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SUMMARY
Stereochemistry is a broad subject that describes the three-dimensional arrangement of atoms in
a molecule. In Chapter 1, basic principles of stereochemistry are introduced, particularly those relating to
molecular asymmetry. The importance of molecular asymmetry within biological systems is described in
terms of protein structure and function, enzymatic discrimination of substrates, and development of
pharmaceutical drugs. The following chapters describe two different projects that showcase the importance

of stereochemistry at the levels of both primary and secondary metabolism.

Project 1: The essential biological cofactor S-adenosyl-L-methionine (SAM) is critical for
maintenance of cellular homeostasis, but under physiological conditions it racemizes about its sulfonium
center to yield an inactive diastereomeric form that is capable of competitively inhibiting SAM binding in
enzymatic active sites. In Chapter 2, we tested the hypothesis that a conserved bacterial enzyme of unknown
function, DUF62, specifically hydrolyzes the inactive diastercomeric form of SAM by isolating
recombinant protein and assaying its function with each of the isolated SAM diastereomers. We obtained
apparent kinetic constants for hydrolysis of the inactive form while no activity was shown towards the
active cofactor. Thus, we achieved functional assignment of DUF62 as a stereoselective hydrolase

responsible for maintenance of cofactor homochirality in the cell.

Project 2: Polyketide natural products are noted for their potent bioactivities, making them
privileged scaffolds in drug discovery efforts. Polyketides feature complex stereochemistry and are
biosynthesized by large, multifunctional, enzymatic assembly lines called polyketide synthases (PKSs).
Chapter 3 reviews modifying a polyketide structure through PKS engineering. Beginning with an overview
of PKS machinery and polyketide biosynthesis, we describe the various enzymatic domains within a PKS
followed by numerous examples where domain engineering yielded modified polyketide structures. To
facilitate understanding of the project discussed in Chapter 4, particular attention should be given to Section

3.4, which covers control of oxidation state and stereochemistry in a polyketide scaffold.
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SUMMARY (continued)

Chapter 4 describes experiments carried out for a collaborative project with the Burkhart lab. We
seek to use synthetic biology for production of an unnatural polyketide analogue that exhibits improved
therapeutic properties for treatment of acute myeloid leukemia and chronic lymphocytic leukemia. We
propose performing a reductive loop swap of the third extension module in the pladienolide PKS to generate

the target compound.

Our efforts were complicated by the pladienolide-producing microorganism, Streptomyces sp.
FERM BP-7812, which was obtained from a culture collection as a heterogeneous mixture. Several
phenotypically distinct isolates were cultivated. To determine which isolate could be used for our synthetic
biology studies, we performed 16S analysis to assess taxonomic relatedness of the isolates and targeted
metabolomics to determine the best isolate for fermentative production of pladienolide. Following
deconvolution of the strain, the third extension module from the pladienolide PKS was successfully cloned
and the recombinant protein was expressed and purified for use in in vitro extension assays. For the purposes
of engineering a chimeric module that affords the desired oxidation state and stereochemistry, we identified
a pool of donors and performed in silico analyses to determine the best candidates for the reductive loop

swap.
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Chapter 1

Introduction



11 Stereochemistry and Principles of Molecular Asymmetry

Depending on the arrangement of their atoms, two molecules with identical molecular formulas
and bond connectivity may be structurally distinct. Stereochemistry is a broad subject that describes the
three-dimensional arrangement of atoms in a molecule. One of the most intriguing stereochemical
characteristics is chirality, or handedness. The defining feature of a chiral molecule is that it lacks a plane
of symmetry and thus cannot be superimposed on its mirror image, as the left and right hands cannot be
superimposed on one another. This 1is exemplified in the simple chiral molecule
bromochlorofluoromethane. Figure 1.1 shows both possible enantiomers — nonsuperimposable, mirror-

image forms — of bromochlorofluoromethane, which, together, form an enantiomeric pair.

(R)
'”'”IH

Br

(S) — (S) —/: (R)
H\W'y —_— N‘nge /T N1 H

Cl Cl Cl

cl Br H Br

mirror plane

Figure 1.1: Enantiomers of bromochlorofluoromethane

Chirality is most often observed at sp’ hybridized (tetrahedral) carbon centers with four unique
substituents, as in bromochlorofluoromethane (Figure 1.1). Such a carbon may be referred to as a chiral
carbon, a stereocenter, or an asymmetric carbon. Importantly, asymmetry may exist about atoms other than
carbon. Though less common, stereocenters can form about nitrogen, phosphorous, and sulfur, as we will
see in Chapter 2. In an achiral environment, an enantiomeric pair possesses nearly identical physio-chemical

properties (boiling point, melting point, solubility, etc.). The sole exception is that enantiomers rotate in



opposite directions in plane-polarized light (Meierhenrich, 2008). Nevertheless, the two enantiomers are
likely to possess remarkably different biological activities, indicating that biological systems form a chiral

environment (Talapatra & Talapatra, 2015).

A molecule which contains more than one chiral center can form a pair of diastereomers, which
are nonsuperimposable non-mirror images of one another. This is exemplified in Figure 1.2, which shows
both enantiomeric pairs of the tetrose saccharides threose and erythrose, which are diasterecomers of one
another. Enantiomeric and diastereomeric relationships are indicated by red and blue arrows, respectively.
Unlike enantiomers, diastereomers often exhibit markedly different physio-chemical properties (Nguyen et

al., 2006).

OH E OH
: 0 i 0 :
S 75 - A
o N : X A o
>
OH : OH
L-Erythrose ' D-Erythrose
OH 5 OH
o) : o)
(S) - NN NP
o AN : B o
4—:—»
OH 5 OH
L-Threose ' D-Threose

mirror plane

Figure 1.2: Stereochemical relationships of the tetrose saccharides.



As in Figure 1.1, the two possible configurations of substituents about an asymmetric carbon may
be distinguished from one another using the R-S (or Cahn-Ingold-Prelog) system. The R-S system is most
common in organic chemistry and provides the absolute configuration of a chiral center. Alternatively, one
may describe an enantiomeric pair with the older D-L system, as in Figure 1.2. This system is more

commonly used in biochemistry and provides the relative configuration of a chiral compound.

The stereochemical designation provided by the D-L system is always in relation to some
reference compound, typically glyceraldehyde (Meierhenrich, 2008; Mathews et al., 2013). Thus, the D-L
system is typically less informative (i.e. more ambiguous) with respect to stereochemical nuance. Notice in
Figure 1.2 that additional stereochemical information is provided for D- and L- threose by defining each of
their two chiral centers with the appropriate R-S notation. Further, the D-L system does not resolve
stereochemical differences between diastereomers (Talapatra & Talapatra, 2015). Still, both systems prove

useful in various contexts, thus both the R-S and D-L system will be used herein.

1.2 The Importance of Molecular Asymmetry in Biological Systems

The first detailed observations of molecular asymmetry came in 1848 from the renowned French
chemist Louis Pasteur. In an 1860 lecture on molecular asymmetry to the Chemical Society of Paris, he

proclaimed:

“Thus we find introduced into physiological principles and investigations the idea
of the influence of the molecular asymmetry of natural organic products, of this
great character which establishes the only well marked line of demarcation that
can at present be drawn between the chemistry of dead matter and the chemistry

of living matter.” (Pasteur, 1964, p. 45)

Indeed, molecular asymmetry has emerged as a defining feature of living systems (Hegstrom &
Kondepudi, 1990). Cells are composed of mostly chiral molecules (Inaki & Matsuno, 2016). Further, there

is an overwhelming preference for one enantiomer over the other within each of the three major classes of



biomolecules — proteins, carbohydrates, and lipids — thus imbuing the cellular environment with asymmetric
character (Mathews et al., 2013). This phenomenon of preferred molecular handedness in living systems is
referred to as biological homochirality (Hegstrom & Kondepundi, 1990; Blackmond, 2010). Though we
are unlikely to ever arrive at a definitive conclusion, questions regarding the evolutionary origins of
biological homochirality have captured the imaginations of scientists (Saghatelian, 2001; Blackmond,
2010). Additionally, much attention has been given to how biological systems maintain homochirality

(Nandi, 2009).

Biological homochirality is most clearly observed in primary metabolic building blocks of
proteins and polysaccharides — L-amino acids and D-sugars, respectively. The essential proteinogenic amino
acids are all L-configured, though non-proteinogenic D-amino acids can be found in bacterial cell walls and
other short bacterial peptides of non-ribosomal origin (Fliigel, 2011). It has been shown that incorporation
of D-amino acids in cellular proteins can be toxic to an organism (Ohnishi, 1962; Champney & Jensen,
1970). Further, translation of proteins with mixtures of L- and D-amino acids causes improper protein
folding, preventing formation of the higher-order structures essential for their biological functions

(Hegstrom & Kondepundi, 1990; Fliigel, 2011).

Enzymes are the great chemists of the biological world. Given the asymmetric nature of their
amino acid building blocks, it is no surprise that enzymes are also chiral. Indeed, enzyme active sites form
chiral cavities, which facilitates discrimination between the two enantiomeric forms of a substrate (Inaki &
Matsuno, 2016). Enzymatic action on a substrate requires that the substrate be tightly confined within the
active site and positioned with proper orientation to make contact with catalytic residues (Nandi, 2009).
One can imagine that the mirror image of an enzyme’s natural substrate may not fit neatly into the active

site, thus lowering the catalytic efficiency of any activity the enzyme may exert on that unnatural substrate.

The chiral nature of biological receptors explains the differential effects that are often observed
between the two enantiomeric forms of chiral drugs. More than half of the drugs on the market are chiral

compounds (Nguyen et al., 2006). While many of these drugs differ primarily in potency between



enantiomers, for others the difference can be much more insidious. Drugs such as L-Dopa, a treatment for
Parkinson’s, must be given in enantiopure form due to the severe toxicity associated with the D-Dopa
enantiomer (Nguyen et al., 2006). Thus, an understanding of stereochemical nuance — at both the molecular

and environmental level — is critical for medicine and the development of new drugs.

Herein, examples of stereochemistry at the level of both primary and secondary metabolism will
be explored. Chapter 2 examines a bacterial enzyme of unknown function, which we show is a
stereoselective hydrolase responsible for maintenance of cofactor homochirality. Chapters 3 and 4 cover
polyketide natural products, which are noted for their potent biological activities and intricate

stereochemistry.
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Chapter 2
Maintenance of cofactor homochirality in bacterial cells:

Assignment of function to a stereoselective hydrolase

Adapted from ChemBioChem, An Enzyme Containing the Conserved Domain of Unknown Function
DUF62 Acts as a Stereoselective (R,,S.)-S-Adenosylmethionine Hydrolase. Kornfuehrer, T., Romanowski,

S.B.R., de Crécy-Lagard, V., Hanson, A.D., and Eustaquio, A.S.E. (2020)

Copyright © 2020 Wiley-VCH GmbH

[ChemBioChem, 2020 (in press), https://doi.org/10.1002/cbic.202000349]




2.1 Introduction

Molecular asymmetry plays an important role in biological systems, with homochirality being a
“signature of life”, as exemplified by the predominance of D-sugars and L-amino acids in biological
processes (Blackmond, 2010). Although carbon chirality is well recognized, asymmetry about sulfur is far
less appreciated (Bentley, 2005). Pre-eminent among biomolecules with chirality about sulfur is the
cofactor S-adenosyl-L-methionine (SAM), a sulfonium salt (Figure 2.1). Present in all living organisms,
SAM can fulfill diverse biological roles (Dalhoff & Weinhold, 2008). Most significantly, SAM is the
primary single carbon donor in biological transmethylation reactions (Cantoni, 1975; Martin & McMillan,
2002). The methyl acceptor substrates are diverse in nature, ranging from simple primary or secondary
metabolites to complex macromolecules such as DNA, RNA and proteins (Struck ef al., 2012). Though
methyl group donation is SAM’s primary role in the cell, SAM can also be a source of ribosyl, amino, and

aminoalkyl groups, in addition to 5’-deoxyadenosyl radicals (Fontecave et al., 2004).

NH,
N NS
(0] C?:HS </ | )N
(S) St N~ >N7
HO : (S) e}
NH,
OH OH

Figure 2.1: The biological cofactor S-adenosyl-L-methionine.

The biological cofactor SAM is synthesized in cells from adenosine triphosphate (ATP) and L-
methionine (Cantoni, 1953). As shown in Figure 2.2, biological systems exclusively synthesize the (S,5)-

SAM diastereomer (de la Haba et al., 1959; Cornforth et al. 1977). However, biosynthesized (S,S)-SAM
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slowly racemizes about the sulfonium center in physiological conditions to the (R,S)-SAM diastereomer
with a reported rate constant of 1.8 x 10 s at 37°C, pH 7.5 (Hoffman, 1986). Biological transmethylation
reactions exhibit a clear preference for (S,5)-SAM as a substrate (de la Haba et al., 1959), and there is
evidence to suggest that (R,S)-SAM inhibits methyltransferases (Borchardt & Wu, 1976). As
macromolecule methylation plays a crucial role in health and disease from humans to microorganisms
(Michalak et al., 2019; Kako et al., 2019; Sanchez-Romero & Casadests, 2019), buildup of (R,S)-SAM
could have deleterious effects on cell health. Thus, it is imperative for cells to harbor mechanisms of (R, S)-

SAM remediation (Vinci & Clarke, 2010a).

One such mechanism known for yeast, worms, plants, and flies is mediated by homocysteine S-
methyltransferases (HMTs), which preferentially accept the (R,S)-SAM diastereomer as a methyl donor to
generate L-methionine from homocysteine, preventing the cellular accumulation of (R,S)-SAM (Vinci &
Clarke, 2007; Vinci & Clarke, 2010b; Bradbury et al., 2014). The co-product of the HMT-catalyzed
reaction, S-adenosylhomocysteine (SAH) — itself a methyltransferase inhibitor — can then be degraded by
SAH hydrolases (Vinci & Clarke, 2007). An alternative enzyme is likely required in mammalian cells and
in bacteria that do not contain HMTs; only 18% of bacteria have been reported to contain HMTs (Vinci &

Clarke, 2010b; Bradbury et al., 2014).

Previous work showed that Domain of Unknown Function 62 (DUF62) proteins have SAM
hydrolase activity (Eustaquio et al., 2008a; Deng et al., 2008; Deng et al., 2009). The existence of an
enzyme that degrades SAM is counterintuitive as biosynthesis of SAM is metabolically costly (Wu ef al.,
1983), and the cell is poised to make use of the reactivity of the sulfonium center in various ways (Fontecave
et al., 2004). Yet, these studies did not examine the differential activity of DUF62 on each of the sulfur
diastereomers. Herein we tested the hypothesis that DUF62 specifically hydrolyzes (R,S)-SAM. Structures
of the active (S,S) and inactive (R,S) forms of SAM are shown in Figure 2.2, which depicts the main role
of (S,5)-SAM (nucleic acid, protein, and metabolite methylation) and our hypothesis that DUF62 enzymes

specifically cleave (R,S)-SAM.
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Figure 2.2: S-adenosyl-L-methionine biosynthesis, racemization, and hypothesis of DUF62 function
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2.2 Results and Discussion

2.2.1 Analysis of diastereomer composition in commercial standards of S-adenosyl-L-methionine

Two different commercial SAM standards were obtained from BioVision Incorporated and
Sigma-Aldrich. Using the SAM diastereomer Analysis and Quantitation method described in Section
2.4.2.1, a 1 mM standard solution was analyzed by high performance liquid chromatography (HPLC) for
each commercial preparation (Figure 2.3). The BioVision standard is apparently a racemate, whereas the
Sigma standard is 75:25 (S,5):(R,S). Although racemization of SAM at the sulfur center has long been
described (Hoffman, 1986; Wu et al., 1983), the fact that commercial preparations of SAM are of varied

purity as it pertains to the active (S,5)-SAM diastereomer remains underappreciated.

SN (»S) (S.5)

(R.S)
L

I I
5 min 5 min

Figure 2.3: Diastereomeric composition of commercial S-adenosyl-L-methionine preparations.
(A) BioVision (B) Sigma-Aldrich.
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2.2.2 Cloning and purification of recombinant StDUF62

In order to test the hypothesis that DUF62 proteins function as stereoselective (R,S)-SAM
hydrolases, we generated recombinant DUF62 from Salinispora tropica CNB-440 (StDUF62), a marine
actinomycete bacterium whose genome (Udwary ef al., 2007) contains two DUF62 genes. One of these has
been previously shown to encode a SAM-dependent chlorinase (Eustaquio et al., 2008b). Moreover, no

HMT genes are encoded in the genome of CNB-440.

We cloned duf62 into the expression vector pHis8 (via traditional, restriction-ligation cloning
methods to generate pHis8-St62. A vector map with relevant restriction sites is shown in Figure 2.4A.
Amplification of duf62 with addition of BamHI and Xhol restriction sites was achieved via polymerase
chain reaction (PCR). Non-specific amplification was observed, and the 810 bp amplicon had to be gel-
excised (Figure 2.4B). This was likely the result of high GC content (69.5%) in the S. tropica genome
(Udwary et al., 2007). Screening of obtained clones with Sall and EcoRYV yielded two positive hits, visible

in wells 7 and 8 of Figure 2.4C.

oN

el
A VSa"(f'szz’xm (5,.924) B L% CrLi12345678 9101112
Sall (5,348

[kb] [kb]

10—

»
pHis8-St62 4 = .ﬂ'.”..'i.
6,085 bp

.
"
sull .‘.l - - -
. L
EcoRV (3,797 0.75 . -
0.5 0.75%
! 054 @
¢ 0.25%
® .

Figure 2.4: Cloning duf62 into expression vector pHis8. (A) Vector map of pHis8-St62
(B) PCR amplification of duf62 (C) Clone screening
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Once the fidelity of the cloned construct was verified with Sanger sequencing, pHis8-St62 was
electroporated into Escherichia coli BL21 (DE3) for protein expression and purification via Ni-NTA
chromatography. The purified enzyme was analyzed by SDS-PAGE (Figure 2.5). Cells did not lyse
completely upon first sonication; thus sonication was repeated a second time. In Figure 2.5, “lysate-1”
refers to samples following the first round of sonication while “lysate-2” refers to samples following the
second round of sonication. The purified protein was buffer exchanged (desalted) via gel filtration using
disposable PD-10 columns containing Sephadex G-25M resin. Soluble (s) and insoluble (i) fractions are

indicated.

| pre-induction (i)
| lysate-1 (s)
lysate-1 (i)
. lysate-2 (s)
lysate-2 (i)
flow through
desalted protein

~~
W
N
=)
]
=
3
= 2
o £
g 9
= a

washl1
. wash2
wash3

Figure 2.5: Purification of recombinant StDUF62
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2.2.3 Preliminary assay with mixed diastereomers

Incubation of recombinant StDUF62 with the BioVision SAM racemate led to a decrease in the
(R,S)-SAM peak, while the (S,5)-SAM peak remained relatively unchanged (Figure 2.6). The decrease in
the (R,S)-SAM peak was concomitant with adenosine formation, identified by comparison with an authentic

standard. This preliminary assay supports the hypothesis that StDUF62 acts preferentially on (R,S)-SAM.

Adenosine

(8.5)

(R,S) A\ ‘M
\ / JL/ UL >x soure2
- 541 StDUF62

b Boiled control
\ \ \ ‘
5 10 15 min

Figure 2.6: Assay of StDUF62 with S-adenosyl-L-methionine racemate indicates preference for the
(R,S) diastereomer. ImM SAM racemate was incubated with 2.5 uM (1X) or 5 uM StDUF62 (2X) for 1
hour at 30 °C.
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2.2.4 Determination of kinetic constants for hydrolysis of isolated diastereomers

In order to test the stereoselectivity of StDUF62 further, we isolated each diastereomer from a
racemic mixture as described in Section 2.4.2.1. The apparent kinetic constants we obtained for (R,S)-SAM
using nonlinear regression are Km of 0.63 pM and ke of 4.5 x 107 s'. Kinetics assays for the (R,S)
diastereomer involved 0-16 pM (R,S)-SAM incubated with 50 nM StDUF62 in 100 pL reactions at 30°C
for 4 min. Data obtained from two independent experiments of triplicate assays (N=6 total) is shown in
TABLE 1. Previously, DUF62 proteins have been shown to co-purify with adenosine by X-ray
crystallography (Deng et al., 2008). Therefore, the area under the curve (AUC) for adenosine obtained with
the enzyme only samples (no substrate, “blank™) is used to correct the total AUC obtained for the substrate
with enzyme samples. Box plot analysis of the data using XLSTAT in Excel identified one outlier data
point, indicated with a red arrow in Figure 2.7. This outlier was removed prior to nonlinear regression

analysis for determination of kinetic constants (Figure 2.8).

