ABSTRACT

SCHULTHEIS, SARAH ELIZABETH. Probing the Scope and Utility of Polyketide
Synthases. (Under the direction of Gavin Williams).

Polyketide synthases (PKSs) are enzymes that often function as biosynthetic
assembly lines to produce a variety of natural products with enormous pharmaceutical and
commercial value. PKSs build polyketides by successive condensations of acyl-coenzyme A
(CoA) building block starter units and extender units derived from malonyl-CoA. PKSs
include acyltransferase (AT) domains that each select the extender units to be incorporated
into the final polyketide structure. Deoxyerythronolide B synthase (DEBS) is the archetypal
type I PKS and is responsible for the production of the precursor to the commonly prescribed
antibiotic, erythromycin A. Described herein is the modification of the DEBS AT domains to
selectively incorporate non-natural extender units for the potential generation of structurally
diverse polyketides in vivo.

Previous research in the Williams group uncovered mutations that shifted the
specificity of AT6 in the DEBS pathway towards either the natural methylmalonyl-CoA
extender unit or the non-natural propargylmalonyl-CoA extender unit. Herein, the impact of
mutations at analogous residues within other ATs from the DEBS PKS (AT3 and ATS) and
the pikromycin (Pik) PKS (ATS5) were probed. Mutant ATs of both the DEBS and Pik
pathways displayed altered activities towards a variety of extender units compared to each
wild-type enzyme. The observed activities and specificity shifts of the mutant DEBS ATs
were comparable to the specificity shifts previously observed for DEBS AT6. The activity
and specificity shifts of the Pik AT mutants towards both the natural and a non-natural

extender unit differed in comparison to the analogous mutant DEBS ATs. These results



indicate AT mutations may be transferable within a PKS, but perhaps not between different
PKSs. The presented data provide insight into the roles that these mutations play in extender
unit selection. The DEBS AT mutations could be introduced into the full-length PKS
pathway to potentially produce novel polyketides in vivo.

In addition, initial studies towards optimizing culture media for 6-dEB production in
vivo were completed. This preliminary work lays the foundation for future work towards the

introduction of engineered PKS pathways to produce polyketide analogues in vivo.
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CHAPTER 1
Approaches to engineering polyketide biosynthesis
1.1 Introduction

Natural products and their derivatives constitute a significant portion of currently
approved drugs."** From 1981 to 2010, over 60% of newly approved drugs were natural
products or inspired by natural products.* With a wide range of biological activity, vast
structural diversity and abundant chiral centers, natural products continue to provide
inspiration for drug discovery.

Modifications to Nature’s impressive scaffolds can provide compounds with different
biological and chemical properties. Synthetic, semi-synthetic and biosynthetic approaches to
diversifying secondary metabolites have been explored.” Developments in DNA sequencing
technology and molecular engineering techniques have helped to advance the understanding
of enzymatic pathways that produce natural products.’® Manipulations of the biosynthetic or
metabolic pathways required for natural product production have already led to the discovery
of novel compounds.’

Polyketides are a class of natural products that have had a continuous impact on the
pharmaceutical industry. Polyketides are biosynthesized in bacteria, fungi and plants by
megaenzymes called polyketide synthases (PKSs).® Structural classes of polyketides
produced by PKSs include polyethers, polyenes, macrolides, and enediynes among others.
The complexity and variety of polyketide structures are remarkable considering these

compounds are synthesized from simple building blocks, most commonly acetate or



propionate units. Polyketide products display an array of potent bioactivities including

antibiotic, antifungal, insecticidal, anticancer and immunosuppression (Figure 1-1).’

O OH O
. . OH .
Erythromycin A Nystatin Epothilone B
(antibiotic) (antifungal) (anticancer)

Rifamycin B Spinosyn A Rapamycin
(antibiotic) (insecticide) (immunosuppressant)

Figure 1-1: Polyketide structures and properties.

In the 1980s, the polyketide biosynthetic gene cluster for the commonly prescribed
antibiotic erythromycin was discovered, revealing the presence of three large PKS
polypeptides responsible for the construction of the erythromycin core, 6-deoxyerythronolide
B (6-dEB). Subsequently, the 6-deoxyerythronolide B synthase (DEBS) has become one of
the most intensely studied PKS pathways to date.'” The rapid emergence of antibiotic
resistance has spurred the development of new strategies that can provide novel antibiotics."
Accordingly, semi-synthetic derivatives of erythromycin A, including azithromycin,
12,13

clarithromycin and roxithromycin, have offered enhanced pharmacokinetic properties.

The limited ability of synthetic organic chemistry to access certain functional groups on



natural product scaffolds, coupled with the success of existing erythromycin derivatives,
encourages the exploration of further structural modifications to erythromycin and other
macrolide polyketides. The continued study and manipulation of PKS pathways provides a
powerful strategy for the biosynthesis of new natural products that are difficult to access by

conventional organic synthesis.

1.2 Polyketide synthase organization
PKSs catalyze repetitive decarboxylative Claisen condensations between malonyl
thioester extender units and acyl-CoA starter units to form a polyketide product. Similar to

14
LY

fatty acid synthases (FASs), PKSs are classified as type I, type II and type 1l Type [

PKSs are considered to be the canonical example and are multimodular proteins that act in an

8,14

assembly line fashion.™ ™ Type II PKSs are comprised of a set of monofunctional stand-alone

proteins that act iteratively. ®'*

Type III PKSs are iteratively acting proteins that utilize non-
protein activated acyl-CoA substrates to produce the resulting polyketide.*'* Type I PKSs
often produce pharmaceutically relevant and more structurally complex polyketides than the
other types, thus making them attractive candidates for further exploration.

Type I PKSs consist of multiple polypeptides that are organized into modules. Each
module minimally contains the domains required for one cycle of polyketide chain
elongation: acyl carrier protein (ACP), acyltransferase (AT) and ketosynthase (KS) (Figure
1-2). The ACP includes a phosphopantetheinyl prosthetic arm responsible for orienting the

linear growing polyketide intermediate for processing. ATs act as the gatekeeper, selecting

specific malonyl-CoA extender units for incorporation into the polyketide chain.'” The KS



catalyzes the Claisen condensation resulting in carbon-carbon bond formation between the
thioester-linked intermediate chain and the selected extender unit. Modules may also contain
additional domains that alter the oxidation state of the polyketide intermediate which include

ketoreductase (KR), dehydratase (DH), and enoylreductase (ER) domains.

module n module n module n
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o SH OH SH SH OH SH OH SH
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R R,

Figure 1-2: The mechanism of type I PKSs. Only the minimally required domains are shown.
Wavy line = phosphopantetheine.

DEBS is the archetypical example of a modular type I PKS (Figure 1-3). The DEBS
machinery consists of a loading module, six extension modules, and a thioesterase (TE)
domain responsible for cyclization and release of the final polyketide chain. The modules are
distributed across three polypeptides: DEBS 1, DEBS 2, and DEBS 3. Each extension
module includes a KR and the necessary ACP, AT domain, and KS domain. Using NADPH

as a cofactor, the KR reduces the previously incorporated ketone and sets the stereochemistry



of the B-alcohol. The KR of module 3 is inactive; therefore reduction does not occur. Module
4 additionally contains a DH and ER domain, which fully reduce the pB-carbon, resulting in
the incorporation of a methylene. The ATs of DEBS specifically incorporate the extender
unit (25)-methylmalonyl-CoA (mm-CoA) into the polyketide chain. The product of DEBS is
6-dEB, which then undergoes further modifications via P450 monooxygenases,
glycosyltransferases, and a methyltransferase. The final product of the DEBS pathway and

the post-PKS tailoring steps is erythromycin A.

DEBSI1 > DEBS2 > DEBS3
Loading Module 1 Module 2 Module 3 Module 4 Module 5 Module 6
0O O
/ -OJj\l/lLS ot \

ER

KR KR / / \ DH KR\ @

KS AT) (ACP KS| AT ) (ACP i@@ @ KS | AT ACP} @@ P
: :
S S S S

_):o ..... z:o

_/"OH

6-Deoxyerythronolide B
Erythromycin A (6-dEB)

Figure 1-3: DEBS biosynthetic pathway. The DEBS pathway is responsible for the
production of 6-deoxyerythronolide B, an intermediate en route to erythromycin A.



Erythromycin A and its derivatives are commonly prescribed antibiotics.
Antimicrobial resistance continues to emerge, therefore the need for new antibiotics with
different bioavailabilities and potencies remains. The pursuit to understand and engineer the
PKS machinery responsible for the construction of erythromycin A and other complex

antibacterial agents is of great importance.

1.3 Acyltransferase engineering approaches

In general, combinatorial biosynthesis approaches attempt to leverage the modularity
of PKSs to produce polyketide analogues. Thus, combinatorial biosynthesis employing PKSs
usually involves the combination of genetic information from two or more biosynthetic
pathways.”'® Previous attempts at combinatorial biosynthesis have focused on the

17,18,19

swapping , deletion” and/or addition®' of whole modules or domains. Post-PKS

enzymes and active sites of cis-domains have also served as targets for engineering
efforts.9’l4’22’23

Through extender unit selection, the AT domains of PKSs are responsible for large
portions of polyketide structure and are therefore an attractive engineering target. Although
some ATs have been shown to be promiscuous towards various extender units not usually
provided in the native host**, a limited pool of extender units is usually available to PKSs in
vivo and include malonyl-CoA, mm-CoA, and ethylmalonyl-CoA, thus limiting the

possibilities for diversification in native hosts.>*® Expanding the substrate scope of ATs and

perhaps that of other PKS domains/modules to selectivity incorporate non-native building



blocks could lead to the generation of polyketide analogues with potentially new
bioactivities.
Originally, AT engineering endeavors typically attempted to introduce structural

diversity into the final structure via AT-swapping® ™*

, whereby an AT domain within one
PKS pathway is replaced with an AT domain with different specificity from another PKS
pathway. In one of the first examples of AT-swapping, the mm-CoA specific AT of DEBS
module 6 was replaced with a malonyl-CoA specific AT from the rapamycin PKS (Figure 1-

4).*" Production of the resulting product validated AT swapping as a means to produce a

functional full-length hybrid type I PKS pathway. Although this strategy has successfully

17,19,28

2

provided polyketide analogues and truncated polyketide products in other examples
the yield of these analogues is often much lower than that of the wild-type PKS.*’ The
inefficiency of hybrid PKSs has been partially attributed to perturbations in protein-protein

interactions.*°

Module 6 Module 6

AT-swap
KS | AT \[KRIACP ———— KS KR JACP

Figure 1-4: AT-swap of the mm-CoA specific AT from DEBS module 6 with a malonyl-CoA
specific AT from module 2 of the rapamycin PKS, resulting in formation of 2-desmethyl-6-
deoxyerythronolide B.



