward methylmalonyl-CoA than the wild-type Ery6, which produces 4 and 5 as a
40:60 mixture. In complete contrast, the variant AT6 Tyr189Arg yielded 4 and 5 as an 8:92
mixture, indicating this variant displays extender unit selectivity orthogonal to that of the

Leull8His variant.
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Figure 2.2 Identification of Ery6 residues for saturation mutagenesis and screening. (A)
Multiple amino acid alignment of selected AT domains. Filled circles indicate residues involved
in catalysis; open circles indicate residues that likely form the extender unit binding pocket.
Two well-known motifs used to predict extender unit specificity are highlighted. Residues
chosen as targets for mutagenesis in this study are labeled red, while that from a previous
study is labeled green. See Figure S1 (Appendix A) for full amino acid sequences and
descriptions of sequences. (B) Homology model of the EryAT6 active site constructed using
SWISS-Model*®* and the DEBS AT5 crystal structure as the template (PDB ID 2HG43%).
Residues selected for mutagenesis in this study are shown as green sticks. Other potential
active site residues involved in catalysis or extender unit binding are shown as teal sticks. (C)
Scheme illustrating the extender unit competition assay used to probe the substrate specificity
of Ery6 AT mutants. The substrate probe is highlighted in blue and extender unit chains are
highlighted in red. CoASH and N-acetylcysteamine (SNAC) products are not shown for
brevity.

2.2.2 Mutant Ery6TE-catalyzed generation of 10-deoxymethynolide analogues
Next, we set out to determine whether the newly discovered mutations could be

harnessed to direct the synthesis of macrolactones that require TE-catalyzed
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macrocyclization. The engineered mono-module PikAIII-TE derived from the pikromycin
polyketide synthase is able to utilize a chemically synthesized thiophenol-activated
pentaketide (6, Figure 2.3A) that mimics the late intermediate usually handed-off to the final
two modules of the pikromycin type | PKS.233 Although 6 is not a native substrate for DEBS,
we hypothesized that its structural similarity to the intermediate normally produced by
upstream DEBS modules would render it a viable substrate to probe the impact of our AT
mutations in Ery6TE. Subsequently, Ery6 TE was incubated with 6 and an equimolar mixture
of extender units 1 and 2, and the identity and distribution of reaction products was analyzed
by LC-HRMS. As expected, wild-type Ery6 TE generates the 12-membered macrolactone 10-
deoxymethynolide (10-DML, 7) from 6 and the mixture of acyl-C o A &/2 (Figure 2.3B/C,
Figure S3, and Table S1 in Appendix A). In addition, a minor product (~8% of the total products
by EIC) was detected that had a mass consistent with the corresponding propargyl-modified
10-DML analogue 8 (Figure 2.3A). This result highlights the ability of the terminal Ery6TE
module to incorporate a non-natural extender unit into the polyketide chain and to cyclize the
intermediate to provide the corresponding macrolactone, albeit at lower conversion relative to
7. In agreement with the pyrone formation assay (Figure 2.1C), Ery6TEar-Leull8His
produced 7 and 8 in a ratio of 98:2, indicating that the ability of this variant to incorporate 2 is
almost completely abolished (Figure 2.3B/C, Figure S3, and Table S1 in Appendix A).
Moreover, the overall yield of this reaction is 1.5-fold greater than that catalyzed by the wild-
type Ery6TE, as judged by LC-HRMS analysis. In contrast to the wild-type Ery6TE and the
Leull8His mutant, Ery6TEar-Tyrl89Arg provided an 8-fold excess of 8 compared to 7,
indicating a preference towards utilization of 2 over the natural substrate 1. Gratifyingly, in
addition to the dramatically shifted extender unit selectivity of this variant, Tyr189Arg produced
8 at levels 27-fold higher than that produced by the wild-type Ery6TE, as judged by the

extracted ion count by LC-HRMS analysis. Overall, the single mutation Tyr189Arg shifts
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selectivity 94-fold towards 8 compared to the wild-type Ery6TE, as judged by the ratio of 7:8.
As further evidence of the robustness of this mutant, Tyr189Arg supports production of 8 at a
yield23-f ol d hi gher t han 7tprodecedhy aild-typedty®TE. pdditiahallyg
a mutation reported to enhance utilization of 2 in the context of erythromycin A production in
Saccharopolyspora erythraea (Vall87Ala),}” was introduced into Ery6TE as a single
substitution and in combination with Tyrl89Arg. Interestingly, while the Vall187Ala mutation
supported 11-fold improved production of 8 compared to wild-type Ery6TE, the selectivity
between 1/2 was merely relaxed under these reaction conditions. Thus, 7 remained the major
product in the Ery6TEar-Vall87Ala-catalyzed reaction. This is in complete contrast to
Tyrl89Arg where 8 was produced preferentially and in greater yield than the wild-type enzyme
(Figure 2.3B/C, Figure S3, and Table S1 in Appendix A). Finally, although combination of
Tyrl89Arg and Vall87Ala provided a variant (Ery6TEar-Vall87Ala/Tyr189Arg) with lower
overall activity than any other mutant, this double mutant produced a 21-fold excess of 8
compared to 7, respectively, and was therefore almost completely selective towards utilization
of 2 from the mixture of 1/2 (Figure 2.3B/C, Figure S3, and Table S1 in Appendix A). The
inverted selectivity of Tyr189Arg and relaxed specificity of Vall87Ala were also observed
when the assays were carried out using a 6-fold excess of 2 to mimic potential in vivo feeding
conditions (Table S2, Figure S4, and Figure S5 in Appendix A) whereby the concentration of

the non-natural extender unit can be manipulated.
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Figure 2.3 Extender unit selectivity of wild-type and mutant Ery6TEs using equimolar
concentrations of natural and non-natural extender units. (A) Scheme illustrating the
competition assay to report extender unit selectivity. Asterisk indicates domain location of
mutations. (B) Extracted ion chromatograms (EIC) of Ery6TE-catalyzed chain extension
reactions (7 [M-HO+H]" m/z = 279.1955; 8 [M-H,O+H]" m/z = 303.1955). (C) Product
distribution of wild-type and mutant Ery6TE (values are mean EIC peak area + SD; n = 3; wild-
type production of 7 set to 100).
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2.2.3 DEBS3-catalyzed generation of 10-deoxymethynolide analogues

Next, the ability of the wild-type full-length DEBS3 polypeptide to synthesize
analogues of the 12- and 14-membered macrolactones 10-DML and narbonolide,
respectively, from a mixture of competing extender units was probed by LTQ Orbitrap LC-
HRMS analysis (Figure 2.4A). As expected, upon incubation of wild-type DEBS3 with
pentaketide 6 and a 1:6 mixture of 1/2, a product ion (9) corresponding to two extension
reactions (route a, Figure 2.4A) incorporating 1 was detected by LC-HRMS (Figure 2.4B,
Figure S4 and Table S3 in Appendix A). Notably, the wild-type DEBS3 failed to provide ions
corresponding to production of 10, indicating that utilization of the propargyl extender unit is
not detectable under these conditions. However, introduction of Tyr189Arg into AT6 of DEBS3
substantially impacted the distribution of narbonolide products, compared to the wild-type
DEBS3. For example, a product ion was detected with a mass consistent with the 14-
membered macrolactone 10 derived from propargylmalonyl utilization by Ery6 of DEBS3are-
Tyrl189Arg. Combination of the mutations Vall87Ala and Tyrl189Arg into AT6 of DEBS3
produced a further dramatic shift in macrolactone product distribution. The proportion of 10
was increased further to 5% of the total products, respectively, albeit at the expense of overall
activity.

Using the wild-type DEBSS3 another product ion was detected that was identical in all
respects to the Ery6TE-catalyzed synthesis of 7 and thus corresponds to a single extension
reaction with 1. This result indicates that the non-native substrate 6 can skip the first extension
module of DEBS3 and load to the second module in the polypeptide, Ery6. Notably, wild-type
DEBS3 showed little capacity to utilize the non-natural extender unit 2 under these assay
conditions; the propargyl-derived macrolactone 8 could be detected at just 1% of the total
product mixture, as judged by LC-MS. As expected from the Ery6TE assays described above,

introduction of the mutation Leu118His in AT6 of DEBS3 completely eliminated the ability of
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the synthase to produce 8. In contrast, using the DEBS3 mutant Tyr189Arg, 8 comprised 20%
of the total quantified products. Furthermore, DEBS3 Tyr189Arg produces 8 in a higher total
yield than the WT DEBS. Combination of the mutations Val1l87Ala and Tyr189Arg into AT6 of
DEBS3 produced a further dramatic shift in 10-DML product distribution; the proportion of 8

was increased further to 35% of the total products.
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Figure 2.4 Substrate selectivity of wild-type and mutant DEBS3. (A) Scheme illustrating a
competition assay to determine extender unit selectivity of DEBS3. Asterisk indicates domain
location of mutations. (B) Extracted ion chromatograms of DEBS3-catalyzed chain extension
reactions (7 [M-H.O+H]"'m/z = 279.1955; 8 [M-H,O+H]" m/z = 303.1955; 9 [M-H,O+H]" m/z =
337.2366; 10 [M-H.O+H]" m/z = 361.2373). See Experimental Section for a complete
description of product identification and quantification. (C) Product distribution of DEBS3-
catalyzed chain reactions (values are mean + SD; n = 3).
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2.2.4 Extender unit promiscuity of wild-type and engineered DEBS3

To assess the impact of the newly discovered mutations on extender unit specificity
beyond the originally targeted propargyl substrate 2, competition assays were used to probe
the promiscuity of wild-type DEBS3 and the double mutant Vall87Ala/Tyr189Arg in the
presence of the natural extender unit 1 and either the allyl (11a), ethyl (11b), propyl (11c), or
azidoethylmalonyl-CoA (11d) (Figure 2.5A) in 6-fold excess compared to 1. Notably, the non-
native extender units were used poorly by wild-type DEBS3. For example, the allyl and ethyl
substituted 10-DML analogues 12a and 12b, respectively, were produced at 1.8% and 6.1%
of the total products, as judged by LC-HRMS analysis of the product mixtures. Moreover, 10-
DML analogues were not detected when 11c or 11d were used in the competition assay
(Figure 2.5B, Figure S4, and Table S4 in Appendix A). However, the DEBS3 double mutant
was able to utilize extender units that were non-detectable substrates with wild-type DEBS,
and yielded product distributions that were very different from that of the wild-type enzyme.
For example, the allyl, ethyl, propyl, and azidoethyl-substituted 10-DML analogues (12a-d,
respectively) were all detected using the DEBS double mutant, at 13%, 8.5%, 35%, and 18%
of the total products in each product mixture, respectively, albeit with reductions in overall
activity similar to that of wild-type vs. double mutant DEBS3 with 2 (Figure 2.5B, Figure S4,
and Table S4 in Appendix A). Interestingly, none of the non-native extender units tested led
to the detection of the corresponding non-natural narbonolide analogues (13a-d) with either

wild-type or the double mutant DEBS3 (Table S4 in Appendix A).
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Figure 2.5 Extender unit promiscuity of wild-type and mutant DEBS3. (A) Scheme illustrating
the competition assay to determine specificity of DEBS3 towards each extender unit. Asterisk
indicates location of mutations. (B) Fraction of each 10-DML analogue 12a-d as a percentage
of the total products (sum ion counts for 7+9+12+13) of DEBS3-catalyzed chain reactions
using each extender unit 11a-d (values are mean + SD; n = 3). See Experimental Section for
complete description of product identification and quantification.

2.3 Conclusion

Ultimately, the site-selective modification of polyketides via installation of non-natural
extender units depends on the ability to manipulate the specificity of a given module to favor
the target non-natural extender unit(s) in the presence of the natural extender unit substrate.
Despite the intense interest in manipulating the extender unit specificity of type | PKSs,
previous approaches have achieved little progress with respect to inverting AT selectivity from
one substrate to another. Aside from the difficulties assessing extender unit specificity in
vivo,® this lack of progress can also be attributed to a lack of insight into the molecular basis
for extender unit selection by PKSs. For example, although several AT structures are
available 34337 only one example includes an extender unit covalently bound.® Thus, even
though details regarding overall domain movements and protein interactions of type | PKSs
are now emerging,®%° almost nothing is known with respect to how extender unit loading to
the AT active site serine and subsequent transfer to the acyl carrier protein are controlled.

Moreover, how to preferentially utilize non-natural extender units (e.g. ethyl, azido, propargyl
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side-chains) in place of a natural extender unit like methylmalonyl-CoA is an exceedingly
subtle enzyme engineering problem to solve. Subsequently, most previous attempts aimed at
altering the specificity of type | PKSs have relied on entire AT domain swaps, have been
largely limited to naturally occurring extender units, and have generally resulted in greatly
reduced product titers. Complementation of inactivated cis-ATs by trans-ATs,54 or
approaches that rely on the inherent orthogonality of unusual PKS modules,®4>4* are also
hindered by these concerns.

As an alternative to these approaches, and as a strategy that could be applied to any
PKS of interest, we have explored the use of active site mutagenesis to shift AT specificity
towards non-natural and non-native extender units. Critical to this approach are our previous
investigations into extender unit specificity of various type | PKSs, which revealed inherent
promiscuity towards various non-native and non-natural extender units.?%?%2° Low levels of
activity towards poor substrates have proved to be the essential starting point for rational
redesign and directed evolution of other enzymes.***> Because high-throughput methods for
screening the activity of most PKSs are not yet available, we opted to apply saturation
mutagenesis at several AT active site residues and screen the modest panel of variants in
vitro. Employing an in vitro assay whereby two extender units compete for loading and
extension with a diketide-SNAC provided a simple method to probe the selectivity of the PKS
variants by examining the pyrone product profile.

Several AT mutations were discovered that each dramatically shift the extender unit
selectivity of the DEBS terminal module Ery6 (lacking a TE domain) towards either extender
unit 1 or 2. Gratifyingly, these mutations also shift extender unit selectivity in the context of
the Ery6TE when a mimic of a late-stage intermediate from pikromycin biosynthesis was
tested, highlighting the tolerance of the TE domain. Introduction of the single mutation

Tyrl89Arg results in an Ery6TE variant that produces 8, the propargyl analogue of 10-DML
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(7), as the major product, even in the presence of the competing natural extender unit 1. In
contrast, the wild-type enzyme prefers the natural substrate 1t o pr ovi de
macrolactone 7 as the major product. Moreover, the relative yield of the propargyl analogue
was 3-fold higher than that of the wild-type enzyme, and was almost 50% that of the wild-type
activity with the natural substrate. To the best of our knowledge, this represents the first
demonstrable inversion of extender unit selectivity of a PKS AT domain. Additionally,
mutations at Tyrl189 in DEBS AT6 that shift selectivity towards non-natural extender units
have not been identified previously, thus Tyr189 represents a novel AT active site residue for
further exploration in other PKSs. Notably, this result represents a significant improvement
compared to a previously reported Ery6 mutation, Val187Ala, which shown herein serves to
relax specificity but not invert it. Although Vall87Ala was previously shown to support
production of the desired propargyl analogue in vivo, the yield was low and could not be
quantified.’” Described herein, the Tyr189Arg mutation in combination with Vall87Ala in
DEBS3 was able to utilize extender units not originally screened for (e.g. 11a-d) and provided
access to products not detectable via the wild-type enzyme (e.g. 12c-d). At the same time,
the fidelity of DEBS3 with the non-natural extender units was not as high as that of the Ery6 TE
variants. Given that the pentaketide 6 is not the native substrate for DEBS module 5, this likely
explains the discrepancy between the Ery6 TE and DEBS3 substrate selectivity. This feature
also likely contributes to the significant module skipping observed with the DEBS3 reactions.
Perhaps saturation mutagenesis of DEBS3 (versus the standalone module Ery6) and
subsequent selectivity screening using 6 as the acceptor substrate might address this in the
future. Thus, these mutants are likely to provide a platform for further enzyme engineering
efforts, which are ongoing in our laboratories.

Cumulatively, these results suggest that assaying PKS variants using easily

accessible acyl-SNAC acceptor substrates can lead to the discovery of AT mutations that shift
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extender unit specificity towards non-native and non-natural substrates. Moreover, these
mutations can also impact selectivity with acceptor substrates that better mimic ACP-bound
intermediates provided by PKSs in vivo, as demonstrated using the advanced pikromycin
biosynthesis intermediate 6. Thus, while the pikromycin inspired pentaketide 6 is likely a much
poorer substrate for Ery6 TE and DEBS3 than for PikAlll, these mutations are likely to provide
access to the corresponding erythronolide analogues in vivo whereby Ery6 receives the
natural ACP-bound hexaketide intermediate from Ery5. Moreover, the in vitro extender unit
competition assay described here provides an indication of selectivity that is likely relevant in
vivo, given that these conditions approximate what is usually achieved by feeding extender
units as malonyl-SNAC derivatives to engineered or producing organisms.

In summary, the strategy presented here enables production of site-selectively
modified macrolactones and could be applied to a broad range of PKSs and alternative
extender units. For example, a similar approach could be applied to other extension modules
within DEBS, other macrolide PKSs, trans-ATs, or PKS modules from other systems that
display extender unit promiscuity. In future work, the anticipated ability to site-selectively
introduce alkynyl-, azido-, and allyl-modified extender units in place of native substrates in

vivo could be leveraged by various chemistries to rapidly diversify the structure of polyketides.
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2.4 Materials and Methods

General

Unless otherwise stated, all materials and reagents were of the highest grade possible and
purchased from Sigma ( St-D-thidgalactosigle (IPM3X was frons o pr opy
Calbiochem (Gibbstown, NJ). Primers were ordered from Integrated DNA Technologies
(Coralville, IA). Plasmid pBP130%¢ was a gift from Prof. Pfeifer, University of Buffalo. pET24b-
DEBS3 was as previously described. Plasmid pET28a-MatB was as previously described.?°3°
E. coli NovaBlue was used as a bacterial host for manipulation of plasmid DNA. E. coli
BL21(DE3) pLysS competent cells were from Promega. E. coli K207-3 strain was a gift from
Prof. Keatinge-Clay, University of Texas at Austin. The substrates 3 and 6 were prepared as
previously described.?%3®> DNA sequence analysis of all clones generated in this study was
performed by GeneWiz. Orbitrap LC-HRMS analysis was carried out by the Mass

Spectrometry Facility at UNC-Greensborough.

Construction of Ery6 (TE-null)

The gene for the DEBS TE was PCR amplified from pBP130 using primers TE_Hindlll_F and
TE_Xhol_R. The PCR mixture contained: 5x HF Phusion DNA polymerase buffer (10 uL),
DNAse free water (33.5 pL), forward/reverse primer mix (2 pL, 10 pM), template DNA (1 pL,
45 ng/nL), dNTP (1 pL, 2.5 mM each dNTP), DMSO (1.5 ul), and Phusion High Fidelity DNA
Polymerase (1 pL). PCR cycling parameters: step 1) 98 °C, 30 s; step 2) 29 x [a) 98 °C, 10 s;
b) 60 °C 20 s; ¢) 72 °C, 1 min]; step 3) 72 °C, 10 min. The PCR product was purified by
agarose gel electrophoresis, digested with Hindlll and Xhol, and ligated with similarly treated
pET28a vector. The gene for Ery6 was PCR amplified from pBP130 using primers
Ery6_Ndel F and Ery6 Hindlll_R. The PCR mixture contained: 5x HF Phusion DNA

polymerase buffer (10 L), DNAse free water (33.5 uL), forward/reverse primer mix (2 L, 10
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pUM), template DNA (1 pL, 60 ng/ni), dNTP (1 L, 2.5 mM each dNTP), DMSO (1.5 pl), and
Phusion High Fidelity DNA Polymerase (1 pL). PCR cycling parameters: step 1) 98 °C, 30 s;
step 2) 29x[a) 98 °C, 10 s; b) 60 °C 20 s; ¢) 72 °C, 5 min]; step 3) 72 °C, 10 min. PCR product
was purified by agarose gel electrophoresis, digested with Ndel and Hindlll, and ligated with
similarly treated TE-pET28a plasmid. This procedure generated a plasmid which housed
Ery6-TE wi t h a st op-termious ofnthe &ry6 genke, ehus3péoducing a TE-null

module.

Saturation mutagenesis of Ery6

Ery6 L118X, Y189X, and S191X libraries were pr epar ed using the-
directed mutagenesis method*’, using pET28a-Ery6?° as template and the oligonucleotide
sequences described in the Appendix A. Each PCR contained: 5x HF Phusion DNA
polymerase buffer (10 pL), DNAse free water (33.5 uL), forward/reverse primer mix (2 pL, 10
uM), template DNA (1 yL, 20 ng/mL), dNTP (1 pL, 2 mM each dNTP), DMSO (1.5 ul), and
Phusion High Fidelity DNA Polymerase (1 pL). PCR cycling parameters: step 1) 98 °C, 30 s;
step 2) 29x [a) 98 °C, 10 s; b) 60 °C 20 s; ¢) 72 °C, 5 min]; step 3) 72 °C, 10 min. Next, PCR
mixture was subjected to restriction enzyme digest with Dpnl to remove any remaining
template DNA. The Dpnl reaction mixture contained: 10x CutSmart Buffer (5 pL), the PCR
mixture (44 pL), and Dpnl (1 pL). The mixture was vortexed, centrifuged, and incubated for 4
h at 37 °C. The digested reaction mixture was then purified by agarose gel electrophoresis,
with total 8 pl of DNA eluted at the final step. The PCR product was then ligated using T4 DNA
ligase in a reaction containing: 1 pl of the 10x T4 DNA ligase buffer, 8 ul of the Dpnl-treated
and purified PCR product, and 1 pl of the T4 DNA ligase (overnight incubation at 16 °C). Each
subsequent ligation reaction was transformed directly into E. cloni 10G electrocompetent cells

(Lucigen). Individual transformants from each library were sequenced to identify incorporation
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of mutant codons. Plasmids for unigue mutants were used to transform chemically competent

E. coli K207-3 strain for protein expression.

Construction of Ery6TE

The gene for the Ery6 TE was PCR amplified from pET24b-DEBS3 using primers Ery6 TE_F/
Ery6TE_R and cloned into pET24a via Ndel and EcoRl restriction sites. PikA4 docking domain
was PCR amplified from pET24b-pikA4*® using the primers Pik4dd_F and Pik4dd_R, and
subsequently digested with the restriction enzyme Xbal. pET24a-Ery6 TE was double digested

with Xbal and EcoRV, and ligated with the digested PikA4 docking domain.

Construction of Ery6TE and DEBS3 AT mutants by site-directed mutagenesis

Ery6 TE and DEBS3 mutants were prepared using KOD Hot Start DNA Polymerase Kit (EMD
Millipore, Billerica, MA), using pET24a-Ery6TE and pET24b-DEBS3 DNA as template and the
primers listed in Appendix A. Each PCR contained: 2x Xtreme buffer (25 L), DNAse free
water (9 pL), forward/reverse primer mix (2 pL, 1 uM), template DNA (1 pL, 115 ng/mL), dNTP
(10 pL, 2 mM each dNTP, Hotstart Xtreme kit), DMSO (2 ul), and Hotstart Xtreme KOD DNA
Polymerase (1 pL). PCR cycling parameters: step 1) 94 °C, 2 min; step 2) 14x [a) 95 °C, 10
s; b) 60 °C 30 s; ¢) 68 °C, 11 min (ery6) or 14 min (DEBS3)]; step 3) 68 °C, 30 s. The PCR
mixture was buffer exchanged using a Zymo DNA Clean & Concentrator-5 kit. The eluted DNA
was used for restriction enzyme digest with Dpnl to remove remaining template DNA. The
Dpnl reaction mixture contained: 10x CutSmart Buffer (2 uL), DNA (17 pL), and Dpnl (1 pL).
The mixture was vortexed, centrifuged, and incubated for 4 h at 37 °C. The digested reaction
mixture was used to transform E. coi DH5U competent cell s. S
mutations was confirmed by sequencing. Each mutant plasmid was used to transform the E.

coli BAP1 expression strain*® that also contained the plasmid pRARE (Novagen).
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Expression and purification of wild-type and mutant Ery6TE and DEBS3

Wild-type and mutant Ery6TE and DEBS3 enzymes were over-expressed in E. coli as C-
terminally Hiss-tagged fusion proteins and purified as previously described.?°2® A single colony
was transferred to LB (3 mL) supplemented with kanamycin (30 pg/mL) and grown at 37 °C
and 250 rpm overnight. The culture was used to inoculate TB media (1L) supplemented with
kanamycin (30 pg/mL). One liter culture was incubated at 37 °C and 250 rpm to an ODeqo Of
1, at which time protein synthesis was induced by the addition of IPTG to a final concentration
of 0.4 mM. After incubation at 18 °C and 200 rpm for 18 h, cells were collected by
centrifugation at 4,000 g for 30 min, and resuspended in 100 mM Tris-HCI pH 8.0 (15 mL)
containing NaCl (300 mM) and then lysed by sonication. Following centrifugation at 10,000 g,
the soluble extract was loaded onto a 1 mL HisTrap HP column (GE Healthcare, Piscataway,
NJ) and purified by fast protein liquid chromatography using the following buffers: wash buffer
[20 mM phosphate (pH 7.4) containing 0.5 M NaCl and 20 mM imidazole] and elution buffer
[20 mM phosphate (pH 7.4) containing 0.5 M NaCl and 250 mM imidazole]. The purified
protein-containing fractions were pooled and exchanged into storage buffer (100 mM Tris-HCI
pH 8.0 containing NaCl (300 mM) and 20% glycerol) using PD-10 desalting columns (GE
Healthcare). Protein purity was verified by SDS-PAGE. Protein quantification was carried out

using the Bradford Protein Assay Kit from Bio-Rad.
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CHAPTER 3

Directed evolution of designer macrolide biosensors for metabolic engineering and
synthetic biology

Reprinted with permission from: Directed evolution of designer macrolide biosensors for
metabolic engineering and synthetic biology. Christian Kasey, Mounir Zerrad and Gavin
J. Williams, ACS Synthetic Biology. In preparation for submission. Unpublished work copyright
2017 American Chemical Society.

3.1 Introduction

Macrolides are a group of diverse natural products that display broad and potent
biological activities, including antibacterial, anticancer, antifungal, and immuno- modulating
activities.>2 Access to large quantities of macrolides and analogues thereof is critical for the
discovery of new biological activities, optimization of pharmacological properties, and probe
discovery and development.® Biosynthetic approaches to polyketide production offer
enormous potential and numerous benefits compared to traditional chemical approaches. The
scaffolds of macrolides are constructed by type | polyketide synthases (PKSs). These are
large multifunctional protein complexes organized in a modular fashion.* Each module is
responsible for the selection and installation of a ketide into the polyketide. The number,
identity, and order of modules describe the structure of the corresponding polyketide. These
scaffolds are often further elaborated by tailoring enzymes that catalyze group-transfer
reactions to afford the mature, biologically active natural product.

Accordingly, these systems offer the potential for the synthesis of large quantities of
polyketides via microbial fermentation and combinatorial biosynthesis of analogues by mixing
and matching modules and tailoring enzymes. However, the sheer size, mechanistic
diversity,® and poor understanding of how specificity and catalysis are controlled by type |
PKSs and their associated post-PKS enzymatic machinery render rational design of new
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pathways difficult. For example, many hybrid PKSs designed to produce polyketide analogues
fail or are less active than wild-type machinery.® Moreover, tailoring enzymes with the requisite
regio-selectivity or substrate specificity/promiscuity are often unavailable to achieve late-stage
functional modification of a given target macrolide. Consequently, the full synthetic potential
of type | PKSs and associated machinery has yet to be realized. However, synthetic biology
and directed evolution offer an opportunity to overcome these challenges by testing the
functions of large libraries of variants. Successes in this area frequently leverage
chromophores to facilitate screening”!! or employ analytical methods that are only
moderately throughput.®!? Yet, the ability of synthetic biology and directed evolution
approaches to be applied to macrolides is extremely limited because there are no generally
applicable high-throughput tools available for screening steps of macrolide biosynthesis. For
instance, macrolides are not chromophores or fluorophores and do not offer a
spectrophotometric change upon tailoring that could be monitored. Moreover, post-PKS
tailoring typically does not provide a sufficiently distinctive phenotype that can be leveraged.
Mass spectrometry is suitable for screening small libraries of variants when the requisite
instrumentation and expertise is available. Regardless, the ability of high-throughput mass
spectrometry to quantify macrolides in complex mixtures and to distinguish congeners is
unproven, 315

Regulatory proteins such as transcription factors have proven highly effective devices
for sensitive and specific detection of small molecules. These proteins bind a chemical effector
which triggers an allosteric response that controls the transcription of one or more genes.®
Transcription factors have been described for sensing various small molecules and have
enabled high-throughput screening to improve product titers, including dicarboxylic acids,’:18
alcohols,” phenylpropanoids,®*® and a lactone,? but engineered transcription factors have

not been reported for the complex products of type | PKSs. MphR is a repressor protein that
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controls the transcription of a gene cassette?!?? responsible for resistance to macrolide
antibioticsviaphosphor yl at i on o-hydroxh groum?eisterestinglyi MpBR i 6
de-repressed by several naturally produced macrolide antibiotics, including erythromycin

(ErA), josamycin, oleandomycin, narbomycin, methymycin and pikromycin (Figure 3.1).2

Oleandomycin Narbomycin

Methymycin Erythromycin Josamycin
Figure 3.1 Examples of naturally produced macrolide inducers of the MphR repressor protein.

In protein engineering, promiscuous enzymes often prove to be useful scaffolds for
creating new functions by directed evolution. We reasoned that the remarkable promiscuity of
MphR could form a platform for creating tailored MphR variants for applications related to
macrolide synthetic biology and directed evolution beyond those offered by the wild-type
biosensor. For example, (1) biosensors are required that recognize a wide variety of
macrolides beyond the established inducers of MphR, (2) biosensors should not recognize

biosynthetic intermediates so that only the desired mature product is detected, (3) biosensors
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that recognize non-natural semi-synthetic derivatives or late-stage enzymatically
functionalized analogues are required that enable directed evolution of novel enzymatic
machinery for macrolide diversification, and (4) the sensitivity, linear range of detection, and
dynamic range of a given biosensor might need to be tailored for specific applications.
Notably, while there are many examples of tailoring the substrate selectivity of enzymes,?°2
there a very few literature reports that describe engineering the ligand selectivity of
transcription factors. Herein, we set out to explore the potential for leveraging the effector
promiscuity of MphR as a platform to engineer its inducer specificity and selectivity to afford
genetically encoded biosensors. The tailored MphR biosensors described here enable the
application of high-throughput engineering strategies to be applied to solving long-standing

problems in macrolide biosynthesis and diversification.