Box plots of Ado formation
for each (R,S)-SAM Concentration Point

007 T+
= 0.06 +
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005 + - N Iél
.§ 0.04 + l£E| + -+ “+
«
£ 003 1 E
:c: 0.02 + %?
< 0.
Eﬂ 0.01 + E et
04 ——

ouM 0.261uM 0.521uM 1.042uM 2.084uM 4.169uM 8.337uM 16.675uM
(R,S)-SAM (Substrate) Concentration Points

Figure 2.7: Identification of outlier data point via box plot analysis



TABLE I: RAW KINETICS DATA FOR (R,S)-S-ADENOSYL-L-METHIONINE
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N | [RS)-SAM] adenosine peak AUC (mAU*s) Calculated [Ado] % of SAM
(uM) total AUC blank corrected (M) converted
0.0 0.5016 0.0000 0.0000 -
0.3 1.1799 0.6783 0.0160 6.1%
0.5 1.7924 1.2908 0.0304 5.8%
| 1.0 2.1475 1.6459 0.0387 3.7%
2.1 2.4947 1.9930 0.0469 2.3%
42 2.8784 2.3768 0.0559 1.3%
8.3 3.3026 2.8009 0.0659 0.8%
16.7 3.0286 2.5270 0.0595 0.4%
0.0 0.5794 0.0000 0.0000 -
0.3 1.0269 0.4474 0.0105 4.0%
0.5 1.5217 0.9423 0.0222 4.3%
1.0 1.7904 1.2110 0.0285 2.7%
2
2.1 2.2555 1.6761 0.0394 1.9%
42 1.4850 0.9056 0.0213 0.5%
8.3 1.1056 0.5261 0.0124 0.1%
16.7 2.7078 2.1283 0.0501 0.3%
0.0 0.5246 0.0000 0.0000 -
0.3 1.1847 0.6602 0.0155 6.0%
0.5 1.5840 1.0594 0.0249 4.8%
1.0 1.7280 1.2034 0.0283 2.7%
3
2.1 1.9386 1.4140 0.0333 1.6%
42 2.1057 1.5811 0.0372 0.9%
8.3 2.0357 1.5111 0.0356 0.4%
16.7 2.2388 1.7143 0.0403 0.2%

? Outliner data point that was excluded from calculation of kinetic constants.
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adenosine peak AUC (mAU%*s)

[(R,S)-SAM] Calculated [Ado] | % of SAM

(nM) total AUC blank corrected (nM) converted
0.0 0.6400 0.0000 0.0000 -
0.3 1.1198 0.4798 0.0113 4.3%
0.5 1.4743 0.8344 0.0196 3.8%
1.0 2.1963 1.5563 0.0366 3.5%
2.1 2.2878 1.6479 0.0388 1.9%
4.2 2.8614 2.2214 0.0523 1.3%
8.3 2.9567 2.3167 0.0545 0.7%
16.7 3.0546 2.4146 0.0568 0.3%
0.0 0.5295 0.0000 0.0000 -
0.3 1.3314 0.8019 0.0189 7.2%
0.5 1.7420 1.2125 0.0285 5.5%
1.0 2.1915 1.6620 0.0391 3.8%
2.1 2.3085 1.7790 0.0419 2.0%
4.2 2.7614 2.2319 0.0525 1.3%
8.3 2.7252 2.1957 0.0517 0.6%
16.7 3.1259 2.5964 0.0611 0.4%
0.0 0.3829 0.0000 0.0000 -
0.3 1.1929 0.8100 0.0191 7.3%
0.5 1.5981 1.2152 0.0286 5.5%
1.0 1.7808 1.3979 0.0329 3.2%
2.1 2.2538 1.8709 0.0440 2.1%
4.2 2.2889 1.9060 0.0449 1.1%
8.3 2.6570 2.2741 0.0535 0.6%
16.7 2.6321 2.2492 0.0529 0.3%
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Figure 2.8: Kinetic constants for (R,S)-S-adenosyl-L-methionine determined via linear regression

For qualitative determination of StDUF62 activity on (§,5)-SAM, 10 uM (§,S)-SAM was
incubated with 0.5 uM StDUF62 at 30°C for 1 hour. We observed 52 nM adenosine formation,
corresponding to only 0.5% of (S,5)-SAM in the assay (Figure 2.9, TABLE II). Over the one-hour
incubation, 65 nM of (R,S)-SAM would theoretically be formed from 10 uM (S,S)-SAM using the reported
kr of 1.8 x 10° 5!, which was determined at 37°C (Hoffman, 1986). According to these calculations, the
observed product formation may be explained by racemization of (§,S)-SAM followed by degradation of
newly formed (R,S)-SAM by StDUF62. Here and throughout, “E(b)” is boiled enzyme only (control);
“Se/S” is substrate only (control); “S+E(b)” is substrate with boiled enzyme (control); and “S+E” is

substrate with enzyme (experimental).
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Figure 2.9: Testing the activity of StDUF62 with (S,5)-S-adenosyl-L-methionine at 30°C

TABLE II: ADENOSINE FORMATION DURING ONE HOUR INCUBATION OF DUF62 WITH

(S,5)- S-ADENOSYL-L-METHIONINE AT 30°C

Adenosine Formation (uM) Average Std Dev [Adenosine]
M M Corrected
N=1 N=2 N=3 (nM) (nM) (uM)
So 0.00000 0.00000 0.00000 0.00000 0.00000 0
S+E 0.22279 0.22890 0.22752 0.22640 0.00321 0.05158
S + E(b) 0.17488 0.17507 0.17450 0.17482 0.00029 0
E(b) 0.16486 0.17812 0.17447 0.17248 0.00685 0
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To test this, we incubated 10 uM (S,S)-SAM in assay buffer in absence of enzyme for 1 hour at
30°C. However, we were not able to detect (R,S)-SAM using the SAM diasterecomer Analysis and
Quantification method, as 52 nM (R,S)-SAM falls below our detection limit. We then tested an extended
incubation time with 10 uM (S,S)-SAM incubated in phosphate buffer (pH 7.9) at 30 °C for 24 hours (Figure
2.10). Aliquots taken at the indicated time (5, 12, or 24 hours) were analyzed by HPLC using the SAM

Analysis and Quantitation method.

mAU
(5,5)-SAM
20 :
|
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|
15 [
10 H— S/ ‘ \_ N o _5h
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5 4
o (R,S)-SAM /\
~ _ _24h
0 4

Figure 2.10: Extended incubation of (S,S5)-S-adenosyl-L-methionine at 30 °C.
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In addition to epimerization to (R,S)-SAM, two other pathways for (S,S)-SAM degradation have
been reported, i.e. cleavage to 5’-methylthioadenosine and homoserine lactone, and hydrolysis to adenine
and S-pentosylmethionine (Hoffman, 1986). These competing pathways for (S,S5)-SAM degradation at
physiological pH, and tailing of the (S,S)-SAM peak into the (R,S)-SAM peak prevented accurate

experimental determination of (R,S)-SAM formation under the StDUF62 assay conditions.

We then repeated the StDUF62 assay on (S,5)-SAM but this time incubated the reaction at 37 °C
so that the reported recemization rate can be used more accurately. We observed formation of 56 nM
adenosine (TABLE 111, Figure 2.11), which is comparable to the results we obtained at 30 °C, indirectly
confirming the premise that the observed adenosine stems from (S,S)-SAM epimerization. In any case,
regardless of whether the trace adenosine amounts observed stems from epimerization of (S,S)-SAM under
the assay conditions or actual, low activity of StDUF62 toward (S,S)-SAM, StDUF62 shows a clear

preference for (R,S)-SAM and virtually no activity toward (S,S)-SAM.

TABLE III: ADENOSINE FORMATION DURING ONE HOUR INCUBATION OF DUF62 WITH

(S5,5)-S-ADENOSYL-L-METHIONINE AT 37°C

Adenosine Formed (uM) Average Std Dev | Adenosine (uM)
Sample
N=1 N=2 N=3 (uM) (M) corrected
S+E 0.22358 0.22594 0.22358 0.22437 0.00136 0.05648
E 0.16710 0.16710 0.16945 0.16788 0.00136 0.00000
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Figure 2.11: Testing the activity of StDUF62 with (S,S)-S-adenosyl-L-methionine at 37°C
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The observed kinetic constants for StDUF62 (TABLE IV) appear physiologically relevant and
are in agreement with a role in preventing accumulation of (R,S)-SAM in cells. Average values of the six
(R,S)-SAM kinetics data sets are shown =+ standard deviation in TABLE IV. The StDUF62 very slow (R, S)-
SAM turnover rate of 4.5 x 10~ s™ is comparable to the reported turnover of halogenase paralogs (Dong et
al.,2004; Zhu et al., 2007; Eustaquio et al., 2008b). In previous studies, DUF62 enzymes were tested with
halides but showed no relevant activity (Eustaquio et al., 2008a; Deng et al., 2008). Moreover, SAM
analogues SAH and 5’-deoxy-5’-methylthioadenosine did not function as substrates either (Eustaquio et

al., 2008a), and SAH was shown to function as an inhibitor (Deng et al., 2008).

Finally, a calculation of the rate of (R,S)-SAM formation based on the reported racemization rate
of 1.8 x 10° s (Hoffman, 1986), and an intracellular (S,S)-SAM concentration of 180 uM (Bennett et al.,
2009; Halliday et al., 2010), favors the possibility that even a low concentration of StDUF62 (<0.001% of
total protein) could deal with the in vivo rate of (S,S)-SAM racemization (see calculation in section 2.4.6).
Future studies such as comparative analysis of StDUF62 deletion mutant and wild-type strains will be

necessary to determine whether StDUF62 indeed prevents accumulation of (R,S)-SAM in cells.

TABLE IV: APPARENT KINETIC CONSTANTS OF STDUF62

upstrate m (I cat (87 % cat/ Am ls
Substrat K (uM) keeat (s7) Relative activity (%) | Kea/Km (UM s™)

(RS)-SAM | 0.63+0.19 | 4.5x10°+0.9 x 107 100 7.1 %103

(5.5)-SAM
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2.2.5 Bioinformatic analysis

The previously reported mechanism to prevent the cellular accumulation of (R,S)-SAM levels is
mediated by HMTs (Vinci & Clarke, 2007; Vinci & Clarke 2010a). Previous analyses (Bradbury et al.,
2014) using the PubSEED database and subsystem tools had shown that 18% (280/1,535) of the bacterial
genomes analyzed but none (0/65) of the archaeal genomes encoded an HMT. We first performed a DUF62
distribution analysis using the same PubSEED database and tools and found DUF62 homologs in 15%

(223/1,535) of bacterial and in 56% (37/65) of archaeal genomes.

Because the PUubSEED genome set includes only genomes released up to 2014, we also used the
AnnoTree tools to obtain more current data from a larger genome set. The AnnoTree analysis using the
PF01887 PFAM family, which contains DUF62 and a handful of fluorinase/chlorinase enzymes (Eustaquio
et al., 2008b; Dong et al., 2004) showed that 21% (5,052/23,458) of bacterial and 42% (531/1,248) of
archaeal genomes encoded DUF62 proteins, distributed over the whole bacterial and archaeal phylogenetic
trees (Figure 2.12A and Figure 2.12B, respectively). As the PFAM family for HMT (PF02574) is not
isofunctional, we used KOG family K00547 that is better annotated with only HMT proteins (EC 2.1.1.10)
as query. This analysis showed that HMT proteins were encoded by 27% (6,392/23,458) of the bacterial
and by 5.9% (74/1,248) of the archaeal genomes. In addition, 56% (13,084/23,458) of the bacteria and 52%
(655/1,248) of the archaea analyzed had neither HMT nor DUF62. From the genomes that do encode these
proteins, there is a partial inverse relationship between the presence of DUF62 homologs and of HMT,
except that 10.3% (1,073/10,374) of the bacterial and 2.4% (14/593) of the archaeal genomes encode both
HMT and DUF62, respectively (Figure 2.12C). To the best of our knowledge DUF62 homologs are not
found in eukaryotes. Two eukaryotic hits are found in the PF01887 family, but further BLAST analysis

strongly suggests that these are bacterial contaminations.
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HMT_Bacteria DUF62_Bacteria $  HMT_Archaea DUF62_Archaea

Figure 2.12: Phylogenetic distribution of DUF62 in bacteria and archaea. Results of an AnnoTree
query using PFAM family PFO1887. Branches are highlighted in blue for phyla that harbor members of the
DUF62 family in the Bacteria (A) and Archaea (B) domains. The trees were generated directly in AnnoTree.
(http://annotree.uwaterloo.ca/app/#/?qtype=pfam&qgstring=PF01887&eval=0.00001). (C) Venn diagrams
showing the number of genomes that encode DUF62 and HMT homologs in Bacteria (left) and in Archaea

(right).

Comparative genomics and physical clustering analysis can provide insight into how genes may
relate to biological processes (Osterman & Overbeek, 2003). Although half of the DUF62 genes in the
PubSEED database do not show conserved clustering, the other half (882/1,740 bacteria) are physically
clustered with m#sABC genes annotated as methionine-regulated, energy-coupling factor (ECF) transporters
(Rodionov et al., 2004) (see AdoMetRepair VDC SEED subsystem link provided in section 2.4.7). The
probability that two genes cluster together by chance in an average bacterial genome containing ~4,500
genes is very low (0.02%); thus to observe clustering in 50% of the cases is a strong correlation. In addition,
mtsABC and DUF62 genes are predicted to be co-transcribed and to be under the control of the methionine-

sensing regulator MtaR (Shelver et al., 2003) in several firmicutes (Figure 2.13). Based on the (R,S)-SAM
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hydrolase activity of StDUF62 reported here, it is likely that this subgroup of ECF transporters is involved

in salvaging (R,S)-SAM as a source of L-methionine.

Orthologous regulated operons containing COG1912 gene

Properties
Regulog:
Regulator type:
Regulator family:
Regulation mode:
Biological process:

MtaR - Streptococcaceae
Transcription factor
LysR

repressor

Methionine metabolism

Effector: Homocysteine

Phylum: Firmicutes

Operon Position Score
Streptococcus gordonii str. Challis substr. CH1

D T

COG1912-mtsA -30 4.5

Streptococcus mitis B6

0__/_1_/,.\_/._,_/,

COG1912-mtsA-mtsB-mtsC -91 4.6
Streptococcus mutans UA159
QL1101
COG1912-mtsA-mtsB-mtsC
Streptococcus pneumoniae TIGR4

-110 5.4

QL1101
COG1912-mtsA-mtsB-mtsC -64 4.6
Streptococcus thermophilus CNRZ1066

OO0

COG1912-mtsA-mtsB-mtsC ~100 4.5
Streptococcus uberis 0140/

_o_._/_\_/..\_/__/.

COG1912-mtsA-mtsB-mtsC -106 6.3

A

1.

w

Built upon 72 sites cee pope

Sequence

TAAAGTTCAGGACTATA

TATAAGGTAAAACTATA

TATAGGTAATAACTATA

TATAAGGTAAAACTATA

CATAGCCAAAGGC

TATA

TATAGTTTTAGACTATA

Locus Tag of the First Gene

SCGO_0468

smi_1812

SMU.1936¢

SP_0481

str0304

SUB0314

Figure 2.13: Predicted co-regulation of DUF62 encoding genes and energy-coupled factor transporter
MtsABC encoding genes. DUF62/COG1912 encoding genes and ECF transporter MtsABC encoding

genes in operons predicted to be

regulated by MtaR. Data extracted from RegPrecise

(http://regprecise.sbpdiscovery.org:8080/WebRegPrecise/ort_operons.jsp?project_id=3620&ort_id=1289

134).
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23 Conclusions

The genomic era brought the hope of a deeper understanding of living systems. However, as the
volume of genome sequence data increases, functional annotation of encoded proteins lags far behind. Even
the smallest bacterial genomes still contain at least 25% of genes of unknown function (Hutchison et al.,
2016). A considerable number of conserved unknown genes are now known to be involved in metabolite
damage control and have been referred to as “house cleaning” genes (de Crécy-Lagard et al., 2018).
Cofactor damage control is of particular importance due to the intrinsic reactivity of cofactors and their

essential metabolic roles (de Crécy-Lagard et al., 2018; Linster et al., 2013).

The sulfonium salt (S,S)-SAM (Figure 2.1) is a ubiquitous cofactor essential for many cellular
processes (Fontecave et al., 2004). As the primary methyl donor in methyltransferase-catalyzed reactions,
(S,5)-SAM helps maintain cellular homeostasis (Kako ef al., 2019). Cells use dynamic methylation of DNA,
RNA and proteins to control the flow of genetic information (Kako et al., 2019), impacting development,
cell-fate determination, and adaptability from bacteria to humans (Michalak et al., 2019; Sanchez-Romero
& Casadesus, 2019). An imbalance in macromolecule methylation has been implicated in cancer and aging
in humans (Michalak et al, 2019), and in phenotypic variations such as decreased virulence and

upregulation of stress responses in bacteria (Sanchez-Romero & Casadesus, 2019).

Maintenance of (S,S)-SAM homochirality is important for cellular health given that the
(R,S)-SAM diastereomer is largely inactive as a methyl donor and can function as an inhibitor of
methyltransferases (de la Haba et al., 1959; Borchardt & Wu, 1976). We showed here that StDUF62 is a

stereoselective (R,S)-SAM hydrolase.
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2.4 Experimental Methods

24.1 Chemicals

Ammonium formate, ammonium acetate, formic acid, glacial acetic acid, and hydrochloric acid
were obtained from Fisher. Trifluoroacetic acid (TFA) was purchased from Alfa Aesar. Isopropyl B-D-1-
thiogalactopyranoside (IPTG), potassium phosphate monobasic, potassium phosphate dibasic, HPLC grade
water, HPLC grade acetonitrile (MeCN), adenosine, and S-(5’-Adenosyl)-L-methionine p-toluenesulfonate
salt were purchased from Sigma-Aldrich. S-Adenosyl-L-methionine disulfate tosylate was purchased from

BioVision Incorporated.

2.4.2 High pressure liquid chromatography

Diastereomer isolation and enzymatic assay analysis were performed using an Agilent 1260
Infinity HPLC system with a Kinetex Sum C18 column (100A, 250 x 4.6mm, Phenomenex). A
SecurityGuard ULTRA Column Guard with a C18 (4.6mm ID) cartridge was used for enzymatic assay

analysis only.

2.4.2.1 S-adenosyl-L-methionine diastereomer analysis, isolation, and buffer exchange

Diastereomer isolation was carried out using a previously described (Zhang and Klinman, 2015)
system of methods, which utilizes three different buffers under isocratic conditions for SAM diastereomer
Analysis and Quantitation (50 mM ammonium formate buffer, pH 4.0), Preparative Isolation (50 mM
ammonium acetate buffer + 1.0% TFA, pH 5.4), and Buffer Exchange (10 mM phosphate buffer, pH 7.9).

A workflow schematic is shown in Figure 2.14.



10 mM
SAM
20 pLL

injection

Preparative
Isolation

Analysis and Quantitation
50 mM Ammonium Formate
Buffer (pH 4.0)

Preparative Isolation
50 mM Ammonium Acetate
Buffer + 1% TFA (pH 5.4)

mAU ( S, S)
1600
1400
1200
1000
800
6007
400

2007

(R.S)

10 11 12 13 14,
min

Q0O Q0
0/0]0/0/0[0), ©/®)

Buffer Exchange
10 mM Phosphate Buffer
(pH 7.9)

Figure 2.14:

100 pL Fractions
Isolated Diastereomers in
Ammonium Acetate Buffer

Analyze fractions to
determine purity and

concentration
V=10uL

Buffer
Exchange

30

"s00]
300] SAM
2007 ammonium

acetate
100] i

o

5 0

000 0000
Q00O 0000
0/0]00/0 0000006

100 pL Fractions

Buffer-exchanged diastereomer
in 10 mM phosphate buffer

Analyze fractions to
determine

concentration
V=5uL

S-adenosyl-L-methionine diastereomer isolation workflow



31

First, 20 uL of 10 mM SAM racemate (BioVision) was injected and run using the Preparative
Isolation method. Fractions (100 pL) were collected over the course of the eluting diastereomer peaks,
which achieved baseline separation. Next, 10 pL of each fraction was analyzed via the Analysis and
Quantitation method to assess purity and concentration according to a SAM calibration curve that was
generated using a racemic standard (TABLE V, Figure 2.15). Those fractions containing pure diastereomer
in high concentration were pooled for buffer exchange. Then, 100 pL of isolated diastereomer in ammonium
acetate buffer with TFA was injected and run using the Buffer Exchange method. Fractions (100 uL) were
collected over the course of the eluting peak, yielding isolated SAM diastereomer in phosphate buffer.
Finally, 5 pL of each fraction was analyzed using the Analysis and Quantitation method to determine

concentration according to the SAM calibration curve.

In order for all replicates of assays to include the same concentration points, the disparate tubes
of buffer-exchanged SAM were pooled into three different tubes of low, medium, and high concentration
(R,S)-SAM or into two different tubes of low and high concentration (S,5)-SAM. Then, 10 uL from each
tube was then analyzed to determine concentration of the pooled sample. Each sample was analyzed in
triplicate. Diastereomer concentration was calculated using the SAM calibration curve shown in Figure
2.15. The calculated concentration was then volume corrected as the calibration curve was generated from

50 uL injections. Representative results obtained are shown in TABLE VI and TABLE VII.