To potentially minimize the structural disruption associated with AT-swapping,
another approach to diversifying polyketide structures involves utilizing trans-ATs.*' Trans-
ATs are naturally occurring freestanding enzymes that participate in extender unit selection
and polyketide production without being covalently linked to the remainder of the PKS. Such
trans-acting ATs usually serve PKS modules that lack a cis-AT. To leverage trans-ATs for
polyketide diversification, the target PKS module is mutated by site-directed mutagenesis in
order to inactivate the endogenous cis-AT, thus affording an AT-null mutant.’* The module
is then complemented with a non-native frans-AT with orthogonal substrate specificity.
Impressively, trans-AT complementation has been used to produce a desired polyketide
analogue.”> Complementation of a DEBS AT6-null with malonyl-CoA:ACP transacylase
(MAT) led to production of the corresponding 2-desmethyl-6-deoxyerythronolide B product
(Figure 1-5).** Although MAT complemented module 6 of the DEBS pathway, application of
this strategy towards other systems is limited by the ability of candidate frans-ATs to
specifically communicate with the desired ACP. Furthermore, only a small number of
different extender units are utilized by trans-ATs, further limiting the scope and utility of this
approach. To help better understand how to manipulate PKS machinery, including trans-

.. . . . . 4
ATs, protein interactions and structures continue to be investigated.”>**



Module 6 Module 6

KS | AT | KR ACP ,

ks ) kR acP

Figure 1-5: Scheme showing trans-AT complementation of DEBS. A freestanding malonyl-
CoA:ACP transacylase is used to complement the AT-null module 6 of DEBS to produce 2-
desmethyl-6-deoxyerythronolide B.

Another approach that may minimize undesirable protein-protein interactions is the
introduction of site-specific cis-AT mutations to alter substrate specificity. A better
understanding of the substrate specificity of ATs would be advantageous for successfully
engineering specificity shifts towards non-natural substrates. Recently, residues in the DEBS
AT6 active site were rationally targeted for mutagenesis by examining sequence-function
relationships and computational modeling.*® Introduction of the mutation V721A into the
DEBS AT6 led to the incorporation of a non-natural propargylmalonyl-CoA extender unit
into the final product, 2-propargylerythromycin A.*® Although the engineered PKS produced
a product with mass consistent with the expected propargyl analogue, the yield (and therefore
the specificity shift) could not be determined and was produced in parallel with erythromycin

A36



In order to probe the promiscuity of polyketide biosynthetic machinery, enzyme
engineering has been used to provide mutant enzymes for extender unit generation.”**’ For
example, the substrate specificity of the malonyl-CoA synthetase MatB from Rhizobium
trifolii was expanded to afford a panel of non-natural malonyl-CoA analogues from the
corresponding malonic acids.”® This broad set of potential extender units allows the
promiscuity of polyketide biosynthesis to be probed. The discovery of the promiscuous PKS
substrate specificities might provide a platform for enzyme engineering and creating mutant

cis-ATs with specificities orthogonal to the wild-type AT (Figure 1-6).

Module 6 Module 6
AT

) "o
mutagenesis Van H
KS | AT | KR |ACP —_ KS | AT | KR ACP }r"' }l"‘
a d

b ¢
0 N
f‘\SCOA L /g/
0”0 ¢ f g
1b

v o

Figure 1-6: cis-AT engineering. Site-specific mutations in the native AT could allow for
preferential incorporation of a variety of extender units into the final polyketide structure.

For example, Dr. Irina Koryakina of the Williams group showed that the terminal
DEBS module and TE (Mod6TE) was able to utilize nine out of 12 potential extender units

tested.”* Using this substrate promiscuity as a platform, Dr. Koryakina identified mutations in

10



the active site of DEBS AT6 that resulted in large specificity shifts towards either the natural
substrate (mm-CoA) or several non-natural substrates.”® For example, the DEBS AT6 mutant
L652H shifted extender unit specificity towards mm-CoA and subsequently produced almost
exclusively the mm-CoA derived product while displaying overall activity similar to the WT
Mod6TE.”® Given the established inherent promiscuity of some ATs towards non-natural
substrates, a methyl-specific mutation like L652H could shift undesirable non-natural
substrate promiscuity towards the natural substrate in a complete engineered DEBS
biosynthetic pathway.>***

Another DEBS AT6 mutant identified by Dr. Koryakina, Y723R, displayed an
extender unit specificity shift towards propargylmalonyl-CoA and subsequently produced
almost exclusively the corresponding propargyl product.®® This valuable mutant had been
previously constructed by Sundermann et al., but was overlooked, possibly due to poor
overall final product yield in an assay that detected erythromycin A production in
Saccharopolyspora erythraea.®® In later specificity studies by Dr. Koryakina, the V721A
mutation described earlier was combined with Y723R to create the double mutant
V721A/Y723R.* This mutant almost completely produced the desired non-natural propargyl
product and showed nearly total discrimination against the native mm-CoA substrate.*® The
specificity shifts of these mutations demonstrate the potential of minimally invasive point-
specific AT engineering as a valuable strategy for regioselective modification of polyketide

structures.

11



CHAPTER 2
Probing the promiscuity and selectivity of acyltransferase domains

2.1 Introduction

All successful previous efforts to reprogram the extender unit specificity of PKSs by
active site-directed mutagenesis have focused on the AT domain of the sixth DEBS module,
leaving the ATs of modules one through five largely unexplored.*****'*® The sequences of
modular PKS AT domains have been previously compared and reveal the presence of highly
conserved sequence motifs that can be used to predict extender unit specificity of a given AT
domain with great accuracy.'>**** For example, a common sequence motif observed in mm-
CoA specific ATs is the YASH motif. This motif is indeed observed in each of the mm-CoA
accepting ATs of DEBS. Interestingly, the Y723R specificity shifting mutation recently
discovered by the Williams group is the first residue of this motif.*® The focus of Chapter 2 is
to establish whether the Y723R mutation and also the L652H and V721A mutations can
impact the extender unit specificity of other DEBS modules, as well as the specificity of a
module from a different PKS.>**® The ability to simply ‘transfer’ this mutation and others to
each AT domain within DEBS to affect the same specificity shifts as in Mod6 could provide
an approach to provide a set of regioselectively modified erythronolide analogues modified at

C2, C4, C6, C8, C10 and C12.
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2.2 Promiscuity and specificity of wild-type and engineered PKS modules

2.2.1 Design and construction of mutant modules

Due to the slow-growing behavior and intractable genetics of most polyketide-
producing organisms, native PKS machinery is often heterologously expressed in organisms
that are more hospitable. Furthermore, PKS genes are typically very large (each >15kbp) and
this presents a challenge when trying to probe the structure and function of PKS machinery.
Thus, the well-studied organism Escherichia coli (E. coli) has often been used for
heterologous expression of PKSs.***** Strains of E. coli have been previously optimized for
polyketide production by providing enhanced metabolic routes for converting exogenous

41,42

substrate into substrates required for polyketide production. Moreover, rather than

expressing intact full-length PKS pathways, studies using truncated portions of PKS

17,19,36,40
O extender

pathways have advanced the knowledge of PKS engineering techniques
unit promiscuity>**®, protein-protein interactions and enzyme mechanisms.’***~*** Typically
these truncated constructs consist of one or two modules excised from the full-length PKS
that are covalently fused to a C-terminal TE domain.

Accordingly, we set out to construct pET-derived plasmids that contained each
individual DEBS extension module fused to the DEBS TE domain and to use these plasmids
as templates for the introduction of our recently discovered specificity shifting mutations,
Y723R and L652H.%® The genes encoding each DEBS module are 4-6 kilobases in length and
are highly GC-rich, making optimization of PCR amplification conditions a tedious

procedure. Nevertheless, after extensive optimization, the individual DEBS modules were

each isolated via PCR amplification from previously generated constructs containing the

13



DEBS machinery® and ligated into a plasmid containing the DEBS TE domain, affording
ModITE, Mod2TE, Mod3TE, Mod4TE, and Mod5TE as N-terminal hexa-histidine tagged
fusion proteins. Given the length and GC-rich composition of each PCR product, the
complete ~4,500 base pair DNA sequence of every cloned construct was determined using a
set of ~10 sequencing oligonucleotides. Gratifyingly, only Mod2TE and Mod4TE contained
undesirable spurious mutations, presumably acquired through PCR. Rather than correcting
these mutations, Mod2TE and Mod4TE were not used any further, and Mod1TE, Mod3TE
and Mod5TE were used for further in vitro experiments.