3.2 Results and Discussion

3.2.1 Characterization of a prototype two-plasmid macrolide detection system in E. coli

A previously described two-plasmid system leverages the MphR macrolide resistance
cassette to control the expression of GFP in response to erythromycin A (ErA).?” The plasmid
pJZ12 carries a macrolide phosphotransferase (MphA) under control of the p15A origin (10
copies per cell), while pMLGFP houses the reporter module (Pmphr-gfp) and biosensor (MphR)
with a pBR322 origin of replication (15-20 copies per cell) (Figure 2, full plasmid map available
in Appendix B). Notably, the copy number of transcription factor based biosensor and reporter
plasmids often dictates the performance of the resulting system. For example, previously
described Ki» values for MphR with ErAwere 10 and 97 &M with ab
copies per cell) and high copy (pUC origin, 100-500 copies per cell) number plasmid,
respectively.?® The ErA dose-response of GFP expression controlled by wild-type MphR in

pPMLGFP was determined and the data fitted to the Hill equation. Under these conditions, the
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Kizf or Er A wa sho@gh thiS8is sevistral-fold mare sensitive than previously reported
MphR systems,?82 this concentration of macrolide antibiotic is still an order of magnitude
higher that those produced by an engineered strain of E. coli. Thus, wild-type MphR might not
be suitable for guiding high-throughput optimization of ErA biosynthesis in heterologous hosts,
and we set out to explore the ability of directed evolution to improve the sensitivity of MphR

towards ErA.
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Figure 3.2 The MphR biosensor. (A) Scheme illustrating the artificial MphR regulatory system.
In the presence of a macrolide activator, MphR undergoes a conformational change and
leaves the cognate operator sequence, allowing transcription of the downstream reporter,
GFP. (B) Plasmid-based portions of the MphR biosensor in pMLGFP (top) and pJZ12
(bottom).

3.2.2 Enhancing the sensitivity of MphR to erythromycin via random mutagenesis and
multi-site saturation mutagenesis

There are only a few examples of engineering a repressor protein-based biosensor for
increased sensitivity towards a natural inducer ligand.®*3! We sought to determine if the
sensitivity of the wild-type MphR transcription factor with ErA could be improved via
mutagenesis and screening. To this end, multi-site saturation mutagenesis and error-prone of
the MphR gene was performed, using plasmid pMLGFP?’" as the template. The focused
mutagenesis libraries were guided by the published MphR crystal structure (PDB: 3FRQ).

Five residues (Threl7, Met59, GIn65, Val66, and Tyr69) are in proximity to the ErA sugars
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and are predicted to drive macrolide recognition (Figure 3.3A). Three (Thrl7, Met59, and
Tyr69) or all five of these residues were subjected to multi-site saturation mutagenesis and
the resulting libraries designated QCMS3 and QCMS5, respectively. A third library was
generated via error-prone PCR (epPCR). To simultaneously explore the potential effect of
mutagenesis of both the MphR-coding sequence and the upstream non-coding region, the
entire MphR transcriptional unit, including the Piacuv promoter and ribosome binding site
(RBS), were amplified by epPCR. Next, each mutant library was transformed into E. coli
TOP10 cells that harbored plasmid pJZ12 and subjected to an initial round of negative sorting
in the absence of ErA via Fluorescence Activated Cell Sorting (FACS) to eliminate variants
that were constitutively expressing GFP or activated by endogenous ligands. Pools of
negatively-sorted mutants were then plated on agar plates, individual colonies were cultured
in 96-well microplates, and duplicated. One copy was screened in the absence of ErA while
the other was screened in the presence of

fluorescence in each case provides the induction factor and a measure of the ErA sensitivity.
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Figure 3.3 Scheme illustrating the process of MphR engineering. Mutant DNA cassettes are
generated randomly via error-prone PCR or by targeted multi-site saturation mutagenesis.
The mutant library is subjected to a round of Fluorescence Activated Cell Sorting (FACS) to
remove biosensors which fluoresce is the absence of intended inducer. The least
fluorescence population is then screened in microtiter plates reveal individual library members
with desired activation phenotypes in the presence of inducer molecule. Individual clones
revealed from plate screening are further and more fully characterized.

After application of this sequential negative-positive screening procedure, several
mutants from the QCMS libraries were identified that displayed improved sensitivity with ErA
compared to the wild-type MphR. The GFP fluorescence of each biosensor strain in the
presence of various concentrations of ErA was determined. The biosensor performance
characteristics were extracted by fitting the dose response data to the Hill equation (Figure
3.4 and Table 3.1). Notably, Thrl7 is mutated in four of the five variants that were analyzed,
and the most sensitive variant, T17R, does not possess mutations at the other positions that

were targeted for mutagenesis (Met59, GIn65, Val66, and Tyr69). As judged by the Kip,
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QCMS-2D6 (T17R) is at least two-fold more sensitive with ErA than wild-type MphR. In
addition, mutants QCMS-3F8 (T17A/M59S), QCMS-5B4 (T17G/Q65M), and QCMS-5D7
(T17A/M59E) were ~1.4-fold more sensitive with ErA compared to the wild-type MphR, as

judged bythe Ki6s (Figure 3.4 and Table 3.1).
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Figure 3.4 MphR biosensor clones with increased sensitivity generated by QCMS. (A)
Mutations at residues 17 (purple), 59 (blue), and 69 (teal) of MphR were found to confer alone
or in conjunction with other residues increased sensitivity to ErA. PDB: 3FRQ (B) Dose-
response curves of the WT biosensor (black) and four selected QCMS biosensor clones,
QCMS-3D6 (blue), QCMS-3F8 (grey), QCMS-5B4 (taupe) and QCMS-5D7 (pink) with
increased sensitivity to ErA versus the WT biosensor. (au) refers to arbitrary units.

Three improved clones were also chosen for detailed analysis from the epPCR library,
includtABgp MR ch was nearly five t nthewild-typer e sen
MphR, as judged by the Ky, (Figure 5A and Table 3.1). Interestingly, all three top hits from
the epPCR library included mutations to the ribosome binding site (RBS) of MphR in addition
to amino acid mutations within the MphR coding region. To determine whether the RBS and/or
amino acid mutations contribute to improved sensitivity in each case, site-directed
mutagenesis was used to generate variants that either carried the amino acid mutations from
each original clone (AA-A3, AA-E7, and AA-H4) or the RBS mutations alone (RBS-A3, RBS-

E7, and RBS-H4). Dose response curves of the six new variants with ErA were determined,
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revealing that the RBS mutations alone were sufficient to afford ErA sensitivity to nearly the
same levels of the original variants (Figure 3.5C and Table 3.1). The amino acid mutations
alone resulted in MphR variants with dose response curves that were indistinguishable from
that of the wild-type MphR. Taken together, these results indicate the ErA sensitivity of

variants EP-A3, EP-E7, and EP-H4 is a direct consequence of mutations to the RBS of MphR.
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Figure 3.5 MphR biosensor clones with increased sensitivity generated by epPCR. Clones
EP-A3, EP-E7, and EP-H4 demonstrated greatly increased sensitivity to ErA versus the WT
biosensor. Each clone contains mutations in the RBS and amino acid coding region. (A)
Original sensitivity clones EP-A3 (green), EP-E7 (light grey), and EP-H4 (dark grey) containing
RBS and amino acid mutations compared to the WT biosensor (black). (B) Clones EP-A3,
EP-E7, and EP-H4 with the wild-type RBS. (C) Clones EP-A3, EP-E7, and EP-H4 with their
respective mutant RBS and WT amino acid sequence. (au) refers to arbitrary units.

3.2.3 Random Mutagenesis of the RBS of MphR

Given that random mutagenesis throughout the entire MphR coding and non-coding
region provided hits with improved ErA sensitivity due to RBS mutations, we hypothesized
that given the epPCR library was not exhaustively screened, further improvements could be
identified by focusing random mutations to the RBS and screening a small portion of the
corresponding library. Accordingly, a saturation mutagenesis library of the MphR RBS was
constructed and ~200 library memberswer e screened at 0.0 &M,
ErA, along with the wild-type MphR as a control. Flow cytometry analysis of individual mutants

revealed multiple biosensor phenotypes as a result of RBS mutagenesis (Figure 5.6),
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including biosenors with constitutively low fluorescence, constitutively high fluorescence, and
increased sensitivity to ErA. Most of these library members did not support increased GFP
expression at any concentration of Er A that
ErA, <20% of the library members resulted in detectable expression of GFP. However, even
at the | owest concentration of EFrfold lowérthanthea s
K12 of the most sensitive MphR variant from the previous libraries (EP-A3), several variants

were identified that were up to 10-fold more strongly induced with ErA than the wild-type

MphR.
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Figure 3.6 Response phenotypes of mutants from an RBS saturation mutagenesis library
analyzed by flow cytometry. The WT, RBS-A3, and RBS-E7 biosensors were compared to
random mutants from the smRBSypnr | 1 brary at O eM (grey) and
biosensors displayed a variety of phenotypes, including leaky ON phenotype in the uninduced
state (smRBS-1), OFF phenotype in uninduced and induced states (smRBS-2), and a
sensitivity increase akin to RBS-A3 and RBS-E7 (SmMRBS-3).
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Figure 3.7 Saturation mutagenesis libraries of the RBS of MphR. The induction ratios
(calculated as RFUinduced/ RFUuninguced) Of 193 clones were compared to the WT biosensor
(black). I nduction rat iEorsA f(dorl ule.)2, eah dEr2/0 (erMe dB)r,A

The top three strains were further characterized by dose-response curve analysis
(Appendix B). The best clone, smRBS-1A1, was fully ten-fold more sensitive with ErA than
the wild-type MphR, and two-fold more sensitive than previously described EP-A3, as judged
by the K120 @able 1). Gratifyingly, the dynamic range of each RBS mutant biosensor is >85%
that of the wild-type MphR. The Hill coefficient of each RBS mutant was >1, indicating positive
cooperativity. Interestingly, the predicted strength of the RBS sequences of the RBS mutants
did not correlate with the sensitivity of each variant, as judged by the K1, values (Appendix
B). Ultimately, by screening less than 200 MphR variants, out of a theoretical library consisting

of 4096 variants, the sensitivity of MphR towards its native inducer, ErA, was improved 10-
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fold. Thus, RBS engineering is an efficient strategy to improve the sensitivity of a transcription

factor.
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Table 3.1 Performance features of MphR biosensor strains with improved ErA
sensitivity.

RBS Amino acid Dynamic
Biosensor sequence® mutations Ligand K20 >)a range‘
Wild-type AGAAGGT - ErA 1.97 £ 0.03 65,000 3.83+0.29
QCMS-3D6 AGAAGGT TI17R ErA 0.92+0.03 67,000 3.51+0.20
QCMS-3F8 AGAAGGT T17A/M59S ErA 1.43+0.03 64,000 2.53+0.13
QCMS-5B4 AGAAGGT Q65M ErA 1.45+0.03 63,000 2.66 + 0.13
QCMS-5D7 AGAAGGT T17A/M59E ErA 1.11+0.02 60,000 243+0.11
EP-A3 GGAAGGT G76C ErA 0.39+0.02 64,000 1.99 + 0.10
EP-E7 AGATGGT Va0l ErA 0.58 + 0.02 70,000 2.56 + 0.09
EP-H4 AGAAGGC R24H/K35N ErA 0.74 + 0.03 68,000 245+ 0.08
RBS-A3 GGAAGGT - ErA 0.52+0.02 78,000 1.92+0.13
RBS-E7 AGATGGT - ErA 0.64 + 0.02 74,000 2.02+0.11
RBS-H4 AGAAGGC - ErA 1.00 £ 0.02 75,000 2.20+0.09
SmMRBS-1A1 TTCAGGT - ErA 0.19+0.02 70,000 1.74+0.30
iggBS' CTGAGGT ; ErA 0.91+0.04 64,000 547+1.24
SMRBS-2E1 AAAGGTT - ErA 1.44 + 0.08 64,000 3.90 + 0.53

@ Mutated nucleotides are underlined
b Concentration of ligand at half maximum normalized GFP fluorescence
¢ GFPmax 1 GFPmin

¢ Hill coefficient, a measure of cooperativity between the two MphR monomers of the
biosensor. Values >1 indicate positive cooperativity.

3.2.4 Narrowing the Macrolide Inducer Specificity of MphR
Wild-type MphR is activated by a variety of 12-, 14-, and 16-membered macrolides,

including the semi-synthetic analogues clarithromycin, azithromycin, and roxithromycin

71



(Figure 3.8A/B).%* A dose-response analysis of wild-type MphR with ErA, clarithromycin,
azithromycin, and roxithromycin reveals a broad inducer specificity (Figure 3.8B). The K120 s
for clarithromycin, azithromycin, and roxithromycin are 1.4-, 0.3-, and 34-fold that of ErA,
respectively (Table 3.2). Thus, while roxithromycin is detected much less poorly than ErA,
wild-type MphR does not discriminate between clarithromycin and ErA, and azithromycin is a
stronger inducer than ErA. To utilize MphR as a biosensor, its specificity likely requires tuning
towards certain ligands to render it more selective. For example, future MphR-based
applications might include determining the concentration of a target macrolide in a complex
macrolide mixture, in which case the biosensor should be induced by a narrow range of
ligands to avoid false positives. Similarly, to guide ultra-high throughput engineering of
macrolide producing microbial strains, a biosensor should detect the final product of a
macrolide biosynthetic pathway (e.g. ErA). In this case, MphR should not be induced by
intermediates along the biosynthetic route to the final product (e.g. erythromycins B, C, and
D). We therefore turned our attention to exploring whether directed evolution could be used
to narrow the ligand specificity of MphR. In particular, we set out to explore whether MphR
variants could be identified that were induced by ErA but not clarithromycin, azithromycin, and
roxithromycin. Given that clarithromycin only differs from ErA by the presence of single methyl
group at C6, but was a strong inducer of MphR, shifting specificity away from this ligand and
azithromycin and roxithromycin was considered a particularly challenging goal and a robust
test of our molecular engineering approach.

An epPCR MphR library was sorted by FACS in the presence of clarithromycin and
azithromycin and a portion of the least fluorescent cells (~7% of the total population) were
collected (Appendix B). This population of MphR variants was incubated on agar plates and
several hundred individual clones were then cultured in microplates and screened against

ErA, clarithromycin, azithromycin and roxithromycin. Several clones were identified that
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supported high GFP fluorescence in the presence of ErA, but low GFP fluorescence in the
presence of clarithromycin, azithromycin and roxithromycin, indicating that these clones might
be more specific to ErA. One particularly promising clone, M2D6, was chosen for further
analysis, and a dose-response curve was determined with each macrolide. In stark contrast
to wild-type MphR, GFP induction of M2D6 was not detected with azithromycin and
roxithromycin over a four-order of magnitude range of macrolide concentration (Figure 3.8B).
The Ky, value of M2D6 for clarithromycin is 10-fold higher than the wild-type MphR (Table
3.2). Together, this data describes a variant MphR with dramatically shifted specificity towards
ErA.

Sequencing of the gene encoding M2D6 revealed three amino acid changes
compared to the wild-type MphR sequence, A16T, T154M, and M155K. To determine which
of these mutations contribute to the dramatic specificity shift of the engineered MphR variant,
all six single and double mutant combinations were constructed by site-directed mutagenesis.
Subsequently, the induction of each variant was analyzed at a fixed concentration of macrolide
by measuring the GFP fluorescence in the presence and absence of each macrolide (Figure
3.8C). Notably, five of the single and double mutant combinations are induced by all four
macrolides, in a similar fashion to the wild-type MphR. The double mutant T154M/M155K is
not induced by azithromycin and roxithromycin at the concentrations tested, but displays
significant induction by clarithromycin. The remaining mutation, A16T, only impacts specificity
when in combination with the other two mutations. This data indicates that all three amino acid
changes in M2D6 are necessary to achieve the full specificity shift towards ErA. Interestingly,
all three residues (Alal6, Thr154, Met155) are located in the ErA binding site of MphR (Figure
3.8D). More specifically, Alal6 forms part of the ligand binding site entrance and is close to
the sugar moieties of ErA. Both Thrl54 and Metl55 are located at the rear of the ligand

binding cavity close to the dimerization motif. The proximity of these three residues to the
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ligand binding site of MphR could explain why all three are ultimately required to drive the

narrow inducer specificity of M2D6.
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Figure 3.8 Dose-response analysis and characterization of an ErA selective biosensor. (A)
Structures of clarithromycin, azithromycin, and roxithromycin. (B) WT and M2D6 biosensor
dose-response curves with ErA (black), clarithromycin (red), azithromycin (cyan), and
roxithromycin (blue). M2D6 exhibits nearly complete selectivity for ErA compared to semi-
synthetic analogues. (C) The contribution to selectivity of each mutation and combination of
mutations of M2D6. (D) The location and contribution of amino acid mutations (colored in
orange) for selectivity in biosensor M2D6. The crystal structure of MphR complexed with ErA
(green) (PDB: 3FRQ). Residues 16, 154, and 155 are depicted in orange. (au) refers to
arbitrary units.
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Table 3.2 Performance features of the wild-type MphR and ErA selective biosensor strain
M2D6.

Biosensor Am%ipa?igﬁgd Ligand K120 > & ( Dg;:grr(\aibc

Wild-type - ErA 1.97 £ 0.03 65,000 3.83+0.29 1
clarithromycin  1.98 + 0.06 64,000 2.71+0.19 0.99
azithromycin 0.55+ 0.04 28,000 5.31+1.64 3.58
roxithromycin  65.7 £ 3.47 32,000 2.60+0.33 0.03

M2D6 Q}&IQ-S]'KSA' ErA 4.64 £ 0.19 39,000 2.27+0.20 1.00
clarithromycin 215+ 1.78 7,000 2.20+0.14 0.22
azithromycin N.D.® N.D.® N.D.¢ N.D.®
roxithromycin N.D.® N.D.® N.D.¢ N.D.®

a Concentration of ligand at half maximum normalized GFP fluorescence
b GFPmaX T GFPmin

¢ Hill coefficient, a measure of cooperativity between the two MphR monomers of the
biosensor. Values >1 indicate positive cooperativity.

d Ratio of Ki2(ErA) / Kiz(ligand)

¢ Not Determined

3.2.5 Expanding the Macrolide Inducer Specificity of MphR

Although the known inducer specificity of wild-type MphR is quite broad, some
macrolides are only poorly detected, and many others do not activate MphR at all. Given that
MphR is currently the only known macrolide-sensitive transcription factor, we set out to
expand its macrolide specificity to improve its potential utility. Pikromycin is a macrolide

natural product produced by Streptomyces venezuelae.®?> Compared to ErA, the structure of
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pikromycin lacks the cladinose sugar at CX, includes a double bond at CX-CY, and lacks a
methyl group at C9 (Figure 3.9A). Several other macrolides are also produced by S.
venezuelae including methymycin, neomethymycin, novamethylmycin, neopikromycin, and
novapikromycin.®®3* The ability to utilize a biosensor-based platform for screening the
production of macrolides from S. venezuelae is currently hindered by the poor activation of
the WT biosensor by pikromycin.?*

Given the success of our previous epPCR libraries to yield biosensors with altered
inducer specificities, a negatively sorted epPCR MphR library (in the absence of ligand) was
screened in the presence of pikromycin (Figure 3.1). One particular clone, designated pikB1,
was chosen for further analysis. Dose response curves with wild-type MphR and pikB1
revealed that the mutant biosensor is 100-fold more sensitive to pikromycin than the wild-type,
as judged by the K326 s . Sequencing analysis revealed a si
was responsible for the improvement in sensitivity (Figure 3.9B). To determine if this amino
acid change is a broad sensitivity enhancer, or whether it is specific to pikromycin, the inducer
specificity of MphR pikBl1 was determined with ErA, clarithromycin, azithromycin,
roxithromycin, pikromycin, and YC-17 (a 12-membered polyketide produced by S.
venezuelae), along with that of the RBS-E7 and wild-type biosensors. From this screening, it
was determined that while S106F does impart sensitivity increases with several ligands, they
are not of the magnitude increase as with pikromycin (Figure 3.9C). Due to its location in the
back of the 1 i gand -hélixindosenpgoxinuitate the secorm monanmer o)
the dimer and to the lactone linkage of erythromycin, this mutation may affect both ligand

binding and communication between monomers, and warrants further investigation.
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Figure 3.9 (A) Dose-response curves of wild-type (black), RBS-E7 (grey) and pikB1 (purple)
biosensors with pikromycin. (B) pikB1, RBS-E7 and WT biosensors screened with a panel of
macrolides at 0 M (black), 0.5 M (grey),
to arbitrary units.

To further investigate sensitivity characteristics of pikB1 versus RBS-E7 and the WT
biosensor, a comparison of activation ratios was made (Table 3.3). The RBS mutations that
confer RBS-E7 increased sensitivity are assumed to be ligand agnostic, since there is no
change to the MphR amino acid sequence and thus no change to the ligand affinity of MphR.
Instead, this biosensors sensitivity is derived from the amount of MphR in the cell. In contrast,
the sensitivity of pikB1 is due to an amino acid mutation, which may affect ligand recognition

and allosteric signal transfer to the DNA binding portion of pikB1 MphR. While the WT and
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RBS-E7 biosensors have roughly the same induction ratio pattern, pikB1l displays much
higher induction ratios with monoglycosylated macrolides pikromycin and YC-17. These
results hint at the potential plasticity inherent in MphR and the facile ability to expand the
inducer specificity for broad utility in macrolide synthetic biology, where pikB1 may be a

jumping off point to engineer biosensors with expanded ligand recognition range.

Table 3.3 Induction ratios of the WT, RBS-E7, and pikBl biosensors with a panel of

macrolides. The induction ratio of each biosensor was compared for ErA, clarithromycin (Clar),

azithromycin (Az), roxithromycin (Rox), pikromycin (Pik), and YC-17 at 0.5 &M macr o
€eM macrolide. Induction ratios are color coded s
green the largest induction with a panel of macrolides for each biosensor.

ErA Clar AV Rox Pik YC-17
WT 1.3 3.1 13 1.0 0.8 0.8
RBS-E7 78 63 85 1.3 1.0 0.9
pikB1 17 30 77 12 29 56

3.3 Conclusion

In general, transcription factor based biosensors offer tremendous potential as tools
to guide high-throughput engineering of biosynthetic pathways. However, in many cases
transcription factors with the requisite inducer specificity or performance characteristics are
not available. Here, we demonstrate for the first time, that the inherent macrolide inducer
promiscuity of the MphR repressor protein is a highly malleable platform for creating new
inducer specificities and sensitivities. In this study, the sensitivity of MphR towards a native
ligand, ErA, was improved as much as 10-fold, compared to the wild-type MphR, without
significant loss of dynamic range. The largest improvements in sensitivity came from a simple

RBS engineering strategy, whereby only a relatively small portion of a MphR RBS library were
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screened. The orthogonal nature of RBS and amino acid modifications allows for greater
flexibility of the installation of sensitivity-conferring elements.

The inducer specificity of MphR has been previously reported to be quite broad, and
in this study, the ligand promiscuity was quantified with a panel of six naturally occurring
macrolides and semi-synthetic derivatives. According to this analysis, while all six macrolides
are inducers of MphR, the strength of induction varies widely across the series tested. For
example, roxithromycin and pikromycin induce MphR ~10-fold more poorly than ErA, even at
concentrations as high as 50 mM. Remarkably, a single round of random mutagenesis and
screening was sufficient to yield an MphR variant with a narrow inducer specificity. By first
negatively screening the library of random variants in the presence of a mixture of
clarithromycin and azithromycin, and then positively screening in the presence of ErA, M2D6
was obtained that was almost completely selective for ErA. This is a considerable
achievement given that clarithromycin differs from ErA by just one methyl group, while at the
same time, azithromycin and roxithromycin are so different from ErA. Notably, while all three
amino acid mutations in M2D6 are located in the ligand binding site of MphR, and all three
were shown to be required for the ErA selectivity, these mutations would have been almost
impossible to rationally predict. Perhaps as a consequence of the role that MphR plays in self-
resistance, it has evolved to respond to general class features of macrolides including their
cyclic structure and that many contain a desosamine sugar. While it is perhaps unsurprising
that mutations close to or within the ligand binding cavity effect selectivity, it is important to
bear in mind the dimeric nature of MphR and the necessity for the protein to contain regions
responsible for monomer binding, DNA binding, ligand binding and residues utilized in
allosteric signal transduction. Thus, changes to an amino acid may not effect only one, but
multiple properties of MphR. Indeed, The A16T mutation of M2D6 occurs in the proximity of

the DNA-binding region of MphR.
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The MphR repressor protein has been demonstrated to have remarkable plasticity for
engineering sensitivity and selectivity changes in the context of a whole-cell genetically
encoded biosensor. By tuning sensitivity and selectivity parameters, the MphR biosensor may
be tailored for many fields and applications including environmental testing, metagenomic
screening, metabolic engineering. As the understanding of the nuances of transcription factors
improves concurrently with our ability to refactor and utilize them for the precise detection and
guantification of compounds of interest, HTS platforms will emerge to keep pace with and

perhaps extend the boundaries of synthetic biology.
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3.4 Materials and Methods

Primers used in this study

Primer
#

Sequence

5 - ®BACTCCTGCCGCAGGGACTCT-3 6
5 €GAGCTCTAGATGGTGCAAAACCTTTC-3 6

5 GTACTCGAGGCCGCCNNKGTAGTGCTGAAGCGTTGC-5 6
5 GCTGCTGGTGAGGATGNNKGAGCGCGGCGTC-3 0
5 -AGCAGGTGCGGCATNNNCTGAATGCGATACCGATACC-3 6

N OO0 WINBE

5 GTACTCGAGGCCGCCNNKGTAGTGCTGAAGCGTTGC-3 6

5 GCTGCTGGTGAGGATGNNKGAGCGCGGCGTC-3 0

50
GATGGAGCGCGGCGTCGAGNNKNNKCGGCATTACCTGAATGCGATACCGA
TAGG-3 6

5 -AGCAGGTGCGGCATNNNCTGAATGCGATACCGATACC-3 6

10
11

5'-GCATCAGTGTTCACCTTCCGTATGGGTTGGGGGGCGCTA-3'
5-TAGCGCCCCCCAACCCATACGGAAGGTGAACACTGATGC-3'

12
13

5'-GCATCAGTGTTCACCATCTGTATGGGTTGGGGGGCGCTA-3'
5-GATAGCGCCCCCCAACCCATACAGATGGTGAACACTGATGC-3'

14
15

5'-CCCAACCCATACAGAAGGCGAACACTGATGCC-3'
5-GGCATCAGTGTTCGCCTTCTGTATGGGTTGGG-3'

16
17

5'-GATAGCGCCCCCCAACCCATACAGAAGGTGAACACTGATGC-3'
5-GCATCAGTGTTCACCTTCTGTATGGGTTGGGGGGCGCTATC-3'

18
19

5'-/5Phos/NNNTGAACACTGATGCCCCGCCCCA-3'
5'-/5phos/INNNGTATGGGTTGGGGGGCGCTA-3'

20
21

5'-/5Phos/ACCACCGTAGTGCTGAAGCGTTGC-3'
5'-/5Phos/GGCCTCGAGTACCTCGTCATCGGAC-3'

22
23

5'-/5Phos/CATCGCGCCAGCGATGACCG-3'
5'-/5Phos/ATGCAGTGGGCCGTCGATCC-3'

24
25

5'-/5Phos/AAGCAGTGGGCCGTCGATCC-3'
5'-/5Phos/CGTCGCGCCAGCGATGAC-3'

26
27

5'-GCACCTGGAGCTCGTACCAGAAGATGAGATAGTTCACCGAGAAG-3'
5-CTTCTCGGTGAACTATCTCATCTTCTGGTACGAGCTCCAGGTGC-3'
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Strains, Media, and Chemicals

E. coli strains 10G SOLO (Lucigen) and TOP10 were used for cloning and biosensor
expression, respectively. The plasmid pMLGFP! was used as a template for MphR
mutagenesis and to express the reporter gene in the biosensor strains. Bacteria were grown
in LB Broth supplemented with ampicillin and tetracyline as appropriate. ErA, clarithromycin,
azithromycin, and roxithromycin were purchased from Sigma-Aldrich, pikromycin was
purchased from Abcam, YC-17 was provided as a kind gift from Dr. David Sherman at the
University of Michigan. Each macrolide was prepared in dimethyl sulfoxide (DMSO) to a stock
concentration of 50 mM, 5 mM,500e M, or 50 eM. All other ¢
Sigma-Aldrich unless stated otherwise. PCR products were extracted with a Bio Basic Gel
Extraction Kit. Restriction enzymes were purchased from New England Biolabs. Plasmids

were isolated using a plasmid miniprep kit from Bio Basic.

Error-prone PCR of MphR

Error-prone PCR was performed using a Genemorph Il kit (Agilent) in a total volume of 25 pL
using 0.5, 5.0, and 50 ng of pMLGFP as template, 1 mM dNTPs, 0.5 ng of pMLGFP, 1.25%
(v/v) DMSO, 0.5 pL Mutazyme I, and primers 1 and 2. Thermocycling conditions were those
recommended by the manufacturer instructions. The PCR product was gel purified and double
digested using Xbal and EcoNI following standard protocols. The double digested product
was ligated at 16 °C for 18 h into similarly treated pMLGFP. The ligation mixture was
electroporated into E. cloni 10G SOLO electrocompetent cells (Lucigen) according to the
manufacturer instructions. An aliquot of the transformation was plated onto LB agar plates
suppl emented with 67 eg/mL ampicillin. The

67 eg/mL ampicillin and a glycerol stock
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selected colonies were used to prepare plasmids for DNA sequencing, revealing on average
4 nucleotide mutations per MphR gene. The epPCR plasmid library was miniprepped and

stored for transformation into TOP10/pJZ12 cells.