TABLE V: S~ ADENOSYL-L-METHIONINE DIASTEREOMER CALIBRATION CURVE
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Total SAM Diastereomer AUC (mAU*s)
Concentration (uM) Concentration (uM) (S,S) (R,S)
500 250 6701.4331 7134.9043
100 50 1354.6785 1428.7741
50 25 682.1271 716.9954
10 5 129.1181 138.3402
5 2.5 67.0044 72.0780
2 1 26.1227 28.3722
1 0.5 12.8262 14.4223
SAM diastereomer calibration curve
8000
7000 y=28542x| el .
= 6000 Rim 1 | e
5s000 e
Baooo y=26.821x
(:D) 3000 R2=1
<2000 e
1000 PR
0 @
0 50 100 150 200 250 300
diastereomer concentration (LM)
® (59 (R,S)  ceeeeeens Linear ((S,S)) Linear ((R,S))

Figure 2.15: S-adenosyl-L-methionine diastereomer calibration curve
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TABLE VI: CONCENTRATION OF POOLED (R,S)-S-ADENOSYL-L-METHIONINE

(R,S)-SAM | Injection| ~ AUC Concentration | Corrected | Average [std. Dev

conc. | Volume (mAU*s) (uM) (uM) (uM) (uM)
group (uL)

S8 | RS | (S| RS |59 | (RS (R,S) (R,S)
lowl 10 0 74.76997 0 2.6 0 13.1
low2 10 0 74.46971 0 2.6 0 13.0 13.1 0.03
low3 10 0 74.8137 0 2.6 0 13.1
med1 10 0 140.4971 0 4.9 0 24.6
med2 10 0 140.5639 0 4.9 0 24.6 24.6 0.05
med3 10 0 140.0887 0 4.9 0 24.5
highl 10 0 211.6289 0 7.4 0 37.1
high?2 10 0 210.7271 0 7.4 0 36.9 37.1 0.13
high3 10 0 212.2159 0 7.4 0 37.2

TABLE VII: CONCENTRATION OF POOLED (S,5)-S-ADENOSYL-L-METHIONINE

Diastereomer Injection
(5,5)-SAM | Injection AUC Concentration Volume Average |Std. Dev

cone. Volume (mAU*s) (uM) Corrected (nM) (nM)
group | (uL) (M)

S RS &S RS S5 | RS | (SS) (5,5)
lowl 10 116.3753 0 43 0 21.7 0
low2 10 115.8236 | 0 43 0 21.6 0 21.6 0.05
low3 10 116.1118 | 0 43 0 21.6 0
highl 10 229.7706 | 0 8.6 0 42.8 0
high2 10 227.3993 0 8.5 0 42.4 0 42.5 0.35
high3 10 226.0085 0 8.4 0 42.1 0
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2.4.2.2 Measuring adenosine formation

Analysis of enzymatic assays was carried out as previously described (Schaffrath ef al., 2005).

In short, adenosine formation was analyzed using an Adenosine Quantification method (50 mM

KH>PO4:MeCN in a linear gradient from 95:5 to 80:20 over 20 minutes). An adenosine calibration curve

was generated with a range 0-50 uM adenosine. Three sets of calibrant solutions were prepared via

independent serial dilutions of adenosine stock solution in 50 mM phosphate buffer (pH 7.9) and analyzed

(Vi= 50 pL) using the above described Adenosine Quantification HPLC method (Figure 2.16).

Adenosine Calibration Curve
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0 10 20 30 40 50 60
Ado Concentration (uM)
Figure 2.16: Adenosine calibration curve.
24.3 Strains, cultivation conditions, and genomic DNA isolation

E. coli DH5a was used for cloning and cultured in LB broth or agar. E. coli BL21(DE3) was used

for recombinant protein production after cultivation in Terrific Broth. For genomic DNA isolation, a 50 mL

culture of Salinispora tropica CNB-440 (Udwary et al., 2007) was grown in a 250 mL flask for 3 days at



35

30°C and 180 rpm in A1 Marine medium (10g soluble starch, 4 g yeast extract, 2 g peptone, and 36 g instant

ocean per liter). Total genomic DNA was isolated using the Sigma GenElute Bacterial Genomic DNA Kit.

2.4.4 Cloning and purification of recombinant StDUF62

The duf62 gene from S. tropica CNB-440 (GenBank accession: WP_011905304) was amplified
by PCR from total genomic DNA using the forward primer 5’-CTA TA4A GGA TCC ATG GCG CCG ACG
CCC TGG ATC-3’ (BamHI site underlined) and the reverse primer 5’-TAT ATT CTC GAG TCA ACC
GGC GGT GAC GCG CAG-3’ (Xhol site underlined). Following digestion with BamHI and Xhol (NEB),
the amplicon was ligated into pHis8 (Jez et al., 2000), yielding vector pHis8-St62. pHis8-St62 was
constructed using E. coli DH5a Chemically Competent Cells (Invitrogen) and kanamycin (50 pg/ml) for

selection of mutants.

pHis8-St62 was introduced into E. coli BL21(DE3) (NEB) by transformation. A 1 L culture was
grown in Terrific Broth [24 g yeast extract, 12 g tryptone, 4 mL glycerol, 12.54 g KoHPO4, 2.31 g KH,PO4
per 1 liter water] containing kanamycin (50 ug/ml) at 37 °C and 200 rpm, until ODso=0.8, at which point
gene expression was induced by the addition of IPTG (500 uM final concentration). Incubation was
resumed at a decreased temperature of 20 °C for 18 hours. Cells were harvested by centrifugation and N-
terminal Hiss-tagged StDUF62 was purified by Ni-NTA (Protino® Ni-NTA agarose, Macherey-Nagel)
affinity chromatography. Purification was carried out as previously described (Eustaquio et al., 2008b) but
with the following modifications: addition of 1mg/mL lysozyme to the lysis buffer and retention of Hisg
tag. The yield was 3 mg per liter of culture. Buffer exchange to 50 mM phosphate buffer (pH 7.9) was
performed via gel filtration chromatography using disposable PD-10 columns (GE Healthcare) containing
Sephadex G-25M resin. The purified enzyme was analysed by SDS-PAGE using Mini-PROTEAN TGX
Precast Gel, 4-20% (Bio-Rad) in Tris/Glycin/SDS Buffer (Bio-Rad). Protein concentration was determined

via the method of Bradford using the Bio-Rad Protein Assay kit.
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2.4.5 in vitro assays

All assays were carried out as 100 pL reactions in 50 mM phosphate buffer (pH 7.9). Preliminary
assays were carried out by incubating SAM racemate (1 mM) or isolated SAM diastereomer (0.5-45 pM)
with StDUF62 (50-5000 nM) at 30°C for 1 hour. Kinetic constants were determined for StDUF62 with
(R,S)-SAM by incubating 0-16 uM (R,S)-SAM with 50 nM StDUF62 at 30°C for 4 min. Reactions were
quenched by freezing in a dry ice/ethanol bath. While thawing on ice, 10 uL. 1 N HCI was added to each
tube to denature the protein. Protein was precipitated out of the reaction mixture by centrifugation at 10,000

rcf and 2°C for 10 min. 60 pL of assay supernatant was removed for analysis (Vi= 55 uL).

Assays of StDUF62 with (S,5)-SAM involved both analysis of adenosine formation as well as
analysis of SAM diastereomer content. First, enzymatic assays containing 10 uM (S,S)-SAM and 0.5 uM
StDUF62 were incubated at 30°C for 1 hour and analyzed using the above described Adenosine
Quantification method to measure adenosine formation (V; =55 pL). In an effort to determine whether the
observed adenosine formation was due to enzyme activity on (S,5)-SAM or residual (R,S)-SAM
contaminants, the isolated (S,S)-SAM stock was reanalyzed with the above described Analysis and
Quantitation method (Vi =100 pL). As no contaminating (R,S)-SAM was observed in the stock solution, a
10uM (S,S)-SAM solution (containing no enzyme) was incubated at 30°C for 1 hour and analyzed with the
above described Analysis and Quantitation method (Vi = 100 pL) to determine if 50 nM (R,S)-SAM was
formed via racemization during the 1 hour incubation. Again, no (R,S)-SAM was observed. Notably, these

samples also included a large (S,S5)-SAM peak which exhibits tailing and would easily obscure the 50 nM

(R,S) peak.

2.4.6 Calculation favoring physiological relevance of observed Kinetic constants

Total SAM concentration in bacteria=180 nmol/mL. Racemization rate constant=1.8 x 10 s,
Therefore, rate of (R,S)-SAM formation = 1.17 nmol mL™" h'. StDUF62 ke = 4.5 x 107 s'=16.2h",ie. 1
nmol of StDUF62 hydrolyzes 16.2 nmol (R,S)-SAM per hour. To hydrolyze 1.17 nmol of (R,S)-SAM per

hour therefore requires 0.072 nmol of StDUF62 which equals 1.9 pug (given MW = 26.6 kDa). Hence a
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cellular StDUF62 concentration of 1.9 pg mL™" is required to match the rate of (R,S)-SAM formation. Total
protein concentration in bacteria = 300 mg mL™', i.e. a StDUF62 concentration of 0.0006% of total protein
would suffice to deal with (R,S)-SAM formation. Such a modest expression level would be fairly typical of

metabolite damage-control enzymes (e.g. Hiidig ef al., 2015).

2.4.7 Bioinformatic analyses

The BLAST tools (Altschul et al., 1997) and resources at NCBI (http://www.ncbi.nlm.nih.gov/;

NCBI resource coordinators, 2016) were used routinely. Multiple sequence alignments were built using
Multalin (Corpet, 1988). Protein family analysis were performed using the Pfam database tools (El-Gebali

et al., 2019) and the KEGG orthology tool (Kanehisa et al., 2016).

Analysis of phylogenetic distribution and physical clustering was performed in the SEED
database (Overbeek et al., 2014). Results are available in the “AdoMetRepair VDC” subsystem on the
public SEED server'. A representative genome set of ~1500 genomes were chosen based on phylogenetic
diversity as previously described (Niehaus et al., 2015). Additional phylogenetic distribution analyses were

performed using the AnnoTree tool (http://annotree.uwaterloo.ca/; Mendler et al., 2019) using the Release

04-RS89 (19th June 2019) of the Genome Taxonomy DataBase (https://gtdb.ecogenomic.org/; Chaumeil

et al., 2020). Physical clustering was analyzed with the SEED subsystem coloring tool or the SeedViewer

Compare Regions tool (Kanehisa ef al., 2016).

The Venny tool was used to compare lists (https://bioinfogp.cnb.csic.es/tools/venny/; Oliveros,

2007-2015). Transcription factor Regulog prediction analysis were performed in RegPrecise 3

(http://regprecise.sbpdiscovery.org:8080/WebRegPrecise/) Novichkov, et al., 2013).

!http://pubseed.theseed.org//SubsysEditor.cgi?page=ShowSpreadsheet&subsystem=AdoMetRepair VDC
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Chapter 3
Mechanisms of polyketide biosynthesis and

diversification of polyketide structures via synthase engineering

Reproduced with permission from the Royal Society of Chemistry, Diversification of polyketide structures

via synthase engineering. Kornfuehrer, T. and Eustaquio, A.S. (2019)

[Med. Chem. Commun., 2019, 10, 1256-1272, https://doi.org/10.1039/CO9MD00141G]
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3.1 Introduction

Polyketides are a structurally diverse group of natural products with equally variable bioactivity.
They exhibit intricate structures featuring complex stereochemistry and diverse functionality. Moreover,
they provide privileged scaffolds for drug discovery as the structures have evolved to interact with
biological systems. As such, many polyketides have been developed into pharmaceuticals such as the
antibiotic erythromycin A, the antifungal agent amphotericin B, the immunosuppressant rapamycin, and
the antiparasitic avermectins (Figure 3.1). They are biosynthesized by modular type I polyketide synthases
and exhibit many characteristic features of the type I polyketide class such as 1) carbon backbones exhibiting
an alternating oxygenation pattern, ii) macrocyclic structures, iii) elegant stereochemistry, and iv) diverse

functionality, including O-glycosidic bonds to unusual sugar moieties.

While polyketides have a firmly established role in treating human diseases, polyketide drug
discovery and development efforts have waned in recent years, which is on trend with natural products drug
discovery as a whole (Newman & Cragg, 2016; Aminov, 2017). The interplay of supply issues (Newman,
2016) and challenges faced by the synthetic chemist seeking to modify or fully synthesize a polyketide
scaffold (Paterson & Lam, 2018) have contributed to the deprioritization of natural products research by
pharmaceutical companies who opted to redirect their resources to efforts in combinatorial chemistry
(Demain, 2014). An overall decline in the rate of drug discovery was observed concomitantly with the
deprioritization of natural products research. The intrinsic advantage of natural product scaffolds to interact
with biological targets makes it worthwhile to overcome their inherent challenges (Yiigez-Gutierrez &

Bachmann, 2019).

Fortuitously, the biosynthetic logic and machinery that guides the formation of polyketides offers
the opportunity to revitalize polyketide drug discovery via synthetic biology strategies. Polyketides are
diverse members of a common biosynthetic class formed by multifunctional polyketide synthase (PKS)

enzymes that combine simple carboxyacyl building blocks, or monomers, in a head-to-tail fashion to form
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complex molecular scaffolds (Hertweck, 2009). Compounds such as those shown in Figure 3.1 are

biosynthesized by a distinct subclass of PKS enzymes, called modular type I PKSs (Smith & Tsai, 2007).

o :
\ OH

Erythromycin A

Avermectin B1a: R=CH,CHj
Avermectin B1b: R=CH3

Figure 3.1: Chemical structures of clinically-relevant polyketides.
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Modular type I PKS are distinguished from other subclasses of PKS — notably, iterative type I
PKS and dissociable type II PKS — by their multimodular functional organization and assembly line-style
architecture, which are both characteristics that impart utility for synthetic biology (Khosla et al., 2009).
Two evolutionarily distinct subtypes of modular type I PKSs are known and commonly termed cis- and
trans-acyltransferase PKSs. Only polyketides biosynthesized by the prototypical modular,
cis-acyltransferase PKSs are discussed herein, and the term PKS is used to mean this subtype unless

otherwise stated.

This chapter describes how the logic of PKS biosynthesis facilitates the rational engineering of
chemical diversity and provides recent examples of polyketide structure modifications achieved via
synthetic biology. It presents examples that illustrate the types of structure modifications that can be
accomplished. With medicinal chemists in mind, the goal was to focus more on the compounds themselves
rather than the synthases. Therefore, details regarding the exact modifications done to the synthases have
been deliberately left out. The reader is directed to the original citations for such details, if interested, and
to several detailed reviews regarding strategies and challenges for PKS engineering (Bayly & Yadav, 2017;

Kalkreuter & Williams, 2018; Klaus & Grininger, 2018; Barajas et al., 2018).

3.2 Rationale for Polyketide Synthetic Biology

The opportunity to utilize PKSs for production of novel chemistry was recognized upon the initial
discovery of the catalytic multifunctionality and modular organization of PKS genes involved in the
biosynthesis of the macrolide erythromycin (Donadio et al., 1991; Cortes et al., 1990) . The PKS enzymatic
machinery facilitates access to complex, diverse chemical space from simple monomeric building blocks.
Further, their modular organization and assembly line-style architecture allow rational prediction of
chemical products from an analysis of genetic sequence — known as the principle of collinearity — although
exceptions to the collinearity rule do exist (Moss et al., 2004). Therefore, in principle, it should also be
possible to engineer the biosynthetic assembly line to predictably effect a desired chemical change to the

final polyketide product.



47

However, many early attempts to perform “combinatorial biosynthesis” with PKS machinery
largely yielded nonfunctional chimeric assembly lines, and those chimeras that were functional suffered
from low yields (Menzella et al., 2005). Developments in PKS structural biology over the last decade —
including the first reported structure of an intact PKS module (Dutta et al., 2014) and its rearrangements
during a catalytic cycle (Whicher et al., 2014) — have dramatically increased our understanding of PKS
structure and function. Thus, the field is now poised to achieve a number of targeted modifications to a
polyketide scaffold in addition to being able to generate small fragments using highly combinatorial PKS

chimeras (Hagen et al., 2016).

The following sections will introduce polyketide synthases including the overall architecture and
the enzymatic functionalities — or domains — that impart activity for monomer selection, B-carbon
processing, o, and B stereochemistry, and macrocyclization. For more detailed information, the reader is
directed to excellent reviews of polyketide synthase logic/organization (Hertweck, 2009; Keatinge-Clay,
2017a), structure and mechanisms (Keatinge-Clay, 2012; Weissman, 2015; Robbins et al., 2016), and

stereocontrol (Keatinge-Clay, 2016; Weissman, 2017).

3.2.1 Polyketide synthase architecture

Representing many of the largest known proteins, PKSs are multifunctional megaenzymes with
a modular organization (Weissman, 2015). Each module carries out a single round of polyketide chain
extension via an enzyme-catalyzed decarboxylative Claisen-type condensation of the growing polyketide
chain with a new monomeric extension unit. The modules are comprised of multiple catalytic domains that
each play a distinct role during an extension cycle. The prototypical PKS, shown in Figure 3.2, is the 6-

deoxyerythronolide B synthase (DEBS), which biosynthesizes the aglycone core of erythromycin.

The N-terminal of the PKS assembly line contains a loading module responsible for selecting the
first monomer of the polyketide chain, thereby priming the assembly line for successive rounds of chain

extension. The basic catalytic domains required of a module for polyketide chain extension are
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acyltransferase (AT) for monomer selection, acyl carrier protein (ACP) for substrate shuttling and
activation, and ketosynthase (KS) for decarboxylative condensation. In addition to these essential domains,
each module may also contain one or more processing domains — ketoreductase (KR), dehydratase (DH),
enoylreductase (ER) — which act sequentially to either partially or fully reduce the B-carbonyl functionality
of the growing polyketide intermediate. The assembly line also contains a C-terminal thioesterase (TE)

domain, which catalyzes release of the polyketide product from the assembly line (Figure 3.2)

DEBS1 > [ DEBS2 > [ DEBS3 >

LOAD MODULE 2

MODULE 3 MODULE 5

@ DH | ER
P) ks | AT /AcP @
S

x )k/
CoA-S

propionyl-CoA

[0} (o)

X M ‘
CoA-s” > “OH
: ‘OH

(2S)-methylmalonyl-CoA

A

6-dEB

Figure 3.2: Organization of the 6-deoxyerythronolide B synthase.
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In addition to the catalytic domains, there are critical structural domains associated with the
mediation of protein-protein interactions. Because multiple genes are typically involved in encoding the
entire PKS, the assembly line may be made of discrete proteins, termed here subunits. For example, DEBS
is made of three polypeptide subunits — DEBS1, DEBS2, and DEBS3 (Figure 3.2). Regions on the extreme
termini of PKS subunits, called docking domains, are responsible for facilitating recognition between the
discrete subunits and subsequent self-assembly of the complete PKS assembly line (Broadhurst et al., 2003;
Richter et al., 2008). Additionally, within a given subunit there are crucial /inker regions that not only
connect modules on the same protein but also serve to facilitate dynamic interactions between individual
catalytic domains, thus maintaining the structural and catalytic integrity of the overall protein (Dutta et al.,

2014; Weissman, 2015).

3.2.2 Mechanisms of polvketide biosynthesis

3.2.2.1 Loading

Polyketide biosynthesis is initiated at the N-terminus of the assembly line with selection of a
priming monomer, or starter unit, by the loading module. Diverse types of domain organizations exist
among PKS loading modules, and their variation in enzymatic functionality allows each type to select for
monomers of slightly different chemical classes. In the DEBS assembly line, loading is achieved by an
AT.-ACP didomain, though other notable loading module architectures include KS?®-AT-ACP, A.-ACP,
and GNAT.-ACP (Keatinge-Clay, 2017a). While their domain organizations and starter unit selectivity
may differ, each type of loading module yields an assembly line that is primed with an ACP-bound thioester

(Figure 3.3).
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Figure 3.3: Domain architectures found loading modules of polyketide synthases.
(A) AT.-ACP (B) KS?-AT-ACP (C) AL-ACP (D) GNAT;-ACP

The didomain structure shown in Figure 3.3A features a loading acyltransferase (AT¢), which
primes the assembly line directly by selecting an acylthioester-CoA and charging ACP with the starter unit.
Examples include the erythromycin PKS loading module (Figure 3.2) that primes the assembly line with
propionyl-CoA and the avermectin PKS loading module that loads isobutyryl-CoA (Lau et al., 2000; Ikeda
et al., 1999). Relative to the other loading module architectures, AT. domains can select for a broad range

of acyl-CoA substrates, with some AT. domains being promiscuous for multiple starter units.

The tridomain structure shown in Figure 3.3B features a condensation-incompetent ketosynthase
(KSQ). The “Q” superscript refers to a highly conserved glutamine residue that replaces the active-site
cysteine residue found in KS domains, making KS® condensation-incompetent (Bisang et al., 1999). Such
KS®-AT-ACP modules load carboxyacyl-CoA starter units, as in extension modules. Following selection
of either a malonyl-CoA or (25)-methylmalonyl-CoA monomer by AT, the starter unit is transferred to
ACP. Then, the KS? domain decarboxylates the ACP-bound starter unit to yield either an acetyl group
(from malonyl-CoA) or a propionyl group (from (2S)-methylmalonyl-CoA) to start the polyketide chain.

An example of a PKS containing such a loading module is that of amphotericin B (Cafftrey et al., 2001).
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Some assembly lines utilize a loading adenylation (Ar) domain that is equivalent to the
adenylation domains of non-ribosomal peptide synthase (NRPS) assembly lines (Keatinge-Clay, 2017a).
These AL-ACP modules (Figure 3.3C) can load a free carboxylic acid from the shikimate pathway, as seen
in the rapamycin PKS (Lowden et al., 2001). The Ar domain prepares a shikimate-derived carboxylic acid
monomer for loading in an ATP-dependent manner and loads the activated monomer to ACP. The
biosynthetic nature of the starter units AL-ACP modules can load — in addition to their accepting free

carboxylic acid monomers — make them noteworthy loading modules to the synthetic biologist.