Multiple amino acid sequence alignments of the DEBS ATs confirmed the presence
of sequence motifs often observed in type I PKSs and showed that the ATs are fairly
homologous to one another, with each AT having about 50% sequence identity to AT6
(Figure 2-1). The Mod6TE mutation L652H was previously shown to shift specificity toward
mm-CoA. Residue L652 in Mod6 AT is quite well conserved across the other DEBS
modules and is equivalent to a Met in Mod3TE (M682) and a Leu in Mod5TE (L671) (Figure
2-1). Subsequently, site-directed mutagenesis was used to introduce the mutations M682H
and L671H into the Mod3TE and ModS5TE templates respectively. The Mod6TE double
mutant V721A/Y723R was previously shown to shift specificity toward propargylmalonyl-
CoA. Both residues are completely conserved across the other DEBS ATs. Accordingly, the
double mutations V739A/Y741R, V751A/Y753R, and V740A/Y742R were introduced via

site-directed mutagenesis into the Mod1TE, Mod3TE, and Mod5TE templates, respectively.

14
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Figure 2-1: DEBS AT amino acid sequence alignment using the CLC sequence viewer 7.0.2
‘accurate alignment’ algorithm. The residues boxed in red highlight the location of the
previously described residues of AT6 and the location of the analogous residues of DEBS AT
1-5. Accession numbers: DEBS1 (AT1 and AT2) = CAM00062.1; DEBS 2 (AT3 and AT4) =
CAMO00064.1; DEBS 3 (AT5 and AT6) = CAM00065.1.

2.2.2 Assessing the specificity of mutant PKS modules via a pyrone formation assay

To examine the promiscuity of the AT domains of the wild-type and engineered

DEBS modules described above, a pyrone formation assay was used (Figure 2-2).** In this

assay, the module-TE fusions include a phosphopantetheinyl group on the ACP and are

therefore provided in their holo-form (Figure 2-2). NADPH is not supplied in this assay,

therefore, the KR is inactive. The diketide-N-acetylcysteamine (SNAc) substrate is used as a

15



polyketide intermediate mimic and is presumably loaded onto the KS to imitate the growing
polyketide chain normally provided when attached to the ACP from the preceding module. If
the AT selects the extender unit provided and transfers it to the ACP, then the KS domain is
given the opportunity to catalyze a Claisen condensation between the acyl-ACP and loaded
KS. Finally, the TE domain potentially catalyzes the cyclization of the triketide polyketide

chain and the resulting aromatic pyrone product is formed.
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Figure 2-2: Pyrone formation assay. Diketide-SNAc and an acyl-CoA extender unit (1a-k) is
added to the holo-ModnTE protein. The corresponding aromatic pyrone (2a-k) forms.

The promiscuity of DEBS AT6 was previously probed using this pyrone assay and
revealed AT promiscuity towards 1b-e, 1g, 1h, and 1j malonyl-CoA substrates.”* Also in
previous work, to account for the potential of self-acylation, an AT-null mutant was created
and incubated with diketide-SNAc and each of the extender units. As expected, most of the
pyrone products did not form with the AT-null mutant.”* However, molecular ions were
detected for 2g and 2h pyrone products, albeit in low abundance.”* This control experiment

supports the pyrone formation assay as an efficient platform to examine AT promiscuity.
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2.2.3 Provision of potential extender units

In order to probe the impact of the mutations introduced into each of the DEBS
module-TE fusions, a panel of prospective extender units was generated. The previously
mentioned wild-type and engineered MatB utilize ATP, CoA, and various malonic acids to
synthesize natural and non-natural malonyl-CoA extender units (Figure 2-3). Wild-type
MatB was used to catalyze the formation of 1a and 1b, while MatB T207G/M306I catalyzed

the formation of 1c-g.
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Iy N g/ /g/

a b ¢ d e f Q MatB or i
R— R j/\)LO' MatB T207G/M3061 R SCoA

N o ]

/ s o g ATP, CoA 0 o
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Figure 2-3: Extender unit generation. MatB and MatB T207G/M3061 utilize ATP to catalyze
the reaction of a malonate (3a-k) into a malonyl-CoA extender unit (1a-k).

Commercially purchased and synthesized malonate analogues were used for the
MatB-catalyzed in vitro reactions. Previously established conversion yields of malonate
derivatives to malonyl-CoA derivatives using the wild-type and engineered MatB enzymes

were approximately 90 percent®*?°

and reactions generating the extender units could be
directly added to the pyrone assay without purification.”* Prior to use in experiments, each
MatB product mixture was analyzed via HPLC-UV/Vis, which confirmed the expected high

conversion of starting material to product (Figure 2-3). Gratifyingly, the elution time of each

malonyl-CoA analogue was in complete agreement with those previously established.
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Diketide-SNAc, the growing chain mimic, was also a necessary substrate for the
pyrone formation assay. The diketide-SNAc substrate was synthesized by Christian Kasey

(Williams Lab) using a previously established protocol (Figure 2-4).**

O (0] (0] (0] (0]
o CH;CH,COCI, pyridine 0 HSNAc, toluene \)I\/U\SN Ac
DCM Reflux, 80°C, 16 hrs
(0} (0] 0°C to RT, 16 hrs (¢} (¢}

1. K¢BuO, THF 0°C
Meldrum's Acid 2. CH3l, 0°C to RT, 24 hrs

0] 0O

Figure 2-4: Diketide-SNAc synthesis.

2.2.4 Exploring the use of cell lysates in the pyrone formation assay

Initially, in an attempt to increase the throughput of the pyrone formation assay, the
use of cell lysates to provide the PKS module-TE fusion protein was investigated. Using cell
lysate containing the expressed DEBS protein in place of purified protein would have several
potential advantages. Eliminating protein purification procedures reduces the amount of
reagents used and therefore decreases cost, saves times and also limits some of the protein
purification steps that could cause improper folding or protein inactivation. The use of cell
lysate also better mimics the anticipated ultimate in vivo environment of engineered ATs for
eventual in vivo production of polyketide analogues.

To explore the use of cell lysate for pyrone formation assays, reactions using crude
extracts prepared from cultures of E. coli K207-3* expressing wild-type holo-Mod3TE and
wild-type holo-Mod5TE were setup and analyzed. For comparison, reactions with purified

holo-Mod3TE and holo-Mod5TE were also carried out. Diketide-SNAc was the limiting
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substrate and the native malonyl-CoA 1b was used as the extender unit. The conversion of
starting material to product was analyzed via HPLC-UV/Vis. A previously synthesized and
characterized 2b standard (courtesy of Sean Lund, Williams Lab) was used to confirm and

identify the corresponding DEBS module catalyzed product peak (Figure 2-5).
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Figure 2-5: HPLC analysis of holo-Mod3TE and holo-Mod5TE catalyzed pyrone formation
using lysate or purified protein. (4) diketide-SNAc standard; (B) chemically synthesized 2b
standard; (C) no enzyme control, 0 h; (D) holo-Mod3TFE lysate, 24 h; (E) purified holo-
Mod3TE, 24 h; (F) holo-Mod5TE lysate, 24 h: and (G) purified holo-Mod5TE, 24 h. The
asterisk indicates the 2b product peak.
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The 2b HPLC peak area was approximately three times greater for the purified /olo-
Mod3TE reaction compared to the ~Zolo-Mod3TE crude extract reaction (Figure 2-5, E vs. D).
The holo-Mod5TE lysate reaction produced no detectable peak for 2b, whereas the purified
holo-Mod5TE reaction produced a small, but detectable 2b peak (Figure 2-5, F vs. G). The
potentially lower activity of the diketide-SNAc with holo-Mod5TE versus holo-Mod3TE can
be rationalized considering that the diketide-SNAC resembles the native polyketide chain
intermediate for #0/o-Mod3TE much more closely than the intermediate for holo-ModSTE.
Given the extremely large size of the DEBS modules (~150 kDa) and relatively poor
expression levels in E. coli, it proved difficult to determine the absolute amount of each
DEBS module-TE fusion in the preparation of the crude lysate. Therefore, when the lysate
reactions were set up, the maximum amount of crude extract per reaction volume was added
in attempt to supply as much of the DEBS protein as possible. Accordingly, the overall
increased production of 2b using purified protein compared to the crude extract reactions,
may have been a consequence of a decreased amount of DEBS protein in the lysate reactions.
At this point, a quantitative comparison of the crude extract versus the purified protein assay
was abandoned.

Nevertheless, given non-natural extender units incorporated into pyrones by Mod6TE
are poorer substrates compared to the native extender unit** and to maximize the opportunity
to detect potentially low-level turnovers of mutant DEBS module-TE fusions, purified

proteins were exclusively used for future experiments.
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2.2.5 Probing the promiscuity of wild-type and mutant DEBS module-TE fusions

Before exploring the potential of the wild-type and mutant ATs to select a particular
substrate from a mixture of extender units, the specificity of each enzyme toward a broad
panel of extender units was first probed. Between holo-Mod1TE, holo-Mod3TE and holo-
Mod5TE constructs, it was anticipated that Zolo-Mod3TE might be the most suitable protein
for the pyrone formation assay. As previously mentioned, the diketide-SNAc best mimics the
polyketide intermediate for /holo-Mod3TE versus holo-Mod1TE or holo-ModS5TE. The
concentration of diketide-SNAc was increased in an attempt to increase holo-Mod5STE
catalyzed pyrone production to detectable levels.

Pyrone formation assays using extender units 1a-g were performed in triplicate with
wild-type holo-Mod3TE, holo-Mod3TE M682H, holo-Mod3TE V751A/Y753R and wild-
type holo-Mod5TE. The product mixtures were analyzed via HPLC-UV/Vis (Figure 2-6) and
pyrone identity was confirmed using LC-MS. An HPLC calibration curve using chemically
synthesized 2b was used to determine the approximate concentrations of the pyrone formed
and confirm the linearity of the UV response to pyrone concentration between 0 and 75 uM.
Of the seven extender units tested, only 1b led to the detection of a product peak with wild-
type holo-ModSTE (data not shown) and in very poor yield compared to that with holo-
Mod3TE and holo-Mod6TE. A pyrone formation assay with 2Zolo-Mod1TE and the native 1b
extender unit produced no detectable 2b product peak. Therefore, we directed further assays
to focus on wild-type and mutant #olo-Mod3TE that had produced detectable peaks with

natural and non-natural substrates. For the wild-type and mutant #olo-Mod3TE, the activity
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of each enzyme towards the panel of extender units was compared by normalizing each

product peak area to that of 2b (Figure 2-7).
b

diketide-SNAc
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Figure 2-6: Representative HPLC analysis of the wild-type holo-Mod3TE extender unit
specificity. The extender unit used in each reaction is shown on the left and actual product
peaks are labeled with the corresponding compound number. The peak for diketide-SNAc is
also labeled.
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Figure 2-7: Relative specificity of wild-type and mutant Mod3TE towards each extender unit.
The activity of each enzyme with the natural extender unit 1b is set to 100. Error bars (where
visible) are the standard deviation of the mean (n=3).