Multi-Site Saturation Mutagenesis of MphR

Plasmid pMLGFP was used as template for multi-site saturation mutagenesis using the
QuickChange Multi Site-Directed Mutagenesis Kit (Agilent). Briefly, 200 ng of pMLGFP, 1 uL

of dNTP mix, 3.5 uL of buffer, 1 uL of DNA polymerase, and primers 3-5 (3 site) and 6-9 (5

site) in a total volume of 25 OL were used in .
instructions. The reaction product was digested with Dpnl for 1 h at 37 °C and electroporated
intoE.cloni10G SOLO electrocompetent cells (Lucigen)
instructions. An aliquot of the transformation was plated onto LB agar plates supplemented

with 67 eg/mL ampicillin. The f1egui dasubtowa B
ampicillin and a glycerol stock was prepared of the mutant library. A glycerol stock of the

mutant library was prepared and the epPCR plasmid library was miniprepped and stored for

transformation into TOP10/pJZ12 cells.

Site-directed Mutagenesis of MphR to convert the wild-type RBS to mutant RBSs

Site-directed mutagenesis was carried using QuikChange Mutagenesis (Agilent) in a total

vol ume of 25 €L containing 2 ng of pMLGFP, 200
Hot Start Polymerase (Thermo Scientific), and the primers 10 and 11 (RBS-A3), 12 and 13

(RBS-E7), and 14 and 15 (RBS-H4). Standard Phusion thermocycling protocols were used

with the site-directed mutagenesis protocol as described by the manufacturer instructions.

The reaction product was digested with Dpnl for 1 h at 37 °C and electroporated into E. cloni
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106G SOLO electrocompetent cells and incubated o
instructions. An aliquot of the overnight culture was plated onto LB agar plates supplemented

with 3.4 eg/mL tetracycline and 67 g/ mL ampici
individual transformants were determined to confirm the correct mutation was obtained and

that there were no spurious mutations. The sequence of variant RBS-H4 included two

nucleotide mutations upstream of the MphR RBS.

Site-directed Mutagenesis of MphR to convert mutant RBSs to wild-type RBS

Site-directed mutagenesis was carried using QuikChange Mutagenesis (Agilent) in a total

volume of 25 e L cont ai ni ng 2A3, pLGEPIE7, prMMIGIFP-H 4 | 200 &M
dNTPs, 5 eL buffer, 0.25 €L Phusion Hot Start P
16 and 17 (WT RBS). Standard Phusion thermocycling protocols were used with the site-

directed mutagenesis protocol as described by the manufacturer instructions. The reaction

product was digested with Dpnl for 1 h at 37 °C and electroporated into E. cloni 10G SOLO
electrocompetent cells and incubated overnight ¢
An aliquot of the overnight culture was plated onto LB agar plates supplemented with 3.4

eg/ mL tetracycline and 67 eg/mL ampicillin. The
transformants were determined to confirm the correct mutation was obtained and that there

were no spurious mutations. The sequence of variant RBS-H4 included two nucleotide

mutations upstream of the MphR RBS.

Saturation Mutagenesis of the MphR RBS
iRoutheehor nd saturation mutagenesis of the MphR R

of 25 L with 5 ng of p MLGFP, 200 &M dNTPs, 5
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Polymerase buffer (Thermo Scientific) oloingd €L (
a literature protocol®. The reaction product was digested with Dpnl for 1 h at 37 °C and
electroporated into E. cloni 10G SOLO electrocompetent cells and incubated overnight
according to the manufacturero6és instructions. A

onto LB agar plates suppl emeanntde dé6 Avietdh/ m3L 4a mspgi/ cmlLl

Fluorescence Activated Cell Sorting (FACS) of Biosensor Libraries

The QCMS and error-prone pMLGFP plasmid libraries were transformed into TOP10 cells

wi t h pl asmid pJzZ12 and gr own overnight i n LB
tetracycline and 67 ¢€g/ mL ampfole¢infreshiLB mediddnd cul t u
sorted using a Beckman Coulter MoFlo cell sorterequi pped with a 100 €M noz
at 22 psi using a 488 nm excitation laser and measuring emission at 525 nm. A portion of the
collected popul ation was plated on LB agar suppl
eg/ mL ampicill i n pauaton tvdsgrown evamighhin bBgmedia with 3.4

ug/mL tetracycline and 67 ug/mL ampicillin and a glycerol stock was prepared of the sorted

library. For identifying MphR variants with improved ErA sensitivity, negative sorting was done

using whole cell biosensor cells with no inducing ligand. For identifying MphR variants that

were selective against semi-synthetic macrolides, negative sorting was done in the presence

of bSclagtivomycinand 5 &M azithromycin.
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General Procedure for Microplate Screening of Libraries of MphR Variants

Individual colonies from biosensor mutant libraries were picked from LB agar plates and used

to inoculate 500 €L of LB media containing 3.4 ¢
wells of a deep-well 96-well microplate for 5 hours at 37 °C and with shaking at 350 rpm. Then,

10 ¢L of each culture was added to 490 &L of LB
eg/ mL ampicillin and 1 €M Er A (for Er A sensiti
clarithromyc i n, or 5 €M azithromycin (for identificat:i
were grown overnight at 37 °C and with shaking at 350 rpm. Cultures were centrifuged at

3,000 rpm for 5 min and the cell pellet was re-suspended in 1 mL of phosphate-buffered saline

(PBS). Then, 100 €L of the cell suspension was |
and fluorescence (ex 395 nm/ em 509 nm). The fluorescence intensity was divided by the

ODsoo to yield a normalized GFP fluorescence value. All experiments were conducted in

triplicate unless stated otherwise.

Dose-Response Analysis of Wild-Type and Variant MphR Biosensors

Individual colonies of the wild-type biosensor or variant MphR biosensor strains were picked

from LB agar pl ates and wused to inoculate 500
tetracycline and 67 ¢ g/ mtwellB6well micrdplaté for Shoursate | | s 0|
37°C and with shaking at 350 rrepmva sT haednd e dl Ot oc L4 Qo0
media containing 3.4 g/ mL tetracycline, 67 eg/
roxithromycin, azithromycin, or pi kromycin at
macrolide. Plates were incubated overnight at 37 °C and with shaking at 350 rpm. The cultures

were centrifuged 3,000 rpm for 5 min and the cell pellet was washed once with 1 mL PBS and

thenreesuspended in 1 mL of PBS. Next, 100 e¢L of the
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optical density at 600 nm and fluorescence (ex 395 nm/em 509 nm). The fluorescence
intensity was divided by the ODeoo to yield a normalized GFP fluorescence value. All

experiments were conducted in triplicate and error bars represent one SD of the mean.

Response of Wild-Type and Variant MphR Biosensors to selected concentrations

Individual colonies of the wild-type biosensor or variant MphR biosensor strains were picked

from LB agar pl ates and wused to inocul ate

tetracycl i ne an dintwvélls af gdeeptwellO6yell micrdplaté for 5 hours at

37°C and with shaking at 350 rpm. Then, 10 ¢L
media containing 3.4 g/ mL tetracycline, 67
roxithromycin,azi t hr omyci n, or pikromycin at either
macrolide. Plates were incubated overnight at 37 °C and with shaking at 350 rpm. The cultures
were centrifuged 3,000 rpm for 5 min and the cell pellet was washed once with 1 mL PBS and
thenreesuspended in 1 mL of PBS. Next, 100 &L of

optical density at 600 nm and fluorescence (ex 395 nm/em 509 nm). The fluorescence
intensity was divided by the ODsoo to yield a normalized GFP fluorescence value. All

experiments were conducted in triplicate and error bars represent one SD of the mean.
The data was fit to the Hill equation to derive the biosensor performance parameters:

"0"00 & O

OO0 "O0v 07 0

where GFPg is normalized GFP expression in the absence of inducer, GFPmax is the maximum
observed normalized GFP expression, [I] is the inducer concentration, Ki is the inducer
concentration resulting in half-maximal induction, and n is the Hill coefficient describing

biosensor sensitivity.
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CHAPTER 4

Strategies to screen erythromycin biosynthesis in Aeromicrobium erythreum

4.1 Introduction

Aeromicrobium erythreum is a soil-dwelling microbe that produces erythromycin.?
First discovered in soil in Puerto Rico, A. erythreum was classified as an Actinobacteria based
on the %GC DNA content of its genome, 16S rRNA subunit sequencing, and fatty acid and
peptidoglycan composition.! A. erythreum has subsequently been the subject of study of
several groups which have identified and published the genomic DNA sequence encoding the

erythromycin biosynthetic cluster? and more recently the full genome sequence.®

Notably, as opposed to other organisms, A. erythreum has been reported to produce
solely ErA as the major product of the erythromycin biosynthetic pathway.? This is in contrast
to several other producing strains, including the only commercially used straind
Saccharopolyspora erythraead which accumulates Erythromycin B and Erythromycin C
intermediates as well as the desired product ErA. Compared to S. erythraea, which undergoes
sporulation and mycelial stages during its life-cycle and only produces erythromycins in the
latter, A. erythreum does not undergo a multistage life-cycle and produces erythromycin from

the start of culturing.?*

Since the genome of A. erythreum has been fully sequenced and the erythromycin
biosynthetic cluster fully annotated, application of plasmid-based and genomic engineering
methods to harness macrolide biosynthesis in A. erythreum using a defined genetic template
is now an attractive option (Figure 4.1). Semi-rational engineering to increase ErA production
by A. erythreum has led to a mutated producing strain that produces over twice the amount

of ErA as the parent strain without appreciable accumulation of late-stage biosynthetic
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intermediates.* The goal of this work is to investigate and confirm the ErA producing potential
of A. erythreum and validate the application of MphR-based high-throughput screening of thid

erythromycin producing microorganism.

Primary
metabolism

Figure 4.1 A. erythreum as a synthetic biology chassis. (A) Odd-chain fatty acids, leucine,
isoleucine, methionine, threonine and thiamine all feed in to propionyl-CoA biosynthesis.
Propionyl-CoA carboxylase carboxylates propionyl-CoA to produce (2S)-methylmalonyl-CoA.
(B) (2S)-methylmalonyl-CoA is converted to (2R)-methylmalonyl-CoA by an epimerase and
then to succinyl-CoA by a mutase, depleting its supply to support 6dEB biosynthesis. (C)
DEBS 1-3 utilizes propionyl-CoA and (2S)-methylmalonyl-CoA to biosynthesize 6dEB. (D)
Post-PKS enzymes 1 including P450 hydroxylases, glycosyltransferases, and
methyltransferases i convert 6dEB to erythromycin A. (E) A. erythreum harbors several
known and putative ORFs which code for potential genes of interest, and can host plasmid-
based expression of many more, for the refactoring of erythromycin A production.
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4.2 Results and discussion

4.2.1 Determination of erythromycin production in A. erythreum
A. erythreum is reported to produce solely ErA as its major product, in contrast to S.
erythraea.? Previous literature reports utilized a variety of methods to determine erythromycin
production, including thin layer chromatography and bioassay.*® To confirm this, A. erythreum
was cultured in LB media in shake flasks and the supernatant tested for the presence of
erythromycins by LC-HRMS. As expected, a product was detected consistent with the m/z
and retention time of a commercial standard of ErA (Figure 4.2). Interestingly though, LC-
HRMS analysis also revealed the presence of other mass ions that had m/z values consistent
with that expected for several well-known products, including erythromycin B, erythromycin C,
and 6dEB. Notably, the retention times of these mass ions do not match that of the standards
for erythromycin B, erythromycin C, and 6dEB. In the case of 6dEB, a low abundance
extracted ion peak could be detected with the same retention time as that of an authentic
sample of 6dEB, in addition to a much larger abundance extracted ion peak that eluted ~ 1
mi n earlier. Accordingly, t h e ntdi & diffetent P45@-d u c t p
hydroxyl ated derivative than Erythromycin C, w |
different OMT-methylated version of ErB. A single unifying feature that could explain these
results is that the 6dEB macrolactone constructed by the corresponding PKS has a different
reduction pattern than the canocical DEBS pathway in S. erythraea. Regardless, these minor

products need to be further characterized.
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Figure 4.2 (A) LC-HRMS of erythromycins A, B, C and 6dEB as labeled. (B) LC-HRMS of A.
erythreum extract. Only the peak corresponding to erythromycin A had correct mass and
retention time in comparison to the standard. For a commercial standard of Erythromycin C:
HRMS m/z : [M+H]" Calcd for C3sHesNO13 720.4528; Found m/z 720.4529. For a commercial
standard of Erythromycin B: HRMS m/z: [M+H]" Calcd for C3;HssNO1, 718.4736; Found m/z
718.4721. For a commercial standard of ErA: HRMS m/z: [M+H]" Calcd for Cs7HesNO1s
734.4685; found m/z 734.4667. For a prepared sample of 6dEB: HRMS m/z: [M+Na]* Calcd
for C21H3s06Na 409.2566; Found m/z 409.2556. For ErA produced by A. erythreum: HRMS
m/z : [M+H]" Calcd for Cs7HssNO13 734.4685; found m/z 734.4672.
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4.2.2 Microtiter plate growth of A. erythreum

As mentioned above, A. erythreum is a fast-growing erythromycin-producing bacteria
that may prove a useful chassis for synthetic biology applications. As many synthetic biology
successes hinge on high-throughput screening, suitable methods to adapt high-throughput
screens to evolving A. erythreum should be investigated. One method to increase throughput
for screening liquid cultures is to grow small cultures in parallel in microtiter deep-well plates.
This enables the growth of hundreds to thousands of cultures simultaneously. To test the
ability of A. erythreum to be cultured in microtiter plates and to determine the optimal volume

to use, cultures of A. erythreum were grown in wells of a 96-deep well plate in volumes ranging

from 100 to 1200 €L i n 100 °CelMisualimspectiomoéthetpate f or 5

showed significant evaporation of the 100

eL of culture, t her e wa as eddenged ibyf clumps oftcellcat thd

eL and

fl ocec

bottoms of each well. Accordingly, replicates a t 400 €L, 600 ¢L, 800 ¢L,

eL culture vol umes -HRMS r EsAroduetiongahd itowas det€@mined
that 400 eL t ood aleiOwits dignifecgntpvariabilitgddto be the optimal volumes
for ErA production. These are also in agreement with the cultures that had the most cell

dispersion (least flocculation) by visual inspection (Figure 4.3).
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Figure 4.3 Extracted ErA from microtiter plate screening. Blue bars are cultures grown in LB
media and grey bars are cultures in SCM media. ErA measurements were compared to a
calibration curve of ErA.

4.2.3 Biosensor-guided screening of A. erythreum ErA production

To facilitate the synthetic biology and high-throughput screening of A. erythreum
production of macrolides, a suitable screen or selection is necessary. Given the success of
engineering MphR-based biosensors with a variety of improved characteristics (Chapter 3), it
was hypothesized that biosensor-guided screening of A. erythreum cultures would provide an
inexpensive, quantitative, and high-throughput method to analyze erythromycin production.
To demonstrate the utility of MphR-based biosensors for this application, testing in multiple

formats was conducted.
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4.2.4 Biosensor screening of varying volumes of A. erythreum liquid culture

Several improved sensitivity biosensors were screened with A. erythreum culture
supernatants. All three improved sensitivity sensors resulted in higher normalized GFP
fluorescence (au) measurements than that with the WT biosensor (Figure 4.4). Moreover,
wher eas mor eA. erftraenm Qilfure supernatant was required to detect ErA with
the wild-type biosensor, signal could be detected above background with the mutants with as
I i tt | esupematdnt. This data provides strong evidence of the ability for MphR-based
biosensors to be used for detecting the production of macrolides including ErA from

microorganisms in liquid media.
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Figure 4.4 Biosensors with various volumes of A. erythreum supernatant. Biosensors
EP-A3, EP-E7, EP-H4, and WT exhibited increasing normalized GFP fluorescence (au)
values at higher volumes of A. erythreum culture supernatant. The three improved sensitivity
biosensors demonstrated much more sensitive activation at lower volumes of supernatant.
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4.2.5 Agar-immobilized biosensor screening of A. erythreum liquid culture
Biosensor-based screening need not be solely liquid-culture based. In some cases,
due to lack of equipment or training, an alternative format may prove useful for screening for
the presence of erythromycin. To that end, agar-immobilized biosensor (AIB) plates of the WT
and sensitivity-improved EP-E7 biosensors were made for screening A. erythreum
erythromycin production. By imbedding the biosensor strain in LB agar, liquid samples may
be directly spotted on the surface of the plate. After overnight incubation at 37°C, a fluorescent
response can be detected by UV excitation using a transilluminator. This method avoids
multiple liquid handling steps, potentially making this an easier method for general use.
Compared to the WT biosensor, biosensor EP-E7 proved much more sensitive to detecting

supernatants from A. erythreum erythromycin-producing cultures (Figure 4.5).

Figure 4.5 AIB plates screened with A. erythreum culture supernatants. Biosensors (left:WT,
right:EP-E7) with 1 ¢L of: 0 eM ErA (DMSO) (Al), 50 eM ErA (A2), 500 eM ErA (A3), SCM
media (B1-3), supernatants from A. erythreum culture replicates (C1-C3). The EP-E7
biosensor proves to be more sensitive with commercial ErA and A. erythreum supernatant.
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In the same vein as the Delvotest microbial test (DSM) used ubiquitously in
agriculture,® AIB screening is simple to conduct and may prove to be a platform for building
biosensor devices with sensitive and selective activation properties for macrolide drugs used

heavily by meat and dairy farmers who lack significant access to scientific equipment.

4.2.6 Mock screen of WT and KO producing strains

High-throughput screening, as it applies to discriminating between producers versus
non-producers of a target compound, must be able to distinguish between microorganisms
whose only phenotypic difference may be the level of production of the target chemical. Thus,
biosensors that identify producers with high fidelity without false-positive or false-negative
activation are potentially very desirable for use in high-throughput screens. This is especially
true since the hit rate from screening libraries of variants is often low due to most members
producing no detectable amount of desired compound. Thus, the need for a method to rapidly

screen for the few hits becomes clear.

To demonstrate the ability of MphR-based biosensors to detect ErA production by
microbes in parallel, MphR-based biosensors were used to screen the culture supernatants
of A. erythreum and an A. erythreum variant (A. erythreum KO) that does not produce
erythromycin’ in 96-well microtiter plates. Each strain was randomly arrayed in a 96-well
microtiter plate and cultured for 48 hours (Figure 4.6A&B). Following incubation, the culture
supernatants were mixed with the E. coli sensor strain harboring either the wild-type MphR or
the variant RBS-E7, incubated, and the GFP fluorescence measured. As expected, the
biosensor strain correctly identified every well that corresponded to the producing strain
(Figure 4.6B). In addition, the difference in fluorescence between the producing strain A.

erythreum vs. the knock-out was ~90-fold with the engineered biosensor, compared to ~18-
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fold with the wild-type MphR biosensor strain (Figure 4.6C). This result is consistent with the
improved sensitivity of RBS-E7 with ErA and demonstrates that the dynamic range of ErA
detection with the engineered MphR variant is far greater than that of the wild-type biosensor.
Moreover, these data validate the ability of MphR to detect ErA production in culture

supernatants without purification or concentration.
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Figure 4.6 Demonstration of biosensor-guided screening of potential ErA producing strains in

liquid media. (A) General workflow for strain-agnostic biosensor-based screening of liquid

cultures. (B) Top: 96-well microtiter plate layout of A. erythreum (checked) and A. erythreum

KO strain (blank). Bottom: Biosensor screening o
and results of biosensor-guided screening of A. erythreum supernatants with the EP-E7 (top)

and WT (bottom) biosensors.
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4. 2.7 Det er nfactor and)Z-Radta of Zh@ EP-E7 biosensor strain
To determine quantitatively the validity of using MphR-based biosensors for high-
throughput screening of A. erythreum, t Haetor Znil Z-Factor for the EP-E7 biosensor were
anal y z e dfactolishaadim&néionless value that reveals the quality of a high-throughput
screen using reference control s. I n this case t
achieve the minimum and maximum normalized GFP fluorescence values of the EP-E7
biosensor. The Z-factor is a dimensionless value that assesses the suitability of a high-
throughput screen and its for identifying hits in a population.® An e x ¢ e-fadtoe valtie oZ 6
0.94 was obtained using a commer cMS@ tonteltwhiahd ar d o f
indicates the quality of -fdcthref0.8-8.@irdicates loigh duialityi ons wh
assay conditions. The Z-factor from A. erythreum screening resulted in a Z-factor of 0.44,
which approaches the threshold of an excellent (0.5-1.0 Z-factor) high-throughput screen
(dotd dot plot in figure 4.7). As noted by the creators of the Z-factor, assays with Z-factors
between 0.28 0.6 have been routinely used.® This variability and the difference between the
Z @actor and Z-factor may be closed by further optimization of A. erythreum microtiter plate

growth and screening and may be due well to well variability of ErA production.

60000
40000

20000

normalized GFP
fluorescence (au)

0 20 40 60 80 100
Well number #

Figure 4.7 A dot-dot plot of the A. erythreum WT (green) and A. erythreum KO (blue) strains
assayed withthe EP-E7 bi osensor at 50 €L of culture super
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4.3 Conclusion

A. erythreum has the potential to provide a robust synthetic biology scaffold for the
production of designed macrolides. A fully deduced genome and annotated erythromycin
biosynthetic pathway enable the targeting of clusters and genes of interest for analoging and
diversification of the natural products they code for. Critical to the success of synthetic biology
approaches to A. erythreum engineering is the implementation of mutagenesis techniques
capable of generating thousands to millions of variants to leverage the odds that clones with
desired phenotypes are produced. Biosensor-based screening offers the throughput
necessary to adequately screen variant libraries in a variety of formats. This work
demonstrates the ability of A. erythreum to produce a target macrolide and the ability of MphR-

based biosensors to screen A. erythreum cultures in a high-throughput format.
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4.4 Materials and Methods

Shake flask culturing of A. erythreum

A. erythreum colonies of either the wild-type or knock-out strain’ were picked from an LB agar
plate supplemented and used to inoculate overnight cultures of LB. The overnight culture was
diluted 100-fold in 50 mL LB media and cultured in shake flasks at 33 °C with shaking at 250

rpm for up to five days.

A. erythreum extract preparation

1 mL samples of A. erythreum cultures were centrifuged for 10 min at 10,000 rpm at 4 °C. 500

eL of sample supernatant was e Xtacaatetthed times.
The combined organic extracts were driedandre-s uspended in 500 ¢lL
analysis.

LC-HRMS analysis of A. erythreum extracts

LC-HRMS was performed on a Thermo Scientific Exactive Plus MS interfaced with a Thermo
Scientific UltiMate 3000 UHPLC equipped with a Thermo Scientific Hypersil Gold C18
reversed phase column (50 X 2.1 mm; 1.9
Samples were dissolved in methanol and analyzed at a constant flow rate of 0.5 mL/min.
Mobile phase A (MPA) was water with 0.1% (v/v) formic acid. Mobile phase B (MPB) was
methanol with 0.1% (v/v) formic acid. All solvents used for analysis were of LC-MS grade.
Following 1.9 min column equilibration at 2% MPB, a gradient of 2% to 80% MPB over the
course of 7 minutes was effected. A constant flow of 80% MPB was maintained for 2 min,
followed by a return to 2% MPB. Methanol blanks were run in between each sample and

sample (and blank) injection ma250-hi6Gwaswseade
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Microtiter plate growth of A. erythreum at various volumes

An overnight culture of A. erythreum was grown at 33 °C and 250 rpm. The overnight culture

was diluted to 1% in either LB or SCM mediaand 1001 1200 &L was ada%-d to we
deepwell microtiter plate. After 5 days of culturing at 33 °C and 350 rpm, wells were visually
inspected. The plate was <centrifuged at 4000 r
supernatant was extracted t hr eeThe éxtmaetsvaswiied h 100

and resuspended in 100 &L oM. met hanol for analys

Biosensor screening of A. erythreum culture supernatants

Three 50 mL A. erythreum shake flask cultures were prepared as outlined above. The cultures

were allowed to grow for 5 days and 1 mL samples taken at the end of culturing. The samples

were centrifuged for 10 minutes at 10,000 rpm at 4 °C. Various amounts of supernatant were

added to biosensor cultures of WT, EP-A3, EP-E7,orEP-H4 t o a f i nal vol ume of
the biosensor culture was prepared as previously described. Following the standard workup

without PBS wash described in chapter 3, fluorescence and ODsqo readings were made and

normalized GFP fluorescence (au) sensitivities compared.

Agar-immobilized biosensor screening

Biosensor EP-E7 or WT wer e grown overnight in LB medi
tetracycline and 6 7°Cand25@rpm. &resh 10anL ¢culturesmof lEBtmedia7

suppl emented with 3.4 e€g/ mL tetracycline and 6°
overnight culture were grown for two hours. The 10 mL culture was mixed with an equal

volume of freshly autoclaved LB-agar cooled to 42 °C in a water bath. The contents were

poured in a petri dish and allowed to solidify at room temperature. After inducer was added,

plates incubated overnight at 37 °C. A erythreum shake-flask cultures prepared as described
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above were grown and supernatants prepared by centrifuging 1 mL of culture for 10 minutes
at 10,000 rpm at 4 °C . 1 €L of ErA standard, medi a, Or sucg
plates as diagrammed. AIB plates incubated at 37 °C overnight and were analyzed on a

transilluminator at 306 nm.

Biosensor-guided screen of erythromycin production in A. erythreum

A. erythreum colonies of either the wild-type or knock-out strain’ were picked from an LB agar

plate and used to inoculate overnight cultures of LB. The overnight culture was diluted 100-

fold in LB medi a atypelor fh@ck-outstrainavds edclhagldedvio éach well

of a 96-well microplate. Cultures were incubated at 33 °C with shaking at 250 rpm for two days

and were then centrifuged at 4, 7A erytirgumcutueer 10 mi
supernatant was added t dgypeAMpBR oeRBS-B7thatawascultrédur e o f
for 5 h. The whole cell biosensor strains were incubated overnight at 37 °C with shaking at

350 rpm, centrifuged at 3,000 rpm for 5 min and each cell pellet re-suspended in 1 mL of
phosphate-b uf f ered saline (PBS). Next, 100 eL of the
optical density at 600 nm and GFP fluorescence (ex 395 nm/ em 509 nm). The fluorescence

intensity was divided by the ODsoo to yield a normalized GFP fluorescence value. Error bars

represent one SE of the mean.
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CHAPTER 5

Investigating the versatility of the EryG methyltransferase as a macrolide
bioalkylation catalyst

5.1 Introduction

Methylation reactions are ubiquitous in nature and are catalyzed by
methyltransferases (MTases) that play essential roles in the production and regulation of vital
biomolecules including nucleic acids,! saccharides,? fatty acids,® proteins and peptides,* ” and
secondary metabolites.® With respect to natural products, MTases are critically important for
the tailoring and bioactivity of their structures. Numerous natural product MTases have been
mechanistically and structurally studied.®* Most natural product MTases are O-
methyltransferases (OMTases) although N-, C-, and S-directed natural product MTases are
also known (Figure 5.1). S-adenosyl methionine (SAM) is a ubiquitous methyl-donating
cofactor in biology and is produced by the enzymatic ATP-dependent adenosylation of

methionine. Of SAM-utilizing enzymes, MTases are the largest group.*®

Interestingly, although the erythromycin biosynthetic pathway is one of the best
studied polyketide biosynthetic pathways, some biosynthetic steps en route to erythromycin
remain under explored and poorly exploited. For example, EryG catalyzes the ultimate step
in erythromycin bi osynt he s-OH of the mearoseesudary df
erythromycin C. This reaction converts the mycarose sugar to the cladinose sugar of ErA.
While erythromycin C does display some antibiotic activity, it is of narrower spectrum and less
potent than ErA. As revealed by structures of the ribosome bound with macrolide antibiotics,
t he «c¢ | adOMeoestends 3nto a deep pocket with ample room to accommodate
alternative alkyl moieties. To date though, this position has not been subjected to chemical

diversification beyond H/Me, likely a result of the challenge of regioselectively alkylating the
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3 4H. Thus, the enzymatic conversion of erythromycin C to ErA is a crucial step catalyzed
by EryG and could be leveraged to diversify this position. While this enzyme is clearly
important for the production of ErA as noted from an eryG knockout study!® and
overexpression study,!” and by extension any of its semi-synthetic derivatives, it has not been
rigorously characterized in vitro or in vivo. In this Chapter, as a first step towards leveraging
EryG as an MTase platform for directed evolution, in silico modeling and a panel of enzyme
assays were developed to determine the optimal assay conditions for EryG methylation
reactions. Key aspects that must be investigated are (A) whether EryG requires any cofactors
such as divalent cations, and if not, if it is tolerant of the presence of cofactors of other
enzymes, (B) can EryG tolerate a broad range of pHs or does catalytic activity depend on a
very narrow pH spectrum, and (C) how versatile is EryG as a synthetic biology tool, can it be
utilized in different formats such as whole cell or in vitro screening. The information gained
will add insight to determine its potential scope and utility as a tool to alkyl-diversify

macrolides.
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Figure 5.1 Several examples of natural product O-MTase substrates. Methyl acceptors are
highlighted. Adapted from Liscombe, D. K., Louie, G. V. & Noel, J. P. Architectures,
mechanisms and molecular evolution of natural product methyltransferases. Nat. Prod. Rep.
29, 1238i 1250 (2012).

5.2 Results and Discussion
5.2.1 EryG purification and activity assay

To facilitate purification and characterization of EryG, PCR mutagenesis was used to
install an oligonucleotide that encoded a hexa-histidine tag (Hiss) at the C-terminal of EryG.
The gene product was then over-expressed in E. coli and purified almost to homogeneity. The
estimated molecular mass of the purified protein, according to SDS-PAGE analysis, was in
close agreement with the expected size of 35 kDa according to its gene sequence. SDS-

PAGE inspection revealed a major band for EryG with minor contaminants (Figure 5.2).
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5.2 Purified EryG SDS-PAGE analysis. EryG was compared to a protein ladder on a 10%
SDS-PAGE gel and appears to be of the expected size of 35.5 kDa. (A) Protein ladder (NEB
20-250 kDa Broadrange), (B) FPLC-purified EryG.