The least common type of loading module utilizes a GCN5 N-Acetyltransferase-like (GNATL)
domain. Like KS®-AT-ACP modules, GNAT;-ACP modules load carboxyacyl-CoA starter units to prime
the assembly line (Figure 3.3D). However, the GNAT. domain itself both selects and decarboxylates the
starter unit. These GNAT. domains are rare among PKS assembly lines and have not been extensively
studied, so much detail regarding the mechanism remains to be elucidated. Further, these unusual loading
modules sometimes contain a C-methyltransferase (CMT) which may install one or more methyl groups on
the carboxyacyl starter unit. In the example shown in Figure 3.3D, the CMT domain methylates the acetyl-
ACP starter unit (from malonyl-CoA) twice at the a-carbon to yield an assembly line primed with
isobutyryl-CoA. Such a loading module exists in the gephyronic acid PKS (Young et al., 2013). However,
GNATL. modules may not contain a CMT at all, or they may contain CMTs that exhibit an alternative

methylation pattern (Keatinge-Clay, 2017a).

3.2.2.2 Extension

A single round of polyketide chain elongation, or extension, in a prototypical module N is shown
in Figure 3.4. It begins with translocation of the growing polyketide intermediate from the ACP of upstream
module N-1 to the KS of downstream module N, a process called transacylation. Once there, the growing

intermediate undergoes a KS-catalyzed decarboxylative condensation with a new monomer that is attached

to the ACP.
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Figure 3.4: Mechanisms of polyketide chain extension in a prototypical module N.

The AT domain acts as a gatekeeper and is responsible for selection of the new monomer, often
referred to as an extender unit. Mechanistically, acylation of the AT by an extender unit proceeds in a
manner analogous to ATy acylation (Figure 3.3A) by a starter unit. However, the monomer selected by the
AT of an extension module is a carboxyacyl-CoA whereas an acyl-CoA starter unit is selected by AT.. The
most commonly used extender units are malonyl-CoA or (25)-methylmalonyl-CoA, although
functionalized extender units such as chloroethylmalonyl-CoA, (2R)-hydroxymalonyl-ACP, and (2S)-

aminomalonyl-ACP also exist (Chan ef al., 2009; Ray & Moore, 2016).

After the AT selects the appropriate substrate, it loads it onto the downstream ACP, which
contains a phosphopantethiene prosthetic group that serves as a flexible tethering point for both the
carboxyacyl monomer and the growing polyketide intermediate. The KS domain is responsible for
condensing the polyketide intermediate from the upstream module onto the downstream ACP-bound

extender unit via a decarboxylative Claisen-type condensation.

Following condensation, the new ACP-bound intermediate may undergo full or partial reductive
processing. This is mediated by the optional processing domains KR, DH, and ER — collectively termed the
reductive loop (even though DH is not an oxidoreductase but, rather, a lyase). The domains of the reductive

loop act in sequence to reduce the -carbonyl functionality on the ACP-bound intermediate to a B-hydroxyl
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(KR), to dehydrate the B-hydroxyl product to an a,B-unsaturated alkene (DH), or to reduce the alkene to a
saturated alkane (ER). The reductive loop may contain one of four combinations of these domains — none,
KR only, KR-DH, or KR-DH-ER. Once the processing by the reductive loop is complete, the ACP-bound
intermediate is translocated to either a downstream KS for another round of extension in the next module
or, if it is already in the final module, to the terminal TE domain where it is offloaded from the assembly

line (Lowry et al., 2016).

3.2.2.3 Offloading

The TE domain is responsible for releasing the polyketide chain from the assembly line, either
as a macrocyclic lactone or a linear carboxylic acid. Both mechanisms involve nucleophilic attack of the
TE-linked polyketide chain, though lactonization is initiated by hydroxyl functionality on the polyketide
chain (Figure 3.5A) whereas a free water molecule is the nucleophile for linear products (Figure 3.5B). The
nature of the offloading mechanism employed by a given PKS assembly line is a property of its TE domain
(Horsman et al., 2016), and TEs which catalyze lactonization are much more common than TEs that release
a linear product via hydrolysis (Keatinge-Clay, 2017a). Atypical offloading mechanisms include two-
electron and four-electron reductions to an aldehyde or alcohol, respectively (Du & Lou, 2010). Some
assembly lines utilize reductive offloading, but this is more common in NRPS or PKS-NRPS hybrid

systems (Du & Lou, 2010).

et

Figure 3.5: Mechanisms of polyketide offloading to release (A) cyclized or (B) linear products.
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Those TEs that catalyze lactonization are usually highly selective in terms of ring size generated.
For example, erythromycin producers generate only 14-membered macrolactones despite the availability
of other intramolecular nucleophiles (Figure 3.2). An exception to ring size selectivity is known for the
pikromycin (Pik) PKS in which 12- and 14-membered macrolactones are produced. However, the
mechanism for this promiscuity was shown to be module skipping instead of the Pik-TE accepting alternate
hydroxyl nucleophiles (Beck et al., 2002). For DEBS-TE, the D-configuration of the C-13 hydroxyl group
has been shown to be required for macrocyclization — smaller and larger ring sizes can be engineered only

if the D-configuration of the hydroxyl nucleophile is maintained (Horsman et al., 2016).

3.2.3 Polyketide structure diversification via synthase engineering

As evidenced from the above sections, the structural diversity of polyketides can be largely
attributed to a few biosynthetic variables (Hertweck, 2009). The length of the polyketide chain is primarily
determined by the number of modules present (Moss et al., 2004). The selection of monomers to be
incorporated into the final scaffold is determined by the gatekeeper AT domain (Chan et al., 2009; Ray &
Moore, 2016). Processing of the B-carbon, and the degree to which it is reduced, are governed by the
domains of the reductive loop, which also hold significant influence over the complex stereochemistry of
the final product (Keatinge-Clay, 2016; Weissman, 2017). Offloading mechanisms mediated by the C-
terminal TE domain result in either a linear or cyclized product (Horsman et al., 2016; Du & Lou, 2010).
Finally, post-PKS tailoring enzymes can install additional chemical functionality to the polyketide product

(Olano et al., 2010).

Given this understanding of how PKS enzymes generate chemical diversity, individual catalytic
domains become appealing candidates for modification as a means to alter the structure of the polyketide
product formed by the assembly line. As such, domains have been previously described as “the
combinatorial units” of PKS combinatorial biosynthesis (Weissman & Leadlay, 2005). The sections below

highlight examples of modifications to polyketide structures that can be achieved by domain engineering.
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33 Monomer Diversification

The AT domain exerts significant control over the final structure of the polyketide product by
selecting which carboxyacyl monomer will be incorporated into the scaffold. By engineering the AT
domain, one can achieve a novel polyketide scaffold architecture via the incorporation of non-native
monomers with variable a-substituent functionality during either the loading or extension steps. The two
most common monomers utilized in polyketide biosynthesis are malonyl-CoA and (25)-methylmalonyl-
CoA. However, there are a variety of more exotic monomers known to be incorporated by modular PKSs
— including analogues exhibiting aromatic functionality, branched-chain alkyl substituents, and
halogenation. The reader is referred to several comprehensive reviews for details on naturally occurring
starter and extender units (Moore & Hertweck, 2002; Chan et al., 2009; Ray & Moore, 2016). Additionally,
alternative monomers may be synthetically produced or engineered, allowing site-specific incorporation of

designed functionality.

3.3.1 Acyltransferase engineering

To date, several strategies have been employed for AT engineering including domain exchange,
site-directed mutagenesis, and AT inactivation with cross-complementation (Dunn & Khosla, 2013;
Musiol-Kroll & Wohlleben, 2018). Structures of polyketide analogues obtained through AT engineering
strategies and the methods used to generate them, which will be covered in the following sections, are

shown in Figure 3.6.
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Figure 3.6: Examples of polyketide analogues obtained via monomer diversification and the methods
employed.

3.3.1.1 Domain exchange

One of the early examples of AT domain exchange was the replacement of the (25)-
methylmalonyl-CoA specific AT domain in module 4 of DEBS with a malonyl-CoA specific AT domain
from the rapamycin PKS to afford 6-desmethyl erythromycin D, albeit at low yields of ~0.3 mg/L (Petkovic
et al., 2003). A more recent example involved the production of 25-methyl and 25-ethyl ivermectin
analogues (Figure 3.6A) at yields of 2 g/L and 0.95 g/L, respectively, by exchanging the loading AT -ACP

didomain of the avermectin PKS with the loading AT -ACP from the milbemycin PKS (Zhang et al., 2015).

These examples show that domain exchange may be used to alter monomer incorporation at
either loading or extension modules of PKS assembly lines. Yet, domain exchange has proven to be a
particularly complicated feat as many attempts have resulted in structurally and/or catalytically
compromised assembly lines, leading to low product yields or no product at all. As we will cover in section
3.6.2, maintaining the integrity of ACP interactions with its cognate enzymes, including AT domains, is
crucial in order to generate functional PKS chimeras. Further, systematic investigations by Yuzawa et al.
have helped identify best regions to “cut and paste” in order to enable AT swaps in the context of small

chimeras (Yuzawa et al., 2017).
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3.3.1.2 Site-directed mutagenesis

Site-directed mutagenesis provides a route for AT engineering that may be less likely to
significantly perturb protein structure and catalytic activity than domain exchange. This technique has been
employed to relax substrate specificity of an AT domain, causing promiscuous incorporation of both native
and non-native starter/extender units into the polyketide backbone. Thus, the engineered assembly line may
produce multiple analogues in a single fermentation broth. One such early example involved mutation of
DEBS-AT4, leading to in vivo production of a mixture of the natural polyketide, 6-deoxyerythronolide B
(6-dEB), and an unnatural analogue, 6-desmethyl-6-dEB, which is formed when DEBS-AT4 incorporates

malonyl-CoA rather than methylmalonyl-CoA, its native substrate (Reeves et al., 2001).

Site-directed mutagenesis experiments may be rationally guided by PKS structural information.
For instance, one study used molecular modeling to inform targeted mutagenesis of DEBS-AT6 and
produce unnatural derivatives including 2-propargylerythromycin A (Bravo-Rodriguez et al., 2015).
Moreover, recently obtained structural data of a promiscuous AT, that of SpnD-AT from the splenocin
PKS, further informed efforts to broaden the substrate scope of DEBS-AT6 to include larger functional
groups such as benzyl substrates (Li ef al., 2018). These studies suggest that broadening substrate specificity
may prove a useful approach for generating suites of analogues, allowing subsequent investigation into
structure-activity relationships. However, it may also be desirable to invert the substrate specificity rather

than simply relax it.

Inversion of substrate specificity would allow generation of a single non-natural polyketide
analogue with site-specific incorporation of a particular monomer. Recently, inversion of substrate
specificity was achieved in the last extension module of DEBS when modification of AT6 via site-directed
mutagenesis caused it to preferentially accept propargylmalonyl-CoA over the native substrate

methylmalonyl-CoA (Koryakina ef al., 2017).

In a similar in vitro system, Kalkreuter et al. recently employed site-directed mutagenesis to

invert substrate specificity in the last two extension modules (5 and 6) of the pikromycin PKS. Both Pik-
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ATS5 and Pik-AT6 harbor natural specificity for methylmalonyl-CoA with low native promiscuity. The
implemented mutations altered the active site such that the AT was able to accommodate malonyl-CoA
derivatives with bulkier a-substituents of propargyl (Figure 3.6B), ethyl, allyl or butyl. Importantly, they
were able to see single incorporation of non-native extender units by each module as well as double
incorporation, where the non-native extender unit was incorporated by both mutated modules in sequence.
This is the first time a full-length polyketide has been generated with the incorporation of two non-natural

extender units (Kalkreuter ef al., 2019).

They also observed that incorporation of bulky side chains by Pik-ATS results in low efficiency
of downstream reductive processing by Pik-KRS5. The final round of extension does not occur for
intermediates from module 5 that were not reduced by Pik-KRS5, generating a truncated polyketide product
with additional keto functionality. The authors propose this may be the result of the downstream KS
harboring specificity for an intermediate exhibiting B-hydroxyl rather than B-carbonyl functionality. If true,
this would suggest that alternative monomer incorporation by a non-terminal module may additionally

require that downstream domains be engineered to accept the new substrate (Kalkreuter et al., 2019).

3.3.1.3 Inactivation and cross-complementation

As briefly mentioned in the Introduction, modular type I PKSs are categorized into cis-AT and
trans-AT systems. In cis-AT systems, such as DEBS and all other assembly lines discussed in this review
thus far, each module contains an AT domain that is part of the megaenzyme structure. In contrast, modules
of trans-AT systems lack their own AT domain and instead utilize a free-standing, separately encoded AT
for substrate selection and loading (Helfrich & Piel, 2016). The existence of trans-AT domains allows for
generating chemical diversity via inactivation of native cis-AT domains and cross-complementation with a

heterologous trans-AT domain.

This strategy was employed by Walker et al. to achieve site-selective incorporation of fluorinated

monomers by a truncated PKS consisting of DEBS modules 2-3 and the TE domain (Walker et al., 2013;
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Adetal.,2017). They tested the ability of each of the two DEBS modules to incorporate the fluoromalonyl-
CoA monomer in vitro. While the fluorinated product was produced (Figure 3.6C), the catalytic efficiency
of the system dropped drastically, partially due to substantial hydrolysis of the fluorinated building block
by the methylmalonyl-CoA specific AT of DEBS. The authors hypothesized that a malonyl-CoA specific
AT may interact more favorably with the fluorinated building block, so they devised a system in which the
AT domain of the same DEBS modules were inactivated via site-directed mutagenesis, and the activity of
the inactivated domain was complemented with a malonyl-CoA specific trans-AT. Doing so significantly
increased fluoromalonyl-CoA incorporation by the truncated PKS system (Thuronyi & Chang, 2015). This
work shows that it is possible to utilize PKS machinery to incorporate fluorine into a PKS scaffold in a site-

specific manner, an application that is particularly attractive to medicinal chemistry (Gillis ef al., 2015).

Another example of cross-complementation used the promiscuous KirCII trans-AT to introduce
allyl- and propargyl functional groups into kirromycin (Musiol-Kroll et al., 2017). Although kirromycin is
encoded by a trans-AT PKS, one can envision that KirCII has the potential to be applied with cis-AT
systems in a manner analogous to what was done for site-specific incorporation of fluorine. Introduction of
propargyl groups is significant because alkynes can be further derivatized via click chemistry, allowing the

integration of synthetic biology and synthetic chemistry for natural product structure diversification.

3.3.2 Precursor-directed biosynthesis and monomer biosynthesis

In addition to AT engineering, the introduction of modified monomers into polyketide scaffolds
can also be achieved by a process called mutasynthesis or precursor-directed biosynthesis. This involves
harnessing the promiscuity of certain AT domains coupled with interruption of the biosynthesis of the

natural monomer and supplementation of mutant cultures with an alternate monomer.

For instance, fluorosalinosporamide — a hybrid polyketide-nonribosomal peptide (Figure 3.6D)
— was engineered by supplementing a fluorinated precursor to cultures of a mutant blocked in the

biosynthesis of chloroethylmalonyl-CoA, the natural polyketide monomer (Eustaquio & Moore, 2008).



60

Alternatively, fluorosalinosporamide can also be obtained via total biosynthesis by replacing the chlorinase
gene involved in native monomer biosynthesis with a fluorinase gene (Eustaquio et al., 2010). The latter
was possible because the fluoroacetate pathway from which the fluorinase gene was derived (Chan &
O’Hagan, 2012) shares similarities with the chloroethylmalonyl-CoA pathway (Eustaquio et al., 2008;

Eustaquio ef al., 2009).

34 Control of Oxidation State and Stereochemistry

If present in a given module, the optional reductive loop spans from the C-terminus of the AT
domain to the N-terminus of the ACP domain and comprises some combination of the processing domains
KR, DH, and ER. In addition to determining the oxidation state of the polyketide scaffold, the reductive
loop is also the primary determinant of scaffold stereochemistry (Figure 3.7). The KR domain, in particular,
is responsible for setting the majority of stereocenters present in a polyketide scaffold, and KR domains are
classified based on the stereochemistry of the polyketide intermediate following the KR’s action upon it

(Keatinge-Clay, 2016).

In the absence of an a-substituent (Figure 3.7A), the KR domain stereoselectively reduces
B-ketoacyl intermediates to yield either L-B-hydroxyls (A-type KR) or D-B-hydroxyls (B-type KR). The DH
domain introduces alkene functionality into the polyketide scaffold through syn-coplanar elimination of the
B-hydroxyl group and a-proton (Gay et al., 2013). This occurs stereospecifically such that a substrate with
an L-B-hydroxyl group will yield a cis-double bond while a substrate with a D-B-hydroxyl group will yield
a trans-double bond (Labonte & Townsend, 2013; Keatinge-Clay, 2016). Therefore, the stereochemical
outcome of a DH-mediated dehydration is tied to the nature of the KR domain that immediately precedes
it. The final activity of the reductive loop is carried out by the ER domain, which reduces the o,p-alkene

functionally to a fully saturated alkane.
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Figure 3.7: Control of oxidation state and stereochemistry effected by domains of the reductive loop
when (A) an a-unsubstituted monomer, such as malonate, is added and (B) when an a-substituted monomer,
such as (2S)-methylmalonate, is added.

In the absence of an a-substituent (Figure 3.7A), the KR domain stereoselectively reduces
B-ketoacyl intermediates to yield either L-B-hydroxyls (A-type KR) or D-B-hydroxyls (B-type KR). The DH
domain introduces alkene functionality into the polyketide scaffold through syn-coplanar elimination of the
B-hydroxyl group and a-proton (Gay et al., 2013). This occurs stereospecifically such that a substrate with
an L-B-hydroxyl group will yield a cis-double bond while a substrate with a D-B-hydroxyl group will yield
a trans-double bond (Labonte & Townsend, 2013; Keatinge-Clay, 2016). Therefore, the stereochemical
outcome of a DH-mediated dehydration is tied to the nature of the KR domain that immediately precedes
it. The final activity of the reductive loop is carried out by the ER domain, which reduces the o,B-alkene

functionally to a fully saturated alkane.

The stereocontrol exerted by the reductive loop becomes more nuanced when there is an

a-substituent present, which necessarily creates a chiral center at the o-carbon of the polyketide
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intermediate (Figure 3.7B). In addition to their stereoselective reduction of B-carbonyl groups, KR domains
also exhibit stereospecificity by reducing substrates with either a D-a-substituent (Al- and B1-type KRs)
or those with an L-a-substituent (A2- and B2-type KRs). The A2- and B2-type KRs exhibit additional
epimerase activity that allows inversion of a-substituent orientation from D to L prior to reduction of the
carbonyl. There also exist redox-incompetent KR domains — C2-type KRs — that exhibit this same
epimerase activity when presented with a D-a-substituted intermediate, thereby yielding an
L-a-substituted-p-ketoacyl intermediate. Such a KR can be seen in the third extension module of DEBS,
indicated by notation KRo. The final reductive domain, ER, also has the ability to exert stereocontrol over
a-substituted intermediates. When presented with a frans-a,p-unsaturated intermediate possessing an o-
substituent, an L-type ER will yield an L-a-substituent, and a D-type ER will yield a D-a-substituent

(Keatinge-Clay, 2016).

34.1 Ketoreductase engineering

3.4.1.1 Site-directed mutagenesis

As with other domains of the reductive loop, the KR can be inactivated via site-directed
mutagenesis to block reduction, thereby altering the oxidation state of the polyketide backbone. One such
example achieved inactivation of KR domains in the amphotericin PKS (Power ef al., 2008). The authors
identified the KR domains of modules 12 and 16 as appropriate candidates for modification 1) by
eliminating KR domains whose action is known to be essential for downstream biosynthetic steps or
pharmacological activity, and 2) because the importance of C-7 (KR16) and C-15 (KR12) to the

structure-activity relationship of amphotericin (Figure 3.8 A) had not yet been investigated.

Each of the two KR domains was successfully inactivated, affording production of several
analogues that retained antifungal activity but exhibited additional carbonyl functionality on the polyketide
backbone. Notably, inactivation of KR16 generated the analogue 7-oxo-amphotericin (Figure 3.8B), which

showed reduced hemolytic activity and has, therefore, the potential to improve the therapeutic window of
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this clinically relevant drug. Further, the authors argue that addition of carbonyl functionality serves to
prime the structures for further modifications via chemical synthesis, such as modifications to increase

polarity and solubility.

NH,

Figure 3.8: Alteration of oxidation state in the amphotericin B backbone via ketoreductase
engineering. Structures of (A) amphotericin B and (B) 7-oxo-amphotericin, a novel analogue

3.4.1.2 Domain exchange

Most efforts in KR engineering have focused on understanding how to harness the exceptional
stereocontrol exhibited by this domain. One early study on the mechanism of stereocontrol by KR domains
identified several active site residues that, when modified, altered stereochemistry of the product in vitro
(Baerga-Ortiz et al., 2006). However, incorporation of these same mutations did not result in the desired

stereochemistry when the KR was part of an intact PKS ix vivo, indicating gaps in our understanding of the
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molecular mechanism for KR stereocontrol (Kwan et al., 2011). Consequently, domain exchange is the
most commonly employed method to change stereochemical outcome. However, domain exchange is still
not a perfectly refined approach, and much of the ongoing research utilizes truncated PKS model systems
to aid in devising methods and principles for predictably altering stereochemical outcomes via KR

exchange.

One such method involves use of polylinkers to achieve swaps of an entire reductive loop
(Kellenberger ef al., 2008). Recognizing the common evolutionary origins of the domains in the reductive
loop and, consequently, the need to preserve the intimate protein-protein interactions between them,
Kellenberger et al. devised a polylinker-mediated approach for systematic engineering and evaluation of
reductive loop swaps in the truncated PKS model system DEBS1-TE (the first subunit of DEBS fused to
the C-terminal TE from DEBS3). By employing this approach in vitro, it was possible to alter both oxidation
state and stereochemistry of the intermediate f-hydroxyl group via exchange of reductive loop domains in

the second module of DEBS.