Consistent with the known ability of DEBS ATs to discriminate against malonyl-
CoA, 2a was not a detectable product with either the wild-type or mutant 4olo-Mod3TE. In
addition, the natural extender substrate for DEBS (1b) was the preferred substrate for every
enzyme tested. Notably, the non-natural extender units 1c-e and 1g led to detection of the
corresponding pyrone with every holo-Mod3TE enzyme tested. However, the relative
specificity of each holo-Mod3TE variant is very different. By analogy to the previously
established effect of the M682H mutation on /holo-Mod6TE specificity, this mutation was
expected to shift specificity of holo-Mod3TE towards the natural extender unit, 1b.
Consistent with this prediction, whereas the WT /holo-Mod3TE produced 2c¢-e each at ~35%
relative to 2b, holo-Mod3TE M682H led to production of 2¢-e at <20% relative to 2b. In

addition, the absolute activity of the wild-type holo-Mod3TE and holo-Mod3TE M682H
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towards 1b was comparable (data not shown). Thus, the single M682H mutation shifts the
specificity of Mod3TE towards the natural substrate 1b at no cost to overall proficiency. In
stark contrast, the double mutation V751A/Y753R has the complete opposite effect on the
specificity of Mod3TE. The relative activity of holo-Mod3TE V751A/Y753R towards the
extenders 1c-e and 1g increased several-fold compared to the wild-type holo-Mod3TE and
holo-Mod3TE M682H. Thus, the introduction of the V751A/Y753R double mutation into
Mod3TE has an effect analogous to the equivalent mutation of Mod6TE.*® The overall
activity of holo-Mod3TE V751A/Y753R decreased ~5-fold compared to wild-type holo-
MOod3TE (results not shown). The narrowed specificity of holo-Mod3TE M682H and the
broadened specificity of holo-Mod3TE V751A/Y753R towards the non-natural extender
units supports the hypothesis that the mutations previously discovered in the context of
Mod6TE provide similar activities in other DEBS modules. Thus mutations at these residues

in other type I PKSs should be subject of further investigation.

2.2.6 Determining the selectivity of wild-type and mutant DEBS module-TE fusions
After establishing the activity of each of the wild-type and mutant Mod3TE proteins
with individual extender units, the selectivity of each enzyme was next examined using a
competition assay in the presence of competing extender units (Figure 2-8). This competition
assay was previously established as a means to determine the ability of each enzyme to
discriminate between a natural extender unit and non-natural extender unit.*® Under kinetic
control, the resulting product ratios are a reflection of the ratio of the ke,/Kjs of the enzyme

with each substrate. By always using a constant ratio of the two extender units, shifts in
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specificity can be detected and quantified for each variant enzyme. Using the competition
assay to identify changes in specificity helps circumvent some of the challenges of PKS

kinetic studies.

0 OH
1b kaCOA @@@@@ I\ 2b
0o SH OH  SH OH 0”70

+ holo-ModnTE
R SNAc SNAc R
1c-e ﬁSCOA 0 | N 2¢c-¢
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Figure 2-8: Scheme illustrating the extender unit competition assay. The natural extender
unit (1b), a non-natural extender unit (1c-1e) and diketide-SNAc are supplied to the holo-
ModnTE protein. The ratio of the resulting products is used to determine potential specificity
shifts.

The non-natural extender units used in this assay were chosen based on the pyrone
formation assay that previously determined the activities towards each extender unit (Figure
2-7). The three non-natural extender units selected for the assay were 1c-e. These assays
were done in triplicate. As expected, the wild-type holo-Mod3TE produced 2b as the major
product regardless of the competing extender unit. Gratifyingly, holo-Mod3TE M682H also
afforded 2b as the major product but in higher quantities compared to the pyrone derived
from the competing non-natural extender unit (Figure 2-9). In complete contrast, /solo-
Mod3TE V751A/Y753R almost exclusively produced 2c-e even in the presence of
competing natural substrate, 1b (Figure 2-9). Taking 1d as an example, the net effect of the

double mutation is to completely switch the methylmalonyl-CoA specificity of the wild-type
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holo-Mod3TE towards incorporation of propargylmalonyl-CoA, 1d. This corresponds to a
52-fold shift of 1b/1d specificity as judged by the ratios of 2b/2d for the wild-type and the
double mutant Mod3TE. Moreover, the total productivity of the double mutant is only
reduced between 2 and 4-fold compared to the wild-type Mod3TE. Cumulatively, these data
demonstrate the remarkable ability of AT active site mutations to significantly impact the

substrate specificity of DEBS Mod3TE.
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Figure 2-9: Extender unit selectivity of wild-type and mutant Mod3TE. Each colored bar
represents the HPLC peak area for 2b (blue) and either 2c (red), 2d (green) or 2e (purple)
catalyzed by the wild-type holo-Mod3TE, holo-Mod3TE M682H, or holo-Mod3TE
V751A4/Y753R. Error bars (where visible) are the standard deviation of the mean (n=3).

We had set out to determine if the specificity shifts supported by mutagenesis of
Mod6TE could be recapitulated in other DEBS modules. The results reported in this chapter
highlight the importance of the roles of residues equivalent to Mod3TE M682, V751 and

Y753 in controlling extender unit specificity. The AT of Mod3TE shares only a 51%
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sequence identity to the Mod6TE AT, yet the resulting specificity shifts of the Mod3TE AT
mutants were similar to the shifts observed in the analogous Mod6TE AT mutants.
Mutagenesis of these residues could also have the potential to shift substrate specificity in

other AT domains from other type I PKSs.

2.3 Application of mutations to other model PKS systems
2.3.1 Pikromycin polyketide synthase

To examine the potential of transferring the previously described specificity shifting
mutations to ATs of other type I PKS systems, the pikromycin (Pik) PKS was studied.
Similar to the DEBS, the Pik PKS produces macrolide scaffolds that could potentially be
diversified to produce clinically useful new antibiotics. The Pik pathway differs from the
DEBS pathway in several regards; instead of three bimodular polypeptides, the modules are
distributed as four multimodular or monomodular polypetides, PikAl, PikAIl, PikAIIl and
PikAIV (Figure 2-10).*® Also, module 2 contains a DH domain and accepts a malonyl-CoA
extender unit instead of a (25)-methylmalonyl-CoA extender unit and no KR domain is
present in module 6 (Figure 2-10).* The Pik PKS produces the intermediate products, 10-
deoxymethynolide (10-dml) and narbonolide; these intermediates are glycosylated and
hydroxylated by post-PKS tailoring enzymes to produce the final products methymycin and
pikromycin, respectively (Figure 2-10).*® Although pikromycin is a relatively weak
antibacterial, it serves as a chemical scaffold that could be potentially regioselectively
modified to produce an analogue with increased potency.’’ In an attempt to selectively

modify Pik PKS products and to examine the utility of the previously discussed specificity
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shifting mutations of DEBS Mod6 and Mod3, residues of the Pik ATs analogous to the Mod6

AT residues L652, V721 and Y723 were studied.
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Figure 2-10:Pikromycin biosynthetic pathway.

2.3.2 Exploring the promiscuity of wild-type and mutant Pik PKSs using a chemo-
enzymatic approach

Kindly provided by the Sherman lab (University of Michigan), the PikAIIITE
construct was already available for use, thus Pik AT5 was chosen for study. The DEBS ATs
share about 50% identity with one another and this was apparently sufficient for the
mutations identified in Mod6TE to display a similar effect in Mod3TE (section 2.2.6). Pik
ATS shares about a 50% sequence identity with the DEBS AT6, further making Pik ATS an

attractive and perhaps promising candidate for investigation. Amino acid sequence alignment
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between Pik PKS ATS and DEBS AT6 was used to identify the Pik ATS residues analogous
to the DEBS AT6 specificity shifting residues (Figure 2-11). Thus, 1684, V753 and Y755
were identified as analogous to DEBS AT6 L652, V721 and Y723. Subsequently, the
PikAIIITE mutants 1684H, V753A, and Y755R were generated using saturation mutagenesis.
Saturation (NNK) mutagenesis has the potential to generate 20 amino acid mutants. From the
created library, PikAIIITE 1684H, V753A, and Y755R mutants were specifically selected
and sequenced. The other members of the PikAIIITE libraries may help reveal altered
specificity shifts and activities towards extender units and therefore could warrant future
investigation. However, we next set out to probe the promiscuity and selectivity of the wild-
type and 1684H, V753A, and Y755R PikAIIITE mutants, in hopes these mutations may

provide similar specificity shifts as observed with the analogous DEBS mutants.
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Figure 2-11: Amino acid sequence alignment of the PikAIIITE ATS (accession number:
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AAC69331.1) and DEBS AT6 (accession number: CAM00065.1). The red boxes indicate the

location of the residues targeted for mutagenesis in this chapter.
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Initially, to probe the promiscuity of the Pik PKS ATs, the use of the pyrone
formation assay described earlier was explored. It had been determined previously that the
diketide-SNAc substrate in the pyrone formation assay does not serve as an adequate
polyketide chain mimic for the Pik PKS enzymes.*® When the PikAIIITE pyrone formation
assay was run with the native extender unit (1b), this conclusion was supported when no 2b
product peak was detected by HPLC-UV/Vis (results not shown). As an alternative to the
pyrone formation assay, an established chemo-enzymatic approach affords the ability to
explore Pik AT5 promiscuity and selectivity.”®*® The chemo-enzymatic assay combines
PikAIIITE with a chemically synthesized thiophenol-activated pentaketide (pentaketide-TP)
substrate and an extender unit to form the final 10-dml product (Figure 2-12).*** The
pentaketide-TP mimics the natural polyketide chain typically loaded onto the KS of PikAIIl.
Using the pentaketide assay, the promiscuity of PikAIIITE 1684H, PikAIIITE V753A, and