To establish the presumed activity of EryG in vitro, an enzyme assay was setup that
included erythromycin C, S-adenosyl methionine (SAM), and the enzyme, and LC-MS
analysis was used to detect the conversion of erythromycin C to a methylated product. The
vast majority of methyltransferases utilize SAM as the methyl-donating cofactor, and previous
analysis by amino acid alignment identified EryG to fit this classification.® In the presence of
SAM, EryG supported the conversion of erythromycin C to ErA. In contrast, and as expected,
a significant amount of ErA was not detected in a negative control in the absence of enzyme
(Figure 5.3C/D). Further, the peak at approximately 5.82 minutes has not been explained and
warrants more investigation. Taken together, this data confirms the role of EryG in catalyzing
the regio-selective methylation of erythromycin C to provide the mature, biologically active

product, ErA.
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Figure 5.3 In vitro EryG-catalyzed methylation. ( A) A 50 €M commerci al

Erythromycin C. HRMS m/z: [M+H]" Calcd for C3sHssNO13 720.4528; Found 720.4548. (B) A

50 €M commerci al standar d* Galtd fdE CMHssNOEkFB431685N/ Z :

Found 734.4699. (C) A minus EryG control reaction after no time has elapsed. (D) A minus
EryG control reaction after 22 hours. (E) An EryG methylation reaction after no time has
elapsed. (F) An EryG methylation reaction after 22 hours. Reactions ran at 22 °C for 20 hours.
HRMS m/z: [M+H]" Calcd for C37HesNO13 734.4685; Found 734.4683.

5.2.2 EryG Homology Model

Since neither a crystal nor NMR structure has been previously reported, to gain insight
into the possible substrate scope and mechanism of EryG, homology modeling was
conducted to provide a working model of its overall architecture and active site. This
knowledge will provide potential insight into how the EryG substrate is recognized, processed,

and what cofactors and environment is necessary for catalysis.

Homology modeling draws on the thousands of protein and small molecule crystal structures

that are curated in databases, including the RCSB Protein Data Bank!®. By leveraging these
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structures and shared features between similar and class-related proteins, homology models
are generated that provide a structure or set of structures based on an amino acid sequence.
Although homology modeling by no means is a total replacement for biophysical structural
characterization, it does provide a useful model that can be tested by mutagenesis and

substrate specificity studies, the results of which can guide enzyme engineering efforts.

The I-Tasser server is widely-used in protein homology modeling.2°2! The EryG protein
sequence was submitted for analysis and modeling. Several models were generated with C-
Scores (confidence score) of varying quality. Typically, C-Scores ranging between -5 and 2
indicates higher confidence in the quality of the model. A high quality C-score correlates with
high TM (local topology) and RMSD (global alignment) values for a protein model. The highest
C-score model (-0.15) was selected for further analysis (Figure 5.4 and Table 5.1). The
selected model was further refined using the FG-MD server which applies a fragment-guided

molecular dynamics approach to refine a protein structure??.
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MSVKQKSALQDLVDFAKWHVWTRVRPSSRARLAYELFADDHEATTEGAYINLGYWKPGC
AGLEEANQELANQLAEAAGISEGDEVLDVGFGLGAQDFFWLETRKPARIVGVDLTPSHVRI
ASERAERENVQDRLQFKEGSATDLPFGAETFDRVTSLESALHYEPRTDFFKGAFEVLKPG
GVLAIGDIIPLDLREPGSDGPPKLAPQRSGSLSGGIPVENWVPRETYAKQLREAGFVDVE
VKSVRDNVMEPWLDYWLRKLQDESFKKSVSRLFYSQVKRSLTSDSGMKGELPALDFVIAS

ARKPGA

Figure 5.4 The amino acid sequence of EryG used for homology modeling.

Table 5.1 Quality scores and brief explanations of the generated EryG homology model. Both

the C-score and TM-score indicated good model quality while the RMSD score was of more
mediocre quality.

Score Value Range Description
C-score -0.15 -5to2 Confidence score of model
TM-score 0.69  >0.5 correct topology, <0.17 Correct local topology similarity

random similarity

RMSD 6.6 0 to infinity Correct global topology similarity

5.2.3 Predicted EryG homologs

The resulting EryG homology model (Figure 5.5) was then compared to several
homologs predicted by I-Tasser. Several SAM-dependent enzymes were identified as
structural homologues. Of these, the major classes were MTases and cyclopropane fatty acid
synthases (CFASs) (Table 5.2). The latter class incorporates the sulfonium-bound methyl
group of SAM as the methylene carbon of a cyclopropane ring from a cis-double bond
substrate of a fatty acid.?® An interesting cyclase with high homology to EryG is SpnF. SpnF
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is involved in the biosynthesis of the polyketide spinosyn. Rather than catalyze a
cyclopropanation, SpnF catalyzes a [4+2] cycloaddition to yield a cyclohexene ring in an
advanced intermediate form of spilactone.?* As EryG has previously been identified as a

MTase,'61825 jt was compared only to other MTases for further analysis.

Two MTases homolgous to EryG are MycF and RebM (Appendix D). Though both are
natural product sugar SAM-dependent OMTases, they utilize different natural substrates.
My c F met hy |-hgdrogykof thehjagose3ntiety of mycinamicin Il to form the late-stage
intermediate mycinamicin VI in mycinamicin biosynthesis®. RebM is an OMTase responsible
for the conversion of 4-demet hyl rebeccamycin to r-hgdoogyt ¢ a my c i
methylation of the glucosyl substituent!!. A structural and activity-based comparison of
mycinamicin and rebeccamycin finds mycinamycin to be of type | PKS origin and structurally
similar to tylosin. Rebeccamycin is a nearly planar aromatic indole alkaloid derived from
tryptophan where the only break in aromaticity and sp® carbons can be found on its sugar
substituent. Mycinamycin exerts its antibiotic activity by ribosome inhibition, a trait typical of
many macrolide antibiotics. Rebeccamycin, in contrast, is a weak topisomerase | inhibitor

antibiotic that is also being investigated as a potential treatment for several cancers.
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Table 5.2 Proteins structurally related to EryG identified by TM-align. The highest scored EryG
model was compared in I-Tasser to the top 10 closest structural homologs. TM-score: Length
dependent global fold similarity of target protein structures. Scored (0,1) where one indicates
the two structures match perfectly. RMSD: root-mean-square deviation. The measure of the
average distance between residues of proteins structurally aligned by TM-align. IDEN: The
percentage sequence identity in structurally aligned regions. Cov: The coverage of the global
structural alignment and equal to the number of structurally aligned residues divided by the
guery protein length.

PDB TM-

Rank RMSD IDEN Function

Hit score

1 4PNE 0.831 1.55 0.218 0.869 Spinosyn [4+2]-cyclase, SpnF, S. spinosa

Mycolic acid cyclopropane synthase,

2 1TPY 0.813 2.21 0.188 0.892 MmaA2, M. tuberculosis

Mycolic acid cyclopropane synthase,

3 1KPH 0.812 2.23 0.184 0.892 CmaAl, M. tuberculosis

Mycolic acid cyclopropane synthase,

4 1KPI 0.804 2.45 0.156 0.895 CmaA2, M. tuberculosis

Mycolic acid methyltransferase, MmaA4,

5 2FK8 0.797 2.43 0.196 0.882 .
M. tuberculosis

Mycolic acid cyclopropane synthase,

6 1L1E 0.763 2.08 0.161 0.83 PcaA, M. tuberculosis

Putative sarcosine dimethylglycine

! 2057 0.763 2.67  0.184  0.853 methyltransferase, G. sulphuraria

Geranyl diphosphate C-methyltransferase,

8 3VC2 0.747 2.34 0.157 0.82 GPPMT, S. coelicolor

Rebeccamycin sugar 4'-0-
9 3BUS 0.745 1.79 0.248 0.791 methyltransferase, RebM, L.
aerocolonigenes

10 4INE 0.722 2.77 0.177 0.83 N-methyltransferase, PMT-2, C. elegans
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Figure 5.5 The FG-MD refined homology model of EryG.

5.2.4 Comparison of structural motifs of EryG

Despite the significant structural dissimilarity between mycinamicin and rebeccamycin,
and the methyl-accepting substrates of many natural product OMTases in general, there are
key structural features that most of these OMTases share.® This is unsurprising, because all
natural product MTases belong to class | or class Il of the 15 superfamilies that contain SAM-
binding protein folds.® Of these two classes, the large majority of natural product MTases
belong to the class | family which contains a signature Rossman-like fold in the SAM-binding
site. Among these natural product MTases, signature motifs exist that strongly indicate the
SAM-binding capabilities of a protein or its identity as an MTase. Three critical motifs were

further explored between EryG, RebM, and MycF.
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Motif | is an amino acid sequence that-shegtans t he
I t 6nsensuwmsequence is (V/I/L)(L/V)(D/E)(VI)G(G/C)G(T/P)G. Included in this sequence is
the MTase Asignature sequenceo, -bicdnGmodffouminvery we
nearly all MTases. Structural analysis of RebM (PDB code 3BUS), MycF (PDB code 4XVZ)
and EryG revealed that this motif was present to some degree in all three proteins (Appendix
D). The seven-s t r a-shdet df the Rossmann fold assists in stabilizing SAM, and is a key
feature of SAM-dependent MTases. MTases that utilize a Rossmannfol d have a di st
sheet topology, 3-2-1-4-5-7-6, to their strand order. The EryG model, as well as RebM and
MycF, have this same topology in this strand order, providing further evidence of the validity

of the EryG model.

The last motif of interest conserved in many natural product MTases is the metal-
coordinating DDD/N motif. Matchmaker alignments of EryG with RebM and MycF using the
Chimera protein software?® revealed the DDD/N motif to be absent in EryG and RebM!?, but
present in MycF, as expected!®. The absence of a metal coordinating motif in EryG suggested
that the metal dependency of EryG could be tested in an effort to at least partially confirm the

validity of the model prediction.
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5.2.5 EryG cofactor, pH and temperature activity assays
In vitro assays were devised to begin to compare evidence from the EryG model to
experimental evidence regarding catalysis and potentially necessary cofactors, optimal pH

and optimal temperature.

EryG was assayed with SAM and its natural substrate, erythromycin C, in the presence
of either Mg?*, Ca?*, Cu?*, Mn?*, Zn?*, or EDTA. The reactions were analyzed by HPLC-
Evaporative Light Scattering Detector (ELSD) and compared to commercial standards of
erythromycin C and ErA (Appendix D). Comparison of the enzyme activity in the presence of
EDTA to that in the absence of metal/EDTA clearly indicate that the enzyme is not dependent
on the presence of divalent metal ions (Figure 5.6) Interestingly, Cu?* and Mn?* both inhibit
conversion of Erythromycin C to ErA under the conditions tested, while Zn?* completely
inhibited the enzyme activity, similar to other results.?” The reaction inhibition with Cu?* and
Zn?* are perhaps not surprising since a precipitate was observed when the either metal was
added to the reaction. These results are consistent with the lack of a catalysis-dependent
metal coordinating motif in the EryG active site. Importantly, these reactions also
demonstrated that EryG is tolerant to a range of metal cofactors and does not require the

presence of any cofactor tested.

124



100
90

80
70
60
50
40
3
2
1
0

@Q 0‘2’ @*\ 15* @Q’

éo

Conversion %

o O O

Figure 5.6 The in vitro conversion of Erythromycin C to ErA in the presence of several
potential divalent metal cofactors. EryG does not appear to require a metal cofactor for high
conversion of Erythromycin C to ErA.

Next, the activity of EryG at various pH levels was investigated. Natural product
MTases have been assayed across a range of pH values, and optimum activity has been
reported often as a range between 6-9 pH. EryG activity was assayed over a pH range of 5-
11. EryG appeared to be nearly equally active at pHs 8-11 (Figure 5.7) by endpoint analysis.
This evidence is valuable as it demonstrates EryG can tolerate a range of pH values and

retain high activity.
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Figure 5.7 The in vitro conversion of Erythromycin C to ErA at various pH levels. EryG
appears to perform most optimally across a pH range of 7 to 10.

The temperature dependence of EryG catalytic efficiency was next investigated.
Various evidence shows that some enzymes from the erythromycin biosynthetic cluster work
optimally at 22 °C,?® while others show in vivo ErA production most optimal at higher
temperatures such as 28 °C or 37 °C.?° To test the temperature dependence of EryG, the
EryG-catalyzed conversion of Erythromycin C to ErA was determined over time at either 22
°C or 37 °C (Figure 5.8). Of the two temperatures tested, EryG appears to convert

erythromycin C to ErA in a few hours at 37 °C or 22 °C.
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Figure 5.8 EryG time-course reactions at 22 °C (A) and 37 °C (B). EryG converts Erythromycin
C (ErC) to ErA potentially more quickly at 37 °C under the tested conditions. Concentrations
were calculated from calibration curves of Erythromycin C and ErA ran the same day.

5.2.6 In vivo EryG activity assay

Though portions of the erythromycin biosynthetic pathway may function optimally at
different temperatures in vitro, it is not known if these results translate to their optimal function
in vivo. To utilize EryG for developing synthetic biology alkylation strategies, it would be
optimal to be able to conduct high-throughput screening of in vivo MTase reactions. To
determine the ability of EryG to catalyze the conversion of Erythromycin C to ErA in vivo, EryG

was expressed in E. coli BL21(DE3) cells from plasmid pET21c-EryG and exogenous

erythromycin C (50 gM) was f, ErgG wa® ablée toeonveru | t ur e .

Erythromycin C to ErA when expressed in E. coli, albeit at low conversion (Figure 5.9). A
control reaction that expressed a truncated form of EryG from plasmid pET21c-EryG-null
(contains a stop codon in the first third of the EryG CDS) failed to produce ErA from
Erythromycin C. This evidence suggests EryG is capable of converting erythromycin C to ErA
using endogenous SAM as a cofactor. But due to the low erythromycin C conversion, the in

vivo reaction conditions are probably not optimal. This may be due to several factors including
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the concentration of EryG and SAM in the cell, as well as the efficiency of EryG in a

heterologous host at the temperature tested.
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Figure 5.9 In vivo EryG-catalyzed Erythromycin C methylation. LC-MS extracted ion
chromatograms for: (A) Erythromycin C standard. (B) Erythromycin A standard. (C) In vivo
reaction with the pET21c-EryG-null plasmid. (D) In vivo reaction with the functional pET21c-
EryG plasmid. Only in the case of an active EryG protein does the in vivo conversion of
erythromycin C to ErA occur.

This result was more rigorously investigated in duplicate at 22 °C, 30 °C, and 37 °C.
Erythromycin C (50 ¢ MMlaskwaulairesaotl BL2I{DE3) expresding k e
functional EryG. Endpoint analysis revealed more ErA in the 37 °C incubation, both in terms

of total ErA and ErA as a percentage of the total erythromycins (calculated as peak area’Oi p
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Oi 0 Oi & 100%). This result mirrors the in vitro observation that EryG is functional at

temperatures as high as 37 °C (Figure 5.10).
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Figure 5.10 Whole cell EryG-catalyzed conversion of erythromycin C to ErA. More ErA was
produced as the incubation temperature was increased. Percent conversion was calculated
as’Oi p Oi 0 0i 06X 100%.

5.2.7 Coupling SAM cofactor generation to EryG in E. coli lysate

By coupling in vitro reactions to enzymatically generate a specific precursor for use
with a second enzyme and substrate, interesting natural products may be generated. SAM
analogues that may act as alkyl donors are desirable due to their potential ability to be utilized
by an MTase. The in situ generation then use of SAM or an analogue may circumvent
instability issues of SAM and analogues and through continuous generation of SAM or

analogue prevent substrate inhibition of the MTase.

The Thorson group has demonstrated that the promiscuous human methionine

adenosyltransferase Il (hnMAT2A) can be used to generate a series of SAM analogues that
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can be coupled to the methyltransferase RebMto a |l ky | at eOH sugar of Gebriethyl
rebeccamycin. In this way, a panel of rebeccamycin analogues with alternative appendages
at t h@H ldeaidn® were generated. h(MAT2A was demonstrated to generate a large
panel of SAM analogues by catalyzing the ATP-dependent transfer of an adenosyl moiety to

several methionine analogues (Figure 5.11A).

Notably, SAM analogues have yet to be used to probe the cofactor promiscuity of
macrolide-modifying MTases. Coupling the hMAT2A cofactor generation system to EryG
might afford a novel strategy to rapidly diversify macrolide structures (Figure 5.11C). Due to
the predicted low levels of initial conversion, cell lystates are used so that high concentrations

of substrates, including ATP, may be used.
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Figure 5.11 Site-specific bio-alkylation of natural products. (A) The hMAT2A-catalyzed
adenosylation of methionine analogues to produce SAM derivatives, demonstrated by the
Thorson group to work with varying levels of efficiency. (B) The RebM-catalyzed methylation
of desmethyl rebeccamycin to produce rebeccamycin analogues, demonstrated in several
examples by the Thorson group. (C) The hypothesized analoging of erythromycin by
alternative aiOHKpygfthamycaoose sagar. t he 406

The ability of hMAT2A (Figure 5.9A) to convert ATP and methionine and ethionine to
SAM and S-adenosylethionine (SAE), respectively, was first investigated. As judged by HPLC

and LC-MS analysis of the reaction mixtures, and as observed by Thorson and coworkers,
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hMAT2A converted both methionine and ethionine to the corresponding adenosylated product

(Appendix D).

To confirm the activity of EryG in a coupled-enzyme format for lysate screening, EryG
was expressed in a culture of E. coli TB3 pET21c-EryG in (an E. coli BL21 strain derivative)
and the cells lysed by sonication. Next, the clarified lysate was added to a reaction containing
erythromycin C, methionine, ATP, and hMAT2A. According to high-resolution mass
spectrometry analysis of the crude product mixture, and by comparison of the product mixture
to erythromycin C and ErA standards, the coupled enzyme system produced ErA (Fig 5.12).
In comparison to the in vivo ErA production, the higher conversion of erythromycin C to ErA
may be due to the increased concentration of substrates and likely higher amount of EryG in

the soluble lysate.
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Figure 5.12 EryG-catalyzed conversion of Erythromycin C to ErA. (A) A commercial standard
of Erythromycin C. HRMS m/z: [M+H]* Calcd for C3sHssNO13 720.4528; Found 720.4525. (B)
A commercial standard of ErA. HRMS m/z: [M+H]" Calcd for C3;HssNO13 734.4685; Found
734.4674. (C) A lysate screen of the coupled enzyme reaction to produce ErA from
Erythromycin C. HRMS m/z: [M+H]" Calcd for Cs7HssNO13 734.4687

The successful conversion of Erythromycin C to ErA via the lysate-coupled system
prompted the design of a broader assay panel, including the provision of a non-natural SAM
donor, SAE. The ability of EryG to convert SAM, SAE and erythromycin C to their
corresponding erythromycins was determined under a variety of assay conditions. Lysates of
EryG were prepared and incubated for 22 hours at 22 °C with erythromycin C, hMAT2A, and
the indicated components to generate SAM and SAE (Fig 5.12). In this system, ErA was only
detected when all the necessary components were included for bioalkylation. In the ethionine
reaction containing EryG lysate, ErA was also detected, pointing to the possibility that

methionine present in the EryG lysate is sufficient to generate SAM (Fig 5.13).
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Figure 5.13 Coupled-enzyme reactions using methionine and ethionine. The above reactants

were included (denoted by a +) or omitted (denoted by a -) from reactions in EryG lysate.

AEr Co indicates erythromycin C. I nitiadwag i 0)
conducted and the presence of erythromycin C, ErA, and 3-ethoxy-mycarosyl-Erythromycin

C (ErA-Et) was analyzed by LC-HRMS.
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5.3 Conclusions

Structural understanding of EryG is critical in the investigation of its substrate and
cofactor promiscuity. Once better understood, these elements will be targeted to engineer
EryG so that it may methylate desired substrates to produce novel natural products. Also,
better understanding of the fidelity determinants of EryG for SAM versus SAM analogues
provides insight for engineering EryG to bioalkylate erythromycin to produce analogues with

potentially improved properties versus ErA.

EryG has been demonstrated to produce ErA from erythromycin C in in vitro, in vivo
and cell lysate formats. Temperature, pH and metal cofactor dependencies indicate EryG can
function across a range of temperatures, pH levels, and does not require but is tolerant of
several metal cofactors. Homology modeling and comparison to characterized natural product
methyltransferases shows high similarity between EryG and RebM, the rebeccamycin

methyltransferase, which also catalyzes methyl transfer from SAM without a metal cofactor.

Additional experimentation to deduce the critical residues necessary for catalysis, the
kinetics of EryG methylation and activity across a range of temperature will more fully
characterize the enzyme. Building on these studies and the versatility of EryG demonstrated
in this chapter, decisions on the suitability for using directed evolution to tailor EryG for specific

purposes such as bioalkylations or alternative substrate specificity may be explored.
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5.4 Materials and Methods

DNA primers used in this study

Primer # Sequence

1 CAGCGAGGGCGACGAGGTGCTCGACGTC
2 GACGTCGAGCACCTCGTCGCCCTCGCTG
3 CAAGCCCGGCGCGTGGGATCCGAATTC

4 GAATTCGGATCCCACGCGCCGGGCTTG

EryG homology modeling

The wild-type EryG amino acid sequence (Genbank accession # M54983.1) was submitted to
the I-Tasser homology modeling server using default settings. The best scoring model was
further refined using default protocols in the FG-MD server. The refined model was compared
in UCSF Chimera using Matchmaker for comparison to RebM (PDB: 3BUS) and MycF (PDB:

AXVY).

EryG.Hisg cloning

The pET21c-EryG plasmid was supplied as a kind gift from Dr. Blaine Pfeifer (University of

Buffalo). Initial sequencing revealed it to contain a stop codon in the first third of the gene. To

correct this, site-directed mutagenesis was employed according to Agilent QuikChange

established protocols.Br i ef | y , 1 -Eerly Go fDNPAE TW2alsc added to pri me
Phusi on Hot Start Pol ymer ase buffer (Ther mo S
Pol ymerase (Thermo Scientific), 200 &M dNTPs, |
Standard Phusion thermocycling protocols were used with the site-directed mutagenesis

protocol outlined by the Agilent QuikChange site-directed mutagenesis protocol. To install a
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hexa-histidine tag (Hiss) to the EryG gene, site-directed mutagenesis was employed as above

using primers 3 and 4 (Chapter 5 appendix) (Hiss tag mutagenesis performed by Yiwei Li).

EryG.Hise protein purification

pPET21c-EryG.Hise was transformed into E. coli TB3 cells and a fresh colony was grown in 3

mL of LB media supplemented with 1°C@ithshgkinohL of a
at 250 rpm. The overnight culture was added to
ampicillin and grown to an optical density of 0.6 measured at 600 nm at 37 °C with shaking at

250 rpm. 0.5 mM IPTG was added and protein expression was conducted at 22 °C with

shaking at 250 rpm for 16 hours. To harvest the protein, the culture was centrifuged for 20

minutes at 4700 rpm at 4 °C and the cell pellet was resuspended in lysis buffer (50 mM

HEPES, 100 mM NacCl, 10% glycerol, pH 7.5) and sonicated to lyse the cells. The crude cell

lysate was centrifuged first for 20 minutes at 4700 rpm at 4 °C, then transferred to Oakridge

tubes and centrifuged for 30 minutes at 18,000 rpm at 4 °C. The soluble lysate was FPLC

purified using a flow rate of 2 mL/min gradient of 0% buffer B for 5 minutes, 0%-50% buffer B

for 10 minutes, and 50%-100% buffer B for 5 minutes, then 100% buffer B for 5 minutes (Buffer

A is 20 mM sodium phosphate, 0.5 M sodium chloride, 20 mM imidazole, pH 7.5; buffer B is

20 mM sodium phosphate, 0.5 M sodium chloride, 200 mM imidazole, pH 7.5) using a 1 mL

GE HisTrap HP disposable column. Fractions were SDS-PAGE analyzed and fractions

containing EryG were combined and concentrated using an Amicon 30 kDa molecular weight

cutoff filter with centrifugation at 4700 rpm at 4 °C. Purified protein was stored in storage buffer

(50 mM Tr i s AHCHh 10%Q9cerol,pi8.aylg C |
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Purified EryG activity assay

0.5 mM erythromycin C, 2 mM SAM, reaction buffer (25 mM Tris, 50 mM KCI, 5 mM MgCl: at

pH 8. 0), and 20 e€g of EryG were added to a final
run for 20 hours at 22 °C and samples taken and quenched an equal volume of ice-cold

methanol. The quenched reactions were centrifuged for 15 minutes at 13,300 rpm at 4 °C. 10

eL of supernat ant -HRMSusirgnha methodkebdlowb y L C

EryG activity assay in the presence of various metals

20 e€g of EryG protein was added to 1 mM Erythro
mM Tris, 50 mM KCIl, at pH 8.0),and5 mM addi ti ve to a tot al vol ume
additive was MgCl, hexahydrate, CaCl, dihydrate, CuSO4 pentahydrate, MnCl;, ZnSO.
heptahydrate, EDTA, or water. Reactions were run overnight at 37 °C and quenched with 50

e L o {fcoldimetkanol. The quenched reactions were centrifuged for 15 minutes at 13,300

rpm at 4 °C. 10 eL of super nat arkEtSDwadescribedddlowz ed by HPL

EryG activity assay at different pH levels

20 eg of EryG protein was added t o AdctiombaffeEr yt hr o
(25 mM Tris, 50 MM KCI, 5mMMgCl;) t o a total volume of 50 gL at
11. Reactions were run overnightat37°C and qgquenched -eoldimbthaBoDThe L of i
guenched reactions were centrifuged for 15 minutes at 13,300 rpm at 4 °C. 10 eL of

supernatant was analyzed by HPLC-ELSD as described below.

EryG.Hise activity assay at different temperatures
20 e€g of EryG protein was added to 1 mM Erythro

(25 mM Tris, 50 MM KCI, 5 mMMgCl,at pH 8. 0) to a total volume of
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were run for 20 hours at22°Cor37°C and 50 eL samples taken and ql
volume of ice-cold methanol every 2 hours for ten hours and then once overnight. The
guenched reactions were centrifuged for 15 minutes at 13,300 rpm at 4 °C. 10 ¢L of

supernatant was analyzed by HPLC-ELSD as described below.

Whole cell EryG reactions

50 mL cultures of BL21(DE3) containing the pET21c-EryG.Hiss were grown in LB media
supplementedwith1 00 € g/ mL of aGwith shakihglat 250 r@ant. CuBures were

grown to an optical density of 0.6 measured at
and 0.5 mM IPTG was added the cultures were grown at either 22 °C, 30 °C, or 37 °C for 20

hours at 250 rpm. 1 mL of culture was withdrawn and centrifuged for 15 min at 13,300 rpm.

500 €L of the clarified supernatant was extract
acetate and dried. The dried extractLCW&andr esusp:e

LC-HRMS analysis.

hMAT2A activity assay

1 mM met hionine, 2 mM ATP, 45 g of hMAT2A, and
5mMMgCl,at pH 8.0) were combined to a final vol ume
run for 20 hours at 37 °C and samples withdrew and quenched with an equal volume of ice-

cold methanol every 2 hours for ten hours and then once overnight. The quenched reactions

were centrifuged for 15 minutes at 13,300 rpmat4°C. 25 €L of sampl e was an
a Varian Prostar HPLC equipped with a Phenomenex C18 column as follows: 01 80 % buffer

B over 32 minutes. (Buffer Ais 0.1 % TFA in water, buffer B is methanol) at 1 mL/minute; and

by low res LC-MS as described below.
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HPLC-ELSD analysis

An Agilent 1220 Infinity HPLC equipped to an Agilent 1260 Infinity ELSD equipped with an
Agilent Poroshell C18 column was used for HPLC analysis. ELSD evaporator temperature
and nebulizer temperature were kept at 80 °C with a nitrogen gas rate of 1.6 SLM. Sample
i njecti ons Anmalysisavaskdnduetdd .using a gradient of 15%-45% buffer B for 6
min at 2 mL/min followed by 2 min of 100% buffer B and then 2 minutes of 98% buffer A.

Buffer A is 0.1% formic acid in water and buffer B is 0.1% formic acid in acetonitrile.

Low-Res LC-MS analysis

A Shimadzu LC-MS 2020 single quadrupole instrument with a Phenomenex Kinetex UPLC
C18 column was used to analyze the initial in vivo EryG reactions LC-MS experiments.
Samples were dissolved in methanol and analyzed at a constant flow rate of 0.75 mL/min.
Sample injection volume was 5 pl. Buffer A was 0.1% formic acid in water and buffer B was
0.1% formic acid in acetonitrile. The protocol used for separation was the following: 95-1%
buffer A from 0 to 2.2 minutes, 1% buffer A from 2.21 to 2.6 minutes, 1 to 95% buffer A from
2.61-2.62 minutes, and 95% buffer A from 2.63 to 3.5 minutes. The flow rate was 0.2 ml per

minute.

LC-HRMS analysis of EryG reactions

LC-HRMS was performed on a Thermo Scientific Exactive Plus MS interfaced with a Thermo
Scientific UltiMate 3000 UHPLC equipped with a Thermo Scientific Hypersil Gold C18
reversed phase column (50 X 2.1 mm; 1.9
Samples were dissolved in methanol and analyzed at a constant flow rate of 0.5 mL/min.
Mobile phase A (MPA) was water with 0.1% formic acid. Mobile phase B (MPB) was methanol

with 0.1% formic acid. All solvents used for analysis were of LC-MS grade. Following 1.9 min
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column equilibration at 2% MPB, a gradient of 2% to 80% MPB over the course of 7 minutes
was effected. A constant flow of 80% MPB was maintained for 2 min, followed by a return to
2% MPB. Methanol blanks were run in between each sample and sample (and blank)

i nj ect i on sAscaerange obm/z2b0-1,000 was used.
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CHAPTER 6

Outlook and future work

6.1 Biosensor-guided optimization of heterologous post-PKS erythromycin
biosynthesis

The recapitulation of erythromycin biosynthesis in a plasmid-based platform in E. coli
enables facile genetic modification of the erythromycin biosynthetic pathway to potentially
produce increased amounts of ErA or designed analogues using standard molecular biology
techniques. Pfeifer and coworkers have demonstrated the feasibility of ErA production in E.
coli using this approach.'? A caveat to this system is that instead of the production of solely
ErA, biosynthetic intermediates erythromycins B and C were also reported.! To confirm this
finding, the E. coli-based five plasmid ErA production strain was cultured as previously
reported and the presence of erythromycins A, B, C, and D were analyzed by LC-MS. Analysis

confirmed the presence of erythromycin intermediates at all measured timepoints (Figure 6.1).