This same method was used some years later by another group, who used the same model system
to probe KR stereocontrol over a-substituents (Annaval ef al., 2015). The authors sought to find a donor
KR that would afford epimerized a-substituents in the second module of DEBS, which natively harbors and
Al-type KR. They tested a donor pool comprised of both A2- and B2-type KRs, which are all known to
exhibit epimerase activity in their native context. Not all chimeras were active, but all of the active chimeras
generated hydroxyl configuration consistent with the donor KR type in a new context. This validated that
direction of ketoreduction is a fundamental property of the KR active site. However, almost half of the
donor KRs did not switch a-methyl configuration. This result indicates that the PKS context of the KR

affects activity and that we still lack a detailed understanding of the molecular basis for epimerization.

In a recent advance towards fully realizing the ability to alter stereochemistry via KR domain
swap, Eng ef al. were able to affect a stereochemical change from anti- to syn- via a reductive loop swap.

This study utilized the truncated PKS model system LipPKS1-TE (the first module of the lipomycin PKS
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fused to the TE from DEBS), and the authors replaced the native A2-type KR with a panel of donor
Al-type KRs. In all cases, the stereochemistry was altered from anti- to syn- via epimerization of the
a-substituent. Further, the native module contains a dimerization element (DE), a structural motif essential
for catalytic activity. They found that activity is retained when the native DE is retained but attenuated
when the native DE is replaced with a donor DE (Eng et al., 2016). This is a significant finding for the
advancement of KR domain swapping as this DE is present in approximately half of PKS modules where

the KR is the sole domain in the reductive loop (Zheng et al., 2013).

34.2 Dehydratase engineering

3.4.2.1 Site-directed mutagenesis

The DH has not been extensively explored for engineering relative to other PKS domains, but
examples of targeted DH engineering are present in the literature. Mostly, site-directed mutagenesis is
employed to inactivate DH functionality. One such study by Kim et al. inactivated the DH domain in the
first module of the PKS responsible for biosynthesis of geldanamycin (Figure 4.9A), which shows
anticancer activity. Further, one of the post-PKS oxidative tailoring enzymes was disrupted in order to
prevent installation of quinone functionality, which is thought to be associated with dose-limiting
hepatotoxicity of the natural product. The combinatorial modifications made to the biosynthetic pathway
led to in vivo production of a suite of analogues, all featuring the desired hydroxylation at C15 but varying

slightly in their extent of post-PKS tailoring (Kim ef al., 2009).

One novel analogue, DHQ3, was detected at titers comparable to the production of geldanamycin
in the wild type strain. In addition to retaining the expected hydroxylation at C15 and lacking quinone
functionality, DHQ3 also lacks O-methylation of the aromatic ring moiety and an alkene group on the
polyketide backbone, both of which are installed during post-PKS tailoring steps (Figure 3.9B).
Significantly, DHQ3 exhibited 4.6-fold higher biological activity than geldanamycin and is the only C15

hydroxylated analogue to show any significant activity at all (Kim et al., 2009). By comparing the structural
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differences between the analogues, the authors were able to determine the structural features likely
responsible for the enhanced activity, showing the ability of PKS engineering to produce novel chemistry

that may help tease out structure-activity relationships.

o] 0
o4 04
NH, NH,

Figure 3.9: Alteration of oxidation state in the geldanamycin backbone via dehydratase engineering
and disruption of post-assembly line tailoring. Structures of (A) Geldanamycin and (B) DHQ3, a novel
analogue

3.4.2.2 Domain exchange

Exchange of a DH domain played a key role in a recent study by Hagen et al., which sought to
achieve in vitro production of the commodity chemical adipic acid via engineered PKS machinery. The
authors systematically performed reductive loop swaps in the first extension module of the borrelidin PKS,
which contains only a KR domain for B-carbon processing. They utilized a variety of donor loops containing
the full set of processing domains — KR, DH, and ER. However, they found that processing by the reductive
loop stalled at the DH domain in each case (Hagen et al., 2016). Presumably, none of the DH domains in
any of the donor loops were capable of processing the unnatural substrate — succinyl-ACP — which features

a terminal carboxylic acid group that is atypical of polyketide intermediates.
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As DH domains have been previously reported to display substrate specificity (Gay et al., 2013),
Hagen et al. sought to identify a DH domain known to process a substrate with a carboxylic acid group.
One such domain was found in the second extension module of the borrelidin PKS. In an exciting
combinatorial feat, the authors replaced the DH domain of the already chimeric modules with the DH
domain from the second module of the borrelidin PKS. Finally, the TE from the DEBS assembly line was

attached to the end, allowing release of adipic acid from the chimeric PKS (Hagen ef al., 2016).

343 Enovlreductase engineering

3.4.3.1 Site-directed mutagenesis

Early efforts to engineer the ER domain were focused on altering the stereochemical outcome of
the reduction when a methyl branch is present as an a-substituent. One study revealed a point-mutation
(Y52V) in the active site of an erythromycin ER that is able to effect inversion of methyl branch orientation
in vivo (Kwan et al., 2008). However, the reverse mutation (V52Y) in an ER shown to have the opposite
stereospecificity (rapamycin ER of module 13) did not alter the orientation of the methyl branch, indicating
an incomplete understanding of the molecular mechanisms of ER-mediated reduction. Recent efforts to
engineer ER domains have focused on reductive loop swaps or using site-directed mutagenesis to inactivate

the ER domain.

3.4.3.2 Domain exchange

Two related examples center on affording in vivo production of ivermectin, which is a clinically
relevant derivative of avermectin, an antiparasitic agent. Avermectin features a double bond at C22-C23,
but this is reduced to an alkane in ivermectin (Figure 3.10). Ivermectin is currently produced
semi-synthetically via reduction of the natural product with Wilkinson’s catalyst (Chabala et al., 1980;

Omura & Crump, 2004).
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The first successfully engineered in vivo production of ivermectin was reported in 2006. The
relevant reductive loop from the second extension module of the avermectin PKS (aveDH2-KR2) was
replaced with a fully-reducing loop from the fourth module of the pikromycin PKS (pikDH4-KR4-ER4).
However, the engineered ivermectin producer suffered from low yields (1-3% of parent) that precluded it
from commercial viability (Zhang ef al., 2006). More recently, a separate group attempted to perform a
similar reductive loop swap to afford engineered ivermectin production. The authors replaced the
aveDH2-KR2 motif with the milbemycin reductive loop milDH2-KR2-ER2. Excitingly, this led to in vivo
production of ivermectin B1 in high yield nearly equivalent to the yield of avermectin in the parent strain

(Zhang et al., 2015).

Milbemycin Az: R=CHjz
Milbemycin A;: R=CH,CH3
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Figure 3.10: Structures of avermectins B1, ivermectins B1, and milbemycins A.
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Milbemycin, also an antiparasitic agent, has a polyketide scaffold that is strikingly similar to
avermectin (Figure 3.10). Furthermore, the donor milbemycin reductive loop shows higher sequence
similarity (51.50%) to the avermectin reductive loop than the pikromycin donor loop (46.48%) used
previously (Zhang et al., 2015). Both sequence similarity of donor and acceptor modules and structural
similarity of their native intermediate compounds are major factors to consider when exchanging PKS
domains. While the original group did take sequence similarity of the donor loop into consideration, they
were limited at that time by the available PKS sequence information. The sequence of the characterized
milbemycin PKS was not reported until 2010 (Wang et al., 2010). This example highlights the strides we
have made in PKS engineering and how increased PKS sequence knowledge can contribute to engineering

efforts.

35 Engineering Cyclized or Linear Products

Located on the C-terminus of the PKS, the TE catalyzes offloading of the nascent polyketide
product from the assembly line. Therefore, the TE domain is the final biosynthetic determinant originating
in the PKS machinery that is capable of altering the primary core structure of the polyketide product
(Hertweck, 2009). There are two principal mechanisms for TE-mediated offloading — hydrolysis to generate

a linear carboxylic acid product and cyclization to generate a macrocyclic lactone or lactam (Figure 3.5).

The linear polyketide tautomycetin (Figure 3.11A) has gained attention for its potent
immunosuppressant activity and novel mechanism of action (Choi et al, 2017). Investigation of its
biosynthetic pathway resulted in the first high-resolution X-ray crystal structure of a TE domain responsible
for offloading of a linear polyketide product (Scaglione et al., 2010). This structure revealed that the
tautomycetin TE contains a narrow substrate tunnel, which significantly constricts the substrate and

precludes macrocylcization of the untailored polyketide product (Figure 3.11B).
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Figure 3.11: Effecting macrocyclization of the tautomycetin via thioesterase domain exchange.
Structures of (A) tautomycetin in its mature, bioactive form, (B) the untailored, linear product of the
tautomycetin PKS, and (C) the novel macrocyclic tautomycetin analogue.

The native tautomycetin TE was exchanged for the pikromycin TE, which catalyzes
macrocyclization, in an effort to generate a macrocyclic analogue of tautomycetin in vivo (Tripathi et al.,
2016). In contrast to the tautomycetin TE, the pikromycin TE has a large substrate binding tunnel capable
of accommodating both 12- and 14-membered rings (Scaglione et al., 2010). The chimeric PKS generated
by Tripathi et al. was able to produce a 14-membered macrocyclic analogue of tautomycetin (Figure 3.11C),
proving the utility of TE domain engineering for the production of novel chemistry. However, only traces
of the cyclic analogue were observed, and yields were not quantified (Tripathi et al., 2016). This indicates

that TE engineering still requires refinement as a synthetic biology strategy in order to become practical.

In fact, recent reports based on the pikromycin PKS suggest that TE domains may have limited

substrate flexibility. One such study showed that the wild-type pikromycin TE has drastically reduced
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activity with unnatural substrates containing epimerized chiral centers, failing to produce macrocycles
(Hansen et al., 2017). Yet, another study demonstrated that TE site-directed mutagenesis can be used to
increase catalytic efficiency and broaden substrate scope, enabling effective cyclization (Koch ef al., 2017).
The latter study found that mutation of the catalytic serine to a cysteine improves reaction kinetics. It does
so by changing the reaction mechanism from a step-wise addition-elimination to a concerted acyl
substitution, as predicted from quantum mechanical calculations (Koch et al., 2017). These studies highlight
that the nature of the TE should also be considered when attempting AT or reductive loop engineering to

modify the polyketide scaffold.

3.6 The Present and Future of Polyketide Structure Diversification

The seminal discovery that polyketide macrolides such as erythromycin are biosynthesized by
uncharacteristically large, multifunctional enzymes (Cortes et al., 1990; Donadio et al., 1991) has inspired
chemists and biologists alike to harness this biosynthetic modularity to diversify polyketide structures.
Although initial attempts to perform large-scale, combinatorial biosynthesis by module shuffling failed due
to complete loss or drastic reduction in product yields, a greater understanding of PKS structure and
function and of PKS evolution have vitally informed recent efforts that led to the production of polyketide

derivatives and small polyketide fragments in acceptable yields.

Further developments are still necessary to make synthetic biology of PKS assembly lines a
reliable tool for generating structural diversity in polyketide chemical space. This includes a) continued
efforts by natural products researchers to characterize PKS biosynthetic gene clusters; b) additional
understanding of the structure and function of PKS enzymes; and c) development of empirically-based

engineering principles to better guide PKS engineering attempts.

3.6.1 The continued role of natural products research

Microbial natural products have long been known to exhibit remarkable bioactivity, and decades

of sustained efforts by natural products researchers have led to the discovery of diverse natural product
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scaffolds. Further, the advances of the genomics era have given us privileged access to the complex
synthetic strategies employed by Nature to generate these compounds. The development of bioinformatic
tools and databases such as antiSMASH (Medema et al., 2011), MIBiG (Medema et al., 2015), and others
(Medema, 2018), have created a space for natural products researchers from around the globe to contribute

and analyze their sequence data.

Recently, the number of microbial genomes being sequenced has been increasing at an
exponential rate, facilitating discovery of previously unknown natural products via genome mining
strategies (Ziemert ef al., 2016). It is important for natural products researchers to continue to probe cryptic
PKS clusters uncovered by genome sequencing (i.e. those PKS clusters not yet connected to a characterized
polyketide product). In order for PKS machinery to be useful to the synthetic biologist, it is essential for

the PKS genes to be characterized, well-annotated, and associated with their cognate natural product.

Recent estimates indicate that only 10% of the known polyketide structures have been associated
with their biosynthetic gene cluster (Dejong et al., 2016). Therefore, connecting cryptic PKS gene clusters
to the compounds they encode and continued efforts to characterize PKSs will contribute to expanding the
PKS toolkit. The ivermectin example presented here (Figure 3.10) highlights the importance of continued
efforts in PKS and polyketide discovery, since availability of sequence information for the milbemycin
PKS was crucial for enabling engineered ivermectin production in commercially viable yields (Zhang et

al., 2015).

3.6.2 The emergent landscape of polyketide synthase engineering

3.6.2.1 A developing synthetic biology toolkit

Given the supposed modularity of polyketide synthases, one can envision, for instance, starting
from a compound of interest and assembling a polyketide synthase from known “parts/devices”
(domains/modules) that can catalyze biosynthesis of the target compound (Yuzawa et al., 2018). Such

polyketide synthetic biology experiments currently rely on “design-build-test-learn” cycles, as does any
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other synthetic biology effort. Computational tools help with design of engineered constructs, such as the
recently developed ClusterCAD (Eng et al., 2018), which facilitates the identification of PKS domains and
modules that can be used to generate a compound of interest de novo (Hagen et al., 2016), or that can be
used to modify a given polyketide scaffold. Engineered polyketide synthases are then built and tested for
activity. The more variants are tested, the more we can learn regarding not only which parts to use but also
how to connect the parts to produce catalytically active chimeric PKS assembly lines. These kinds of studies

are critical for development of reliable principles for PKS engineering.

For example, recent efforts by Yuzawa et al. have helped to better identify well-conserved
regions of the AT domain and surrounding linker region that serve as “cut-paste” sites for a donor AT
domain (Yuzawa et al., 2017). The authors created several variants of a single chimeric module — differing
in the boundaries used for the module exchange — then systematically analyzed the variants of this system.
This led to identification of a putatively optimized domain boundary that maintained both protein stability
and catalytic activity. Importantly, this domain boundary is highly conserved across most PKS modules,
meaning that their findings should facilitate AT domain replacements in systems beyond their model.
Indeed, tests of this method on a second model system indicate that the identified domain boundaries are
likely generalizable (Yuzawa ef al., 2017). These results can inform future efforts to perform AT domain

exchanges as a method of generating novel polyketide chemistry.

Such insights into AT domain exchanges may provide guidance on how to exchange other
catalytic domains, such as those of the reductive loop. While controlling stereochemistry is arguably one
of the most exciting engineering outcomes, it has proven to be one of the most challenging tasks. For
instance, the KR domain has been described as the “stereochemical workhorse” (Keatinge-Clay, 2016) of
PKS assembly lines due to the exquisite stereocontrol it can exert over polyketide scaffolds (Figure 3.7).
However, KR domain swaps to achieve stereochemical changes have been demonstrated only in truncated

model systems thus far, generally with mixed results (Kellenberger et al., 2008; Annaval et al., 2015). The
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ability to control the stereochemical outcome of complex polyketides in a predictable way — although a

welcoming addition to the PKS toolkit — remains outstanding and requires significant continued research.

3.6.2.2 Synthase structure and function

Most early efforts in PKS synthetic biology failed due to an incomplete understanding of the
structure and function of PKS megaenzymes. Much work has been done in the last decade to address this
gap in our knowledge, and development of techniques such as electron cryo-microscopy have led to
significant increases in available structural information, including the first structure of an intact PKS

module (Dutta et al., 2014).

This expanded understanding of PKS structure has also elucidated the importance of
protein-protein interactions for not only the structural integrity of the assembly line but also the catalytic
integrity (Dodge et al., 2018). Additional structural information, including structures of PKS
domains/modules at various points in their catalytic cycle, will help to further elucidate which regions of
PKS assembly lines are more or less susceptible to perturbation during engineering efforts and how to avoid

any issues that may compromise the integrity of the assembly line.

Moreover, the multimodular architecture of PKSs raises an interesting question regarding how
synthetic progress along the assembly line is achieved. Mechanisms that prevent a module from being used
more than once during biosynthesis of one polyketide molecule must be in place because, although there
are exceptions (Sugimoto et al., 2015), PKS modules are not used iteratively. In other words, a mechanism
that prevents the just-generated product from being acted upon again by the same module, and instead to
be translocated to the correct downstream module must exist. Understanding how one-directional, or
so-called vectorial biosynthesis is controlled is important for PKS engineering purposes as it allows
directing biosynthesis towards translocation. While the molecular underpinnings of vectorial control remain
to be fully elucidated, models have been proposed that include kinetic and structural elements (Klaus &

Grininger, 2018).
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Protein-protein interactions are expected to play a crucial role in vectorial control. For instance,
the ACP domain has received much attention due to its central role in shuttling the polyketide intermediate
not only to downstream modules but also to processing domains within a module (Whicher et al., 2014).
Thus, the ACP domain is known to contain a variety of elements necessary for recognition by its cognate
partners. While the ACP domain has not been considered as an engineering target in this review due to its
lack of influence on chemical structure, it should be noted that maintaining interactions between an ACP
and its cognate partners is of critical importance in generating functional, engineered assembly lines

(Chandran et al., 2006; Kapur et al., 2010).

3.6.2.3 Evolution of polyketide synthases

In addition to structure/function studies on PKS machinery and systematic construction of
chimeric PKSs, it is essential to study how these assembly lines evolved. Insights on PKS evolution led to
recent discoveries that have expanded our understanding of the modular boundaries and various
protein-protein interactions present in a PKS (Figure 3.12). By studying giant, >25-module PKSs encoding
aminopolyols such as mediomycin, Zhang ef al. were able to infer that KS domains move together with the
upstream ACP and reductive loop during recombination and evolution of modular PKSs. The authors were
also able to show that KSs form substrate-specific, phylogenetic clades and to pinpoint previously unknown
sequence motifs presumably associated with KS substrate specificity (Zhang et al., 2017). These findings
are extremely significant in that they change our understanding of the KS domain by suggesting it to have
more substrate specificity than previously thought and by showing that the KS is evolutionarily linked to

the domains of the preceding module.

This evolutionary insight led to a proposed change in the modular boundaries of PKS assembly
lines (Keatinge-Clay, 2017b). It suggests that, in order to enable synthetic biology efforts, we ought to
update the canonical module boundaries (Figure 3.12B) used for cis-AT PKS assembly lines such that the
KS is grouped with its cognate ACP and reductive loop (Figure 3.12C). In fact, it was recently demonstrated

that recognition of ACP, and KS,1 plays a major role in turnover (Klaus et al., 2016), corroborating the
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proposed module redefinition based on phylogenetic analyses (Zhang et al., 2017). A similar phylogenetic
analysis of ACP and KS domains from frans-AT systems suggests that this boundary update applies to

these assembly lines as well (Vander Wood & Keatinge-Clay, 2018).
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Figure 3.12: Evolutionary studies of large aminopolyol assembly lines leads to proposed redefinition
of modular boundaries in polyketide synthases. (A) Structure of the aminopolyol mediomycin 2A and
modular schematic of medORF2 shown with (B) canonical modular boundaries and (C) newly proposed
redefinition of modular boundaries.

The DEBS assembly line shown in Figure 3.2 conforms to the originally proposed boundaries,
for it seems appropriate to wait for further consensus on the matter before changing the representation of
the canonical PKS assembly line. Further, it is worth noting that this combinatorial definition of a PKS
module conflicts with the canonical biosynthetic definition of a PKS module. Until now, a PKS module has
been primarily defined as a functional unit capable of catalyzing a single round of polyketide chain
extension. However, the combinatorial module shown in Figure 3.12C no longer fulfils this criterion, as the
KS is no longer grouped with the downstream AT and ACP (compare to Figure 3.4). Still, we encourage

the reader to consider the module redefinition when attempting PKS synthetic biology.
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Evolution-guided approaches reveal the likelihood of encountering downstream bottlenecks in
engineering of larger PKS assembly lines. This prediction seems supported by several examples discussed
in this review, such as a) the failure of downstream KR domains to process unnaturally bulky intermediates
generated via engineered control of monomer incorporation (Kalkreuter ef al., 2019) described in Section
3.3.1.2, and b) the drastically reduced activity of the wild-type pikromycin TE with epimerized, unnatural
substrates (Hansen et al., 2017) described in Section 3.5. As the combinatorial abilities of PKS synthetic

biology continue to develop, additional downstream bottlenecks are sure to be revealed.

This means that we are still not at the point of designing large PKS chimeras with ease, as we
lack a holistic understanding of the interdependency between domains of disparate modules. However,
certain targeted modifications can be achieved as highlighted in this review. Moreover, PKS synthetic
biology has proven to be a useful method for generating small, chiral, functionalized fragments (Hagen et

al., 2016), which will likely prove to be a useful tool to the medicinal chemist.

3.6.3 Bridging natural products and medicinal chemistry research

Medicinal chemistry has long picked up where natural products research leaves off; it works to
take bioactive compounds and develop them into optimized pharmaceutical therapies. In the wake of
technological developments surrounding combinatorial chemistry, pharmaceutical companies have opted
to deprioritize natural products research. However, a concomitant decline in the overall rate of drug

discovery was observed.