PikAIIITE Y755R towards 1b and 1d was probed (Figure 2-12).
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Figure 2-12: Scheme illustrating a chemo-enzymatic pentaketide-TP assay to determine the
specificity of wild-type and mutant PikAIIITE.
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Pentaketide-TP assays with the wild-type and mutant PikAIIITE using 1b and 1d
extender units were performed in duplicate. The formation of the expected 10-dml products
for each substrate (4b and 4d) was determined by high-resolution LC-MS analysis. The
extracted ion count of the most abundant 10-dml ion species ([M+H-H,0]") was used to
examine the relative activity of each enzyme towards the specified substrate. As anticipated,
wild-type PikAIIITE formed the expected 4b 10-dml product with its native extender unit, 1b
(Figure 12-13). The PikAIIITE mutant 1684H, analogous to the methyl-shifting DEBS AT6
mutant, produced ~3.5 fold lower amount of 4b relative to the wild-type. Interestingly, the
productivity of PiIkAIIITE V753A towards 1b increased about ~10-fold compared to the
wild-type (Figure 12-13), contrary to the analogous DEBS AT6 mutant that shifts specificity
towards a non-natural extender unit without increasing activity with the natural extender unit.
Mutations that increase the natural activity of a type I PKS have not been previously
reported. Thus, this result suggests a strategy to potentially improve the productivity of
polyketide producing strains. No 4b product was observed for PiIkAIIITE Y755R (Figure 12-
13), as perhaps this mutation affects AT extender unit accessibility in a different way than in
DEBS. Alternatively, perhaps PikAIIITE Y755R was not stable during the course of this
assay. The propargyl 10-dml analogue (4d) was only observed to form with PikAIIITE
V753A for the pentaketide assays with 1d (Figure 12-13). The increased promiscuity of
PikAIIITE V753A towards the non-natural extender unit 1d complements the previously
described improved non-natural extender unit promiscuity of DEBS Mod6TE V721A.
PikAIIITE mutants 1684H and Y755R both seem to affect the activity of PikAIIITE in a

deleterious way, this is not in agreement with the promiscuity of the analogous DEBS AT6
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mutations. These results begin to reveal that specificity shifting mutations from ATs of one

PKS may not always apply the same affects to an AT from another PKS.
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Figure 2-13: Extender unit specificity of the wild-type and mutant PikAIIITE. The bars

represent the extracted ion count for the [M+H-H,O] of the 4b and 4d species. Error bars
(where visible) are the standard deviation of the mean (n=2).

2.3.3 Investigating the selectivity of wild-type and mutant Pik PKSs

Following the studies on the PikAIIITE wild-type and mutant activities, the ability of
these ATs to select extender units was examined using a competition assay (Figure 2-14). To
determine specificity changes of the mutant PikAIIITE enzymes compared to the wild-type,
the competition assay (Figure 2-14) employs a similar strategy as the previously mentioned

competition assay in Figure 2-8. Here, each Pik enzymes was probed using 1b and 1d

(Figure 2-14).
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Figure 2-14: Scheme illustrating the chemo-enzymatic pentaketide-TP competition assay
used to quantify specificity changes in wild-type and PikAIIITE mutants.

The resulting product mixtures were analyzed by high resolution LC-MS (Figure 2-
15). The wild-type PikAIIITE produced 99% of 4b and 1% 4d, corresponding to selection of
the native 1b extender unit and the non-natural extender unit 1d, respectively (Figure 2-15).
The small amount of 4d produced by the wild-type PikAIIITE was almost undetectable by
LC-MS (Figure 2-15), which may explain why no 4d product was observed in previous
experiments (Figure 2-13). Similarly, PikAIIITE 1684H produced 100% 4b (Figure 2-15).
This is consistent with the earlier results with this mutant whereby only 4b was detected
(Figure 2-13). Notably, PikAIIITE V753A produced 80% 4b and 20% 4d (Figure 2-15). The
increased quantity of 4d compared to 4b suggests a specificity shift towards the non-natural
extender unit 1d. An improvement in kg, Km, or both ke and K, with 1d that presumably
accompanies this specificity shift may be responsible for increased activity towards 1b
previously observed (Figure 2-13). These initial results highlight the affect these residues

may have on the activity and specificity of Pik ATS5. Further investigation of the Pik AT
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active site via molecular dynamics may help to elucidate why these corresponding DEBS
mutations elicit varied specificities towards extender units. The previously constructed Pik

ATS saturation library (section 2.3.2) will aid in further examination of these residues’ role in

extender unit selectivity.
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Figure 2-15: Extender unit selectivity of wild-type and mutant PikAIIITE proteins. Product
distribution is based on the extracted ion count ratios of the [M+H-H;0] " 4b and 4d ion
species.

2.4 Materials and methods

Materials. Materials and reagents were purchased from Sigma Aldrich (St. Louis,
MO), unless specified otherwise. Isopropyl B-D-thiogalactoside (IPTG) was purchased from
Calbiochem (Gibbstown, NJ). The bacterial strain E. coli K207-3 was obtained from Dr.
Adrian Keatinge-Clay at University of Texas. The pRARE plasmid was from the Sherman
laboratory at University of Michigan. Portions of the diketide-SNAc substrate used were
synthesized by Christian Kasey at North Carolina State University. Primers were purchased

from Integrated DNA Technologies (Coralville, 1A).
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Cloning of module constructs. The plasmids pYW7317 and pBP130 harbored the
DEBS template DNA and were from Dr. Blaine Pfeifer at Tufts University.* The plasmid
pYW7317 contained DEBS 1 and pBP130 contained DEBS 2 and DEBS 3. The pET28a
plasmid containing the DEBS TE cloned into HindlIl and X#ol restriction sites was from Dr.
Irina Koryakina. Materials for PCR amplification came from KAPA Hifi HotStart PCR kit
purchased from Kapa Biosystems, Inc. (MA, USA) and manufacturer instructions were
followed. The forward and reverse primers for PCR amplification of DEBS Modl, Mod2,
Mod3, Mod4 and Mod5 can be found in Appendix A. The forward primer contains the Ndel
restriction site and the reverse primer contains the HindlIlI restriction site. Each module was
then cloned into pET28a-TE using Ndel and Hindlll restriction sites. The resulting ligated
ModnTE DNA was transformed into chemically competent TOP10 E. coli cells. Each of
these constructs was sequenced at Genewiz (Research Triangle Park, NC) using
oligionucleotides (Appendix A) ordered from Integrated DNA Technologies (Coralville, TA)
and the T7 promoter and T7 terminator oligonucleotides available from Genewiz.

Site-directed mutagenesis of ModnTE constructs. According to the manufacturer’s
instructions, the KOD Hot Start DNA Polymerase Kit (EMD Millipore, Billerica, MA) was
used to perform site-directed mutagenesis for each of the DEBS mutants. The primers used
for site-directed mutagenesis can found in Appendix A. The final sequences were sequenced
the same as previously mentioned.

Expression and purification of DEBS protein ModnTE constructs. The following
expression and purification protocol was used for each holo-ModnTE construct and was

adapted from the Sherman laboratory (University of Michigan). The pET28a-ModnTE
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plasmid DNA was transformed into E. coli K207-3 cells containing the pRARE plasmid.
These cells were plated on Luria Broth (LB) agar plates containing 50 ug/mL kanamycin and
100 pg/mL streptomycin and incubated overnight at 37 ‘C. An individual colony was
selected and cultured in 10 mL of LB broth, 50 pg/mL kanamycin and 100 pg/mL
streptomycin. The culture was grown overnight at 37 'C and 250 rpm. After about 15 hours
of growth, the 10 mL culture was used to inoculate a 1 L of autoclaved Terrific Broth (TB),
50 pg/mL kanamycin, and 100 pg/mL streptomycin. TB media consists of 24 g/L yeast
extract, 12 g/L tryptone, 4% glycerol, 1.70 mM KH,POs, 7.20 mM K,HPO,4 and water. The
culture was grown at 37 °C and 250 rpm until it reached an ODg of about 1.0-1.5 AU
(approximately 4 hours). The shaker was cooled to 16 C and then 1 mM of IPTG was added.
The culture shook overnight at 16 C and 250 rpm (about 15 hours).

The culture was centrifuged for about 15-30 minutes at 4700 rpm and 4 "C. The cells
were lysed with 16 mL of cold lysis buffer and then sonicated. The lysis buffer consisted of
50 mM HEPES, 300 mM NaCl and 10% glycerol at pH 7.5. The cell suspension was placed
on ice and sonicated for 15 minutes at 55% amplitude with 15 seconds on and then 60
seconds off. After sonication, the cells were centrifuged for 60-90 minutes at 15000 rpm and
4 °C. The supernatant was transferred to a 50 mL tube on ice and ready for purification using
fast protein liquid chromatography (FPLC) from Bio-Rad.