The presence of contaminating intermediates in the production of ErA or designed
analogues will complicate purification and reduce the amount of desired final product that may
be produced. Optimization of the late-stage enzymes in heterologous erythromycin
biosynthesis may alleviate this bottleneck. An example is the rational engineering of eryK to
be more catalytically active with erythromycin B via a single mutation, Ala86Met.® But due to
the complexity of late-stage erythromycin biosynthesis, rational engineering may not be
sufficient to drive heterologous biosynthesis to formation of the end product. The ability to
screen thousands to millions of variants will greatly increase the chance to discover beneficial

mutations that achieve this goal.
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Figure 6.1 Production of erythromycin in E. coli. In addition to ErA, erythromycins B, C, and
D are observed. Predicted ErA ion MS m/z: [M+H]" Calcd for C3;HesNO13 734.5; Found 734.5.
Predicted erythromycin B ion MS m/z: [M+H]" Calcd for Cs7HssNO12 718.5; Found 718.5.
Predicted erythromycin C ion MS m/z: [M+H]* Calcd for C3sHssNO13 720.5; Found 720.5.
Predicted erythromycin D ion MS m/z: [M+H]" Calcd for CssHesNO12 704.5; Found
704.5.Erythromycins A, B and C were compared to commercial standards.

6.1.1 Erythromycin-specific biosensors

To search libraries of erythromycin producing variants, a suitable screen must be
utilized that can discriminate between the subtle differences of late-stage erythromycins.
MphR-based biosensors have previously been demonstrated to both detect ErA and to
discriminate between closely related macrolides. Unfortunately, the wild-type MphR biosensor
was unable to distinguish between erythromycins A, B, and C, thus limiting it use for

engineering late-stage erythromycin biosynthesis (Figure 6.2A).
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Figure 6.2 MphR biosensor dose-curve responses to erythromycins A (black), B (grey), and
C (purple). (A) Wild-type MphR is unable to adequately discriminate between the three
macrolides at the concentrations tested. (B) M2D7 dose-curve analysis with erythroymycins
A and B. Arbitrary units denoted (au).

Using the MphR engineering methods described in chapter 3, an attempt to engineer
selectivity of MphR for ErA versus erythromycins B and C was attempted but did not yield any
ErA specific clones. Taking a step back, MphR was engineered with the goal to produce an
ErA versus erythromycin B biosensor, which differ by a single hydroxyl group. From these
efforts biosensor M2D7 was produced. Unlike the wild-type biosensor, M2D7 is solely
activated by ErA (Figure 6.2B). While the discrimination versus erythromycin B is desired, the
dynamic range versus the wild-type biosensor is much lower and is the target of future

engineering efforts.

EryG is the methyltransferase responsible for converting erythromycin C to ErA or by
the shunt pathway erythromycin D to erythromycin B and has been described in some detail
in chapter 5. Since the wild-type biosensor is unable to differentiate between ErA and
erythromycin C, an engineering effort was started to tailor selectivity to ErA. Surprisingly,

microplate screening did not yield the expected ErA versus erythromycin C specific clone, but
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the opposite. Clone C9 is activated by erythromycin C with almost no appreciable activation

by ErA (Figure 6.3).
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Figure 6.3 Dose-curve analysis of C9 with erythromycins A (black), B (grey) and C (purple).
The results indicate that C9 is almost completely selective for erythromycin C. Arbitrary units
denoted (au).

Notwithstanding the unexpected discovery of an erythromycin C versus ErA selective
biosensor, this work represents progress towards developing an erythromycin A selective
biosensor. In addition, another goal is to develop orthogonal biosensors that work
simultaneously to report the concentrations of several late-stage intermediates by utilizing

different fluorescent reporters for each specific biosensor.
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6.1.2 Biosensor-guided glycosyltransferase engineering

Glycosyltransferases (GTases) are responsible for the late-stage decoration of many
natural products by transferring a sugar moiety to an acceptor molecule. Erythromycin and
several other macrolides rely on the transfer of sugars during biosynthesis to realize their full
antibiotic activity.*® Macrolides exhibit a variety of glycosylation patterns which include one or

more glycosylations to the polyketide core or to bound sugar moieties.

Some work has been done in the rational engineering of GTases to produce designer
macrolides with specific sugar appendages.*® While directed evolution of GTases has been
demonstrated,” an MphR biosensor-guided approach is attractive due to the potential
throughput and ease of use. To demonstrate the ability of MphR biosensors to discriminate
between non-glycosylated versus glycosylated polyketides without loss of sensitivity towards
the glycoside, the 10dml/YC-17 and narbonolide/narbomycin pairs from pikromycin
biosynthesis were tested as inducers of MphR (Figure 6.5). 10dml is the non-glycosylated
precursor to YC-17, as is narbonolide to narbomycin, and both glycosylations occur via the

enzyme pair DesVII/DesVIII.

The wild-type biosensor showed slight activation for YC-17 and nearly no activation
for narbomycin. Using the previously described biosensor library screening techniques,
biosensors with improved sensitivity for YC-17 and narbomycin were discovered. Screening
of the non-glycosylated precursor by the improved sensitivity mutants revealed no appreciable
biosensor activation (Figure 6.4). From these results, MphR shows promise for the detection
of glycosylation events and may be used for engineering GTases to improve natural

glycosylations or to glycosylate non-cognate polyketides.
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Figure 6.4 Biosensor-guided detection of glycosylated polyketides versus their non-
glycosylated precursors. (A) The wild-type biosensor and several sensors with improved
sensitivity for YC-17 that demonstrate no activation with precursor 10dml. (B) The wild-type

biosensor and several sensors with improved sensitivity for narbomycin that demonstrate no
activation with precursor narbonolide. Arbitrary units denoted (au).
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6.2 Biosensor-guided methyltransferase engineering

To truly realize the synthetic biology potential for engineering MTases to
regiospecifically alkylate natural product-derived compounds, a suitable high-throughput
screen is necessary to enable the screening of millions of enzyme variants. Directed evolution
is a powerful technique that can leverage the throughput made possible by MphR-based
biosensors that are selective for something as subtle as the change of a hydroxyl group for a
methoxy group on a reasonably large compound like erythromycin (733 amu, 118 atoms).
MphR-based biosensors have been demonstrated in this work to be amenable to alteration of
ligand selectivity by mutagenesis. The coupling of mutations that cause selectivity changes
with mutations responsible for selectivity-independent sensitivity increases will allow the

tailoring of selective MphR-based biosensors for engineering MTases.

6.2.1 Further characterization of the EryG methyltransferase

EryG has been investigated in chapter 5 to understand its mechanism and cofactor
dependency as an erythromycin C MTase. Information gained from these studies will allow
assays to be performed under the most optimal conditions and provide possible insight into
how to engineer EryG to recognize and processes substrates including alkyl-donating SAM

analogues and other macrolides.

Thorson and coworkers structurally characterized the methyltransferase RebM from
the rebeccamycin biosynthetic pathway. During this analysis they identified several residues
critical for catalysis.® Many of these residues align with identical amino acids on the eryG
homology model. To investigate if these residues are critical for catalysis in EryG as well, and
to help validate the veracity of the EMWE homol

alanine scanning experiment will be conducted. Mutagenesis of RebM residues L136, S138,
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H140, H141, and D166 to alanine (valine in the case of L136) resulted in catalytically less
efficient MTase activity of RebM due to both decreases in kear and increases in K for SAM.
The analogue residues in the EryG homology model are being mutated to alanine and the

effects on catalysis will be analyzed (Figure 6.5).

Figure 6.5 RebM (PDB: 3BUS) in light grey overlaid with the EryG homology model in green.
Residues are humbered according to the protein to which they belong. RebM (teal residues)
depict sidechains and the corresponding EryG residue (blue, sidechain hidden).

6.2.2 Engineering EryG promiscuity/alternative alkyl-SAM donor selectivity for
mycarose diversification

One MTase engineering goal is to regiospecifically diversify the mycarose sugar of
erythromycin with alternative alkyl groups. The feasibility of using an O-MTase with non-
natural SAM-donors was successfully demonstrated by Thorson and coworkers via the
analoging of rebeccamycin.® Using a biosensor-guided strategy, sensors that are activated by

the substrate but not the alkylated product of an engineered MTase may be utilized for high-
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throughput screening of libraries of MTases including EryG. In this manner, MTases may be
quickly identified based on the fluorescent response of the biosensor. MphR biosensor C9
has been shown to detect erythromycin C but have negligible activation with ErA, and utilizing
it to detect residual erythromycin C offers a high-throughput method for detecting substrate

consumption by MTases (Figure 6.6).
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Figure 6.6 Scheme for MphR biosensor-guided high-throughput MTase screening by
substrate depletion of erythromycin C to generate designed alkylated variants.

6.2.3 Engineering O-MTs for production of clarithromycin from ErA

Clarithromycin is one of several semisynthetic antibiotics synthesized from ErA. It
possesses a methoxy group at the C6 carbon of the macrolactone erythromycin core. This
methoxy group stabilizes the macrolide by preventing formation of the cyclic ketal between

the C6 hydroxyl and C9 keto groups, which leads to reduced effectiveness and gastrointestinal
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cramps. Currently, clarithromycin is chemically synthesized in six steps from ErA, including
protection and deprotection of reactive hydroxyls (Figure 6.7A). A major goal is to discover or

engineer a MTase to catalyze this reaction (Figure 6.7B).
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Figure 6.7 Chemical and enzymatic synthesis of clarithromycin. (A) The four-step process to
convert ErA to clarithromycin. (B) The proposed MTase-catalyzed one-step bioconversion of
ErA to clarithromycin.

An enzyme capable of the regiospecific conversion of ErA to clarithromycin is currently
not known. A future goal and the centerpiece project of Yiwei Li builds on the biosensor and

MTase work laid out here to combine knowledge and techniques in MTase screening with the
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design of a clarithromycin-selective biosensor to generate a high-throughput screening

platform for the discovery of a clarithromycin-producing MTase.

6.2.4 M9C4, a clarithromycin selective biosensor for MTase engineering

The WT biosensor does not discriminate between ErA and clarithromycin. Biosensor
M2D6 is selective for ErA with nearly no activation in the presence of clarithromycin. Since
the ligand selectivity of MphR can be tailored, and has been demonstrated in the production
of an ErA versus clarithromycin biosensor, it was reasoned that engineering a biosensor with
the opposite selectivity is also possible. Building on the screening platform described in
chapter 3, Yiwei Li sought to generate a clarithromycin selective biosensor for screening

MTases potentially capable of producing clarithromycin from ErA.

Rational design based on the ligand binding cavity and subsequent saturation
mutagenesis yielded MphR R122T. epPCR of the R122T template yielded biosensor M9C4.
M9C4 is almost completely selective for clarithromycin, as demonstrated by a titration curve

of the two macrolides (Figure 6.8).
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Figure 6.8 Titrations of ratios of ErA and clarithromycin. Performed by Yiwei Li. Biosensors
(A) WT. (B) M9C4. Arbitrary units denoted (au).
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Several candidate MTases have been subsequently identified for screening MTase
activity with ErA to produce clarithromycin. RapM and RapQ from the polyketide rapamycin
biosynthetic pathway were chosen as they methylate hydroxyl groups on the macrocyclic core
of rapamycin. At the same time, eryG is being investigated as a potential MTase. EryG already
binds an erythromycin, Erythromycin C, which is structurally very similar to ErA, the proposed
substrate for conversion to clarithromycin. The affinity for erythromycin will be leveraged so

that in a different binding conformation ErA may be methylated to yield clarithromycin.

6.3 Engineering a 6-deoxyerythronolide B (6dEB) biosensor

A goal of polyketide engineering is the regio-specific incorporation of non-canonical
extender units into a polyketide core structure to produce analogues of pharmaceutically
relevant compounds. To accomplish this, several groups have screened portions of the
erythromycin PKS pathway to generate truncated products®!! or full length analogues of
6dEB*? or erythromycin.*®* While some successes exist, the mutations necessary to produce
not only the product of interest, but also appreciable quantities of the product are challenging

to predict.

6dEB is the product of DEBS 1-3 and accessing analogues of 6dEB has been the
subject of several mutagenesis efforts.'?1416 To truly realize the potential of engineering 6dEB
biosynthesis to produce designed analogues via non-canonical extender unit incorporation,
techniques to generate mutant libraries of potential producers should be employed to leverage
the odds of success versus only employing rational design. To this end, application of a high-
throughput screen to detect 6dEB and closely related structures would prove useful for

searching libraries for producers of interest.
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To detect macrolides, MphR-based biosensors have relied on target compounds that
include a desosamine sugar moiety. Given the role of phosphotransferase MphA in macrolide
inactivation by the ATP-d ependent phospheHypfldesbsaming, it bas beenh e 2 6
speculated that phosphorylated macrolide is the true ligand of MphR. Since 6dEB is an
aglycone which does not contain a desosamine sugar, an MphR biosensor-guided approach

would necessitate the recognition and activation of MphR by 6dEB unmodified by MphA.

A future goal in MphR biosensor engineering is to develop a 6dEB biosensor for the
purposes outlined above. A major project of Lindsay Nichols is to engineer this biosensor via
a Asubstrate walkingo approach. Buiih chapterg3, on t
MphR will be engineered to detect, in a step-wise fashion, intermediates from ErA to 6dEB in
a retro biosynthetic fashion (Figure 6.9A). To this end, MphR must first be demonstrated to
recognize ErA in the absence of phosphorylation. Initial screening results show low but clear
activation at increasing amounts of ErA using a biosensor system that does not contain
plasmid pJZ12 which harbors MphA (Figure 6.9B). In the absence of MphA the wild-type
biosensor has a Ki2 o0 f 107 N26 [ EaHill]coeffidem)f 187@50. This exciting
result is the first step in the potentially long but rewarding process of engineering a 6dEB

MphR-based biosensor.
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Figure6.9fiLi gand wal kingdo from ErA to 6dEB by
intermediate. (A) An example: Ligand walking from ErA through erythromycin D, 3-mycarosyl
erythronolide B and finally 6dEB. (B) Initial evidence for MphA-independent biosensor
activation (obtained by Lindsay Nichols).

6.4 Conclusions

PKSs provide some of the most important medicinal compounds in existence. To
continue to reap benefits from PKSs, researchers will have to take control of the metabolism
and biosynthesis of polyketide-producing organisms and refactor these processes so
improved polyketides are made faster, at higher yield, and more efficiently. This dissertation
describes techniques to perturb PKS biosynthesis, targets for post-PKS engineering, and the
optimization of a macrolide biosensor perfect for high-throughput screens and selections. The
work herein establishes a platform for high-throughput engineering of PKSs and lays the
foundational elements for engineering polyketides uniquely suited to the synthetic biologists

tool box.
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Appendix A: Additional Chapter 2 information

Reprinted with permission from: Inversion of Extender Unit Selectivity in the
Erythromycin Polyketide Synthase by Acyltransferase Domain Engineering. Irina
Koryakina, Christian Kasey, John B. McArthur, Andrew N. Lowell, Joseph A. Chemler, Shasha

Li, Douglas A. Hansen, David H. Sherman, and Gavin J. Wiliams, ACS Chemical
Biology 2017 12 (1), 114-123. Copyright 2017 American Chemical Society. This work was
part of a coll aborative effort and the autho
work. For compl eteness and context the work in i
contributions included the design of experiments, execution, and analysis of data
corresponding to Tables Al-A4, and Figures A3-A5.
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Supplementary Figure S2. Product distribution and activities of Ery6 mutants.
Supplementary Figure S3. Representative LC-MS chromatograms of Ery6TE-catalyzed
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Supplementary Figure S4. Representative LC-MS chromatograms of Ery6TE- and
DEBS3-catalyzed extension reactions using a 6-fold excess of 2.
Supplementary Figure S5. Extender unit selectivity of wild-type and mutant Ery6TEs

using a 6-fold exess of 2.

Supplemental Methods

Oligonucleotides

Expression and purification of MatB

Synthesisof acyl-Co Ads by Mat B

Expression and purification of wild-type and mutant Ery6

Ery6 competition assay for analysis of saturation mutagenesis library members

Ery6 competition assay and LC-HRMS Orbitrap analysis using equimolar
concentrations of 1/2 and the pentaketide 6 (relevant to Table S1, Figure 3, Figure S3)
Ery6 competition assay and LC-HRMS analysis using a 6-fold excess of 2 and the
pentaketide 6 (relevant to Table S2, Figure S4)

DEBS3 competition assay with 6-fold exess of 2 and pentaketide 6 (relevant to Table

S3, Figure 4, Figure S4)
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Table S1 LC-HRMS analysis of Ery6TE-catalyzed extension reactions using equimolar concentrations of 1/2. See Supplemental

Methods for LC-MS conditions.

7 8
Ery6TE Retention Retention
TICP Calculated Observed TICP Calculated Observed
enzyme time time
(%)° mass* mass® (%)° mass' Mass?
(mins)? (mins)?
1.1x10 297.2060 [M+H]" 297.2061 [M+H]" 9.3x10° 321.2060 [M+H]* 321.2065 [M+H]"
WT 4.51 +5.8x10° 279.1955 [M- 279.1956 [M- 4.89 +5.9x10* 303.1955 [M- 303.1962 [M-H,O+H]"
(92) H,O+H]* H,O+H]* 8) H,O+H]*
1.6x10 297.2060 [M+H]* 297.2061 [M+H]* 2.9x10°
303.1955 [M-
L118H 4.52 +1.9x10° 279.1955 [M- 279.1956 [M- 4.89 +1.7x10* 303.1961 [M-H,O+H]*
HoO+H]*
(98) H,O+H]* H,O+H]* @)
3.6x107 297.2060 [M+H]* 297.2062 [M+H]* 1.1x107 321.2060 [M+H]*
321.2066 [M+H]*
V187A 4.51 +1.3x10° 279.1955 [M- 279.1957 [M- 4.90 +2.3x10° 303.1955 [M-
303.1961 [M-H,O+H]*
@) H,O+H]* HoO+H]* (23) HoO+H]*
3.1x10° 297.2060 [M+H]* 297.2061 [M+H]* 2.5x107 321.2060 [M+H]*
321.2060 [M+H]*
Y189R 4.51 +3.2x10° 279.1955 [M- 279.1956 [M- 4.89 +3.2x10° 303.1955 [M-
303.1956 [M-H,O+H]*
(11) H,O+H]* H,O+H]* (89) H,O+H]*
1.8x10° 3.9x10° 321.2060 [M+H]*
V187A/ 279.1955 [M- 279.1957 [M- 321.2065 [M+H]*
4.51 +2.7x10% 4.89 +3.5x10° 303.1955 [M-
Y189R H,O+H]* H,O+H]* 303.1959 [M-H,O+H]*
@ (96) HoO+H]*

a HPLC retention time. See Supplemental Information for HPLC conditions.
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b Average total ion count for the corresponding [M-H20+H]* ion, £ S.D (n = 3). See Supplemental Information for reaction

conditions and detection parameters.

¢ Percentage out of total quantified products (7+8), [M-H20+H]".
d Calculated mass of each indicated 7 ion.

€ Observed mass of each indicated 7 ion.

fCalculated mass of each indicated 8 ion.

9 Observed mass of each indicated 8 ion.
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Table S2 LC-HRMS analysis of Ery6TE-catalyzed extension reactions

for LC-MS conditions.

using a 6-fold excess of 2. See Supplemental Methods

7 8
Ery6TE Retention Retention
TICP Calculated Observed TICP Calculated Observed
enzyme time time
(%)° mass* mass® (%)° mass' Mass?
(mins)? (mins)?
12.4x10° 297.2060 [M+H]" 297.2054 [M+H]" 1.6x10° 321.2060 [M+H]* 321.2057 [M+H]"
WT 7.83 +4x10° 279.1955 [M- 279.1949 [M- 8.08 +0.9x10° 303.1955 [M- 303.1952 [M-H,O+H]"
(88) H,O+H]* H,O+H]* (12) H,O+H]*
8.4x10° 297.2060 [M+H]* 297.2058 [M+H]" 9.1x10°
303.1955 [M-
L118H 7.83 +2x108 279.1955 [M- 279.1951 [M- 8.08 +1.7x10* 303.1950 [M-H,O+H]*
HoO+H]*
(99) H,O+H]* H,O+H]* 1)
20x10° 297.2060 [M+H]* 297.2054 [M+H]* 6.4x10° 321.2060 [M+H]*
321.2052 [M+H]*
V187A 7.83 +2.7x10° 279.1955 [M- 279.1949 [M- 8.08 +1.5x10° 303.1955 [M-
303.1947 [M-H,O+HJ*
(76) H,O+H]* HoO+H]* (24) HoO+H]*
0.7x10° 297.2060 [M+H]* 297.2052 [M+H]* 5.4x10° 321.2060 [M+H]*
321.2052 [M+H]*
Y189R 7.83 +1.7x10° 279.1955 [M- 279.1948 [M- 8.08 +1.2x10° 303.1955 [M-
303.1947 [M-H,O+HJ*
(11) H,O+H]* H,O+H]* (89) H,O+H]*
1.7x10* 297.2060 [M+H]* 297.2052 [M+H]* 1.2x10° 321.2060 [M+H]*
V187A/ 321.2053 [M+H]*
7.83 +7x10° 279.1955 [M- 279.1948 [M- 8.10 +2.4x10° 303.1955 [M-
Y189R 303.1947 [M-H,O+H]*
@) HoO+H]* HoO+H]* (99) H,O+H]*

a HPLC retention time. See Supplemental Information for HPLC conditions.
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b Average total ion count for the corresponding [M-H20+H]* ion, £ S.D (n = 3). See Supplemental Information for reaction

conditions and detection parameters.

¢ Percentage out of total quantified products (7+8), [M-H20+H]".
d Calculated mass of each indicated 7 ion.

€ Observed mass of each indicated 7 ion.

fCalculated mass of each indicated 8 ion.

9 Observed mass of each indicated 8 ion.
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Table S3 LC-MS analysis of DEBS3-catalyzed extension reactions
Methods for LC-MS conditions.

. See Supplemental

V187A/
WT L118H Y189R
Y189R
Retention time
7.707 7.77 7.77 7.76
(mins)?
TICP 11x10° + 8.3x10° 1.5x108 + 2.9x10° 4.4x10° + 4.0x10* 0.15x10° + 2.3x10*
(%)° (45) (16) (10) (16)
7
Calculated 297.2060 [M+H]* 297.2060 [M+H]* 297.2060 [M+H]* 297.2060 [M+H]*
mass® 279.1955 [M-H,O+H]* | 279.1955 [M-H,O+H]" | 279.1955 [M-H,O+H]* | 279.1955 [M-H,O+H]*
Observed 297.2054 [M+H]* 297.2054 [M+H]* 297.2054 [M+H[* 297.2058 [M+H[*
mass® 279.1949 [M-H,O+H]* | 279.1949 [M-H,O+H]" | 279.1949 [M-H,O+H]* | 279.1951 [M-H,O+H]*
Retention time
8.08 8.08 8.08 8.08
(mins)?
TICP 0.54x10° + 5.3x10* 9.4x10° + 1.5x10° 3.4x10° + 4.9x10*
N.D'
(%)° (2 (21) (34)
8
Calculated 321.2060 [M+H]* 321.2060 [M+H]* 321.2060 [M+H]* 321.2060 [M+H]*
mass' 303.1955 [M-H,O+H]* | 303.1955 [M-H,O+H]* | 303.1955 [M-H,O+H]* | 303.1955 [M-H,O+H]"
Observed 321.2057 [M+H]* n.d. [M+H]* 321.2054 [M+H]* 321.2056 [M+H]"*
mass? 303.1948 [M-H,O+H]* | n.d. [M-H,O+H]* 303.1947 [M-H,O+H]* | 303.1950 [M-H,O+H]*
Retention time
7.80 7.80 7.80 7.80
(mins)?
TICP 12.7x108 + 7.9x10° 7.7x10° + 2.4x10° 3.0x106 + 4.0x10° 4.4x10° + 7.8x10*
(%)° (52) (84) (66) (45)
355.2479 [M+H]* 355.2479 [M+H]* 355.2479 [M+H[* 355.2479 [M+H[*
9 Calculated
377.2298 [M+Na]* 377.2298 [M+Na]* 377.2298 [M+Na]* 377.2298 [M+Na]*
mass"
337.2373 [M-H,0+H]* | 337.2373 [M-H,O+H]" | 337.2373 [M-H,O+H]" | 337.2373 [M-H,O+H]*
355.2471 [M+H]* 355.2471 [M+H]* 355.2471 [M+H[* 355.2472 [M+H[*
Observed
v 377.2289 [M+Na]* 377.2289 [M+Na]* 377.2289 [M+Na]* 377.2290 [M+Na]*
mass'
337.2366 [M-H,O0+H]" | 337.2366 [M-H,O+H]" | 337.2366 [M-H,O+H]" | 337.2369 [M-H,O+H]"
Retention time
10 8.05 8.05 8.05 8.05

(mins)?
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TIC?

1.8x10° + 9.1x10*

4.7x10* £ 2.2x10*

N.D' N.D'
(%)° (C)] (5)
Calculated 379.2479 [M+H]" 379.2479 [M+H]" 379.2479 [M+H]" 379.2479 [M+H]"
mass’ 361.2373 [M-H,O+H]* | 361.2373 [M-H,0+H]* | 361.2373 [M-H,O+H]* | 361.2373 [M-H,O+H]*
Observed N.D' N.D' 379.2472 [M+H]" 379.2472 [M+H]"
massk N.D' N.D' 361.2364 [M-H,O+H]* | 361.2367 [M-H,O+HJ*

& HPLC retention time. See Supplemental Information for HPLC conditions.
b Average total ion count for the corresponding [M-H20+H]* ion, £ S.D (n = 3). See
Supplemental Information for reaction conditions and detection parameters.

¢ Percentage out of total quantified products (7+8+9+10), [M+H]".

d Calculated mass of each indicated 7 ion.
€ Observed mass of each indicated 7 ion.
fCalculated mass of each indicated 8 ion.
9 Observed mass of each indicated 8 ion.

h Calculated mass of each indicated 9 ion.
iObserved mass of each indicated 9 ion.

I Calculated mass of each indicated 10 ion.
kObserved mass of each indicated 10 ion.
'Non-detected (estimated lowest detection limit, ~1.0x10%)
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Table S4 LC-MS analysis of DEBS3-catalyzed extension reactions using extenders 1la-d.
See Supplemental Methods for LC-MS conditions.

enzyme WT V187A/Y189R
substrates 1/11a 1/11b 1/11c 1/11d 1/11a 1/11b 1/11c 1/11d
7/9/12a/1 | 7/9/12b/1 | 7/9/12c/1 | 7/9/12d/1 | 7/9/12a/1 | 7/9/12b/1 | 7/9/12c/1 | 7/9/12d/1
products
3a 3b 3c 3d 3a 3b 3c 3d
Retentio
n time 7.73 7.74 7.73 7.75 7.75 7.73 7.74 7.73
(mins)?
) 1x10" £ | 7.5x10° + | 29 x10° + | 25.8x10°+ | 3.0x10° + | 3.5x10° + | 2.5x10° + | 2.3x10° +
-I;ICC 2.9x10° 1.4x108 7.5x10° 4,1x10° 2.8x10° 2.7x10* 5.3x10* 2.9x10*
0 (80) (76) (65) (70) (46) (55) (32) (44)
297.2060 | 297.2060 | 297.2060 | 297.2060 | 297.2060 | 297.2060 | 297.2060 | 297.2060
. Calculat | [M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]*
ed 279.1955 | 279.1955 | 279.1955 | 279.1955 | 279.1955 | 279.1955 | 279.1955 | 279.1955
mass? [M- [M- [M- [M- [M- [M- [M- [M-
H,O+H]* H,O+H]* H,O+H]* H,O+H]* H,O+H]* H,O+H]* H,O+H]* H,O+H]*
297.2057 | 297.2057 | 297.2058 | 297.2058 | 297.2057 | 297.2056 | 297.2058 | 297.2057
Observe | [M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]*
d 279.1952 | 279.1952 | 279.1953 | 279.1953 | 279.1952 | 279.1953 | 279.1951 | 279.1953
mass® [M- [M- [M- [M- [M- M- [M- [M-
H,O+HI* | HO+H]* | H:O+H]* | H,O+H]* | HoO+H]® | H,O+H]* | HoO+H]* | HO+H]*
Retentio
n time 8.63 8.32 N.D N.D 8.62 8.35 7.80 7.52
(mins)?
, 2.30x10° 6.1x10° =+ 8.6x10° + | 5.4x10° + | 2.7x10° + | 9.6x10* *
Te +1.5x10* 7.1x10* N.D N.D 8x10° 1.1x10* 2.8x10* 1.1x10*
12 | (%)
§ 2 (6) (13) (C)] (35) (18)
323.2217 | 311.2217 | 325.2373 | 352.2231
Calculat | [M+H]* [M+H]* [M+H]* [M+H]* 305.2111 | 293.2111 | 307.2268 | 334.2125
ed 305.2111 | 293.2111 | 307.2268 | 334.2125 | [M- [M- [M- [M-
mass' M- M- M- M- HO+H]* | H,O+H]* | HoO+H]* | HO+H]*
H,O+H]* H,O+H]* H,O+H]* H,O+H]*
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323.2219 311.2215
Observe | [M+H]* [M+H]* 305.2108 | 293.2106 | 307.2263 | 334.2123
d 305.2108 | 293.2107 | N.D N.D [M- M- M- M-
mass? [M- [M- H,O+H]* H,O+H]* H,O+H]* H,O+H]*
H,O+H]* H,O+H]*
Retentio
n time 7.73 7.74 7.73 7.73 7.72 7.73 7.74 7.74
(mins)?