Synthetic biology has the potential to help reunite these two fields and revitalize drug discovery
by using the machinery of natural products biosynthesis to generate novel chemistry. At present, PKS
synthetic biology provides the ability to either generate small fragments, or “oligoketides”, de novo from a
few disparate PKS parts or to make small, targeted structural modifications to large natural product
scaffolds, both of which are valuable tools for the field of medicinal chemistry. The ability of synthetic

biology to generate chiral, functionalized synthons for incorporation into synthetic schemes would allow
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integration of privileged natural product scaffolds with the technological advancements of combinatorial

chemistry (Liu et al., 2017).

Synthetic biology may be used to make novel analogues of polyketide natural products that help
to tease out structure-activity relationships, as highlighted in Figure 3.9 with geldanamycin (Kim et al.,
2009). Alternatively, it may be used to create sustainable sources of clinically relevant natural product
analogues by setting up in vivo production of compounds that are currently generated through total or semi-
synthesis, as shown in Figure 3.10 with the ivermectin example (Zhang et al., 2015). Medicinal chemists
may also meaningfully contribute to the field of synthetic biology by generating functionalized precursors
for use in precursor-directed biosynthesis studies as well as by providing guidance for synthetic biologists
regarding how and where to modify polyketide scaffolds to confer an enhanced therapeutic profile to the

natural product.

3.7 Conclusions

Owing to developments in PKS structural biology and enzymology, and the persistence of
synthetic biologists to develop methods and principles for PKS engineering, polyketide synthetic biology
has emerged as a viable tool for generating chemical diversity. Although further refinement of principles
and tools is still necessary, the time is ripe to bridge natural products and medicinal chemical research by
incorporating polyketide synthetic biology into medicinal chemistry efforts. Medicinal chemical knowledge
can substantively inform polyketide engineering efforts by directing engineering towards improved
biological activity. Conversely, polyketide synthetic biology can be used to generate difficult-to-access,
chiral fragments that can then be incorporated into synthetic schemes. Alternatively, targeted modifications
to polyketide scaffolds can be made via synthetic biology to help tease out structure-activity relationships
or address supply issues of natural product analogues. With so much to gain from establishing such a

partnership, all that is left is to collaborate.
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4.1 Introduction

4.1.1 Targeting the spliceosome for treatment of cancer

In eukaryotic organisms, nascent RNA transcripts — known as pre-mRNA — must undergo an
additional round of processing, called splicing, prior to translation by the ribosome. Splicing involves
removal of non-coding intronic regions from the pre-mRNA to yield the mature mRNA template used for
translation. This process is carried out by the spliceosome, an elaborate and dynamic protein-RNA complex
that assembles on the pre-mRNA at each instance of splicing (Abelson, 2017). As the scientific
understanding of splicing has grown, so has the number of human diseases attributed to aberrant splicing
of pre-mRNA transcripts (Novoyatleva et al., 2006). Thus, the spliceosome has emerged as a potential

therapeutic target for human diseases, particularly cancer (Lee & Abdel-Wahab, 2016).

There are three known classes of polyketide natural products that act on the spliceosome —
pladienolides, herboxidienes, and spliceostatins (Figure 4.1). They possess a common conjugated diene
pharmacophore which interacts with the splicing factor 3b (SF3B) component of the spliceosome (Lagisetti

et al., 2008; Lagisetti et al., 2014).

The diene moiety imparts a planar structure, and this portion of the molecule is able to insert
itself into a narrow tunnel formed by the proteins SF3B1 and PHF5A during the early stages of spliceosome
assembly (Cretu et al., 2018). Importantly, binding of the natural product at this site precludes assembly of
a functional spliceosome by competing with the pre-mRNA substrate (Finci et al., 2018). While these splice
modulators share a common cellular target, the molecular effect of binding to this target varies between cell

lines and compounds (Wu et al., 2018; Ledn et al., 2017).
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Figure 4.1: The three structural classes of polyketide natural product spliceosome inhibitors.

4.1.2 Using synthetic biology to produce non-natural polyketide analogues with promising

therapeutic properties

The pladienolide family of splice modulating polyketides are of particular interest in our lab due
to their potential as a therapy for acute myeloid leukemia (Crews et al., 2016) and chronic lymphocytic
leukemia (Kashyap et al., 2015). In addition to the diene pharmacophore, these splice modulators are
typified by a 12-membered macrolide ring. Shown in Figure 4.1, the most well-known natural product of
this class is Pladienolide B (P1dB), which was isolated from the fermentation broth of Streptomyces
platensis Mer-11107 (Sakai et al., 2004). Notably, two synthetic analogues of PldB progressed to clinical
trials — E7107 and H3B-8800 (Figure 4.2A). E7107 trials in patients with advanced solid tumors were halted
in phase I due to adverse effects (Hong et al., 2014; Eskens et al., 2013). H3B-8800 trials in patients with
myelodysplastic syndromes, acute myeloid leukemia, and chronic myelomonocytic leukemia are ongoing

(H3 Biomedicine Inc., 2016).
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The first natural product of the pladienolide class to be reported was FD-895 from the
fermentation broth of Streptomyces hygroscopicus A-9561 (Seki-Asano et al., 1994), though its absolute
stereochemistry — determined via total synthesis (Villa ef al., 2012) — was not reported for nearly twenty
years. In addition to verifying the structure and stereochemistry of FD-895, Villa et al. assayed the full suite
of synthesized C16/C17 stereochemical analogues against HCT-116 tumor cells. One diastereomeric
analogue, 175-FD-895 (Figure 4.2B), exhibited superior therapeutic properties compared to the natural
product. However, the lengthy (30 steps) and low-yield synthesis of 17S-FD-895 may prevent this
promising compound from making it to the clinic. Thus, there is a need for an alternative method of

producing 17S5-FD-895.

k FD-895 17S-FD-895 /

Figure 4.2: Notable synthetic and natural analogues from the pladienolide structural class. (A) The
synthetic P1dB analogues E7107 and H3B-8800, which progressed to stage I clinical trials. (B) The natural
product FD-895 and its synthetically-generated diastereomer, 17S-FD-895.
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As discussed in Chapter 3, the modular architecture of PKS assembly lines makes them promising
candidates for synthetic biology, and engineering domains of the reductive loop can effect structural
changes in stereochemistry and oxidation state. Unfortunately, the FD-895 producer is not available nor has
the sequence of the FD-895 biosynthetic gene cluster (BGC) been reported, rendering it impossible to
engineer the cluster. As PldB and FD-895 differ only at two positions — FD-895 features O-methylation at
C21 and a hydroxyl group at C17 — a potential solution may be to engineer the PKS responsible for

pladienolide biosynthesis in S. platensis Mer-11107 (Machida et al., 2008).

The third extension module of the Pladienolide PKS — referred to herein as PldMod3 — controls
the oxidation state and stereochemistry at positions C16/C17 via domains of its reductive loop. The
polyketide intermediate is fully reduced following extension in PldMod3, as the reductive loop in this
module contains the full suite of reductive domains — ketoreductase (KR), dehydratase (DH), and
enoylreductase (ER) — shown in blue in Figure 4.3A. Inactivation of the DH and ER domains in PldMod3
would yield a product with a hydroxyl group at C17. However, the native P1d-KR3 is a B1-type KR, which
does not afford the desired stereochemistry (Figure 4.3B). We propose a reductive loop swap with a donor
B2-type KR, which would afford both the desired oxidation state and stereochemistryat C17 and
stereochemistry at C16/C17. The resulting polyketide product would be nearly identical to 17S5-FD-895,

though lacking O-methylation at C21 (Figure 4.3C).

This chapter is primarily concerned with cultivation of the pladienolide producing organism
(Sakai et al., 2004) and preliminary efforts to employ synthetic biology for fermentative production of
17S8-FD-895. Experiments and results relating to the herboxidiene producer, Streptomyces chromofuscus,

can be found in Appendix A.
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Figure 4.3: Proposed reductive loop swap of the pladienolide polyketide synthase. (A) Native
pladienolide PKS, as reported in Machida et al. (B) Stereochemical outcomes afforded by different KR
subtypes, a topic covered in detail in chapter 3 (section 3.4). (C) Modular schematic of PldMod3 engineered
via reductive loop swap and the hypothetical polyketide product that such a modification to the PKS would

yield.
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4.2 Results and Discussion

4.2.1 Propagation of Streptomyces sp. FERM BP-7812 and analysis of phenotypically distinct

isolates

Streptomyces platensis Mer-11107, the native producer of PldB, was obtained from the
International Patent Organism Depositary (IPOD) at the National Institute of Bioscience and Human
Technology, Agency of Industrial Science and Technology, Japan, where it was deposited with accession
number FERM BP-7812. Cultivation of Streptomyces sp. FERM BP-7812 involved an initial liquid culture,
which was both cryopreserved and propagated on multiple types of solid media. The solid media cultures
revealed that the culture was received from IPOD as a nonhomogeneous mixture (Figure 4.4A). It was
unclear whether this was the result of a contaminating organism or if the strain itself was phenotypically

variable.

- @O®OOOEOVVO

Figure 4.4: Phenotypic heterogeneity of Streptomyces sp. FERM BP-7812 on solid media. (A) Diversity
plates. Media type from left to right: A1, ISP2, MS, NZSG. (B) Isolates cultured on ISP2 agar, showing a
spectrum-like array of phenotypes. Isolate ID (from left to right): 11-i11, ON10-n3, 0I-i6, ON-n2, 0I-i2, 11-
i6, 0110-11, 11-i4, OI-il, 11-i12, and OI-i8.
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Thus, in an effort to determine which member(s) of the mixture were the desired pladienolide-
producing organism, it was necessary to isolate single colonies from the plates, to cultivate and preserve
each one individually, and to examine their differential characteristics. Propagation of single colonies
facilitated more detailed observation of the phenotypes expressed by the FERM BP-7812 isolates (Figure
4.4B). There was marked variation in phenotype among the isolates, particularly with respect to color,
sporulation behavior, and excretion of pigmented metabolites. The phenotypic variation of growing
colonies is most clearly observed on ISP2 agar, thus ISP2 was chosen as the solid media used for routine
culturing. None of the isolates appeared to be particularly unique in their phenotype; rather, the isolated
colonies seemed to all lie along the same spectrum of phenotype. It remained unclear whether all isolates

were variations of the same strain or whether the culture contained a contaminating organism.

To further investigate the possibility of a contaminated culture, two experimental methods were
employed — IDBac and partial 16S sequencing. IDBac facilitated indirect assessment of the phylogenetic
relatedness between isolates via bioinformatic analysis of colonial protein content, which was assessed via
mass spectrometry (Clark ez al., 2018). This analysis revealed that the isolates form three distinct groupings,

correlative to phenotype, at the species level or below (Figure 4.5).

Half of the isolates were subjected to 16S analysis. This involved isolation of gDNA from the
isolates (Figure 4.6A), PCR amplification of the ~1400 bp 16S rRNA gene (Figure 4.6B), and Sanger
sequencing of the amplicons. This revealed that the fifteen isolates — seven black, five grey, and three white
(Figure 4.6C) — possess identical partial 16S rRNA sequences. This result, along with IDBac clustering,
suggests the presence of a contaminating organism is unlikely. Thus, the pladienolide production ability of

the isolates must be compared.
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Figure 4.5: IDBac analysis of isolates. (A) Dendrogram generated in IDBac shows three distinct groupings
of isolates, which correlate to phenotype. White phenotypes are boxed in yellow. Grey phenotypes are
boxed in red. Black isolates are boxed in blue. (B) Representative isolates of each grouping — white, 0110-
i2; grey, 0110-11; and black, 0110-i3.
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Figure 4.6: Genomic DNA isolation and 16S analysis for half of the cryopreserved Streptomyces sp.
FERM BP-7812 isolates. Gels showing (A) isolate gDNA and (B) 16S PCR amplicon. (C) Isolates selected
for 16S analysis, shown cultured on ISP2 agar (blue outline = black phenotype group; red outline = grey
phenotype group; yellow outline = white phenotype group)
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4.2.1.1 Analysis of pladienolide B production in isolates of Streptomyces sp. FERM BP-7812

As a preliminary assessment, targeted metabolomics was employed to determine whether the
heterogeneous mixed culture produced PldB via fermentation. An extract of the production culture
supernatant was compared with an authentic P1dB standard using high performance liquid chromatography
(HPLC). This analysis confirmed that the heterogeneous culture received from IPOD possesses the ability
to biosynthesize P1dB (Figure 4.7). The P1dB standard elutes at 40.384 min, and the extract has a correlating
peak at 40.287 min. The solvent scheme used here for analysis of P1dB in extracts required optimization to

achieve better resolution of the various compounds present in the extract.
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Figure 4.7: Preliminary assessment of pladienolide B production in mixed culture of Streptomyces sp.
FERM BP-7812.

Notably, the solvent schemes differ slightly between all PIdB production analyses described
herein, as method optimization was concurrent with each new analysis. All relevant solvent schemes and

the analysis they are associated with are described in the methods section.
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Pladienolide titers were next tested between phenotype groups. Three isolates — 0110-i1, 0110-i2,
and 0110-i3 (Figure 4.5B) — were selected as the experimental set as they originated from the same diversity
plate. Pladienolide production cultures were made for each isolate, followed by extraction of supernatant
with EtOAc. A 100 pg aliquot of each extract (dissolved in MeOH) was subjected to HPLC analysis, which

revealed that all three phenotype groups can biosynthesize detectable amounts of PIdB in liquid culture

(Figure 4.8).
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Figure 4.8: Comparison of pladienolide B(*) production between isolate phenotype groups.
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While all three isolates produced P1dB, the white isolate showed significantly lower titers than
the black and grey isolates. Further, the black isolate slightly outproduced the grey isolate (TABLE VIII).
It was assumed that this trend would generalize across isolates as several qualitative observations suggest
the white phenotype is the result of laboratory domestication. This is discussed in more detail in section

4.2.1.2.

TABLE VIII: COMPARISON OF PLADIENOLIDE B TITERS BETWEEN PHENOTYPE GROUPS

Isolate Phenotype Group Pl(dn]?gt/ilte)srs
0110-i1 Grey 0.716
0110-i2 White 0.238
0110-i3 Black 0.772

Pladienolide titers were next obtained for the seven black isolates — 0110-i3, 0I-16, 11-i5, 11-111,
OM-m1, OM-m4, and ON10-n3. Two production cultures were made for each isolate, and the culture
supernatant of each replicate was extracted separately with. The stacked chromatograms shown in Figure
4.9 compare the highest yielding replicate of each isolate and 0.25 pg of P1dB standard. Calculated titers

for each replicate and the average of both replicates for each isolate are reported in TABLE IX.
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Figure 4.9: Comparison of pladienolide B(*) production between black isolates.

TABLE IX: COMPARISON OF PLADIENOLIDE B TITERS BETWEEN BLACK ISOLATES

Isolate PIdB titers (mg/L) Ayerage PldB

Replicate #1 Replicate #2 titers (mg/L)
0110-i3 4.2 6.4 53
01-i6 5.4 0.3 29
11445 0.4 8.0 42
111 0.8 0.4 06
OM-m1 5.1 1.7 34
OM-m4 5.0 7.0 6.0
ON10-n3 15.4 4.1 0.8
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The titers reported in TABLE IX show much variation between replicates, reflecting general
issues with reproducibility in cultivation of filamentous bacteria. One such issue is variation in coil density
of the stainless-steel spring used during cultivation. The spring serves not only to aerate the culture, but
also to break up the filamentous chain into a finer cell suspension. Nonuniform cell suspensions between
isolate cultures may result from variation in the density of the coiled spring, thus impacting the accuracy of
compared titers. Additionally, the seed cultures of each isolate grow at slightly different rates, likely due to
differing cell densities of the cryostocks. This makes it difficult to normalize the number of cells used to
inoculate each seed culture across all isolates, and the standard technique of measuring the optical density

of the culture is not reliable with filamentous bacteria.

Furthermore, the titers reported in TABLE IX are likely inaccurate (too low) for isolate 0I-i6
(replicate #2) and 11-15 (replicate #1) as these two production cultures had significant amounts of cell mass
growing up the side of the flask by the end of the cultivation period, which results in a thin culture growing
in the base of the flask. This source of error is, again, not uncommon in the cultivation of filamentous
bacteria. Nonetheless, ON10-n3 stood out amongst the black isolates and has been selected as the “best”

pladienolide producer.

Notably, reported titers for isolate 0110-i3 from TABLE VIII and TABLE IX vary by an order of
magnitude. This can likely be attributed to differences in incubation time — the cultures for comparison of
titers between black isolates (TABLE IX) were grown for six days, while the cultures for comparison of
titers between phenotype groups (TABLE VIII) were only grown for five days. The extra day of incubation
for the black isolates was aberrant, as all other P1dB production cultures were cultivated for five days in
accordance with Machida et al. However, future studies should utilize six days given the order of magnitude

increase in PIdB titers the additional day affords.
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4.2.1.2 Laboratory domestication of Streptomyces sp. FERM BP-7812

The phenotypic variability of Streptomyces sp. FERM BP-7812 is striking. For instance, the
white isolates do not exhibit sporulation, nor do they produce a red pigment that is secreted into solid media
by both the black and grey isolates. Further, the IDBac clustering (Figure 4.4A) and spectrum of isolate
phenotypes (Figure 4.3B) suggest that the grey phenotype is an intermediate between the black and white
phenotypes. We hypothesize that the black phenotype is the wild-type organism and the white phenotype
arises due to strain domestication in the laboratory, a phenomenon which has been reported in Streptomyces

and leveraged to study their development and evolutionary history (Chater & Chandra, 2006).

A passaging study of four black isolates — ON10-n3, 0M-m4, 0I-16, and 0110-i3 — was performed
to test this hypothesis. The study involved serial passaging of isolates via liquid culture and visualization
of the phenotypic composition in each passage via plating on solid media. Photographs of solid media
cultures were taken after nine days of incubation. (Figure 4.10) It is important to note that Passage 2 is not
represented in Figure 4.10 as minimal (1-2 colonies) or no growth was observed on the solid media plates,
though the liquid culture for each isolate appeared healthy and was successfully utilized for inoculation of

Passage 3. It is unknown why this occurred.

Though not phenotypically homogenous, the black phenotype predominates Passage 1 for all four
isolates. With increasing passage number, the black phenotype makes up a smaller proportion of the
colonies observed on solid media. Concomitantly, colonies exhibiting grey, white or tan phenotypes appear

in increasing proportion. Interestingly, the observed rate of phenotypic drift varied between the isolates.
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Figure 4.10: Passaging study of black isolates. (A) ON10-n3 (B) OM-m4 (C) 0I-i6 (D) 0110-i3.
From left to right — passage 1, passage 3, passage 4, passage 5.
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The black phenotype is well retained into Passage 5 of isolate ON10-n3 (Figure 4.10A), which
was identified in the previous section as the best producer of PIdB. In contrast, isolate 0OM-m4 (Figure
4.10B) loses the black phenotype by Passage 4, which contains mostly tan colonies and four colonies that
appear to be chimeras of the white and grey phenotype. By Passage 5, 0M-m4 contains entirely tan colonies.
Isolate 01-i6 (Figure 4.10C) also retains the black phenotype into Passage 5, but there is a higher proportion
of tan colonies than observed in Passage 5 of ON10-n3. Finally, isolate 0I110-i3 (Figure 4.10D) retains the
black phenotype in Passage 3, but in Passage 4 the black phenotype is only observed in chimeric black-
grey colonies. While the black and grey phenotypes are absent in Passage 5 of 0110-i3 (unlike ON10-n3 and
0I-16), it is not yet fully composed of tan colonies as the white phenotype is still well retained (unlike 0M-
m4). Collectively, these observations do suggest that the black phenotype is that of the wild-type organism,
which is lost in the laboratory setting. However, given the previously discussed reproducibility issues
regarding strain cultivation, the passage experiment would need to be repeated to confirm that the observed

variation in drift is really isolate-specific.

Streptomyces are remarkable not only for their biosynthetic potential, but also for their complex
developmental cycle (Manteca & Yagiie, 2018). The emergence of the white phenotype and tan (or “bald”)
phenotype in Streptomyces has been associated with regulatory changes in key developmental genes
involved in sporulation and formation of aerial mycelium, respectively (Chater & Chandra, 2006). While
the rapid phenotypic drift observed in the passaging study of Streptomyces sp. FERM BP-7812 supports
our hypothesis that this strain is susceptible to domestication in the laboratory setting, additional evidence
— such as genome sequencing and comparative metabolomics of low and high passage numbers — is needed

to conclusively prove this.
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4.2.2 Efforts to use synthetic biology for production of 175-FD-895

4.2.2.1 insilico analysis of donor reductive loops

ClusterCAD, a computational webtool designed to facilitate synthetic biology studies of PKS
assembly lines, was used to find potential donor B2-type KR domains for the PldMod3 reductive loop swap.
ClusterCAD helps users find donor PKS “parts” (i.e. catalytic domains) that can affect desired
modifications to the polyketide scaffold (Eng et al., 2018). The ClusterCAD entry for erythromycin

(https://clustercad.jbei.org/pks/BGC0000055.1/) was used as a starting point to find potential B2-type KR

donors because the first extension module of DEBS, the erythromycin PKS, contains a well-characterized

B2-type KR (@stergaard et al., 2002; Keatinge-Clay & Stroud, 2006; Zheng & Keatinge-Clay, 2013).