About 2-4 mL of the soluble extract was loaded on a pre-equilibrated HisTrap HP
column (GE Healthcare, Piscataway, NJ). The following buffers were used for purification:
wash buffer A (50 mM HEPES, 300 mM NaCl and 10% glycerol at pH 7.5) and elution

buffer B (50 mM HEPES, 300 mM NacCl, 500 mM imidazole and 10% glycerol at pH 7.5).
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The FPLC gradient used was the following: an isocratic flow from 0-12.5 minutes at 100%
buffer A, a linear gradient between 12.5-17.5 minutes from 0-100% buffer B, isocratic flow
from 17.5-20 minutes at 100% buffer B, and then 20-27.5 minutes at 100% buffer A. The
fractions from the second half of the protein peak visible on the FPLC chromatogram were
collected. An Amicon Ultra 100,000 Da molecular weight cut-off (MWCO) centrifugal filter
was used to concentrate the proteins (Millipore Corp., Billerica, MA). The concentrated
protein was exchanged into cold storage buffer (50 mM HEPES, 100 mM NaCl and 10%
glycerol at pH 7.5). The protein was aliquotted and stored at -80 'C until needed. To assess
the protein purity 12% resolving power SDS-PAGE gels were run, later higher resolution
gels (15%) were used. A Bradford protein assay kit (Bio-Rad) was used to quantify the
protein concentration.

MatB-catalyzed malonyl-CoA generation. The total reaction volume typically varied
between 150-350 pL depending on the necessary quantities needed for each set of
experiments. Each of the reactions performed contained 0.1 M KH,PO,4 at pH 7.0, 5 mM
MgCl,, 10 mM of CoA, 15 mM of ATP, 15 mM of selected malonate, water, and 0.5-1.5
ug/uL of MatB or MatB T207G/M3061. Wild-type MatB was used for the generation of 1a-b
and MatB T207G/M3061 was used to generate 1¢-g. For analysis, 30 uL of the reaction were
quenched by adding 30 pL of ice-cold methanol. The quenched reactions were then
centrifuged for 15 minutes at 13,300 rpm. These supernatants were analyzed on a Varian
ProStar HPLC (Walnut Creek, CA) and a Pursuit XRs C18 column (250 x 4.6 mm, Varian
Inc.) was used. Buffer A was 0.1% TFA in water and buffer B was 100% methanol (HPLC

grade). The gradient was 35 minutes with 0-32 minutes of 0-80% buffer B then 32-35
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minutes 100% buffer A. The flow-rate was 1 mL/minute and these reactions were analyzed at
254 nm.

Lysate assays. In vitro assays were performed in reactions with a 60 pL total volume.
Each reaction contained 0.1 M KH,PO4 at pH 7.0, 5 mM MgCl,, 2 mM of diketide-SNAc,
2.5 mM of malonyl-CoA generated from the 10 mM MatB reactions, water and cell lysate to
volume. The cell lysate was added directly to the reaction versus undergoing the FPLC
purification procedure. The reactions were quenched after 24 hours following the same
procedure as described for the MatB reactions. The supernatant was analyzed on a Varian
ProStar HPLC (Walnut Creek, CA) using a Pursuit XRs C18 column (250 x 4.6 mm, Varian
Inc.). Buffer A was 0.1% TFA in water and buffer B was 0.1% TFA in acetonitrile (HPLC
grade). The gradient was 45 minutes long with 0-40 minutes of 0-100% of buffer B, 40-42
minutes of 100% buffer B, and 42-45 minutes of 100% buffer A. The flow-rate was 1
mL/minute and these reactions were analyzed at 290 nm.

DEBS pyrone formation assays. These assays were performed and analyzed in the
same manner as the lysate assays previously described, except the purified protein was added
and diketide SNAc concentration differed. Using the protein concentrations established via
the Bradford assay, 1 pg/uL of DEBS purified protein and 2.5 mM of diketide-SNAc was
added to each reaction. These reactions were done in triplicate. A calibration curve of
methyl pyrone (2b) was analyzed in triplicate by HPLC, using serial dilution concentrations:
75 uM, 50 uM, 25 uM, 10 uM and 1 pM.

Low-Res LC-MS Analysis. A Shimadzu LC-MS 2020 single quadrupole instrument

with a Phenomenex Kinetex UPLC C18 column was used to run the LC-MS experiments run
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for pyrone product analysis. Sample injection volume was 4 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.

DEBS competition assays. These assays were performed and analyzed in the same
manner as the DEBS pyrone formation assays described above, with the following
modifications. Instead of the addition of 2.5 mM of one acyl-CoA, 1.5 mM of the non-natural
acyl-CoA and 0.5 mM of methylmalonyl-CoA was added to each reaction.

Generation of PikAIITE mutants. Each PikAIIITE mutant was generated using the
same protocol as that used for site-directed mutagenesis of the DEBS ModnTE constructs.
Saturation libraries (NNK) were created and PikAIIITE desired mutants were identified by
DNA sequencing random clones from each NNK library. Primers used for generation of
PikAIIITE 1684X, V753X and Y755X can be found in Appendix A.

Expression and purification of wild-type PikAIIITE proteins. BAP1 E. coli strain
with pRARE plasmid was used as the host for protein expression. All other procedures are
the same as the DEBS protein expression and purification protocol.

Pentaketide-TP assays. In vitro assays were performed in a total volume of 80 pL.
Each reaction contained 0.1 M KH,PO4 at pH 7.0, 5 mM MgCl,, 1 mM of pentaketide-TP
(synthesized by synthesized by Douglas A. Hansen, University of Michigan), 3 mM of
malonyl-CoA generated from the 10 mM MatB reactions, 5 mM of glucose-6-phosphate, 0.5

mM NADP", 0.3 U of glucose-6-phosphate dehydrogenase (G6PDH), 25 pg of PikAIIITE

39



wild-type or mutant protein, and water to volume. The reactions were quenched after 24
hours with 80 uL of ice-cold methanol. Reactions were centrifuged at 4 'C and 13,300 rpm
for 15 minutes. The supernatant was analyzed by high-resolution LC-MS (Thermo Scientific
Dionex UltiMate 3000 LC system and Thermo Fisher Scientific Exactive Plus MS) at NCSU.
Positive ion mode was used for analysis. Solvent A was water with 0.1% formic acid and
solvent B was acetonitrile with 0.1% formic acid. The flow rate was 0.225 mL/min, a reverse
phase C;g column was used and the gradient was as follows: 0-1 minutes at 75% A, 1-10
minutes linear gradient of 75% A to 41% A, 10-11 minutes 41% A to 15% A, 11-12 minutes
15% A, 12-12.5 minutes 15% to 75% A, and 12.5-15 minutes 75% A. Ion masses of the
dehydrated 10-dml products 4b and 4d that were used to obtain the [M+H-H,0]" extracted
ion counts were 279.1955 m/z for 4b and 303.1955 m/z for 4d. The retention time and
windows of integration were as follows 4b, 6.72 minutes, 6.550-6.880 minutes and 4d, 8.15
minutes, 7.973-8.327 minutes. Representative chromatograms for 4b and 4d can be found in
Appendix B.

Pentaketide-TP Competition Assays. The same protocol as used for the pentaketide-
TP assay was used for the competition assays, except 0.5 mM of 1b and 3 mM of 1d were

added to each reaction.
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CHAPTER 3
Bioreactor scale-up of 6-deoxyerythronolide B production

3.1 Introduction

Heterologous expression of machinery required for natural product biosynthesis can
provide large quantities of these complex products on an industrial scale.****~"!
Reprogramming PKS pathways to biosynthesize natural product derivatives provides a
promising platform for in vivo production of drugs with potentially optimized biological
activity. Many of the engineered PKSs that have produced analogues have only produced
these derivatives in small quantities.”>® A sufficient amount of the new polyketide would be
advantageous when trying to conduct bioassays to learn about the analogue’s activity. Before
focusing research efforts on improving analogue production, it is first important to optimize
the production of the natural PKS product. Engineering the bioprocess for increased natural
product yield could aid in the development of the production process for the PKS derivative.

A collaboration with the NCSU Chemical and Biomolecular Engineering Department
focuses on the optimization of growth media to improve titers for the bioreactor scale up of
6-dEB. E. coli is used as the host organism for the heterologous expression of the enzyme
machinery required for 6-dEB production. A goal of this project is to use large-scale
fermentation to eventually yield high-titers of natural product analogues after the
introduction of engineered enzyme machinery into the host organism. Increasing the final
titer of 6-dEB and potential analogues would also provide material for investigating the
optimization of extraction procedures for product isolation, characterization and bioactivity

assays.

41



Previously, E. coli has been engineered for polyketide production, particularly to
produce 6-dEB.*"*> The metabolically engineered E. coli strain TB3 is a derivative of BL21
(DE3).” Propionyl-CoA catabolism is knocked out in TB3 affording increased amounts of
propionyl-CoA available for 6-dEB production.*' The strain also contains the native prpE
gene (propionyl-CoA ligase) and chromosomally incorporated sfp (phosphopantetheinyl
transferase) gene, both under control of IPTG-inducible T7 promoters.*** PrpE converts
exogenous propionate to propionyl-CoA (Figure 3-1). The gene encoding a propionyl-
CoA:succinate CoA transferase (ygfH) was disrupted by a kanamycin marker insertion in the
TB3 strain. The plasmids pBP144 and pBP130 host the DEBS machinery required for in vivo
6-dEB production.” The genes for the propionyl-CoA carboxylase (PCC) enzymes, accAl
and pccB, are under an inducible T7 promoter on pBP144. In this Chapter, using this two-
plasmid system and TB3, provided courtesy of Dr. Blaine Pfeifer (University of Buffalo), the
optimization of 6-dEB yields was studied (Figure 3-1). Initial small-scale studies focusing on
enhancing 6-dEB yields will be the base for eventual large-scale production and extraction of

6-dEB analogues.
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Figure 3-1: Metabolic pathway in TB3 for production of 6-dEB substrates. To provide the
necessary substrates for 6-dEB production, TB3 has PrpE under control of a T7 promoter,
YgfH is knocked out, and PCC genes are included on the pBP144 plasmid. TB3 contains
plasmids pBP144 and pBP130 harboring the DEBS machinery that will utilize the propionyl-
CoA and (2S)-methylmalonyl-CoA for 6-dEB production.