) 2.3x10° + | 1.8x10° + | 15.9x10° 11x10° + | 2.7x10° + | 2.2x10° + | 2.5x10° + | 2.0x10° +
-I;ICC 1.7x10° 5.1x10° +7.8x10° 1.7x108 3.2x10* 2.5x10* 4.0x10* 2.2x10*
0 (18) (18) (35) (30) (41) (35) (32) (38)

355.2479 355.2479 355.2479 355.2479 355.2479 355.2479 355.2479 355.2479
[M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]*
Calculat | 377.2298 | 377.2298 | 377.2298 | 377.2298 | 377.2298 | 377.2298 | 377.2298 | 377.2298
ed [M+Na]* [M+Na]* [M+Na]* [M+Na]* [M+Na]* [M+Na]* [M+Na]* [M+Na]*
° mass' 337.2373 | 337.2373 | 337.2373 | 337.2373 | 337.2373 | 337.2373 | 337.2373 | 337.2373
M- M- M- M- M- M- M- M-
H,O+H]* H,O+H]* H,O+H]* H,O+H]* H,O+H]* H,O+H]* H,O+H]* H,O+H]*
355.2475 | 355.2475 | 355.2475 | 355.2476 | 355.2476 | 355.2475 | 355.2473 | 355.2473
[M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]*
Observe | 377.2293 | 377.2293 | 377.2293 | 377.2294 | 377.2296 | 377.2292 | 377.2291 | 377.2292
d [M+NaJ* [M+Na]* [M+Na]* [M+Na]* [M+Na]* [M+Na]* [M+Na]* [M+Na]*
mass? 337.2369 | 337.2370 | 337.2370 | 337.2371 | 337.2371 | 337.2369 | 337.2369 | 337.2369
[M- [M- [M- [M- [M- [M- [M- [M-
H,O+H]* HO+H]* HO+H]* H,O+H]* HO+H]* H,O+H]* H,O+H]* H,O+H]*
Retentio
n time 8.08 N.D N.D N.D N.D N.D N.D N.D
(mins)?
13 | TICP
N.D N.D N.D N.D N.D N.D N.D N.D
X (%)°
Calculat 351.2530 351.2530
381.2635 383.2792 | 410.2649 | 381.2635 383.2792 | 410.2649
ed [M- [M-
[M+H]* [M+H]* [M+H]* [M+H]* [M+H]* [M+H]*
mass' H,O+H]* H,O+H]*
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363.2530 365.2686 392.2544 363.2530 365.2686 392.2544

[M- [M- [M- [M- [M- [M-

H,O+H]* H,O+H]* H,O+H]* H,O+H]* H,O+H]* H,O+H]*
Obs.

N.D N.D N.D N.D N.D N.D N.D N.D
mass?

a HPLC retention time. See Supplemental Information for HPLC conditions.
b Average total ion count for the corresponding [M-H20+H]* ion, £ S.D (n = 3). See
Supplemental Information for reaction conditions and detection parameters.
¢ Percentage out of total quantified products (7+8+9+10), [M-H20+H]".

d Calculated mass of each indicated 7 ion.

¢ Observed mass of each indicated 7 ion.

f Calculated mass of each indicated 8 ion.

9 Observed mass of each indicated 8 ion.

h Calculated mass of each indicated 9 ion.

'Observed mass of each indicated 9 ion.

i Calculated mass of each indicated 10 ion.

kObserved mass of each indicated 10 ion.

'Non-detected (estimated lowest detection limit, 1.0x103)

Figure S1 Amino acid sequences of selected polyketide synthases. Acyltransferase regions
used for the multiple amino acid sequence alignment (Figure 1A) are highlighted green.

>RapA ( CAA60460.1); AT1 and AT2 highlighted green.

MSRAELVRPIYDLLRANAERLGDKIAYVDSRLALTHAELATRTGRIAGHLVDMGVDRGDRVAILLGNRVENIESYLAIARASAVAVPLNPDATEAEVAHFLSDSGAVAVITDSAHLDDVRRTAP
AANIVLVGEERTPPGVRSFAELATTEPLRPPRDDLGLDEPAWMLYTSGTTGTPKGVLSTQGSGLWSAAYCDIPAWELTENDVLLWPAPLFHRLALHLCLLATTAVGATARIMNGFVASEVLEEL
TEHRCTVNGVPTMSRYLLGAADTFEPRTSSLKMGLVAGSVAPASLIEGFEDVFGVPLLDTYGCTETSGSLTVNWLSGQRIPGSCGLPVPGLSLRFVDPISGADVADGEEGELWASGPSIMIGY
HEQPEATAEVLSDGWYRTGDLARRSETGHVTITGRIKELIIRGGENIHPHEIEAVALDVPGVKDAAAAGKQHPVLGEIPVLYVVPETGGVDTDMVLAVCRERLSYFKVPEEIYRVDAIPRTASG
KVKRSSLTEKPAELLBASGGETLHRLEWIPLDPPKQASPDGRHVVVRVDSLPSDAADLAGAVRDLAQSWLADKRRADSTLVFVTRRAVHTGPSDLPVPEHAAAWDAIRREQTENPGVFVVIDV
DFDDADPDPDDTLLRALAGLGEPQLALRDGNPLVPRLAHANTADSDSLTIPEDRAWLLEHSRSGTLRDLALVPADTAERPLRPGEVRIAVRAAGLNFRDVLIALGTYPGEGLMGGEAAGVVLEV
GPEVHDLTPGDRVFGLVGSAFBGYRRLLGAIPDTWSFTTAASIPIVFATAYYGLVDLSGLSAGETVLIHATAGGVGMAATQSACRHLGPRIHATASAAKQHILREAGLEDTRIADSRTLA
FREAFLNTTDGQGVDVVLNSLSGDFVDASLDLLPRGGRFLEMGKTDIRDADRITADRPGTTYQAFDLLDAGPDRLREIIAELLELFAQGVLRPLPVLTWDIRKARDAFSWMSRARHTGKITFTI
PRRLDPDGTVLIADGAGALTGTVARHLVAERBLLLLSRSTPDEALINELIESGARVDTAVCDVSDRAGLVRTLAGIAPERPLTAVIHTGGPAVAHESHQLHRLTKGLDLAAFVVFSQDAPA
SVDALARSRRAEGLPITAIAWGIPEAEAVVVRGPLLGRAMASADSAHIVTRLNTVGLRALAAADTLPPLLONLVGAHTDTTEQQAWSRQFLAAEAAREQALRDLVRSSVTDILGLSAADRYAPD
KTSREMGIDSLTSVELRNSLAKATGLRLPATLVFDYPVPVRLGELFTGESPAPERAVSAVGQGEPLAIVGMACRLPGGVSSPEDLWRLVESGTDAISGFPTDRGWDVDGLFDPDPDASGK
SYCVQGGFLDTAAGFDASFFGISPREALAMDPQQRLVLEVSWEAFERAGIEPGSVRGSDTGVFMGGFPGGYGAGADLEGFGATAGAASVLSGRVSYFFGLEGPAITVDTACSSSLVALHQAGYA
LRQGECSLALVGGVTVMPTPQSFVEFSRQRGLSADGRCKAYABANEGVGVLLVERLSDAQAKGHQVLAVVRGSAVNQDGASNGLSAPNGPSQQRVIRAALSNAGLAPHEVDVVEAHGT
GTTLGDPIEAQAVIATYGQDREQPVLLGSLKSNIGHAQAAAGVSGVIKMVMALRHGFVPRTLHVDEPSRHVDWSAGAVELVAENRSWPATGRPRRAGVSAFGVSGTNAHVILEGAPAQSVDDAA
GSTPVVDSELVPLVVSAKSLPALAEVEGRLRAYLAASPGADVRAVGSTLAHRSAFLLGDDSVTGTGTAVSDPRVNEGQGWOQWLGMGSALRTSSMVFAERMAECAAALSE FVDWDL
FAVLDDPAVVARVDVVQPASWAVMVSLAAVWQAAGVRPDAVVGHSQGEIAAACVAGAVSLRDAARVVTLRSQVIARGLAGRGAMASVALPAQDVELVDGAWVAARNGPASTVVAGAPEAVDRVL
AVHEARGVRVRRIAVDYASHTPHVELIRDELLGVIAGVDSRAPVVPWLSTVDGTWVEGRYBANEREPVGFEPAAGQLQAQGDTVFVEVSASPVLLQAKIYADYRRDDGDATRML

TALAQAYVEGVTVDWPAVLGTTAARVLDLPTYAFQHQRYWLKGVDRAAADGHPLLGTVVALPGSDGVVLTGRVSLATHAWLADHAVRGSVLLPGTAFVELVVRAAGEVGCDVVDELVIETPLLL
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PQTGGVQMSVSVAEADESGHRAVMVFSQADNTDTWTRHVTATVSTSDSTVSQPEFAAWPPPAGAERITESBFEYGPAFQGLRTAWRDGNTVFAEVALAEEQAQEAARFAVHPALL
DAALHASNLSTLDTAEQGVRLPFSWNQVWVHATGPVMLRVAITRTADGWSVLVADDSGRPVASVGSLVTRVVTADALGSAADELLALTWMEIPAPQGTGLTVGRFEDLVSGGDVPVPEVVVFTA
LPGSSETPLDPLDPLAQTRTLTAQVLQAVQAWLAGEGFTNSTLVVRTGTGLAAAGVSGLMRSVQSEHPGRFVIRBEQDAMTVGLDEPRLRVCDGRFEVPRLARANTPESSPLTIPD
SRAWLLEQPRSGTLRDLALVPTDTAERPLQSGEVRVDVRAAGLNFRDVVVALGMVDDKRLAGGEAAGVVLEVGPEVQDLAPGDRVFGLVGGGFGRSAIADRRMLGVIPDGWSFTTAASVPVVFA
TAYYGLVDLAGLSAGESVLIHAAAGGVGMAATQIARHLGARIYATASTGKQHILREAGLEDTHIADSRTLSFQETFLNNTHEMENADDFVDASLDLLPRGGRFIEMGKTDIRDPHQV
TADRPGTTYQAFDLMDAGPDRLREIITELLTLFTQGVLLPLPVQAWDIRQARDAFSWMSRARHIGKIVLTIPRRPDPDGTILITGGSGVLAGILARHLAAEHGARHLLLLSRTTPDQALIKELA
ELGAHVDTATCDVSDRAGLARVLAGVSPEHPLTAVIHTAGALDDGVVESLTTQQLDTVLRPKADGAWHLHELTQNTDLAAFVMY SSBASKABSAGCDALAEQRRGEGLPALAVA
WGLWEDTSGLTAKMTDTDRDRIRRGGLRAISAGRGMGLLDAASRHGEPVLLAASMEPVRDVEVPALLRLLHRPVARRAASTGDSSVQWLARLAPVEREKALLKLVCDGAATVLGHADASTIPAT
GAFRDLGVDSLTAVELRNGLAKATGLRLPATLVFDYPTPAALAARLEELFTGENPAPVRTSVSVVAQDEPLAIVGMACRLPGGVSSPEDLWRLLESCROMBENLFGPAVGNSY
RLQGGFLDAAAGFDASFFGISPREALAMDPQQRLVLEVSWEAFERAGIKPGSVRGTDTGVFMGAYPGGYGIGADLGGFGTTAGAVSVLSGRVSYFFGFEGPAFTVDTACSSSLVALHQAGYALR
QGECSLALVGGVTVMATPQTFVEFARQGGLAGDGRSKAFADSADGAGFSEGVGVLLVERLSDARRNGHQVLAVVRGSAVNQDGASNGLTAPNGPSQQREVIBYWESNGEGITA
TLGDPIEAQALMATYGQDREQPLLLGSVKSNLGHTQAAAGVSGVIKMVMALQRGFVPRTLHVDEPSRHVDWSAGAVQLVTENQPWPGTDRPRRAGVSSFGISGTNAHVILESALPTQPAGNTVV
ESAPEWVPLVISARTQSALAEYEGRLRAYLAASPGADTRAVASTLAMTRSVFEYRAVLIGDDTVTGTAAVBEPERESQRAGMGEELAAAFPVFARIHQOQVWDLLDVPDLEYWAE T
PALFALQVALFGLLESWGVRPDAVVGHSVGELAAGYVSGLWSLEDACTLVSARARLMQALPAGGVMAAVPVSEDEARAVLGEGVEIAAVNGPSSVVLSGDEAAVLQAAEGLGKWTRLPTSHAFH
SARMEPMLEEFRAVAEGLTYRTPQVAMAAGDQVMTAEYWVRQVRDTVRFGEQVASFEDAVFVELGADRSLEARLVDGIAVMCAGRHEAMGVSVEWSAVLGDVPVTRVLDLPTYA
FOQH®RYWLEGTDRATAGGHPLLGSVVRLAEASGVLFTARVSRSGDLWLRDQTVLPATVFVEMALAAADEVGCGLVEDLSVEALLLLPDDGAVEVQTWVGEPDEGGRRRLSVHARYGDGEPWTCL
ATATLATTTGVAAAAVGWQAGGVWPPAGAVPVGTSAPSLRAVWRLGSDIFAEVALDDAHDATRFVLHPALMAAALTTVGEETPAVWQGLTLHAGNPGELRVRLTSHDDGTLSAEATDSTGLPVL
TARSLTLRTVPYEPATSTDDLLTLTWAGIPTPQQTGLTVGAFEDLAADGDVPVPEVAVFTALPDSDDPLEQTRKLTAQVLHTLQEWLGGERFSDSTLVVRTGTGLAAAGVSGLMRSAQSEHPG
RFVLVESDDALTQDQLAAAVGLDEPRLRVSDGRYEVPRLTRTHAEEPEPERTWDPDGTVLITGGSGVLAGIAARHLVTERGVRHLLLLSRSAPDEALIGELGELGARVETAACDVSDPAALTQV
LAGVSPEHPLTAVIHTAG\DOGVVESLTVQRLETVLRPKADGAWNLHELTRDADLAAFVMYSSAAGVLGSAGQANYAAANAFLDALAEQRHAEGLPALAVAWGLWEDASGLTAQLTDTDRDRI
RRGGLRAISAEHGMGLFDSASRHSEPVLVAAPMEPVRDAEVPALLRSLHRPIARRAAAAGGARWLAALAPAEREKALLKLVCDSAATVLGHADTSTVSVAAVFRDLGVDSLTAVELRNSLAKAT
GLRLPATLVFDYPTPTALAVRLGELFEGPVPVRGPVSAVAQDEPLAIVGMACRLPGGVSSPEDLWRLLESGTDAVSGFPTDRGWDVENLYDMAGKSHRAEGGFLDAAAGFDAGFFGISPREA
LAMDPQQRLVLEVSWEAFERAGIEPGSVRGSDTGVFMGAYPGGYGAGADLGGFAATASATSVLSGRVSYFFGLEGPAFTVDTACSSSLVALHQAGYALRQGECSLALVGGVTVMATPELFTEFS
RQRGLASDGRCKAFADSADGTGWAEGVGVLLUERBBEGHQVLAVVRSSAVNQDGASNGLTAPNGPSQQRVIQAALSNAGLAAHEVDVVEAHGTGTTLGDPIEAQAVIATYGQDRERPLLL
GSLKSNIGHAQAASGVSVVIKMVMALQHNTVPRTLHVDEPSRHVDWAAGAVELVRENQPWPGTDRPRRAGVSSFGVSGTNAHVILESAPPAQPAEEAQPVETPVVASDVLPLVISAKTQPALTE
HEDRLRAYLAASPGADTRAVASTLAVTRSVFEHRAVLLGDOBTAMSDPRVVFVFPGQGWQWLGMGSALRDSSVVFAERMAECAAALSEFVDWDLTVLDDPAVVDRVDVVQPASWAVMVSLA
AVWQAAGVRPDAVIGHSQGEIAAACVAGAVSLRDAARIVTLRSQAIARGLAGRGAMASVALPAQDVELVDGAWIAAHNGPASTVIAGTPEAVDHVLTAHEARGVRVRRITVDYASHTPHVELIR
DELLDITSDSSSQAPLVPWLSTVDGSWVDSPLDGEYWYRNLREPVGEHRAQGDTVFVEVSASPVLLQAMDDDVVTVATLRRDDGDATRMLTALAQAYVHGVTVDWPAILGTTTTRVLD
LPTYAFQHQRYWVEGVDRSAAGGHPLLGVAVELPDSNGVVLTGRVSLATHTWLADHAVRGSVLLPGTAFVELVVRAADEVECDVIDELVIETPLLLPQTGGVQLSVSVAEADESGHRAVTVFSR
ADNADTWTRHVSATISASDAPLSLPEFASWPPAQAQPTNVGDLYDRLAAAGTEYGQRAAVIRDGDTAYAEVALAEEQAQEAARFAVHPALLDAALHASVLHTPDAEQQSLRMPFSWSHVQ
VHATGSATLRVAMTPTTDGWSVHVADDDGRPVATIGSFVTRPVTADALGSAADDLLRVVWTEIPIPQQTGLTTGRFEDLVDADVPVPEVVVYTARPDTDGSPDPLAQTRTLTAQVLQAVQAWLA
GERFTDSTLVVRTGTGLAAAAVSGLMRSVQSEHPGRFVLVEGDDDTLTPDQLAATAGLDERHERIREDBRANTPESSPLTIPDDRAWLLEQPRSGTLQDLALVPTDTAERPLRPGEV
RIDVRAAGLNFRDVLIALGTYPGEAVIGAEAAGVVLEVGPEAHDLAPGDRVFGLVGGGFGAVAIADRRMLAVIPDGWSFTTAASVPVVFATAYYGLVDLGGLSAGESVLIHAAAGGVGMAATOQI
ARHLGAQIYATASAGKQHILYEAGLDGTRIADSRTTGFREAFLNTTDGRGVDVVLNSLSGDFVDASLDLMERGGRRRDPHRITADRPGTTYQACDLMDVGPDRLRENTEILSLFG
QGVLQPLPVQTWDIRQARDAFSWMSRARHIGKIVLTIPRRPDPDGTILITGGSGVLAGILARHLAAEHGARHLLLLSRTAPDEALIKELAELGARVETAACDVSDRAGLARVLAGVSPEHPLTA
VIHTAGALDDGVVESLTTQQLDTVLRPKADGAWHLHELTRDADLAAFVVYSSAAAVLGNEGQGNYAAANAFLDALREQRRYWGPWEYTGDLTAQLTGTDQDRIRCSGMRTITAED
GMRLFDTASHHGEPLLVPAVLDPTRDGEVPALLRSLRRPIARRAASADGGVQWLAALAPAEREKALLKLVCDSAAMVLGHADARSIPAAGAFKDLGVDSLMAVELRNGLVKATGLRLPATLVFD
YPTPTVLAARLDELFTGENPAPVRGPVSVVGQDEPLAIVGMACRLPGGVSSPEDLWRLVESGTDAVSGFPTDRGWDVENLY DSOREARGRINGFDAGFFGISPREALAMDPQQ
RLLLEVSWEAFERAGIEPGSVRGSDTGVFIGAFPVGYGAGFDREGYGATSGPSVLSGRVSYVFGLEGPAITMDTACSSSLVALHLAAQALRNGECSMALAGGVTVMATPEVFTEFARQRGLASD
GRCKAFADSADGAGFSEGAGLLLVERLSDARRNGHQVLAVVRGSAVNQDGASNGLTAPNGPSQQRVIRAALSNAGLSTADVDVVEAHGAGATGEPIIRERPLLLGSLKSNIG
HTQAASGVSGVIKMVMALRHGFVPRTLHVDEPSRHVDWAAGAVELVRENQPWPGTDRPRRAGVSSFGVSGTNAHVVLESAPPAQPAEEEQPVETPVVASDVLPLVISAKTQPALTEHEDRLRAY
LAASPGADTRAVASTLAVTRSVFEHRAVLLGDDAVTGTAVTDPRVVFVFPGQGWQWLGMGSALRDSSVVFAERMAECAAALSEFVDWDLFAVLDDBRAXDREWVAYVOQAAG
VRPDAVIGHSQGEIAAACVAGAVSLRDAARIVTLRSQAIARGLAGRAAMASVALPAHEIELVDGAWIAAHNGPASTVIAGTPEAVDHVLTAHEARGVRVRRITVDYASHTPHVELIRDELLGIT
AGIGSQPPVVPWLSTVDGSWVDSPLDGEYWYRNLREPVGFHPAVSQLQAQGDAVFVEVSASPVLLQAMDDDVVTVATLRRDDGDATRMLTALAQAYVHGVTVIDMWNPARREY TTARVL
HQRYWVKSVDRAAADGHPLLGAVVELPESDGVLLTGRVSLATHAWLADHAVWGRVLLPGTAFVELVVHAAGEVGCDVVDELVIETPLLLPQTGGVQLSVSVGEADESGHRVVTVFSRADNADTW

TRHVSATVRVSDTTVPPSDLTAWPPAQAKPVDVAGFYDQLTGMGYEYGPAFQGLQAAWRDGDTVFAEVALAEEQVREAARYAVHPALLDAALHACTLNASDAEVGVGLPFSWNGVRVHAGGSAM
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LRVAVTQAADGWSVRVADDIGRPVASVGSLVTRPVTADALGSAADDLLALTWAGIPTPQQTGLTVGRFEELVSDGDVPVPEVAVFTALPDNDDDPLEQTRKLTGQVLQAVQEWLGGERFSDSTL
VVRTGTGLAAAAVSGWMRSAQSEHPGRFVLVESDDDALAPDQLAAAVGLDEPRLRISDGRFEAPRLTRTHAAEPESEKVWDPDGTVLITGGSGVLAGIAARHLVAERGVRHLLLLSRSAPDEAL
INQLGELGARVETAACDVSDRAALAQVLAGVSPEHPLTAVIHTAGALDDGVVESLTAQRLDAVLRPKADGAWNLHELTRDADLAAFVMYSSAAGVLGSAGQANYAAANAFVDALAEQRRAEGLP
ALAVAWGLWEDASGLTADLTDTDRDRIRRGGLRAISAEYGMGLFDSASRHSEPVLVGAAMEPVRDAEVPALLRSLHRPIARRAASTGDSSVQWLAALAPEERAKALLRVVCDSAATVLGHADID
SIPVTAAFKDLGVDSTAVDLRNSLAKATGLRLPPTLVFDYPTPTALAARLDELFAPAEPEPRLHEQELRRALAGISIDKFREAGVLDTLLRLAAMEGLAVPKPDSESDDEAFVDEMDADALIK

HVLEEER

>EpoC (AAF26921.1); AT2 and AT3 highlighted green.

MTTRGPTAQQNPLKQAAIIIQRLEERLAGLAQAELERTEPIAIVGIGCRFPGGADAPEAFWELLDAERDAVQPLDMRWALWEWANAEA TEPIDCFDAAFFGISPREARSLDPQHRL
LLEVAWEGLEDAGIPPRSIDGSRTGVFVGAFTADYARTVARLPREERDAYSATGNMLSIAAGRLSYTLGLQGPCLTVDTACSSSLVAIHLACRSLRAGESDLALAGGVSALLSPDMMEAAARTQ
ALSPDGRCRTFDASANGFVRGEGCGLVVLKRLSDAQRDGDRIWALIRGSAINHDGRSTGLTAPNVLAQETVLREALRSAHVEAGAVBNYGEFIEGEBIRATVGPARSDGTRCVLG

AVKTNIGHLEAAAGVAGLIKAALSLTHERIPRNLNFRTLNPRIRLEGSALALATEPVPWPRTDRPRFAGVSSFGMSGTNAHVVLEEAPAVELWPAAPERSAELLVLSGKSEGALDAQAARLREH

LDMHPELGLGDVAFSLATTRSAMSHRLAVAVTSREGLLAALSAVAQGQTPAGAARCIASS SREEQSAQTPGMGRGLCAAWPAFREAFDRCVALBRREREVMWAEAGSAESL L
LDQTAFTQPALFAVEYALTALWRSWGVEPELLVGHSIGELVAACVAGVFSLEDGVRLVAARGRLMQGLSAGGAMVSLGAPEAEVAAAVAPHAASVSIAAVNGPEQUVIAGVEQAVQAIAAGFAA
RGARTKRLHVSHAFHSPLMEPMLEEFGRVAASVTYRRPSVSLVSNLSGKVVTDELSAPGYWVRHVREAVRFADGVKALHEAGAGTFVEVGPKPTLLGLL FSGLRSHEETTAGH
LEALGRLWAAGGSVSWPGVFPTAGRRVPLPTYPWQRQRYWIEAPAEGLGATAADALAQWFYRVDWPEMPRSSVDSRRARSGGWLVLADRGGVGEAAAAALSSQGCSCAVLHAPAEASAVAEQVT
QALGGRNDWQGVLYLWGLDAVVEAGASAEEVAKVTHLAAAPVLALIQALGTGPRSPRLWIVTRGACTVGGEPDAAPCQAALWGMGRVAALEHPGSWGGLVDLDPEEBREEVEALVAELLS
DQLAFRQGRRRAARLVAAPPEGNAAPVSLSAEGSYLVTGGLGALGLLVARWLVERGAGHLVLISRHGLPDREEWGRDQPPEVRARIAAIEALEAQGARVTVAAVDVADAEGMAALLAAVEPPLR
GVVHAAGLLDDGLLAHQDAGRLARVLRPKVEGAWVLHTLTREQPLDLFVLFSSASGVFGSIGQGSYAAGNAFLDALADLRRTQGLAALSIAWGLWAEGGMGSQAQRREHEASGIWAMPTSRALA
AMEWL.GTRATQRVVIQMDWAHAGAAPRDASRGRFWDRLVTATKEASSSAVPAVERWRNASVVETRSALYELVRGVVAGVMGFTDQGTLDVRRGFAEQGLDSLMAVEIRKRLQGELGMPLSATL
AFDHPTVERLVEYLLSQALELQDRTDVRSVRLPATEDPIAIVGAACRFPGGVEDLESYWQLLTEGVVVSTEVPADRWNGADGRVPGSGEAQRQTYVPRGGFLREVETFDAAFFHISPREAMSLD
PQQRLLLEVSWHERAGQDPSALRESPTGVFVGAGPNEYAERVQELADEAAGLYSGTGNMLSVAAGRLSFFLGLHGPTLAVDTACSSSLVALHLGCQSLRRGECDQALVGGVNMLLSPKTFAL
LSRMHALSPGGRCKTFSADADGYARAEGCAVVVLKRLSDAQRDRDPILAVIRGTAINHDGPSSGLTVPSGPAQEALLRQALAHAGVVPADVDFVECHGTGTALGDPIEVRALSDVYGQARPADR
PLILGAAKANLGHMEPAAGIGLLKAVLALGQEQIPAQPELGELNPLLPWEALPVAVARAAVPWPRTDRPRFAGVSSFGMSGTNAHVVLEEAPAVELWPAAPERSAELLVLSGKSEGALDAQAA
RLREHLDMHPELGLGDVAFSLATTRSAMNHRLAVAVTSREGLLAALSAVAQGQTPPGAARCIAS SSRGRIGROTPCVICRGICAAWPAEREAEDRCVAIFDREIDRPIREVMWAEPGS
AESLLLDQTAFTQPALFTVEYALTALWRGVEPELVAGHSAGELVAACVAGVFSLEDGVRLVAARGRLMQGLSAGGAMVSLGAPEAEVAAAVAPHAASVSIAAVNGPEQUVIAGVEQAVQAIA
AGFAARGARTKRLHVSHASHSPLMEPMLEEFGRVAASVTYRRPSVSLVSNLSGKVVADELSAPGYWVRHVREAVRFADGVKALHEAGAGTFVEVGPKPTLLGLLPACIFRREPTLLASLRA

EAAGVLEALGRLWAAGGSVSWPGVFPTAGRRYPUWRJIRQRYWPDIEPDSRRHAAADPTQGWFYRVDWPEIPRSLQKSEEASRGSWLVLADKGGVGEAVAAALSTRGLPCVVLHAPAETSAT
AELVTEAAGGRSDWQVVLYLWGLDAVVGAEASIDEIGDATRRATAPVLGLARFLSTVSCSPRLWVVTRGACIVGDEPAIAPCQAALWGMGRVAALEHPGAWGGLVDLDPRASPPQASPIDGEML
VTELLSQETEDQLAFRHGRRHAARLVAAPPQGQAAPVSLSAEASGLGGLGLIVAQWLVELGARHLVLTSRRGLPDRQAWCEQQPPEIRARIAAVEALEARGARVTVAAVDVADVEPMTA
LVSSVEPPLRGVVHAAGVSVMRPLAETDETLLESVLRPKVAGSWLLHRLLHGRPLDLFVLFSSGAAVWGSHSQGAYAAANAFLDGLAHLRRSQSLPALSVAWGLWAEGGMADAEAHARLSDIGV
LPMSTSAALSALQRLVETGAAQRTVTRMDWARFAPVYTARGRRNLLRBLUMRSPPAAATRNWRGLSVAEARVALHEIVHGAVARVLGFLDPSALDPGMGFNEQGLDSLMAVEIRNLLQ
AELDVRLSTTLAFDHPTVQRLVEHLLVDVLKLEDRSDTQHVRSLASDEPIAIVGAACRFPGGVEDLESYWQLLAEGVVVSAEVPADRWDAADWYDPDPEIPGRTYVTKGAFLRDLQRLDATFFR
ISPREAMSLDPQQRLLLEVSWEALESAGIAPDTLRDSPTGVFVGAGPNEYYTQRGERBELYGGTGNMLSVTAGRLSFFLGLHGPTLAMDTACSSSLVALHLACQSLRLGECDQALVGGV
NVLLAPETFVLLSRMRALSPDGRCKTFSADADGYARGEGCAVVVLKRLRDAQRAGDSILALIRGSAVNHDGPSSGLTVPNGPAQQALLRQALSQAGVSPVDVDFVECHGTGTALGDPIEVQALS
EVYGPGRSGDRPLVLGAAKANVAHLEAASGLASLLKAVLALRHEQIPAQPELGELNPHLPWRRKAYPWGRGARPRRAGVSAFGLSGTNVHVVLEEAPEVEPAPAAPARPVELVVLSA
KSAAALDAAAARLSAHLSAHPELSLGDVAFSLATTRSPMEHRLAIATTSREALRGALDAAAQQKTPQGAVRGKAVSSRGKLAFLFTGQGAQMPGMGRGLYETWPAFREAFDRCVALFDREIDQP
LREVMWAAPGLAQAARLDQTAYAQPALFALEYALAALWRSWGVEPHVLLGHSIGELVAACVAGVFSLERBREVQAAPAGGAMVAIAASEAEVAASVAPHAATVSIAAVNGPDAVVI
AGAEVQVLALGATFAARGIRTKRLAVSHAFHSPLMDPMLEDFQRVAATIAYRAPDRPVVSNVTGHVAGPEIATPEYWVRHVRSAVRFGDGAKALHAAGAATFVEVGPKPVLLGLLPACLGEADA
VLVPSLRADRSECEVVLAALGAWYAWGGALDWKGVFPDGARRVALPMYPWQRERHWMDLTPRSAAPAGIAGRWILABVGRIGRREQPFLGDHLVFGKVVVPGAFHVAVILSI
AAERWPERAIELTGVEFLKAIAMEPDQEVELHAVLTPEAAGDGYLFELATLAAPETERRWTTHARGRVQPTDGAPGALPRLEVLEDRAIQPLDFAGFLDRLSAVRIGWGPLWRWLQDGRVGDEA
SLATLVPTYPNAHDVAPLHPILLDNGFAVSLLSTRSEPEDDGTPPLPFAVERVRWWRAPVGRVRCGGVPRSQAFGVSSFVLVEERYERRMPREVFLRQESGASTAALYRLDWPE
APLPDAPAERIEESWVVVAAPGSEMAAALATRLNRCVLAEPKGLEAALAGVSPAGVICLWEAGAHEEAPAAAQRVATEGLSVVQALRDRAVRLWWVTMGAVAVEAGERVQVATAPVWGLGRTVM
QERPELSCTLVDLEPEADAARSADVLLRELGRADDETQVAFRSGKRRVARLVKATTPEGLLVPDAESYRLEAGQKGTLDQLRLAPAQRRARSBGEVNRIRXLAVLGMYPGDAGPM