ClusterCAD allows users to perform blastp (protein-protein BLAST) searches directly in the
webtool. Thus, the amino acid sequence of the B2-type KR1 from DEBS was submitted to find all KRs in
the database with a similar amino acid sequence. The KR subtype of the resulting hits were readily verifiable
due to the detailed domain annotations offered in ClusterCAD. Fifteen B2-type KRs were identified as
potential donors for the proposed (Figure 4.3) reductive loop swap of PldMod3. They are described in
TABLE X, which lists the PKS of origin, the polypeptidic subunit, and the KR number. Additionally, the

table lists the organism that harbors the PKS.
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TABLE X: B2-TYPE KETOREDUCTASE DONOR CANDIDATES

PKS Subunit  KRn* Native Producer
Aculeximycin (Acu) AcuAll KRS Kutzneria albida DSM 43870
Brasilinolide (Nbr) NbrG KR13 Nocardia terpenica IFM 0406
Brasilinolide NbrH KR16 Nocardia terpenica IFM 0406
Brasilinolide NbrH KR17 Nocardia terpenica IFM 0406
Erythromycin (Ery) EryAl KRI1 Saccharopolyspora erythraea NRRL2338
Halstoctacosanolide (Hls) HlsC KR7 Streptomyces halstedii HC34
Lankamycin (Lkm) LkmAI KRI1 Streptomyces rochei T434AN4 (pSLA2-L)
Lasalocid (Las) LasAIV KR7 Streptomyces lasaliensis NRRL3382R
Megalomicin (Meg) MegAl KR1 Micromonospora megalomicea NRRL3275
Meridamycin (Mer) MerC KR10 Streptomyces violaceusniger DSM 4137
Pikromycin (Pik) PikAI KR1 Streptomyces venezuelae ATCC 15439
Monensin (Mon) MonAVIII KR12 Streptomyces cinnamonensis ATCC 15413
Mycolactone (Mls) MIsAl KR2 Mycobacterium ulcerans AGY99 (pMUMO01)
PM100117 (Gon) GonP5 KR14 Streptomyces caniferus GUA-06-06-006A4
Salinomycin (SIn) SInA7 KRI11 Streptomyces albus XM211

*KRn (or KR;) is the KR number, and the value of n corresponds to extension module number (i.e. loading
module is considered n=0 and first extension module is considered n=1).
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As covered in Chapter 3, it is important to consider phylogeny and evolutionary relationships
between domains of the assembly line when engineering a PKS via domain exchange. Therefore, we
conducted a phylogenetic analysis of B2-type donor KR, and the evolutionarily relevant ACP, and KSy+

domains associated with them.

The phylogenetic tree of P1d-KR3 and the B2-type donors is shown in Figure 4.11A. Given that
the B1-type KR of PldMod3 is inherently distinct from the B2-type donor KRs, the relatively high distance
of PId-KR3 from the potential donors is not a surprise. However, that KR12 from the monensin (Mon) PKS
and KR2 from the mycolactone (Mls) PKS are more distinct from the rest of the donor pool than P1d-KR3
is surprising. Inspection of the aligned amino acid sequences reveals that neither Mon-KR 12 nor Mls-KR2
contain the Leu-Asp-Asp (LDD) motif (Figure 4.11B, residues 94-96). In Mon-KR12 it appears as VND

and in Mls-KR?2 it appears as LAD.

The LDD motif is considered the strongest sequence predictor of a B-type (both B1- and B2-
type) KR domain (Weissman, 2016), and it is present in P1d-KR3 and all other candidate donors. Further,
both Mon-KR12 and Mls-KR2 feature an alanine two residues C-terminal of the catalytic tyrosine (Figure
4.11B, residue 153). All other donor candidates feature a proline at this position, which is a known sequence
motif that can be used to typify B2-type KR domains (Keatinge-Clay, 2007). As expected of a B1-type KR,

P1d-KR3 does not possess a proline at this site.
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Figure 4.11: Phylogenetic tree and sequence alignment of donor ketoreductase domains
(A) Phylogenetic tree (B) Protein alignment showing residues characteristic of B-type KR domains.

Residues 101-149 are omitted.
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The phylogenetic tree of Pld-ACP3 and ACP, domains from the candidate donors is shown in
Figure 4.12. Due to the short sequence length and high degree of sequence conservation, it is difficult to
construct reliable phylogenetic trees of ACP domains (Jenke-Kodama et al., 2006). Still, there are two

distinct groupings at the top and the bottom of the tree worth mentioning.

At the top of the tree in Figure 4.12, ACP, domains from erythromycin and megalomycin PKSs
form a distinct pair, and the domain from the lankamycin PKS is a relatively short distance away. The N-1
modules of these assembly lines are loading modules (TABLE XI). They possess an AT.-ACP architecture
(see section 3.2.2.1) and utilize an acylthioester-CoA starter unit. Thus, their ACP, domains likely exhibit
unusual substrate specificity with respect to the other ACP, in this analysis. At the bottom of the tree in
Figure 4.12, the ACP, from mycolactone, brasilinolide, and PM100117 PKSs are distinct from the rest,

including P1d-ACP3, which casts doubt on the suitability of these donors for engineering of the P1d PKS.
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Figure 4.12: Phylogenetic tree of evolutionarily relevant acyl carrier protein domains from donor
candidates.

100 12

86

30

30

0.1



110

TABLE XI: ASSEMBLY LINE CONTEXT OF DONOR B2-TYPE KETOREDUCTASE DOMAINS

Proceeding Module (N-1) Donor Module (N) Succeeding Module (N+1)
reductive extender reductive extender reductive extender
PKS-KRn loop unit loop unit loop unit
P1d-KR3 KRgi, DH mal KRz, DH, ER mmal KRgi, DH mal
Acu-KR5 | KR, DH, ER mal KRpz> mmal KR3p1, DH mal
Nbr-KR13 DH mal KRg2 mmal KR, DH, ER mal
Nbr-KR16 KRa: mal KRz mmal KRz mal
Nbr-KR17 KRg: mmal KRpz> mal KR, DH mal
Ery-KR1 N/A® propionyl-CoA KRg2, DHo mmal KRa1 mmal
Hls-KR7 KRa; mal KRpz> mmal KRg1, DH mal
Lkm-KR1 N/A? 2metbut-CoA KRgz2, DHy mmal KR mmal
Las-KR7 none mmal KRpz> mmal | KRg;, DH, ER mal
Meg-KR1 N/A® propionyl-CoA KRg: mmal KRa1 mmal
Mer-KR10 KRg;i mal KRz mmal KRai mal
Pik-KR1 N/A? mmal KRg2, DHy mmal KRg1, DH mal
Mon-KR12 KRa; mmal KRgz2, DHy mmal N/A® N/A®
Mis-KR2 KRg1, DHo mal KRg2, DHo, ERp mmal KRg1, DH mmal
Gon-KR 14 DHy mal KRpz> mmal | KRg;, DH, ER mal
Sin-KR11 DH, mmal KRz mmal KRa2 mmal

* Loading module — no reductive loop domains are present.
® Monensin donor module is terminal to PKS.

¢ Extender unit abbreviations: mal = malonyl-CoA ; mmal = methylmalonyl-CoA
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The phylogenetic tree of Pld-KS4 and KS,+i domains from the candidate donors is shown in

Figure 4.13. The tree has two distinct groupings — the top half of the tree contains eight KS,+; domains

which cover a wide range of sequence distance, while the bottom half contains seven KS,:; domains,

including P1d-KS4, that cover a narrow range of sequence distance.
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Figure 4.13: Phylogenetic tree of evolutionarily relevant ketosynthase domains from donor

candidates

Looking at the bottom half first, the three KS,+; domains P1d-KS4 most closely clades with are

from the pikromycin, halstoctacosanolide, and aculeximycin PKSs. Their corresponding N+1 extension

modules utilize the same extender unit and have the same reductive loop architecture as PldMod4 (TABLE

XI). Together, this indicates that these donors may be compatible for engineering of the Pld PKS. The

lasalocid and salinomycin make up the bottom-most clade. These are the only two assembly lines that do

not possess reductive loop elements in the N-1 extension module, thus these KS;+1 domains may recognize

substrates with an unreduced carbonyl at the corresponding position.
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The top half, which covers a wide range of sequence distance, contains all KS,+; domains from
brasilinolide as well as those from PM 100117, meridamycin, lankamycin, erythromycin, and megalomycin.
In this group, the clade formed by KS,+; from lankamycin, erythromycin, and megalomycin may be
explained by substrate specificity they are the only KS domains from the top half that catalyze condensation
of the growing chain with methylmalonyl-CoA. As mentioned in the discussion of the ACP, tree, these are
also the assembly lines where the N-1 is a loading module with AT.-ACP didomain architecture. Also
observed in the top half of the tree is that Nbr-KS18 from the brasilinolide PKS clades distinctly from the
two other KS domains from the same assembly line (Nbr-KS14 and Nbr-KS17). This may be explained by
disparate substrate specificity of the polyketide intermediate. Nbr-KS14 and Nbr-KS17 catalyze extension
on an a-substituted intermediate while Nbr-KS18 accepts a polyketide intermediate without an o-

substituent (TABLE XI).

Many different strategies could be employed for engineering PlIdMod3 with sequences from the
above described donors. The simplest approach would be to swap out only the native reductive loop and
replace it with the reductive loop from a donor containing a B2-type KR. However, additional modifications
— such as exchanging cognate ACP, and KS,:; — may also be necessary to achieve an engineered construct

with sufficient catalytic activity.

The phylogenetic disparity between Pld-ACP3 and the ACP, domains from mycolatone,
brasilinolide, and PM100117 strongly indicate that these donors would not be suitable for engineering a
reductive loop swap as Pld-ACP3 may be unable to make necessary contacts with the new reductive
domains. Additionally, replacement of PId-ACP3 with any of these domains may preclude the new ACP,
from making necessary contacts with other domains in the assembly line that have been retained from the

native Pld PKS.

The most promising B2-type KR donor candidates are from the aculeximycin,
halstoctacosanolide, and pikromycin PKSs. This is due to the close phylogenetic relationship between their

cognate KS,+ domains and P1d-KS4 as well as the similar assembly line architecture in the regions their



113

KR, are sourced from. These donors would be suitable not only for exchange of reductive loops, but also
for the exchange of additional catalytic domains, which may be necessary to achieve functional chimeric

constructs.

4.2.2.2 Cloning and purification of recombinant PldMod3

Chimeric constructs generated by swapping out the reductive loop of PldMod3 would have their
activity assessed in vitro with synthetic extender units. This would allow determination of the relative
activity of each construct as multiple will likely be made in parallel. The chimeric constructs would
additionally have their activity compared to a wild-type standard. Therefore, we cloned the third extension
module of the pladienolide PKS into pHis8 (Jez et al., 2000) via traditional, restriction-ligation cloning

methods (Figure 4.14).
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Figure 4.14 Vector map of pTCO01. p/dMod3 cloned into expression vector pHis8. EcoRI and BamHI were
used as cloning sites. EcoRV and HindllI sites used to screen clones.
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Because the third extension module is C-terminal on the PIdAI subunit, the 8x-His tag was
positioned at the N-terminus of the cloned construct to preserve the subunit’s C-terminal docking domain.
Primers with added restriction sites (BamHI and EcoRI) were designed such that the translated protein
product would include the upstream linker region which connects PldMod3 to the second module and all

subsequent residues of the subunit including the docking domain.

Amplification of p/dMod3 by PCR resulted in significant non-specific amplification (Figure
4.15A), and the desired 6590 bp amplicon had to be carefully gel-excised. As PKSs are known for their
highly repetitive sequences, this complication was not surprising. Following digest of the purified amplicon
and pHis8 with BamHI and EcoRI, the two were ligated and cloned in E. coli 10-beta, yielding pTCO1
(Figure 4.15B). Cloning was first attempted in E.coli DH5a but was not successful, potentially due to the
size of the cloned construct. Once the cloned construct was confirmed, the plasmid was then transformed

into E. coli BAP1 for heterologous expression (Figure 4.15C).

Figure 4.15: Construction of pTCO01. (A) PCR of PldMod3 (B) Digest screen of E. coli 10-beta clones
(C) Digest screen of E. coli BAP1 clones.
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The ~232 kDa recombinant protein was successfully expressed in BAP1 (Figure 4.16).
Excitingly, the protein was present in the soluble fraction of the cell lysate (lane 4) after a 4-hour induction,
as well as following elution (lane 8) and desalting (lane 10), indicating that it binds to the Ni-NTA resin.
However, much of the protein is still present in the lysate upon separation from the resin (lane 5), and two
lower molecular weight E. coli proteins (~75 and ~25 kDa) appear to bind to the resin more efficiently.
Thus, much of the desired recombinant protein is lost during purification, and that which has been captured

by the resin requires further purification (e.g. using size-exclusion chromatography).
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Figure 4.16: Purification of recombinant PldMod3. (A) Translated protein analysis from geneious. (B)
SDS-PAGE gel of PldMod3 purification from 4-h induction culture. PIdMod3 is indicated by a yellow
arrow.
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A second attempt to isolate recombinant PldMod3 in pure form was made (Figure 4.17) with
several modifications, both to production and the purification process. First, the induction time was
increased, in an effort to increase the overall amount of recombinant protein in the cell lysate. Two
production cultures were induced in parallel for 12 h (Figure 4.17A) and 17 h (Figure 4.17B). Modifications
to the purification process include increased resin bed capacity as well as gradient wash and gradient elution
steps (increasing imidazole concentration gradient). Unfortunately, the modified process still did not afford

isolation of P1dMod3 in pure form.

Figure 4.17: Modified purification of recombinant PldMod3. (A) 12-hour induction and (B) 17-hour
induction. Band of recombinant PldMod3 indicated with yellow arrow.

While the increased induction time and resin bed volume improved the yield of captured
recombinant protein, many more contaminating proteins were captured as well. The gradient wash and
elution failed to selectively remove contaminating proteins. Future efforts to purify recombinant PIdMod3

would be best served by using a 12 h induction time as the 17 h induction seems to result in far more
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contaminating proteins bound to the resin with minimal gains in terms of bound recombinant PldMod3.
Additionally, the resin should be washed with very low concentrations of imidazole, and a single high-
concentration imidazole elution step would suffice to dislodge bound protein from the resin. As the eluent
will contain many contaminating E. coli proteins, fast protein liquid chromatography is recommended to

obtain recombinant PldMod3 in pure form.

4.3 Conclusions

Polyketide natural products provide privileged scaffolds for drug discovery, but their structures
often require modification in order to translate these compounds into the clinic. This is true of the
pladienolide family of polyketides, which includes several synthetic analogues that show promise as
pharmaceutical therapies for cancers such as acute myeloid leukemia and chronic lymphocytic leukemia.
One such synthetic analogue, 17S5-FD-895, shows nearly 25-fold higher potency and more than 100-fold
improved metabolic stability over the parent compound. However, the laborious chemical synthesis of this
modified analogues poses a significant barrier to the realization of its therapeutic potential. In order to
address this barrier, we seek to engineer the pladienolide PKS via reductive loop swap to afford
fermentative production of 17S-FD-895 (Figure 4.3). As discussed in Chapter 3, harnessing the
stereocontrol of PKS assembly lines remains one of the most outstanding challenges of PKS engineering,

though much progress has been made.

Herein, we have identified a suite of PKS domain donors whose catalytic machinery can affect
the desired modification to the pladienolide scaffold. Our donor pool is limited by the overall rarity of the
desired catalytic domain, a B2-type KR, among PKS assembly lines. Phylogenetic analyses may provide
insight into which donors are most suitable, but it is impossible to say which donors — if any — will provide
us with an engineered construct that is structurally stable and catalytically active. These uncertainties can
only be resolved through empirical analysis of chimeric constructs. That we were able to clone and

heterologously express a truncated PKS subunit — PldMod3 — is a step in the right direction.
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In addition to obstacles posed by PKS engineering, the work herein described additionally
exemplifies fundamental challenges of working with natural products, such as instability of native
producers in the laboratory setting. Once the pladienolide producing strain Streptomyces sp. FERM BP-
7812 was obtained, it took careful analysis of many phenotypically distinct isolates to identify an isolate
with suitable pladienolide production abilities. Even still, strain instability will have to be addressed in order

to attain sufficient and scalable fermentative production of 175-FD-895.

4.4 Future Directions

Cloning and heterologous expression of pladienolide BGC. As the native producer of PIdB is
phenotypically unstable under laboratory conditions, engineering of the native producer is not ideal. It was
very recently reported that overexpression of the native pathway-specific activator, PIdR, restored
pladienolide production in the domesticated strain Streptomyces platensis AS6200 (Booth et al., 2020).
However, this strategy may not work for the strain described in this work nor does it address the underlying
instability observed in our strain. As the ultimate goal of engineering the pladienolide PKS is stable
production of an unnatural analogue, it is critical to have a stable host. Heterologous expression in a well-
characterized Streptomyces host provides a promising mechanism for systematically evaluating engineered
constructs and scaling fermentative production to industrial levels. Moreover, fermentation and media

optimization will be important to identify best conditions for production.

Genome sequencing of Streptomyces sp. FERM BP-7812 isolates. Should heterologous
expression of the pladienolide BGC prove difficult to achieve, engineering the native producer is an
alternative route for biosynthetic production of 175-FD-895. As was just discussed, this is not ideal given
the observed instability of the strain. Genome sequencing of isolates from each of the three identified
phenotype groups may provide understanding of the molecular mechanisms underpinning the observed

phenotypic instability, which could in turn be leveraged to improve the native producer as a chassis.
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Establish an in vitro assay for measuring extension activity. Once recombinant PldMod3 is
isolated in pure form, it can be used to establish an assay for monitoring extension activity in vitro. Two
such assays have been reported that may be suitable. First, the NADPH consumption assay monitors the
activity of reductive loop domains in PKS assembly lines by continuous UV spectrophotometry (Lowry et
al., 2013). This would be the simplest assay of the two options, but the construct in pTCO1 lacks a chain
release mechanism (TE domain), which is necessary for removal of the extension product so that the module
may engage in a subsequent round of extension. One potential solution is to leverage the preserved
C-terminal docking domain for “attachment” of a free-standing TE domain fused to the complementary

N-terminal docking domain from the second PIdPKS subunit, PIdAIL

On the other hand, the PPant ejection assay uses mass spectrometry to determine the nature of
chemical groups that are covalently bound to the phosphopantetheine functionality of ACP domains
(Dorrestein et al., 2006). While this assay can be used to simply test whether or not chimeric constructs are
active, it can also provide much more detailed information. By probing the nature of substituents attached
to ACP domains, the PPant ejection assay facilitates the identification of unintended biosynthetic
bottlenecks created in the engineering process. These bottlenecks may stem from compromised protein-
protein interactions between native and donor domains at the site of engineering, or from the inability of
native downstream domains to act on a modified substrate. While a much more versatile tool, the PPant
gjection assay is significantly more laborious and expensive as measurement is performed on a mass

spectrometer.

Engineering chimeric modules with donated reductive loop. There are many ways to swap
modules in a PKS. For the purposes of a reductive loop swap, the most well-described method involves a
synthetic “polylinker” in place of the native reductive loop (Kellenberger et al., 2008; Annaval et al., 2015).
This polylinker contains multiple restriction sites which can be used to insert donor reductive loops at
various junctions. The donor reductive loops can be obtained synthetically, with the varying restriction sites

added onto ends via PCR. Multiple constructs can be made using a single donor loop by changing which
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junction, or “cut-and-paste”, site is used for insertion of the donor DNA. Each construct can then be
expressed, purified, and assayed in vitro to determine activity. Ideally, one of these constructs would
produce a polyketide intermediate with the desired stereochemical modifications effected by the donor
B2-type KR. However, should activity be too low or entirely nonexistent, additional modifications could

be made in an attempt to remedy this, including alteration of ACP, and KS,+;.

Notably, PIdMod3 is the terminal module of its subunit, meaning that KS,:; (P1d-KS4) is located
on the next assembly line subunit, PIdAIL It is unknown whether maintenance of native ACP./KSy+i
interaction is equally critical when the pair is located on entirely different subunits. The reductive loop swap
of PIdMod3 provides a good test case for whether the specificity of this protein-protein interaction is more

relaxed or more strict in domains on separate polypeptides.

4.5 Experimental Methods

4.5.1 Strain propagation and isolation of phenotypically distinct colonies

Streptomyces sp. FERM BP-7812 was received as a lyophilized pellet. The pellet was rehydrated
in 300puL Bacto™ Tryptic Soy Broth (BD Biosciences) and transferred in its entirety to a 250-mL
Erlenmeyer flask containing a stainless-steel spring and 50-mL Tryptic Soy Broth. The culture was placed
on an orbital shaker and grown at 30°C and 180 rpm for three days. The grown liquid culture was serially
diluted to yield 10-fold and 100-fold dilutions. A 100-uL aliquot of each dilution was used to inoculate
solid media cultures on four media types — A1F, ISP2, MS, and NZSG. The plates were incubated at 30°C
for 14 days. Isolation of single colonies was performed by picking a colony with a toothpick and stabbing
the toothpick into a fresh plate of the same media type as the plate the colony was picked from. Plates
containing single colonies were also incubated at 30°C until full phenotypic differentiation was achieved

(about 10 days).
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A1F [1% BD Difco™ Soluble Starch (BD Biosciences); 0.4% Bacto™ Yeast Extract (BD
Biosciences); 0.2% Bacto™ Peptone (BD Biosciences); 0.1% Calcium Carbonate (99+% ACS reagent,
Acros Organics); 0.01% Potassium Bromide (99+% KBr, Alfa Aesar); 0.004% Ferrous Sulfate
Heptahydrate (MP Biomedicals); and 1.5% agar], ISP2 [1% Bacto™ Malt Extract (BD Biosciences); 0.4%
Bacto™ Yeast Extract; 0.4% Dextrose (D-Glucose) Anhydrous (Fisher Chemical); and 1.5% agar], MS
[2% Bacto™ Soytone (BD Biosciences), 2% D-Mannitol (>98%, Sigma-Aldrich); and 2% agar], and NZSG
[2% BD Difco™ Soluble Starch; 1% Dextrose (D-Glucose) Anhydrous (Fisher Chemical); 0.5% N-Z-
Amine® A (Sigma-Aldrich); 0.5% Bacto™ Yeast Extract; 0.3% Calcium Carbonate (99+% ACS reagent,
Acros Organics); and 1.5% agar]. Difco™ Granulated Agar (BD Biosciences) was used as the solidifying

agent.