3.2 Media optimization

Encouraged by previous successes of 6-dEB production studies, initial experiments
using a variety of growth media were completed. A previous high cell-density fed-batch
bioprocess was developed for the optimization of 6-dEB production with E. coli as the host
organism.* The optimized media and fermentation conditions yielded a final titer of 1.1 g/L
of 6-dEB.** Here, small-scale experiments were designed to compare 6-dEB production in
the ‘high cell-density’ media versus LB media used for E. coli growth. The ‘high cell-
density’ media consisted of glucose, magnesium sulfate, a phosphate buffer, ammonium
sulfate, a trace metal solution and a vitamin solution (see Materials and Methods for details).
Alongside the LB culture, the ‘high cell-density’ batch culture was grown. Once each culture
was grown to an ODgo of approximately 0.6 AU, each culture was induced with IPTG and
sodium propionate was added. Time points were taken daily for seven days after induction
and analyzed for 6-dEB by high-resolution LC-MS (Figure 3-2). The extracted ion count for

the most abundant 6-dEB ion species ([M+H]") was used for analysis.
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Figure 3-2: 6-dEB production by engineered E. coli strains. (A) LB media. (B) ‘high cell-
density’ batch culture. This data represents the extracted ion count for the 6-dEB
[M+H] "ion species for 7 days after induction.

LB media yielded an extracted ion count three orders of magnitude larger than the
‘high cell-density’ media (Figure 3-2). A calibration curve was not run in conjunction with
the samples for this experiment. However, in later experiments a 6-dEB calibration curve
was constructed using high-resolution LC-MS. The calibration curve showed a linear
relationship between 6-dEB concentration and the extracted ion count, therefore, it is
expected that the extracted ion counts directly correlate to the 6-dEB concentration in each
sample. Surprisingly, from the results shown in Figure 3-2, it was concluded that LB media

afforded higher 6-dEB production in comparison to the ‘high cell-density’ media.

44



Next, to further optimize the culture conditions for increased 6-dEB yields, a new set
of culture media and conditions were considered and tested. As previously mentioned,
sodium propionate is added to the culture to provide increased amounts of precursors for 6-
dEB production (Figure 3-1). Typically, between 20-35 mM of sodium propionate is added

to the culture.**!

To ensure that sodium propionate was not the limiting factor in 6-dEB
production, additional sodium propionate was added to the cultures five days after induction.
In addition, several different buffer systems were considered. E.coli viability and protein
activities depend on many factors including pH.> Literature precedence showed that a pH of
7.6 was optimal for 6-dEB production media.* Bioreactors are often equipped to maintain
the physiological pH of an organism in the culture media. Cost is a major consideration when
choosing a buffer for eventual bioreactor scale-up. HEPES buffered LB media was
previously used to maintain the pH of 7.6 in the 6-dEB production cultures.*’ The high-price
of HEPES for bioreactor scale-up was a concern; a phosphate buffer would be less expensive
and therefore ideal. The 6-dEB production in phosphate-buffered LB media was examined as
an alternative to HEPES-buffered LB media. LB media containing no buffer system was used
as a control. This study was used to determine if the cheaper alternative phosphate-buffered
LB media produced 6-dEB yields comparable to that of the previously used HEPES-buffered
LB media.

To quantify the formation of 6-dEB in these newly designed culture systems, samples
of culture supernatant were analyzed via high-resolution LC-MS (Figure 3-3). A standard

curve of 6-dEB was established in order to quantify the concentrations of 6-dEB in each

sample. Notably, the culture containing no buffer produced a lower amount of product
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compared to both of the buffered cultures (Figure 3-3). Both the HEPES-buffered and
phosphate-buffered cultures produced comparable amounts of 6-dEB product, indicating that
a phosphate-buffered media could be an economical alternative for bioreactor scale-up
(Figure 3-3). Since additional sodium propionate was added after day five of induction,
substantial increases in 6-dEB yields after day five would have been indicative that sodium
propionate was limiting the formation of 6-dEB. Increases in 6-dEB yields were not observed
after day five; suggesting that the initial 35 mM of sodium propionate added should be
sufficient for 6-dEB production (Figure 3-3). The optimal media for future 6-dEB production

was thus identified as phosphate-buffered LB media containing 35 mM sodium propionate.
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Figure 3-3: Effect of LB, LB HEPES, and LB phosphate media on 6-dEB production.
An additional 15 mM of sodium propionate was added on day five after induction.

In an effort to further improve 6-dEB yields, the media composition was varied. In

Chapter 2, TB media was used for expression of DEBS proteins. It was hypothesized that
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perhaps media used previously for DEBS protein expression could provide improved 6-dEB
yields. To test this hypothesis, TB media was used to culture and produce 6-dEB. Using the
knowledge gained from previous experiments, a phosphate-buffered TB media was also
examined in conjunction with the TB media. LB and phosphate-buffered LB media served as
cultures for comparison. The ODggo, 6-dEB yield and pH of each culture was monitored daily
for five days after induction (Figure 3-4). The ODgyy of the TB cultures was about 2.5 fold
higher than the LB cultures (Figure 3-4). High ODgop was not indicative of increased yields
of 6-dEB as seen in Figure 3-4 graph B. The 6-dEB yields of both the TB cultures were
minimal; perhaps the sodium propionate was consumed in the metabolic pathways of the
cells at such a high density. Overall, the cultures grown in LB phosphate-media produced the

highest yields of 6-dEB product.
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Figure 3-4: Effect of various LB/TB media and the presence or absence of phosphate
on 6-dEB production in engineered E. coli strains. (A) ODgy of each culture; (B) 6-dEB
concentration.

Cumulatively, these results guided the future work carried out by Jason Feng from
Dr. Michael Flickinger’s group in the Department of Chemical and Biomolecular
Engineering. His work has continued to focus on the optimization of media composition.

An overarching goal of AT engineering is the diversification and efficient production
of polyketide analogues with potentially valuable pharmaceutical properties. These initial
studies on improving 6-dEB production lay the groundwork for the bioreactor scale-up of 6-

dEB analogue production.

3.3 Materials and methods
Methods. Unless otherwise stated, the following protocol was used for each 6-dEB
production culture. Colonies were grown at 37 'C overnight on a LB agar plate containing

50 pg/mL kanamycin and 100 pg/mL ampicillin from a glycerol stock of TB3
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pBP144/pBP130. The next day, 5 mL of LB containing 50 pg/mL kanamycin and 100 pg/mL
ampicillin was inoculated with a single colony of TB3 pBP144/pBP130 and grown overnight
at 37 "C and 250 rpm. This culture served as the seed culture. After inoculation with the seed
culture, the culture was grown at 37 C and 250 rpm until it reached an ODggo of about 0.6
AU. The cultures were cooled to room temperature and then were induced with 0.1 mM
IPTG and 35 mM of sodium propionate was added. Any additional sodium propionate added
was mentioned previously in section 3.2. The cultures were shaken at 22 "C and 250 rpm for
5-7 days and 1 mL time point aliquots were taken daily. Aliquots were stored at -20 "C until
prepared for analysis. To prepare samples for analysis, aliquots were centrifuged for 10
minutes at 13,300 rpm and 4 'C. The supernatant was analyzed using high-resolution MS at
UNCG.

‘High cell-density’ culture for 6-dEB production. The total volume of the culture
was 100 mL. From an autoclaved 1 L defined medium (6.3 g KH,PO,, 18.1 g K;HPO4, 0.6 g
(NH4)2S04), 25 mL were added to the culture. Other reagents added to the culture media
included: 5.88 mL of 0.50 M MgSO,4-7H,0, 10% glucose, 0.910 mL of trace element
solution, 0.910 mL of vitamin solution, 0.5 mL of seed culture, 100 pg/mL of ampicillin and
50 pg/mL kanamycin, and water to volume. The trace metal solution contained 27 g/L
FeCl3-6H,0O, 2 g/ ZnCl,4H,0O, 2 g/l CaCl,-6H,O, 2 g/l Na;MoO42H,O, 1.9 g/L
CuSO4-5H,0, 0.5 g/LL H3BO3, and 50 mL/L concentrated H,S0,4.* The vitamin solution is
composed of 0.42 g/L riboflavin, 5.4 g/L pantothenic acid, 6 g/L niacin, 1.4 g/L pyridoxine,

0.06 g/L biotin, and 0.04 g/L folic acid.**
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LB and TB cultures for 6-dEB production. The protocol mentioned above was used
for each the LB, LB HEPES, LB phosphate, TB and TB phosphate cultures. The
composition of the TB broth was previously described in section 2.4. Buffered cultures were
initially at a pH of 7.6. To monitor the pH, pH paper from Micro Essential Laboratory was
used (Brooklyn, NY).

Hi-Res MS. Samples were analyzed the UNCG MS facility. A reaction volume of 5
uL was injected onto the LC-MS (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). Positive-ESI was used for analysis. Solvent A was 95% acetonitrile and 5% water and
solvent B was water with 0.1% formic acid. The flow rate was 0.200 mL/min and the
gradient was as follows: 0-2 minutes at 10% B, 2-10 minutes linear gradient of 10% B to
75% B, 10-12 minutes 75% B, 12-12.5 minutes 75% to 10% B, and 12.5-16 minutes 10% B.
The [M+H]" of 6-dEB (387.2737 m/z) was used obtain the extracted ion count. The retention
time was 8.15 minutes and the window of integration was from 7.950-8.730 minutes. A

representative chromatogram of 6-dEB can found in Appendix B.
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CHAPTER 4
Conclusion

The diverse biological activities and enormous pharmaceutical value of PKS products
drives much of the investigation of these mechanistically and structurally complex enzymes.
Engineering PKS machinery offers an attractive strategy for polyketide diversification and
potential high-scale production of analogues by fermentation.