GGDCAGVATAVGQGVRHVAVGDAVMTLGTLHRFVTVDARLVVRQPAGLTPAQAATVPVAFLTAWLALHDLGNLRRGERVLIHAAAGGVGMAAVQIARWIGAEVFATASPSKWAAVQAMGVPRTH
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IASSRTLEFAETFRQVTGGRGVDVVLNALAGEFVDASLSLLSTGGRFLEMGKTDIRDRAAVAAAHPGVRYRVFDILELAPDRTREILERVVEGFAAGHLRRABXARRAMAQARH
QGKVVLLPAPSAAPLAPTGTVLLTGGLGALGLHVARWLAQQGVPHMVLTGRRGLDTPGAAKAVAEIEALGARVTIAASDVADRNALEAVLQAIPAEWPLQGVIHAAGALDDGVLDEQTTDRFSR
VLAPKVTGAWNLHELTAGNDLAFFVLFSSMSGLLGSAGQSNYAAANTFLDALAAHRRAEGLAAQSLAWGPWSDGGMAAGLSAALQARLARHGMGALSPAQGTRAMSOBVRRPETQL
AASQASGAAVPPVWRALVRAEARHTAAGAQGALAARLGALPEARRADEVRKVVQAEIARVLSWSAASAVPVDRPLSDLGLDSLTAVELRNVLGQRVGATLPATLAFDHPTVDALTRWLLDKVLA
VAEPSVSSAKSSPQVALDEPIAIIGIGCRFPGGVADPESFWRLLEEGSDAVVEVPHERWDIDAFYDPDPDVRGKMTTRFGGFLSDIDRFDPAFFGISPREATTMDPQQRLLLETSWEAFERAGI
LPERLMGSDTGVFVGLFYQEYAALAGGIEAFDGYLGTGTTASVASGRISYVLGLKGPSLTVDTACSSSLVAVHLACQALRRGECSVALAGGVALMLTPATFVEFSRLRGLAPDGRCKSFSAAAD
GVGWSEGCAMLLLKPLRDAQRDGDPILAVIRGTAVNQDGRSNGLTAPNGSSQQEVIRRALEQAGLAPADVSYVECHGTGTTLGDPIEVQALGAVLAQGRPSDRPLVIGSVKSNIGHTQAAAGVA
GVIKVALALERGLIPRSLHFDAPNPHIPWSELAVQVAAKPVEWTRNGVPRRAGVSSFGVSGTNAHVVLEEAPAAAFAPAAARSAELFVLSAKSAAALDAQAARLSAHVVAHPELGLGDLAFSLA
TTRSPMTYRLAVAATSREALSAALDTAAQGQAPPAAARGHASTGSAPKVVFVFPGQGSQWLGMGQKLLSEEPVFRDALSACDRAIQAEAGWSLLAELAADETTSQLGRIDVVQPALFAIEVALS
ALWRSWGVEPDAV\BMGEVAAAHVAGALSLEDAVAIICRRSLLLRRISGQGEMAVVELSLAEAEAALLGYEDRLSVAVSNSPRSTVLAGEPAALAEVLAILAAKGVFCRRVKVDVASHSPQI
DPLRDELLAALGELEPRQATVSMRSTVTSTIMAGPELVASYWADNVRQPVRFAEAVQSLMEDGHGLFVEMSPHPILTTSVEEIRRATKREGVAVGSLRRGQDERLSMLEALGALWVHGQAVGWE
RLFSAGGAGLRRVPLPTYPWQRBR DAPTGGAAGGSRFAHAGSHPLLGEMQTLSTQRSTRVWETTLDLKRLPWLGDHRVQGAVVFPGAAYLEMALSSGAEALGDGPLQVSDVVLAEALAFAD
DTPAAVQVMATEERPGRLQFHVASRVPGHGGAAFRSHARGVLRQIERAEVPARLDLAALRARLQASAPAAATYAALAEMGLEYGPAFQGLVELWRGEGEALGRVRLPEAAGSPAACRLHPALLD
ACFHVSSAFADRGEATPWVPVEIGSLRWEBEERWCHARSVSHGKPTPDRRSTDFWVVDSTGAIVAEISGLVAQRLAGGVRRREEDDWFMEPAWEPTAVPGSEVMAGRWLLIGSGGGLGAAL
HSALTEAGHSVVHATGRGTSAAGLQALLTASFDGQAPTSVVHLGSLDERGVLDADAPFDADALEESLVRGCDSVLWTVQAVAGAGFRDPPRLWLVTRGAQAIGAGDVSVAQAPLLGLGRVIALE
HAELRCARIDLDPARRDGEVDELLAELLADDAEEEVAFRRRVARLVRRLPETDCREKIEPAEGRPFRLEIDGSGVLDDLVLRATERRPPGPGEVEIAVEAAGLNFLDVMRAMGIYPGPGDG
PVALGAECSGRIVAMGEGVESLRIGQDVVAVAPFSFGTHVTIDARMLAPRPAALTAAQAAALPVAFMTAWYGLVHLGRLRAGERVLIHSATGGTGLAAVQIARHLGAEIFATAGTPEKRAWLRE
QGIAHVMDSRSLDFAEQVLAATKGEGVDVVLNSLSGAAIDASLSIGRFIELGKTDIYADRSLGLAHFRKSLSYSAVDLAGLAVRRPERVAALLAEVVDLLARGALQPLPVEIFPLSRAAD
AFRKMAQAQHLGKLVLALEDPDVRIRVPGESGVAIRADGAYLVTGGLGGLGLSVAGWLAEQGAGHLVLVGRSGAVSAEQQTAVAALEAHGARVTVARADVADRAQMERILREVTASGMPLRGVV
HAAGILDDGLLMQQTPARFRAVMAPKVRGALHLHALTREAPLSFFVLYASGREQGNYAAANTFLDALAHHRRAQGLPALSIDWGLFADVGLAAGQQNRGARLVTRGTRSLTPDEGLWA
LERLLDGDRTQAGVMPFDVRQWVEFYPAAASSRRLSRLMTARRVASGRLAGDRDLLERLATAEAGARAGMLQEVVRAQVSQVLRLSEGKLDVDAPLTSLGMDSLMGLELRNRIEAVLGITMPAT

LLWTYPTVAALSAHLASHVVSTGDGESARPPDTGSVAPTTHEVASLDEDGLFALIDESRARAGK

>PikAlll ( AAC69331.1); AT5 highlighted green.

MANNEDKLRDYLKRVTAELQQNTRRLREIEGRTHEPVAIVGMACRLPGGVASPEDLWQLVAGDGDAISEFPQDRGWDVEGLYDPDPDASGRTYCRSGGFLHDAGEFDADFFGISPREALAMDPQ
QRLSLTTAWEAIESAGIDPTALKGSGLGVFVGGWHTGYTSGQTTAVQSPELEGHLVSGAALGFLSGRIAYVLGTDSPREFMPAL HLAVQALRKGECDMALAGGVTVMPNADLFVQF
SRQRGLAADGRSKAFATSADGFGPAEGAGVLLVERLSDARRNGHRILAVVRGSAVNQDGASNGLTAPHGPSQQRVIRRALADARLAPGDVDVVEAHGTGTRLGDPIEAQALIATYGQEKSSEQP
LRLGALKSNIGHTQAAAGVAGVIKMVQAMRHGLLPKTLHVDEPSDQIDWSAGTVELLTEAVDWPEKQDGGLRRAAVSSFGISFEFMAHRDBFAVEPPAGGGVVPWPVSAKTPAALD
AQIGQLAAYADGRTDVDPAVAARALVDSRTAMEHRAVAVGDSREALRDALRMPEGLVRG T SEERGREAGWAGMGAELLDSSPEFAASMAECETALSRYVDWSEEAVWWROEPGAPTL
DRVDVVQPVTFAVMYSLAKVWQHHGITPQAVVGHSQGEIAAAYVAGALTLDDAARVVTLRSKSIAAHLAGKGGMISLALDEAAVLKRL SDRERLENABGDPTQIEELARTCEAD
GVRARIIPVDYASHSRQVEIIEKELAEVLAGLAPQAPHVPFFSTLEGTWITEPVLDGTYWYRNLRHRVGFAPAVETLAVDGETHFIEVSAHPVLTMIGPERREQGGQERLYTSLAE
AWANGLTIDWAPILPTATGHHPELPTYAFQTERFWLQSSAPTSAADDWRYRVEWKPLTASGQADLSGRWIVAVGSEPEAELLGALKAAGAEVDVLAREABRDDRIDEARTGVVS
LLDDLVPQVAWVQALGDAGIKAPLWSVTQGAVSVGRLDTPADPDRAMLWGLGRVVALEHPERWAGLVDLPAQPDAAALAHLVTALSGATGEDQIAIRTTGLHARRLARAPLHGRRPTRDWQPHG
TVLITGGTGALGSHAARWMAHHGAEHLLLVSRSGEQAPGATQLTAELTASGARVTIAACDVADPHAMRTLLDAIPAETPLTAVVHTAGAPGGDPLDVTGPEDIARLUOEAKRSIAE
PLDAFVLYSSNAGVWGSGSQGVYAAANAHLDALAARRRARGETATSVAWGLWAGDGMGRGADDAYWQRRGIRPMSPDRALDELAKALSHDETFVAVADVDWERFAPAFTVSRPSLLLDGVPEAR
QALAAPVGAPAPGDAAVAPTGQSSALAAITALPEPERRPALLTLVRTHAAAVLGHSSPDRVAPGRAFTELGFDSLTAVQLRNQLSTVVGNRLPATTVFDHPTPAALAAHLHEAYLAPAEPAPT

WEGRVRRALAELPLDRLRDAGVLDTVLRLTGIEPEPGSGGSDGGAADPGAEPEASIDDLDAEALIRMALGPRNT

>FIuA ( AFS18277.1); AT1 and AT1 highlighted green.

MSQSGNSEFEASGTPTTRAGRATAFTLRLADLSMAERRASLIELVSRTTLDVMSAVLPGLLETVSAEQTFKDMGLDSLAAVELHDRLAAELGAELPIGIAFDYPTPAALADYLLTEALGLGERR
TAEVTAAVGSDEPIAIVGMACRYPGGVATPEELWELITEGRETVTGFPADRGWDLDRLFDDDPDAGNTTYARVGHFLHDAAEFDAAFFGISPREAVAMDPQQRLILETCWEAVERAGINPQTLH
QSQTGVFIGAEPQDYGPRLHQAPPDVEGYLVTGAAPSVVAGRVAYTLGLEGPAVTVDTACSASLVAIHLACQSLRTGESPLVLAGGVTVMSAPGTYTAFSRQRVIAADGRCKAFSADADGTGFS
EGVGVLVLERLBAVAAGHRVLGVIRGSAVNQDGASNGLTAPNGPSQERVIRQALANAGVPGAEVDAVEAHGTGTALGDPIEAHALLATYGRDRDPAAPLWLGSVKSNIGHTQAAAGVAGVIKM

VLAMRHGLLPQTLHVSAPTTHVDWEQGQVRLLEQAQEWPQPDGRPRRAGVSSFGVSGTNAHVIVEQAPEPQPDAPGDAPVVSGVVPWVVSGRGEEALRAQASRLADHLEARPEVPAEGVGLSLY

RARAAFEDRAVVVGADREEIGLHALAAGESDPGVVSGTASGRR VRAGQEAQWACHIGYELAQASPFAARIEECECEIRRWYDWDPAQVIADADALESIEREQRVAFAVG ALAALWES



VGVRPAAVVGHSQGEVAAACVAGYLSLADAVRVVVLRSRLFAAELWGRGAIAAVGLPAEVVRERIASLGGGLEVSADNGPASCAVAGPGQVLEEFVERLRGEGVRARVIATTVASHSQMVEPLR
EQLLEMLGPITPEAGRVPVYSTVTGGVBSELGAEYWFANARRPVDFQGAVRALLADGRTAFIEVSPHPVLTMAVQDILDATGTSGVAEGEERREMR SAGEAF TAGYGVDWERLLP
GTGVGAELPTYAFQHRRYWLESTVAGASDAGGLGQAAVDHPMLGAAVELPDQGGMVLTGRISTTTHPWLADHGVGETVLFPGTGFVELAVRAGDEVGCPVLEELTLEAPLVIEGDEPVQLQVAV
TAAGEDGRREVAVHARTGQRPWTRHAAGTLTREEBDEQWPPAGAAAVDVSGHYEALANTGYGYGPAFQGLKRAWIRGNEVFAEVELDEREAAEAGGYGIHPALLDAALHATGLIEQAEG
VALPFAWNGVELLASGAQRVRVHAQPTDDGATSLHITDTTGAPVAGITSLISRPLPAGGLSSRPRSGHDALHRVQWVPLPGEPVGSVAGEVAVVGERWPALATAVQAAGGGVAEFVDVAALGDA
VASGRALPAAVVLRLPTVAVGQDRLLDGLRPELDRVVGVIAIBRLTETRLVLVTSGAVTTGSADAGGSMATGINAGADGGTSQAMATDPSAAHLNASDVGALVGAAVSGLVRSAQAENPG
RILLVDLDEAAESLTTLASLLGVEDEPQMVVRAGQVLVPRLARADTAGDLVVPGGAGGWRLDCPAKGSLEELALVPAPEADRELAAGEVRVEVRAAGLNFRDVVVALGMVPEQGEPIGGEFAGI
VSEVGSGVEGVRVGDRVMGLGEAAFGPRVVVDQRLLAGLPAGWSPAGFRBWY GLVDLAGLCRGERVLIHSGAGGVGMAAIQIARHLGAEVFATASPGKQHLLRALGVSDDHIASSR
DLDFADAFATVLGGAGMDVVLNSLAGPFTDASLDLLAEGGRFIEMGKTDRRDPAQVAGTHPHVRYRSFDLMDAGHDRIGQMLAELLDLFASQELAGLPVRCWPVQQARQAFRHMAQARHTGKII
LTMPRSLDPDGTVLITGGTGGLGAILARHLATEHQTRHLLLASRRGDQAPDADQERTGANE/DIAACDLSDPEQVAALLDRVPTEHPLTAVFHTAGVLDDGVVTSLTPDKIDRVLRPKAD
AAWHLHQATRHLDLAAFVLYSSSAATLDSAGQGNYSAANAFLDALAIHRHTTGLPAQALAWGLWHQPSGMSAHLTTTDITRIEQAGYHRITTTQGNQLLDTALTTPQPHLLPLPINTHTLSNRH
DGVPAILRGLARTPARRTARTEAVSGSGSALERRLTGLPAAEQEHVLVSLVCAEAAAVLGHASFRHKRDLGFDSLTSVELRNRLSRAAGMKLPATLVFDHPTPTALAAHLLQRVTGSG
ATAAAAPVRAASTSTGIGEPIAIVAMGCRYPGGVNSPEDLWEMLVQGRSGISSFPEDRGWDLEALYDPDPDHVGTTYLREGGFLKDAAGFDAAFFGISPREAIAIDPQQRLLLETSWEVMERAG
IDPDTLRGTPTGVFIGGTHTGYGADSPSADVEGYLVTGTSSSVMSGRVAYNFGLEGPALTVDTACSSSIBAIRRSESTLALAGGVTVLPNPELFIQFSRQRGLARDGRCKAFSDEAD
GTVFSEGVGILLLERLSEAQANGHRVLGVIRGSAVNQDGASNGLSAPNGPSQERVIRQALANAGLTPGDIDAVEAHGTGTKLGDPIEAQALLEVYGARPEEDPLWLGTVKSNLGHTQCASGVAG
VIKMVLAAREGLLPQTLHITTPTTHVDWEQGQIRLLQHPQTWPHNADKPRRAAISSFGISGTNAHLILEQAPHPTPNGIEHBADKNTGTSTDAPQPLVPVALSARDQTSLAAQAARL
ASHLTTHPDLPLHDIALSTATTRAHLEHRAVILARNPDDLHHALTHLTATNTDGSTPLGAGDGTRNGVAKSNGNGNGSGDDAGTTGGTGNGTANGTGGGIDIAKGAGSHIGTSNGSGTVNGSGN
GTGSGSSGAAEAATANGAGTPTPSNTLNSTGSGSCVGRGVNVITGRARNSKERGAQHPGVGRQLYETFPTFATALNNTEDAIDRPLRDIVWAPPHTPQAHLENQTTYTQPALFA
LQTALTHLLTSFGIHPHYLAGHSLGEITAAHTAGILTLTDAATLITQRAHLMQTLPETGAMTAINATPEEITPHLTPHTAIAAINSPTSTVISGNAQDIQHITHHETTLGRKTRPLTVSHAFHS
PLLDPILTPLNTLAHTLTHHPAHTPLITNTTATPTHTLTPTHWAHHARQPVQFANTITHLHHAGVTTYLEIGPDTTLTAIAPHNLPPTTHT TFTrRERDTLLTAIATTHTHNTTTTIT
WPNLIPNATTTDLPTYPFQHHHYWLEPASHGHGSESPRDDGFWKALESEETEALATRLKVDADALRTVLPALSSLRDAERKRSVLDDWRYKLVWRGVSAPSAAGITGTAWLVAVPAAGGDPRIV
RDVLDGLSARAARVYPLVVGGEDRTALAEAIRAQARPGLTGVLCLLPLDDEPHEEHPTLSRGAAATVTLVQALADAEVSAPLWLATSGAVALDEATGMSREGEATAHSSAVLA
VDHPDTWGGIVDLPPAPGAEDIALLQGVLAGASGEDQVAIRSGVVRARRMVRSPNGGADRARSWKPNGTVLVTGGTSGVGANVARWLAREGADHLVLVSRRGRGAEGVAELEAELTELGAAVTV
AACDVADRAAVRDLLESTPDLTAVMHAAGVGHDDVLVADTTLEDFAGFARSKVIGAINLDELLGDRPLEAFVMFSSGAAVWGSSGQASYAAANAFLDGLAQRRREWGIGKESEMWG
EDAGEQLGRSGLRPMAPDAAAMAIGQLVGGGEGHLVVTDIDWERFAPAFALARPRPLVSAVPEFTRALEAPAATGGDDDGTAFAARLAELPPAKRERLVVSLVRAEAAAVLGHTSDDPVQPDRA
FNELGFDSLTAVELRNRLGRATGLKLPATLVFDYPTPVALARFVQDRLTPETPSGSIFAQLDEMERLLREQALSAGDRAQISDRFRAILHAAEGVNGAAEEADRDLDDLSDEELFAALDDQLGA

S

>FluC (  AFU66012.1); ATS5 highlighted green.

MADEEKLLAYLRRVTEDLQQANRRLREVEEKEREPIAIVAMSCRYPGGVNSPEDLWKLLLEREQGIVPFPKDRGWDLEALYDPDPDSSGTTYARSGGFVEGADEFDPAFFGISPREAVAMDPQQ
RLVLEVSWEALERAGLHPASLRGTSAGVFIGAFANDYEVGRGPLPEGSEGYLGTGNSSSVISGRVAYTLGLEGPAVTVBIACASQSLRAGESTLALAGGVTIMATPELLVDFSHQ
RGLARDDRCKAFSDEADGTVLSEGVGVLVLERLSDAVAAGHRVLGVIRGSAVNQDGASNGLTAPNGPSQERVIRQALANAGLSGAEVDAVEAHGTGTALGDPIEAQALLATYGRDRDSAEPLWL

GSVKSNIGHTQAAAGVAGVIKMVLAMRHGLLPQTLYVTTPTTHVDWEQGQVRLLEQARDWPEPADRPRRAGVSSFGVSGTNSHYBHRSHEOSGVVPWVVSGRGEEALRAQ

ASRLAEYVVARPELPIGEVGLSLVRTRPVFEDRAVVMGAGREELLSGLQSLAAGEPGAGVVAGSVSGTABGTRIBNQWACNMGVELAQASPVEAARLEECETEIRRWVDWDPAQVLA

EGGPDRFMRSAGEAFTAGVGVDWERLLPGTGVGAELPTYAFQHRRYWLEPATTGVSDAGGLGQARVDHPLLGAAVELPDQGGMVLTGRISTTTHPWILGBMEMGHRAGBES
GCPVLEELTLEAPLVIEGDEPVQLQVAVSAAGEDGRREVTIHARTGRRPWTRHAAGTLTETTGTAGSADGQWPPAGAQPVDVSGHYETLAGSGYGYGPAFQGLKRAWIRGNEVFAEVELDEREA
AEADQYGIHPALLDAALHATGLTEQAEGVVLPFAWNGVELLASGAQQVRVHVLPAEGGAAGIRIADATGAPVAVVRSLVTRPLPAGGLSSRTQPGHEALHHLQWVIFPRSIENPPHAQGA
DGRVTEALRRSDLEVRSYADLHAAAGDDGITTLVIPCPIPQADDQEPLEGLRSELDRVVGVLRDWLADERLAETRLVLVTTGAVTTGTEAGSAGGGALVEAAVSGLVRSAQAENPGRIVLVDVD
RAADSLTALASLLGVEDEPQLAVRAGRVLVPRLARADTSGDLATPEGPEAWRLDSPVKGSIDGLNLIPAPEADQELAAGEVRVDVRAAGLNFRDVVVTLGMVPEQGGLIGGEFAGIVSEVGPGV
DG _SVGDRVMGLGEGTFGPRVVADRRMMTRMPQGWSFARAASVPGAFATAWYGLVDLAGLSRGERVLIHSGAGGVGMAAIQIARHLGAEVFATASPAKQHLLRALGVPEGHIASSRDLDFADAF
AAVTGGEGMDVVLNSLAGPFTDASLDLLTPGGRFIEMGKTDRRDPADVANTHPHVRYRSFDLMDAGHERIGQMLAELLDLFASQELAGLPVRCWPVQQARQAFRHMAQARHTGKIILTMPRALD
PDGTVLITGG GGLGAILARHLATEHQASHLLLASRRGDQAPDADQLRTDLEAAGATVDIAACDLSDPEQVAALLDRVPAEHPLTAVFHTAGVLDDGVVTSLTPDKIDRVLRPKADAAWHLHQA

TQRLDLAAFVLYSSSAGTLDSAGQGNYSAANAFLDALAIRRHTSGLPAQSLAWGLWHQPSGMSAHLTTTDITRIEQAGYHRITTTQGNQLLDTALTTPQPHLLPLPINTHTLSNRHDGVPAILR
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GLVRAPARRTAQAGQAP?®SVVQRRLAGLSPAEQVEELTLMVRECAAKVIGYSEPEAIRAEQNFLEAGFDSLTAMELRNVLNKATGVRMPATAVFDYGTAAALARHLAEEIAIDNGAGWDSGA
AEPDGGGSLSSLVRAAAPAGKLQEGLDMLEAAARLRPGFRTLDELDRAYPPLALASGPARPKLFCFSTPMALGGAAQFARLAVHFQGVRDLYALQVPGYAPDDSLPDNVDVVVRMWAESIREAA
GDDPFVVMGYCGGGNFAHAAVSKIGBARPEGLILLDTFLPDSDVIDELGGQMLEGMFDRAEVYGPFSDTRMTAMGRYYRLFRETVVEDIETPVLFLRPDTPLPSGPDGERSREGNWRASWHL

KHDLCEVRGDHLTMLEGEAGSIAQAVEEWLKPSGGRSNGA

>DszD ( AAY32968.1)

PGTRPADAARTERDPKHRMSLVFRWYFAHCSELARRGDEENRVNYQVHCGPAMGAFNQWAKGTDLEDWRNRHVDVIAERLMRASADLLDHRMRALSR

>KirCll ( CAN89643.1)

>EryAlll ( CAMO00065.1), AT6 highlighted green.

MSGDNGMTEEKLRRYLKRELDSVTARLREVEHRAGEPIAIVGMACRFPGDVDSPESFWEFVSGGGDAIAEAPADRGWEPDPDARLGGMLAAAGDFDAGFFGISPREALAMDPQQRIMLEIS
WEALERAGHDPVSLRGSATGVFTGVGTVDYGPRPDEAPDEVLGYVGTGTASSVASGRVAYCLGLEGPAMTVDTACSSGLTALHLAMESLRRDECGLALAGGVTVMSSPGAFTEFRSQGGLAADG
RCKPFSKAADGFGLAEGAGVLVLQRABREGRPVLAVLRGSAVNQDGASNGLTAPSGPAQQRVIRRALENAGVRAGDVDYVEAHGTGTRLGDPIEVHALLSTYGAERDPDDPLWIGSVKSNI
GHTQAAAGVAGVMKAVLALRHGEMPRTLHFDEPSPQIEWDLGAVSVVSQARSWPAGERPRRAGVSSFGISGTNAHVIVEEAPEADEPEPAPDSGPVPLVLSGRDEQAMRAQAGRLADHLAREPR
NSLRDTGFTLATRRSAWEHRAVVVGDRDDAUNAIRGRIADRTATGQARTRRGVAMVFPGQGAQWQGMARDLLRESQVFADSIRDCERALAPHVDWSLTDLLSGARPLDRVDVVQPALFAV
MVSLAALWRSHGVEPAAVVGHSQGEIAAAHVAGALTLEDAAKLVAVRSRVLRRLGGQGGMASFGLGTEQAAERIGRFAGALSIASVNGPRSVVVAGESGPLDELIAECEAEGITARRIPVDYAS
HSPQVESLREELLTELAGISPVSADVALYSTTTGQPIDTATIPWYANLREQVRFQDATRQLAEAGFDAFVEVSPHPVLTVGIEATLDSALPADAGACVVGTLRRDRGGLADFHTALGEAYA
QGVEVDWSPAFADARPVELPVYPFQRQRYWLPIPTGGRARDEDDDWRYQVVWREAEWESASLAGRVLLVTGPGVPSELSDAIRSGLEQSGATVLTCDVESRSTIGTALEAADTDALSTVVSLLS
RDGEAVDPSLDALALVQALGAAGVEAPLWVLTRNAVQVADGELVDRBERGSRVVGIEQPGRWGGLVDLVDADAASIRSLAAVLADPRGEEQVAIRADGIKVARLVPAPARAARTRWSPRG
TVLVTGGTGGIGAHVARWLARSGAEHLVLLGRRGADAPGASELREELTALGTGVTIAACDVADRARLEAVLAAERAEGRTVSAVMHAAGVSTSTPLDDLTEAEFTEIADVKVRGTVNLDELCPD
LDAFVLFSSNAGVWGSPGLASYAAANAFLDGFARRRRSEGAPVTSIAWGLWABREEMAESQGLRAMDPDRAVEELHITLDHGQTSVSVVDMDRRRFVELFTAARHRPLFDEIAGARA
EARQSEEGPALAQRLAALSTAERREHLAHLIRAEVAAVLGHGDDAAIDRDRAFRDLGFDSMTAVDLRNRLAAVTGVREAATVVFDHPTITRLADHYLERLVGAAEAEQAPALVREVPKDADDPI
AIVGMACRFPGGVHNPGELWEFIVGGGDAVTEMPTDRGWDLDALFDPDPQRHGTSY SRIBGARAAFEEISPREALAMDPQQRQVLETTWELFENAGIDPHSLRGSDTGVFLGAAYQG
YGQDAVVPEDSEGYLLTGNSSAVVSGRVAYVLGLEGPAVTVDTACSSSLVALHSACGSLRDGDCGLAVAGGVSVMAGPEVFTEFSRQGGLAVDGRCKAFSAEADGFGFAEGVAVVLLQRLSDAR
RAGRQVLGVVAGSAINQDGASNGLAAPSGVAQQRVIRKAWARAGITGADVAVVEAHGTGTRLGDPVEKSRGAIEPVLLGSVKSNIGHAQAAAGVAGVIKVVLGLNRGLVPPMLCR
GERSPLIEWSSGGVELAEAVSPWPPAADGVRRAGVSAFGVSGTNAHVIIAEPPEPEPLPEPGPVGVLAAANSVPVLLSARTETALAAQARLLESAVDDSVPLTALASALATGRAHLPRRAALLA
GDHEQLRGQLRAVAEGVAAPGATTGTASAGEPERCAQWEGARGLLSYPVEAESIAECDAVISEVACESASEVARRERVDVVQPVEESYNMVSIARIWGACGVSPSAYIGHSQ
GEIAAAVVAGVLSLEDGVRVVALRAKALRALAGKGGMVSLAAPGERARALIAPWEDRISVAAVNSPSSVVVSGDPEALAELVARCEDEGVRAKTLPVDYASHSRHVEEIRETILADLDGISARR

AAIPLYSTEHGERRDGADMGPRY WY DNIRSQVREDEAVSAAVADCHATEVENSPHRVITAAVQEIAADATHEEHHREL ARAVHGVAVDWRNVFPAAPPVALPNYPFEPQRYWL
APEVSDQLADSRYRVDWRPLATTPVDLEGGFLVHGSAPESLTSAVEKAGGRVVPVASADREALAAALREVPGEVAGVLSVHTGAATHLALHQSLGEAGVRAPLWLVTSRAVALGESEPVDPEQA

MVWGLGRVMGLETPERWGGLVDLPAEPAPGDGEAFVACLGADGHEDQVAIRDHARYGRRLVRAPLGTRESSWEPAGTALVTGGTGALETHNNAMSRERMAPGAAELEAELYV
ALGAKTTITACDVADREQLSKLLEELRGQGRPVRTVVHTAGVPESRPLHEIGELESVCAAKVTGARLLDELCPDAETFVLFSSGAGVWGSANLGAYSAANAYLDALAHRRRAEGRAATSVAWGA

WAGEGMATGDLEGLTRRGLRPMAPERAIRALHQALDNGDTCVSIADVDWERFAVGFTAARPRPLLDELVTPAVGAVPAVQAAPAREMTSQELLEF$SABAVBADGRETELGFD
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SLTAVGLRNQLQQATGLALPATLVFEHPTVRRLADHIGQQLDSGTPAREASSALRDGYRQAGVSGRVRSYLDLLAGLSDFREHFDGSDGFSLDLVDMADGPGEVTVICCAGTAAISGPHEFTRL
AGALRGIAPVRAVPQPGYEEGEPLPSSMAAVAAVQADAVIRTQGDKPFVVAGHSAGALMAYALATELLDRGHPPRGVVLIDVYPPGHQDAMNAWLEELTATLFDREAFDRDDTRL

TGQWRPRETGLPTLLVSAGEPMGPWPDDSWKPTWPFEHDTVAVPGDHFTMVQEHADAIARHIDAWLGGGNS

>EryAll ( CAMO00064.1); AT3 highlighted green.

MTDSEKVAEYLRRATLDLRAARQRIRELESDPIAIVSMACRLPGGVNTPQRLWELLREGGETLSGFPTDRGWDLARLHHPDPDNPGTSYVDKGGFLDDAAGFDAEFFGVSPREAAAMDPQQRLL
LETSVELVENAGIDPHSLRGTATGVFLGVAKFGYGEDTAAAEDVEGYSVTGVAPAVASGRISY TMGLEGPSISVDTACSSSLVALHLAVESLRKGESSMAVVGGAAVMATPGVFVDFSRQRALA
ADGRSKAFGAGADGFGFSEGVTLVLLERLSEARRNGHEVLAVVRGSALNQDGASNGLSAPSGPAQRRVIRQALESCGLEPGDVDAVEAHGTGTALGDPIEANALLDTYGRDRDADRPLWLGSVK
SNIGHTQAAAGVBLLKVVLALRNGELPATLHVEEPTPHVDWSSGGVALLAGNQPWRRGERTRRAAVSAFGISGTNAHVIVEEAPEREHRETTAHDGRPVPLVVSARSTAALRAQAAQIAELLE
RPDADLAGVGLGLATTRARHEHRAAVVASTREEAVRGLREIAAGAATADAVVEGVTEV DERENGEQWAGNGAELLSSSPVFAGKIRACDESVMAPMQDWKVSDVERQAPG APGLDRVD
VVQPVLFAVMVSLAELWRSHEPAAVVGHSQGEIAAAHVAGALTLEDAAKLVVGRSRLMRSLSGEGGMAAVALGEAAVRERLRPWQDRLSVAAVNGPRSVVVSGEPGALRAFSEDCAAEGIRY
RDIDVDYASHSPQIERVREELLETTGDIAPRPARVTFHSTVESRSMDGTELDARYWYRNLRETVRFADAVTRLAESGYDAFIEVSPHPVVVQAVEEAVEEADGAEBBDVSASLHRD

RSMATAHVSGVDIRWDVALPGAAPFAUPFQRKRYWLQPAAPAAASDELAYRVSWTPIEKPESGNLDGDWLVVTPLISPEWTEMLCEAINANGGRALRCEVDTSASRTEMAQAVAQAGTGFR
GVLSLLSSDESACRPGVPAGAVGLLTLVQALGDAGVDAPVWCLTQGAVRTPADDDLARPAQTTAHGFAQVAGLELPGRWGGVVDLPESVDDAALRLLVAVLRGGGRAEDHLAVRDGRLHGRRVV
RASLPQSGSRSWTPHGTVLVTGAASPVGDQLVRGAERLVLAGACPGDDLLAAVEEAGASAVVCAQDAAALREALGDEPVTALVHAGTLTNFGSISEVAPEEFAETIAAKTALLAVLDEV
LGDRAVEREVYCSSVAGIWGGAGMAAYAAGSAYLDALAEHHRARGRSCTSVAWTPWALPGGAVDDGYLRERGLRSLSADRAMRTWERVLAAGPVSVAVADVDWPVLSEGFAATRPTALFAELAG
RGGQAEAEPDSGPTGEPAQRLAGLSPDEQQENLLELVAN/AGHESAAEINVRRAFSELGLDSLNAMALRKRLSASTGLRLPASLVFDHPTVTALAQHLRARLVGDADQAAVRVVGAADES
EPIAIVGIGCRFPGGIGSPEQLWRVLAEGANLTTGFPADRGWDIGRLYHPDPDNPGTSYVDKGGFLTDAADFDPGFFGITPREALAMDPQQRLMLETAWEAVERAGIDPDALRGTDTGVFVGMN
GQSYMQLLAGEAERVDGYQGLGNSASVLSGRIAYTFGWEGPALTVDTARIHEAMQALRRGECSLALAGGVTVMSDPYTFVDFSTQRGLASDGRCKAFSARADGFALSEGVAALVLEPL
SRARANGHQVLAVLRGSAVNQDGASNGLAAPNGPSQERVIRQALAASGVPAADVDVVEAHGTGTELGDPIEAGALIATYGQDRDRPLRLGSVKTNIGHTQAAAGAAGVIKVVLAMRHGMLPRSL
HADELSPHIDWESGAVEVLREEVPWPAGERPRRAGVSSFGVSGTNAHVIVEEAPAERERARFVLSGRSEAVVAAQARALAEHLRDTPELGLTDAAWTLATGRARFDVRAAVLGDDRA
GVCAELDALAEGRPSADAVAPVTSAPRKPVLVFPGQGAQWVGMARDLLESSEVFAESMSRCAEALSPHTDWKLLDVVRGDGGPDPHERVDVLQPVLFSIMVSLAELWRAHGVTPAAVVGHSQGE
IAAAHVAGALSLEAAAKVVALRSQVLRELDDQGGMVSVGASRDELETVLARWDGRVAVAAVRGPGAEVDEFFAEAEAREMKPRRIAVRYASHSPEVARIEDRLAAELGTITAVRGS
VPLHSTVTGEVIDTSAMDASYWYRNLRRPVLFEQAVRGLVEQGFDTFVEVSPHPVLLMAVEETAEHAGAEVTCVPTLRREQSGPHEFLRNLLRAHVHGVGADLRPAVAGGRPAELPTYPFEHQR
FWPRPHRPADVSALGVRGAEHPLLLAAVDVPGHGGAVFTGRLSTDEQPWLAEHVVGGRTLVPGSVLVOEAPAATEM QRPLVLAGAGALLRMSVGAPDESGRRTIDVHAAEDVA
DLADAQWSQHATGTLAQGVAAGPRDTEQWPPEDAVRIPLDDHYDGLAEQGYEYGPSFQALRAAWRKDDSVYAEVSIAADEEGYAFHPVLLDAVAQTLSLGALGEPGGGKLPFAWNTVTLHASGA
TSVRVVATPAGADAMALRVTDPAGHLVATVDSLVVRSTGEKWEQPEPRGGEGELHALDWVRLAEPGSTGRVVAAGESTHEDYWIRERYEPEGDDPRAAARHGVLWAAALVRRWLE
QEELPGATLVIATSGAVTVSDDDSVPEPGAAAMWGVIRCAQAESPDRFVLLDTDAEPGMLPAVPDNPQLALRGDDVFVPRLSPLAPSALTLPAGTQRLVPGDGAIDSVAFEPAPDVEQPLRAGE
VRVDVRATGVNFRDVLLALGMYPQKADMGTEAAGVVTAVGPDVDAFAPGDRVLGLFQGAFAPIAVTDHRLLARVPDGWSDADAXAMRIAVEIARAGQSVLIHAAAGGVGMAAVA
LARRAGAEVLATAGPAKHGTLRALGLDDEHIASSRETGFARKFRERTGGRGVDVVLNSLTGELLDESADLLAEDGVFVEMGKTDLRDAGDFRGRYAPFDLGEAGDDRLGEILREVVGLLGAGEL
DRLPVSAWELGSAPAALQHMSRGRHVGKLVLTQPAPVDPDGTVLITGGTGTLGRLLARHLVTEHGVRHLLLVSRRGADAPGSDELRAEIEMGWHFNEMSBLLDGLPRPLTGVV
HAAGVLADGLVTSIDEPAVEQVLRAKVDAAWNLHELTANTGLSFFVLFSSAASVLAGPGQGVYAAANESLNALAALRRTRGLPAKALGWGLWAQASEMTSGLGDRIARTGVAALPTERALALFD
SALRRGGEVVFPLSINRSALRRAEFVPEVLRGMVRAKLRAAGQAEAAGPNVVDRLAGRSESDQVAGLAELVRSHAAAVSGYGSADQLPERKAFKDLGRDSAFAVEL RSIR VF

DHPTPLAVAEHLRDRLFAASPAVDIGDRLDELEKALEALSAEDGHDDVGQRLESLLRRWNSRRADAPSTSAISEDASDDELFSMLDQRFGGGEDL
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Figure S2 Product distribution and activities of Ery6 mutants. Activity of the WT (wild-type)
and each mutant Ery6 was determined in vitro using purified enzyme, diketide-SNAC 3 and a
mixture of 1/2. The quantity of 4 (methyl pyrone) and 5 (propargy! pyrone) produced by each
enzyme was determined by HPLC analysis of the reaction mixtures, as previously described?,
and reported relative to the production of 4 by WT Ery6, which is set to 100%. The standard
deviation of data collected by this assay is less than 20%. See Figure 1C for structures of
starting materials and products. See Supplemental Methods for a complete description of
product detection and quantification.
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Figure S3 Representative LC-MS chromatograms of Ery6TE-catalyzed extension reactions
using equimolar concentrations of 1/2. Extracted ion chromatogram of Ery6TE-catalyzed
reactions is shown. Insets show total ion spectra. (A) WT Ery6TE-catalyzed production of 7
from 1/2. (B) Y189R Ery6TE-catalyzed production of 8 from 1/2.
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Figure S4 Representative LC-MS chromatograms of Ery6TE- and DEBS3-catalyzed
extension reactions using a 6-fold excess of 2. Extracted ion chromatogram of each Ery6TE-
or DEBS3-catalyzed reaction is shown. Insets show total ion spectra. (A) WT Ery6TE-
catalyzed production of 7 from 1/2. (B) WT Ery6TE-catalyzed production of 8 from 1/2 (C) WT
DEBS3-catalyzed production of 9 from 1/2 (D) Y189R DEBS3-catalyzed production of 10 from
1/2 (E) WT DEBSS3-catalyzed production of 12a from 1/1la (F) WT DEBS3-catalyzed
production of 12b from 1/11b (G) V187A/Y189R DEBS3-catalyzed production of 12¢ from
1/11c, (H) V187A/Y189R DEBS3-catalyzed production of 12d from 1/11d.
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Figure S5 Extender unit selectivity of wild-type and mutant Ery6TEs using a 6-fold exess of
2. Extender unit selectivity of wild-type and mutant Ery6TEs using a 6-fold exess of 2. (A)
Scheme illustrating the competition assay to report extender unit selectivity. Asterisk indicates
domain location of mutations. (B) Extracted ion chromatograms (EIC) of Ery6TE-catalyzed
chain extension reactions (7 [M-H,O+H]" m/z = 279.1955; 8 [M-H,O+H]" m/z = 303.1955). (C)
Product distribution of wild-type and mutant Ery6TE (values are mean EIC peak area + SD; n

= 3).
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Supplemental Methods

Oligonucleotide sequences (restriction sites underlined)

Name of | Purpose Sequence
oligonucleotide
TE_Hindlll_F Construction of | 5-0
TE-null mutant ACCGACAAGCTTGACAGCGGGACTCCCG e 1
30
TE_Xhol_R Construction of |5 6 |
TE-null mutant | ATGGACCTCGAGTCACGAATTCCCTCCGCCCA
GCCi 36
Ery6_Ndel_F Construction of | 5 6 |
TE-null mutant ACCGACCATATGGTCGGCGCAGCAGAGGCGGT
30
Ery6_Hindlll_R | Construction of |5 6 - ACCGAGAAGCTT

TE-null mutant

(STOP bold)

TCAGAGCTGCTGTCCTATGTGGTCGGCCi 3 0

Ery6_L116X_F

Saturation
mutagenesis of

Ery6

5 © NDT CGT GCG CTG GCG GGC AAG G -3 0

Ery6_L116X_R

Saturation
mutagenesis of

Ery6

5 6CGCCTTCGCGCGCAGGGCC-36
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Ery6_Y189X F

Saturation
mutagenesis

Ery6

of

5 ® NDT GCC TCG CAC TCC CGC CAC GTC

Ery6_Y189X_R

Saturation
mutagenesis

Ery6

of

5 6GTC CACCGG GAGCGTCTTGGCG-3 0

Ery6_S191X_F

Saturation
mutagenesis

Ery6

of

5 © NDT CAC TCC CGC CAC GTC GAG GAGi 3 0§

Ery6_S191X_R

Saturation

mutagenesis

of

5 6GGC GTAGTC CACCGGGAGCG-3 6

Ery6

Ery6TE_F Construction of | 50 -
Ery6TE CCAACCCATATGAGAGAGAGAGATATCGCGATC

GTCGGCATGGC- 3 6

Ery6TE_R Construction of | 5 6AAGCTTTGAATTCCCTCCGC-3 6
Ery6TE

Pik4dd_F Construction of | 5 6GATATACATATGATGACGAG -3 6
Ery6TE

Pik4dd_R Construction of | 5 8 CTCCTCCTGCCGACGGTCGGCCC -3 6
Ery6TE
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DEBS3_AT6_L1

16H_F

Construction of
Ery6TE and
DEBS3 AT

mutants

5 GTTGTCGCTGGAGGACGGCGTGCGCGTC-3 0

DEBS3_AT6_L1

Construction of

5 AGACCATGCCGCCCTTGCCCGCCAGCGC-3 6

16H_R Ery6TE and
DEBS3 AT
mutants

DEBS3 _AT6_Y1 | Construction of | 5-0

89R_F Ery6TE and | CCAAGACGCTCCCGGTGGACCGCGCCTCGCAC
DEBS3 AT | TCCCGCCACGTCGAGGAGATCCGCGAGACGA -
mutants 36

DEBS3_AT6_Y1 | Construction of | 5-0

89R_R Ery6TE and | TCGTCTCGCGGATCTCCTCGACGTGGCGGGAG
DEBS3 AT | TGCGAGGCGCGGTCCACCGGGAGCGTCTTGG-
mutants 36

DEBS3_AT6_V1 | Construction of | 50

87A_Y189R_F Ery6TE and | CCAAGACGCTCCCGGCGGACCGCGCCTCGCAC
DEBS3 AT | TCCCGCCACGTCGAGGAGATCCGCGAGACGA
mutants -30

DEBS3_AT6 V1 | Construction of | 50

87A_Y189R_R

Ery6TE and

TCGTCTCGCGGATCTCCTCGACGTGGCGGGAG
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DEBS3 AT | TGCGAGGCGCGGTCCGCCGGGAGCGTCTTGG -

mutants 306

Expression and purification of MatB T207G/M306lI

The expression and purification of MatB T207G/M306I1 has been previously described®3.
Briefly, E. coli BL21(DE3) pLysS competent cells were transformed with plasmid and positive
transformants were selected on LB agar supplemented with 30 pg/mL kanamycin. A single
colony was transferred to LB (3 mL) supplemented with kanamycin (30 pg/mL) and grown at
37 °C and 250 rpm overnight. The culture was used to inoculate LB media (1L) supplemented
with kanamycin (30 pg/mL). One liter culture was incubated at 37 °C and 250 rpm to an ODsoo
of 0.6, at which time protein synthesis was induced by the addition of IPTG to a final
concentration of 1 mM. After incubation at 18 °C and 200 rpm for 18 h, cells were collected
by centrifugation at 5,000 g for 20 min, and resuspended in 100 mM Tris-HCI pH 8.0 (20 mL)
containing NaCl (300 mM) and then lysed by sonication. Following centrifugation at 10,000 g,
the soluble extract was loaded onto a 1 mL HisTrap HP column (GE Healthcare, Piscataway,
NJ) and purified by fast protein liquid chromatography using the following buffers: wash buffer
[20 mM phosphate (pH 7.4) containing 0.5 M NaCl and 20 mM imidazole] and elution buffer
[20 mM phosphate (pH 7.4) containing 0.5 M NaCl and 200 mM imidazole]. The purified
protein was concentrated using an Amicon Ultra 10,000 MWCO centrifugal filter (Millipore
Corp., Billerica, MA) and stored as 10% glycerol stocks at -80 °C. Protein purity was verified
by SDS-PAGE. Protein quantification was carried out using the Bradford Protein Assay Kit

from Bio-Rad.
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Synthesisof acylCo Ads by Mat B

The MatB-catalyzed synthesis of extender units 1, 2, and 1la-11d has been previously
described®3. Briefly, reactions were performed in 50 pL reaction mixture containing 100 mM
sodium phosphate (pH 7), MgCl> (2 mM), ATP (4 mM), coenzyme A (4 mM), malonate or
corresponding analog (16 mM) and wild-type or mutant MatB (10 ug) at 25 °C. Aliquots were
removed after 3 h incubation, and quenched with an equal volume of ice-cold methanol,
centrifuged at 10,000 g for 10 min, and cleared supernatants used for HPLC analysis on a
Varian ProStar HPLC system. A series of linear gradients was developed from 0.1% TFA (A)
in water to methanol (HPLC grade, B) using the following protocol: 0-32 min, 80% B; 32-35
min, 100% A. The flow rate was 1 mL/min, and the absorbance was monitored at 254 nm
using Pursuit XRs C18 column (250 x 4.6 mm, Varian Inc.). To ensure complete conversion,
the malonate analog and the acyl-CoA product HPLC peak areas were integrated, and the
conversion (%) calculated as a percent of the total peak area. Product elution times and LC-

MS data were in complete agreement with that previous described? 2.

Expression and purification of wild-type and mutant Ery6

Wild-type and mutant Ery6 enzymes were over-expressed in E. coli K207-3 as N-terminally
Hise-tagged fusion proteins and purified as previously described?. Briefly, E. coli BL21(DE3)
competent cells were transformed with the suitable plasmid and positive transformants were
selected on LB agar supplemented with 30 pg/mL kanamycin. A single colony was transferred
to LB (3 mL) supplemented with kanamycin (30 pg/mL) and grown at 37 °C and 250 rpm

overnight. The culture was used to inoculate LB media (1L) supplemented with kanamycin
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(30 pg/mL). One liter culture was incubated at 37 °C and 250 rpm to an ODego Of 0.6, at which
time protein synthesis was induced by the addition of IPTG to a final concentration of 1 mM.
After incubation at 18 °C and 200 rpm for 18 h, cells were collected by centrifugation at 5,000
g for 20 min, and resuspended in 100 mM Tris-HCI pH 8.0 (20 mL) containing NaCl (300 mM)
and then lysed by sonication. Following centrifugation at 10,000 g, the soluble extract was
loaded onto a 1 mL HisTrap HP column (GE Healthcare, Piscataway, NJ) and purified by fast
protein liquid chromatography using the following buffers: wash buffer 20 mM phosphate (pH
7.4) containing 0.5 M NaCl and 20 mM imidazole] and elution buffer [20 mM phosphate (pH
7.4) containing 0.5 M NaCl and 200 mM imidazole]. The purified protein was concentrated
using an Amicon Ultra 30,000 MWCO centrifugal filter (Millipore Corp., Billerica, MA) and
stored as 20% glycerol stocks at -80 °C. Protein purity was verified by SDS-PAGE. Protein

guantification was carried out using the Bradford Protein Assay Kit from Bio-Rad.

Ery6 competition assay for analysis of saturation mutagenesis library members

Ery6 reactions were set up by adding 50 ug wild-type or mutant Ery6 to a total volume of 35
pl of 50 mM Tris-HCI (pH 7) containing 2 mM MgClz, 5 mM diketide-SNAC 3, 0.5 mM 1, and
1.5 mM 2 (provided by the MatB mutant, see above). Reactions were incubated overnight at
room temperature and quenched with an equal volume of methanol, centrifuged at 10,000 g
for 10 min, and 25 pl used for HPLC analysis. A series of negative controls that lacked ether
Mod®6, each acyl-CoA or diketide-SNAc were also setup and analyzed in the same way. HPLC
analysis was performed on a Varian ProStar HPLC system. A series of linear gradients was
developed from 0.1% TFA (A) in water to 0.1% TFA in acetonitrile (HPLC grade, B) using the

following protocol: 0-40 min, 10-30% B; 40-42 min, 100% B; 42-47 min, 10% B. The flow rate
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was 1 mL/min, and the absorbance was monitored at 290 nm using Pursuit XRs C18 column

(250 x 4.6 mm, Varian Inc).

Ery6TE competition assay and LC-HRMS Orbitrap analysis using equimolar
concentrations of 1/2 and the pentaketide 6 (relevant to Table S1, Figure 3, Figure S3)

Reactions using the pentaketide-TP substrate 6 were set up largely as described previously.*
Briefly, reactions were set up by adding 14 ug wild-type or mutant Ery6TE to a total volume
of 40 ul of 100 mM potassium phosphate (pH 7) containing 2 mM MgCl,, 5 mM Glucose-6-
Phosphate, 0.5 mM NADP", 3. 2 ¢ L-6-PAdsphateBeleydrogenase (0.2U/ ¢ L) ,

6, 0.5 mM 1, and 0.5 competing acyl-CoA 2 (provided by a suitable MatB mutant, see above).
Reactions were incubated overnight at room temperature and quenched with an equal volume
of ice-cold methanol, centrifuged at 10,000 g for 10 min, and 5 pl used for LC-HRMS analysis.
For high resolution LC-MS analysis of reaction products, 5 uL injection reaction mixtures were
analyzed by positive-ESI LC/MS on a Thermo Exactive Plus connected to a photodiode array
detector with a 2.1 mm x 50 mm Hypersil Gold C18 1.9 pm column (Thermo), using a 0.1%
formic acid in acetonitrile (B) / 0.1% formic acid in H,O (A) gradient (0-2.0 min at 25% B; 2.0-
5.0 min at 25-90% B; 5.0-7.0 min at 90% B; 7.0-8.0 min at 90-25% B; 8.0-10.0 min at 25%
B) at 0.500 ml min'*, Elution windows for integration and ion identities are as follows: 7 (4.41-
4.84 min, m/z [M-H,O+H]+ calc. 279.1955, obs. 279.1956), 8 (4.82-5.10 min, m/z [M-H,O+H]+

calc. 303.1955, obs. 303.1956).
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Ery6TE competition assay and LC-HRMS analysis using a 6-fold excess of 2 and the
pentaketide 6 (relevant to Table S2, Figure S4, Figure S5)

Reactions using the pentaketide-TP substrate 6 were set up largely as described previously.*
Briefly, reactions were set up by adding 25 pg wild-type or mutant Ery6TE to a total volume
of 40 ul of 100 mM potassium phoshate (pH 7) containing 2 mM MgCl,, 5 mM Glucose-6-
Phosphate, 0.5 mM NADP", 3.2 ¢ L6-Rlouscpohsaet e Dehydrogenase (0.
6, 0.5 mM 1, and 3 mM competing acyl-CoA 2 (provided by a suitable MatB mutant, see
above). Reactions were incubated overnight at room temperature and guenched with an equal
volume of ice-cold methanol, centrifuged at 10,000 g for 10 min, and 5 pl used for LC-HRMS
analysis. For high resolution LC-MS analysis of reaction products, 5 uL injection reaction
mixtures were analyzed by positive-ESI LC/MS on a Thermo LTQ Orbitrap connected to a
photodiode array detector with a 2.1 mm x 50 mm Acquity UPLC BEH C18 1.7 pm column
(Waters) heated to 40 °C, using an ACN:H20 (95:5) (B) in 0.1% formic acid/H.O (A) gradient
(0-2.0 min at 10% B; 2.0-10.0 min at 10-75% B; 10.0-12.0 min at 75% B; 12.0-12.5 min at 75-
10% B; 12.5-16.0 min at 10% B) at 0.200 ml min'%, Elution windows for integration and ion
identities are as follows: 7 (7.67-8.91 min, m/z [M-H,O+H]+ calc. 279.1955, obs. 279.1949),
8 (7.92-8.16 min, m/z [M-H.O+H]+ calc. 303.1955, obs. 303.1948), 9 (7.67-8.41 min, m/z [M-
H.O+H]+ calc. 337.2373, obs. 337.2366), 10 (7.95-8.06 min, m/z [M-H,O+H]+ calc. 361.2373,
obs. 361.2364), 12a (8.53-8.72 min, m/z [M-H,O+H]+ calc. 305.2111, obs. 305.2108), 12b
(8.24-8.59 min, m/z [M-H,O+H]+ calc. 293.2111, obs. 293.2107), 12¢ (7.73-7.93 min, m/z [M-
H,O+H]+ calc. 307.2268, obs. 307.2265), 12d (7.44-7.53 min, m/z [M-H,O+H]+ calc.

334.2125, obs. 334.2121).
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DEBS3 competition assay with 6-fold exess of 2 and pentaketide 6 (relevant to Table
S3, Figure 4, Figure S4)

Reactions using the pentaketide-TP substrate 6 were set up largely as described previously.*
Briefly, reactions were set up by adding 25 pg wild-type or mutant DEBSS3 to a total volume of
100 pl of 200 mM potassium phosphate (pH 7) containing 2 mM MgCl;, 5 mM Glucose-6-
Phosphate, 0.5 mM NADP", 2.4 ¢ Ll6-PBdsphabs eDehydrogenase
6, 0.5 mM 1, and 3 mM competing acyl-CoA (provided by a suitable MatB mutant, see above).
Reactions were incubated overnight at room temperature and quenched with an equal volume
of ice-cold methanol, centrifuged at 10,000 g for 10 min, and 5 pl used for LC-HRMS analysis.
5 uL injection reaction mixtures were analyzed by positive-ESI LC/MS on a Thermo LTQ
Orbitrap XL connected to a photodiode array detector with a 2.1 mm x 50 mm Acquity UPLC
BEH C18 1.7 um column (Waters) heated to 40 °C, using an ACN:H>O (95:5) (B) in 0.1%
formic acid/H2O (A) gradient (0-2.0 min at 10% B; 2.0-10.0 min at 10-75% B; 10.0-12.0 min at
75% B; 12.0-12.5 min at 75-10% B; 12.5-16.0 min at 10% B) at 0.200 ml min'!. Elution
windows for integration and ion identities are as follows: 7 (7.67-8.91 min, m/z [M-H,O+H]+
calc. 279.1955, obs. 279.1949), 8 (7.92-8.16 min, m/z [M-H,O+H]+ calc. 303.1955, obs.

303.1948).
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Appendix B: Additional Chapter 3 information
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Figure B1 The pMLGFP plasmid map.
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Figure B2 Dose-response curves of smRBS-1A1 (left), smRBS-1G6 (middle), and smRBS-

2E1 (right).
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Figure B3 RBS strength to K1/2 comparison using the Salis lab RBS calculator!. RBS
calculator version 1.1 (left) and 2.0 (right) were used to estimate the mRNA transcript of
seven biosensors which included a 35 bp RNA fragment upstream of the gene start codon.
Poor correlation was observed between the predicted RBS strength and biosensor Ki2.(1)
Tian, T., and Salis, H. M. (2015) A predictive biophysical model of translational coupling to
coordinate and control protein expression in bacterial operons. Nucleic Acids Res. 43, 1i 15.
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Figure B4 Representative example of a negative sort. (Top panel) The collected biosensor
population in the absence of macrolide (R1 box collected) and subsequent purity check.
(Bottom panel) Histograms of the above populations.
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Figure B5 Negative FACS sort in the presence of clarithromycin and azithromycin to enrich
an epPCR library for biosensors not activated with these macrolides. The R1 box indicates

the collected population.
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Appendix C: Additional Chapter 4 information
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Figure C1 LC-HRMS extracted ion chromatographs of (A) A commercial ErA standard.
HRMS m/z: [M+H]" Calcd for C37HesNO13 734.4685; Found 734.4667. (B) ErA produced by
A. erythreum HRMS m/z: [M+H]" Calcd for Cs7HesNO13 734.4685; Found 734.4670.
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Appendix D: Additional Chapter 5 information

Figure D1 Structural alignments of the EryG homology model with RebM and MycF. (A) RebM
and (B) MycF are depicted in grey and cream and the EryG homology model in green. S-
adenosylhomocysteine (SAH) is depicted in orange with heteroatoms colored as red =
oxygen, blue = nitrogen and yellow = sulfur.
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RebM: VLDVGCGIG

MycF: VLETGVWRG

EryGFGMD: VLDVGFGLG

Figure D2 Motif | sequences of RebM, MycF, and EryG. RebM and EryGFGMD contain the
signature GxGxG motif and conform to the consensus sequence with 1 and 2 deviations
respectively. MycF contains the GxGxG maotif with one deviation (W87) and deviates from the
consensus sequence by four deviations.
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Figure D3 The products of hMAT?2a catalyzed reactions. SAM and SAE production over time
were monitored. A representative graph of SAM production over time is shown on the left. The
SAM calibration curve is shown in the right. LC-MS analysis of hMAT2A reactions found for
SAM: [M+H] calcd for CisH22NsOsS 399.14, found 399.15; for SAE: [M+H] calcd for

C16H24N605S 413.16, found 413.15.
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Figure D4 LC-HRMS extracted ion chromatographs of (A) A commercial ErA standard.
HRMS m/z: [M+H]" Calcd for C3;HesNO13 734.4685; Found 734.4666. (B) ErA produced by
EryG HRMS m/z: [M+H]" Calcd for C37HssNO13 734.4685; Found 734.4675.
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Figure D5 Representative HPLC-ELSD chromatographs of 0.5 mM commercial

erythromycin C (A), 0.5 mM commercial ErA (B), and ErA produced from an EryG
methylation reaction (C).
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Figure D6 HPLC-ELSD erythromycin calibration curves. Curves are fitted to power

functions.
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