A goal of the research presented here was to broaden the utility of previously
discovered AT specificity shifting mutations of DEBS AT6 by targeting analogous residues
in other DEBS ATs and in ATs from other PKSs. Accordingly, mutations equivalent to
DEBS AT6 L652H and Y723R were successfully introduced in DEBS AT3 and Pik ATS.
The DEBS AT3 mutants revealed similar specificity shifts to those previously observed with
DEBS AT6. Selectivity towards the native mm-CoA extender when a non-natural extender
unit was present was observed with DEBS AT3 M682H. The mutations V751A/Y753R in
DEBS AT3 were responsible for shifting specificity towards a non-natural extender unit even
in the presence of the native extender unit. This preliminary evidence suggests that targeting
parallel AT residues within the same PKS results in similar behavior in extender unit
selection, thus providing powerful approach to engineer PKS machinery to selectively
produce novel compounds. The performances of Pik ATS mutants varied from the expected
promiscuity and selectivity afforded by mutagenesis of the DEBS ATs. PikAIIITE 1684H,
expected to produce a methyl specific shift, decreased activity toward the native methyl
extender unit compared to that of the wild-type. Any potential specificity shift was not

detected given neither wild-type PikAIIITE or the mutant 1684H produced the anticipated
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propargyl analogue. The Pik AT5 V753A mutant was expected to increase activity towards
the non-natural extender unit compared to the wild-type enzyme and this was observed.
However, this specificity shift occurred concomitantly with an increase in activity towards
the natural extender unit. Finally, PikAIIITE Y755R was predicted to shift specificity toward
the non-natural extender unit, but it produced no product with either extender unit. These
results were not comparable to those of DEBS AT3 and AT6; however, the results provide
evidence that these residues play a key role in extender unit selection.

A final goal of this project was to use large-scale fermentation to produce high-titers
of natural product analogues after the introduction of the engineered enzyme machinery into
the host organism. Initial efforts towards optimizing in vivo polyketide production were
explored via media optimization. These first media optimization studies provide a base for
the optimization of 6-dEB and eventually 6-dEB analogue production.

Investigating engineered ATs provides insight into the roles of the AT active site
residues in regards to substrate specificity (Figure 4-1). We hope that these specificity shifts
discovered in isolated DEBS modules will transfer into the full length PKS pathway (Figure
4-1). As a result, these engineered pathways could provide a host of new of compounds to be
assessed for medicinal value (Figure 4-1). Introduction of reprogrammed PKS pathways into
a large-scale fermentation process will lead to efficient in vivo production of natural product

analogues (Figure 4-1).
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6
high-titer
6-deoxyerythronolide B |
analogues

Figure 4-1: Process for high-titer 6-dEB analogue production. 1) AT engineering 2)
investigation of engineered ATs in isolated modules 3) application of engineered AT to entire
biosynthetic pathway 4) small shake flask cultures to optimize production 5) large-scale
production of product 6) purification of high-titer yields of 6-dEB analogues with blue
highlighted representing potential carbons for modification.
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Appendix A
The following primers were used for sequencing the DNA of each of the DEBS and Pik
modules. The primer labeled “DEBS TE” was used to sequence the TE domain for each

construct. All are written in the 5°- to 3’ direction.

ModITE

1 TAC GAC GAC GTG GGG GCC GAA
TTC TTC GGC ATG TCC CCG C
TCA ACT CCG ACG GCG CGA GCA
ACA TCG CGT ACT CGC TCG CGA
AAT CGG TGA CCG CGT CGA GAT
ACG AGG TTT CCG CGC TGC GCT
GAA CCG TGC TGG TCA CCG GT
TCG ACG ACG GCA CCG TGG AC
ACC AGG CTCTTC GAC GAG AT
ACG AGCTGA TGG CCT CCG A

o 0 9NN AR WN

[
=

Mod2TE

1 TGA CGG TGG ACA CGG CGT GTT
TGG CTA CTT ACG GCA AGT CGC
CCG ACG TGA GCT GGA CGA TG
TCC GAC GTC GAG AAG CTG CT
TCG CGG TCG ACT GGG AAGCGG T
TCG TCG ACCTGC CGCACAT
CGA TCA ACG ACATGG ACG A
ACC ACG CCG TTC AAG GAGCT

R NN A WN

Mod3TE

1 CGT CGA TCA GCG TCG ACA CC
TCG GTG AAG TCC AAC ATC GG
GTG TTC GCC GGG AAG ATC CGG
TCT ATG GAC GGC ACC GAG CTG
ATG CCG GGG TCGACGCACCGGT
ATC GCG GCC AAG ACCGCGTTG
GAG CCG GCA CAA CGG CTC GCG

N SN B AW
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Mod4TE
1

o 9NN ARWN

ek
—

ModSTE
1

N S B A W

DEBS TE

PikAIIITE

1

o 0 9 SN B AW

TCG CTG GTC GGC ATC CA

TCG TTG CAC GCC GAC GAG CT
GTG TTC GCC GAG TCG ATG AG
TCC ACG GTG ACC GGC GAG GT
TGG CTG GCC GAA CAC GTC GTG
TGC CGT TCG CGT GGA ACA CC
ATG CTG CCT GCG GTT CCG GA
TCG GTC TCG ACG ACG AGC AC
AGA TCG AGG ACT TGG GCG CGT
AGT TCG TGC CGG AGG TCCT
ACA GGC TGT TCG CGG CCT CA

GAT GAC CGT CGA CAC CGC CT
TGT GGA TCG GTT CGG TCA AGT
AACTCG TTG CGC GACACCGGTT
TCT ACC CGT TCC AGC GGC AG
ACG GGA TCA AGG TGG CGA GG
ATG CGG TCA TCA GGA CAC AG
CTC TCC ATC GCC TCG GTC AA

GAA CTG CAC ATC ACCCTC GACC

CAG CGG CCT CGG CGT CTT CG

CTC GCG CCG GGT GAC GTG GAC
CTG CCT CGA TGG CCG AAT GCG
AG

CAC CCA CTT CAT CGA GGT CAG
CCT GTG GTC CGT CAC CCA GGG
CAT GCG CAC CCT CCT CGA CG
CAG CCT TCT GCT CGA CGG CGT C
CCG ACC CTG GTG CGG AGC CG
GAA GGC CGT GCC GTT CTC GT
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The following primers were used for PCR amplification and site-directed and saturation

mutagenesis. The Ndel or Hindlll restriction sites are underlined for the primers used for

amplification.

Modl1
Forward

Reverse
V739A/Y741R Forward
V739A/Y741R Reverse
Mod2

Forward

Reverse

Mod3
Forward

Reverse
M682H Forward
M682H Reverse

V751A/Y753R Forward
V751A/Y753R Reverse
Mod4

Forward

Reverse

ModS
Forward
Reverse
L671H Forward
L671H Reverse

V740A/Y742R Forward

V740A/Y742R Reverse

ACC GAC CAT ATG GGA ACC GAG GTC GCA CAA CG

ACC GAG AAG CTT CCG CAC GTC GGG GTG GTC GAA G

GTG CAT CCG CGC CAA GCG GCT GGC CGC GGA CCG CGC GTC
GCA CTC CTC GCA CGT CGA GA

TCT CGA CGT GCG AGG AGT GCG ACG CGC GGT CCG CGG CCA
GCC GCT TGG CGC GGA TGC AC

ACC GAC CAT ATG ACG CTG GCG GCG CAC CTG
ACC GAG AAG CTT GAG CTC GGC GTC GAG GAA ACC GG

ACC GAC CAT ATG GCT AGC ACT GAC AGC GAG AAG GTG

ACC GAG AAG CTT GAG CCG GGC GCG CAG GTG

AGC TCG TCG TGG GCC GCA GCC GCC TGC ATC GGT CGC TCT CCG
GGG AGGGCGGCAT

ATG CCG CCC TCC CCG GAG AGC GAC CGA TGC AGG CGG

CTG CGG CCC ACGACGAGCT

GCA TCC GCG TCC GCG ACA TCG ACG CGG ACC GCG CCT

CGC ACT CGC CGC AGA TCG AGC G

CGC TCG ATC TGC GGC GAG TGC GAG GCG CGG TCC GCG

TCG ATG TCG CGG ACG CGG ATG C

ACC GAC CAT ATG GTC GGT GAC GCC GAC CAG GC
ACC GAG AAG CTT CAG CCT GTC CCG CAG GTG TTC

ACC GAC CAT ATG AGC GGT GAC AAC GGC ATG ACCG
ACC GAG AAG CTT GAG CCG CTC CAG GTA GTG GTC
CGG AGC CGG GTC CAT CGC CGG CTC GGC

GCC GAG CCG GCG ATG GAC CCG GCT CCG

AAG GCA TAA CGG CGC GCC GCA TCC CCG CCG ACC GCG
CCT CCC ACT CAC CGC AGG TGG AG

CTC CAC CTG CGG TGA GTG GGA GGC GCG GTC GGC GGG
GAT GCG GCG CGC CGT TAT GCCTT
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PikAIIITE
1684X Forward
1684X Reverse

V753X Forward
V753X Reverse
Y755X Forward
Y755X Reverse

CAC CCT GCG CAG CAA GTCCNN KGC CGC CCACCT CGLC CGG C
GCC GGC GAG GTG GGC GGC MNN GGA CTT GCT GCG CAG GGT G
CCG TGC GCG GAT CAT CCC GNN KGA CTA CGC CTC CCA CAG C
GCT GTG GGA GGC GTA GTC MNN CGG GAT GAT CCG CGC ACG G
CGG ATC ATC CCG GTC GAC NNK GCC TCC CAC AGC CGG CAG G
CCT GCC GGC TGT GGG AGG CMN NGT CGA CCG GGA TGATCC G
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Appendix B

High resolution LC-MS data for 4b and 4d [M+H-H,O]" ion species.
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High resolution LC-MS data for 6-dEB [M+H]" ion species.
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