Isolates selected for cryopreservation were cultivated in a 250-mL Erlenmeyer flask containing
a stainless-steel spring and 25-mL Tryptic Soy Broth. The flasks were inoculated by excising a section of
the agar containing a healthy colony and transferring it to the flask with a sterile loop. Following 3 days of
incubation on an orbital shaker at 30°C, cryostocks were made by mixing 1 mL of culture with 1 mL of

40% glycerol.

4.5.2 Routine strain cultivation

Liquid cultures of isolates were grown in 250 mL Erlenmeyer flasks with a stainless-steel spring
and incubated on an orbital shaker at 30 °C and 200 rpm. Bacto™ Tryptic Soy Broth was used for seed
cultures and SPCGB [5% BD Difco™ Soluble Starch (BD Biosciences); 3% Pharmamedia (ADM); 2% -
cyclodextrin (Acros Organics); 1% Dextrose (D-Glucose) Anhydrous (Fisher Chemical); and 0.1% Calcium
Carbonate (99+% ACS reagent, Acros Organics)] liquid medium was used for pladienolide production
cultures. Solid cultures were grown on ISP2 agar plates at 30°C, and full phenotypic differentiation among

the isolates is observed after approximately 9 days of incubation under these conditions.
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Isolates used in the passaging study — ON10-n3, 0OM-m4, 0I-i6, and 0110-i3 — were cultured in 50
mL Tryptic Soy Broth as described above, with successive liquid passaging every 3 days. The initial liquid
culture (“Passage 1) was inoculated with 50 pL of cryostock, and 1 mL of culture was used to inoculate
the next 50 mL passage in a serial fashion. Visualization of phenotypic diversity in each passage was
achieved by spreading 200 pL of culture (10 dilution in Tryptic Soy Broth) on ISP2 agar plates in triplicate
prior to inoculating the next passage. Passage plates were grown in a dry incubator at 30°C and

photographed after 9 days of growth.

4.5.3 Genomic DNA isolation and 16S analysis

Genomic DNA was isolated from 15 out of the 30 cryopreserved isolates of FERM BP-7812
using the GenElute Bacterial Genomic DNA kit (Sigma-Aldrich). The 16S rRNA gene was PCR amplified
using primers 27F (5’-AGA GTT TGA TCM TGG CTC AG-3’) and 1492R (5’-CGG TTA CCT TGT TAC
GAC TT-3’) and DreamTaq DNA polymerase (Thermo Scientific). PCR products were purified using the
DNA Clean and Concentrator-5 kit (Zymo Research) and submitted for bidirectional Sanger sequencing

using the same primers.

4.54 IDBac

Isolate cryostocks were streaked on ISP2 plates. Healthy, single colonies were transferred to a
well of a 48-well plate containing 0.750mL ISP2 agar per well. The plate was incubated at 30°C for 9 days.
Using a toothpick, each colony was spread in triplicate on a MALDI target plate. Remainder of protocol

carried out as described in Clark et al. (Clark et al., 2018).

4.5.5 Pladienolide B production analysis

Seed cultures were grown as described in section 4.5.2. Production cultures were generated by
inoculating 60 mL. SPCGB medium with 1 mL of the seed culture and grown at 30°C for 5 days. Cultures

were harvested by centrifugation, and supernatants separated from cell pellets. The supernatant was
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extracted 3x with eq. vol EtOAc and dried down via rotary evaporation. Extracts were resuspended in
MeOH (preliminary extract in Figure 4.7 was resuspended in DMSO) for HPLC analysis on an Agilent
1260 Infinity HPLC system with a Kinetex Sum C18 column (100A, 150 x 4.6mm, Phenomenex) with a
SecurityGuard ULTRA Column Guard with a C18 (4.6mm ID). Spectra were obtained by monitoring 240

nm. Solvent schemed are presented in TABLE XII.

TABLE XII: HPLC SOLVENT SCHEMES USED FOR PLADIENOLIDE B ANALYSES

(A) PRELIMINARY ANALYSIS (FIGURE 4.7)
t(min) %A (MeOH) %B (H,0 + 0.1% TFA)

0 10 90
45 75 25
60 75 25

(B) PHENOTYPE ANALYSIS (FIGURE 4.8)
t(min) %A (MeOH) %B (H:0 + 0.1% TFA)

0 10 90
26 100 0
30 100

31 10 90
35 10 90

(C) BLACK ISOLATE ANALYSIS (FIGURE 4.9)
t(min) %A (MeOH) %B (H;O +0.1% TFA)

0 10 90
30 100 0
35 100

36 10 90

+ 5.00min post-time for column reequilibration
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A standard of pladienolide B (Cayman Chemical) was dissolved in DMSO to a concentration of
1 png/10 pL. Estimated titers presented in TABLE VIII and TABLE IX were calculated via calibration
curve. The curve is shown in Figure 4.18 was constructed using data from every injection of P1dB standard

over many experiments (TABLE XIII).
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Figure 4.18 Pladienolide B calibration curve

TABLE XIII: PLADIENOLIDE B STANDARD INJECTIONS

Weight pld B std (ng) AUC (mAU*s)

1 3228
1 3193
1 3431
0.5 1584
0.5 1513
0.5 1593

0.25 802
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4.5.6 Sequence analysis of B2-type ketoreductase donor candidates

Donor candidate B2-type KR domains were found using ClusterCAD. The KRg, from the first
extension module of the erythromycin PKS was used as a reference sequence for a blastp search of the
database. Those hits that corresponded to a confirmed B2-type KR were identified and sequences of

relevant KR, ACP,, and KS;+1 were copied from the ClusterCAD database and imported into Geneious.

Phylogenetic trees of the KR, ACP, and KS domains were generated in Geneious® 11.1.5. The
donor sequences and native pladienolide sequences of each of the three domains were first aligned using
the ClustalW algorithm with the following specifications — cost matrix: GONNET; gap open cost: 3.0; and
gap extend cost: 1.8. These alignments were used to build a phylogenetic tree with the following
specifications — genetic distance model: Jukes-Cantor; tree build method: neighbor joining; no specified
outgroup. Tree resampling was performed with the following specifications: resampling method: Bootstrap;

random seed: 410,513; number of replicates: 100; create consensus tree; Support threshold: 0%.

4.5.7 Construction of pTC01

The third extension module of the pladienolide PKS was amplified from gDNA (isolate 0I10-i3)
by PCR (TABLE XIV) using PrimeSTAR Max DNA Polymerase (Takara Bio) with primers
P1 pldMod3 F BamHI (5’-CTA TCT GGA TCC CTT CTG GGT TCC CGC GAG-3’, the restriction site
is underlined, and extra bases to facilitate cleavage are in italics) and P2_pldMod3 R _EcoRI (5°-TAT ATA

GAA TTC GGT CAC ACG TCC CCT ACC T-3”).

The PCR product was gel excised and purified using Zymoclean Gel DNA Recovery Kit (Zymo
Research). EcoRI-HF (NEB) and BamHI-HF (NEB) were used to digest both the cleaned PCR product and
vector pHis8. The two fragments were ligated with T4 DNA Ligase (Thermo Scientific) and cloned in E.
coli 10-beta (Invitrogen) to yield pTCO1. Clones were screened using HindIII-HF (NEB) and EcoRV-HF

(NEB).
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TABLE XIV: REACTION SETUP AND THERMOCYCLER PROGRAMMING FOR

AMPLIFICATION OF PLDMOD3 FROM GENOMIC DNA

Reagent pL per reaction
0110-13 gDNA 2.5 (50 ng)
2X PrimeSTAR Max DNA Polymerase 25
Forward primer (10 uM) 1.5
Reverse primer (10 M) 1.5
Water 17
PCR step Temperature (°C) Time
Initial Denaturation N/A® N/A®
Denaturation 95 0’10~
Annealing 55/58° 0’05~ x35
Extension 72 1’06~
Final Extension N/A® N/A®
Hold 12 o0

"Polymerase does not require initial denaturation or final extension steps.
*Two different annealing temperatures were tested.

4.5.8 Purification of recombinant PldMod3

Construct pTCO1 was electroporated into E. coli BAP1 (Pfeifer et al, 2001) for protein
production. A 1 L culture of E. coli BAP1 + pTCO01 was grown in Terrific Broth (2.4% yeast extract, 1.2%
tryptone, 0.4% glycerol, 1.254% K,HPOs, 0.231% KH,PO4) with kanamycin selection (50 ug/mL) at 37°C
and 200 rpm, until ODs=0.7, at which point gene expression was induced by the addition of IPTG (250
uM final concentration). Incubation was resumed at a decreased temperature of 18°C for 4, 12, or 17 hours.
Cells were harvested by centrifugation and N-terminal 8xHis-tagged PIdMod3 obtained from the 4-h

induction (Figure 4.16B) was purified by Ni-NTA affinity chromatography, as follows.
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First, the cell pellet was resuspended in 60 mL ice cold lysis buffer (50 mM NaH2PO4, 300 mM
NaCl, 20 mM imidazole, 10% glycerol, 1% Tween20, 1 mg/mL lysozyme, pH=7.6), and the suspension
was left to incubate on ice for 30 min with occasional stirring. Cells were lysed by sonication, and cell
debris was separated from the soluble lysate via centrifugation (11627 rcf, 40 min, 4°C). The soluble lysate
was transferred to a beaker, on ice, containing a stir bar and 1 mL of Ni-NTA resin (Protino® Ni-NTA
agarose, Macherey-Nagel), which had been pre-equilibrated with lysis buffer. The lysate-resin mixture was
allowed to incubate for 1 hour while shaking on a benchtop shaker at 220 rpm. Following incubation, the
lysate-resin mixture was poured into a disposable polypropylene column (Bio-Rad Econo-Pac Disposable
Chromatography Column, 25 mL capacity). The lysate was allowed to flow through the column as the resin
settled. The resin was washed three times with 20 mL of ice-cold wash buffer (50 mM NaH2PO4, 300 mM
NaCl, 20 mM imidazole, 10% glycerol, pH=7.6). The protein was then displaced from the resin with 2.5
mL elution buffer (50 mM NaH2PO4, 300 mM NacCl, 500 mM imidazole, 10% (v/v) glycerol, pH=7.6) and
eluted into a 15 mL falcon tube. Buffer exchange to storage buffer (50 mM NaH2PO4, 10% glycerol,
pH=7.6) was performed via gel filtration chromatography using disposable PD-10 columns (GE
Healthcare) containing Sephadex G-25M resin. The purified enzyme was analysed by SDS-PAGE using

Mini-PROTEAN TGX Precast Gel, 4-20% (Bio-Rad) in Tris/Glycin/SDS Buffer (Bio-Rad).

For the 12- and 17-hour induction samples (Figure 4.17), purification was carried out as described
above with the following modifications: Ni-NTA resin bed increased to 2 mL, a three-step wash with an
increasing imidazole concentration gradient (20, 30, and 50 mM), and a three step elution with an increasing

imidazole concentration gradient (100, 250, and 500 mM).
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Appendix A: Herboxidiene

This appendix details 1) propagation of Streptomyces chromofuscus AT7847 — the native
herboxidiene producer (Miller-Widemann et al., 1992) — following receipt of the strain from the American
Type Culture Collection (ATCC); 2) cultivation and validation of herboxidiene production; and 3) efforts

to clone the herboxidiene BGC via RecET/ExoCET (Wang et al., 2016; Wang et al., 2018).

Al Cultivation of Streptomyces chromofuscus

A cryostock of Streptomyces chromofuscus A7847 was obtained from ATCC as Streptomyces
chromofuscus (ATCC® 49982™) and propagated per ATCC’s instructions.” In short, an ISP2 agar plate
[1% Bacto™ Malt Extract (BD Biosciences); 0.4% Bacto™ Yeast Extract; 0.4% Dextrose (D-Glucose)
Anhydrous (Fisher Chemical); and 1.5% Difco™ Granulated Agar (BD Biosciences)] was inoculated by
dipping a sterile inoculation loop into the cryostock and streaking across the plate. The plates were sealed

with parafilm and placed in a dry incubator at 26°C for four days.

After four days of incubation, significant growth was observed on the plate. Colonies appeared
homogeneous and off-white to tan in color. The majority of colonies exhibited spore formation, evidenced
by white specks on and around the colonies. Using a sterile inoculation loop, a single sporulating colony
was scraped from the surface of the plate and transferred to a 250 mL Erlenmeyer flask with a stainless-
steel spring and 50 mL of ISP2 broth. The flask was placed on a rotary shaker at 26°C, 200 rpm for six
days. After six days of growth, the flask contained a thick culture with visible mycelium, which was used

to make 10 cryostocks by mixing the culture 1:1 with 40% glycerol.

The remaining culture was used to inoculate several ISP2 plates, which were placed in a dry
incubator at 30°C. After one week, examination of the plates revealed homogeneous growth of the strain
as well as significant sporulation (Figure A.1). Thus, with no signs of contamination, the cryostocks made

in-house could be used for experiments involving S. chromofuscus.

2 https://www.atcc.org/Products/Al1/49982.aspx#documentation
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Figure A.1: Sporulating plate of Streptomyces chromofuscus under a microscope. Image taken through
the eyepiece of an AO Spencer Spectroscopic Microscope (c. 1950) with an iPhone camera.

A2 Validation of herboxidiene production in liquid culture

A2.1 Cultivation and extraction

A seed culture was prepared in a 250-mL Erlenmeyer flask with a stainless still spring by
inoculating 50-mL ISP2 broth with 100-pL of S. chromofuscus cryostock. The seed culture was placed on
an orbital shaker at 30 °C and 200 rpm for 5 days. Two production cultures were prepared by inoculating
50 mL ISP2 broth with 1-mL of S. chromofuscus seed culture in a 250 mL Erlenmeyer flask with a stainless
still spring. The two production cultures were placed on an orbital shaker at 30 °C, 200 rpm for 5 days. The
cultures were then harvested by centrifugation, and the pooled supernatant was extracted 3x with an

equivalent volume of EtOAc then dried via rotary evaporation.



133

Appendix A (continued)

A22 HPLC analysis and method development

A herboxidiene standard was obtained from Focus Biomolecules. The 200 ug standard was
dissolved in 2 mL DMSO to give a 1 pug/10 uL stock. All HPLC analysis was carried out on an Agilent
1260 Infinity using a C18 Kinetex® column (5 pm, 100 A, 150 x 4.6 mm, Phenomenex) with a
SecurityGuard™ Cartridge Holder (10 mm id, Phenomenex) and Core-Shell C18 SecurityGuard SemiPrep
Cartridge (10 x 10 mm id, Phenomenex). All experiments monitored A=238 nm and used a flow rate of
1.000 mL/min. Solvent schemes changed over the course of method development, and the mobile phase

employed with each experiment is described with its respective chromatograms below.

1ug herboxidiene standard in DMSO
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Figure A.2: Preliminary analysis of Herboxidiene production.

min

Solvent scheme: 75% MeOH/25% H,O + 0.1% TFA, Isocratic.

Herboxidiene elutes ~4.8 min, and extract peaks are poorly resolved.
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S. chromofuscus extract
Herboxidiene std

H *
= J—%Jg
o 10 2 3 40 ﬁqin
Figure A.3: Second analysis of herboxidiene(*) production.
FIGURE A.3/A.4 SOLVENT SCHEME
time (min) %A (MeOH) %B (H,0+0.1% TFA)

0 10 90

30 75 25
45 75 25

Herboxidiene elutes at ~32.9 min for both standard and extract. The extract is too dilute, making
it hard to judge the resolving power of the method (Figure A.3). Thus, there were no changes to solvent

scheme between Figure A.3 and Figure A.4, but extract was more concentrated.

I S. chromofuscus extract
‘ Herboxidiene std

o1

T
10 15

‘2 % 30 % 40 45 m
Figure A.4: Third analysis of herboxidiene(*) production.
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While the herboxidiene peak is still readily observable in Figure A.4, it is not well resolved in a
more concentrated extract. There is significant overlap between the left side of the herboxidiene peak and
the various, poorly resolved peaks of the compounds eluting before it. This method facilitates qualitative
analysis of herboxidiene in an extract. However, if the extract is more concentrated, the poor resolution of

the other compounds in the sample will likely prevent quantitative analysis of herboxidiene in an extract.

100ug xtract - MeOH
‘ 100ug xtrct - DMSO
1ug Her std

/| I
| N

| |
| “ nll il \ J‘ H \‘ ‘,”\ | Bl
LA U Ll bl U Wm_

11 /NH/JL\ JL\\IHJ\/L,\J H\

0 5 10 15 20 25 min
Figure A.S: Fourth analysis of herboxidiene production.
FIGURE A.5 SOLVENT SCHEME

time (min) %A (MeOH) %B (H20+0.1% FA)
0 10 90
10 75 25
15 100 0
20 100 0
21 10 90
25 10 90

The solvent scheme was updated by employing a steeper gradient, using formic acid (FA) instead
of TFA, and the addition of a “re-equilibration” period at the end of each run. Compounds eluting upstream
of herboxidiene now have well resolved peaks. It is unclear whether this is due to the steeper gradient or
addition of the re-equilibration period. Achieving the same resolution of peaks over a longer time period

would be ideal as the chromatogram is quite crowded.
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Additionally, the fourth analysis (Figure A.5) was intended to determine whether extracts are
best solved in DMSO or MeOH. To date, extracts have been solved in DMSO as the herboxidiene standard
was solved in DMSO. The standard was dissolved in DMSO as herboxidiene is known to be poorly soluble

in H,O and alcohol. Complete solvation of the standard is essential for quantitative analyses.

The two extract solvation methods yielded nearly identical chromatograms, though the DMSO
seems to provide better resolution of 3 peaks eluting over 2.5-5min. MeOH solvation allows for easy dry-
down of unused extract, which is of greater value. Thus, future experiments can utilize MeOH as the solvent

for resuspending extracts.

A3 Direct cloning of herboxidiene BGC via RecET

RecET is a direct cloning method which utilizes homologous recombination to capture specified
genomic regions into various expression plasmids (Wang et al., 2016). First, restriction sites must be
identified on either side of the region to be cloned. High molecular weight gDNA is then digested with the
appropriate restriction enzyme to liberate this region from the genome. Finally, the digested gDNA and a
linear cloning vector with homology arms to the liberated ends of the BGC are electroporated into
E.coli GBO5RedTrfA, where the two undergo linear-linear homologous recombination via inducible

RecET.

A3.1 Design of cloned construct

The herboxidiene BGC (Shao et al., 2012) is 53 kbp (Accession #: IN671974, bases: 21,446-
74,480) and consists of seven genes including a transcriptional regulator (herA), three PKSI subunits (herB,

herC, and herD), and three tailoring enzymes (herE, herF, and herG).

Figure A.6 Schematic of the 53 kb Herboxidiene BGC.
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Because the pathway is to be heterologously expressed in Burkholderia sp. and promoters are to
be engineered, the cloning plan described here excludes native regulator /erA. Suitable restriction sites
were identified in geneious by excluding enzymes that cut in the 50.7 kbp region (bases 23,785-74,480)
between the start of 4erB and the end of herG. Sfcl has the closest sites of any other commercially available
enzyme to both of the desired cloning boundaries.

The upstream Sfc! site (bp 23,160) results in the exclusion of serd and leaves 626 bp upstream
of herB (Figure A.7A). The downstream Sfc/ site (bp 76,026) is located ~1.5 kbp after the end of &erG,
containing two genes outside of the her BGC (Figure A.7B). They are a full gene for a GCNS5-like N-
acetyltransferase and a partial gene for a hypothetical protein, however these genes are oriented in the

opposite direction of the ser cluster and will not be transcribed.

Sfcl (23,160,
21900 2190 200 2000 2200 2300 2400 | 250 2600 2700 280 290 2300 2300 ¢ | 2200 ) . 30 40 B0 230 23700 230 BKN0 24000 24100 24200 24300 24400 24500 24500
herA CDS herB CDS»
> herA gene herB gene »

Sfel (76,026)
7900 76000 | 7600 762

o 7m0 70 7ag TG00 T3G00 74000 74100 74200 74300 74400 | 74500 7eG00 74700 74800 74900 75000 75000 75200 75300 75400 75500 75600 75700 7580 s : 62
herG CDS GCN5-like N-acetyltransferase CDS hypothetical protein CDS
> herG gene gene gene <

Figure A.7 Sfcl restriction sites. (A) upstream (B) downstream

A3.2 Preparation of linear cloning vector via four step process

The her cluster shows high sequence self-homology, as expected for a Type I PKS. Therefore,
pBAC2015 has been selected from the three cloning vectors described in the RecET protocol because it is
a single-copy bacterial artificial chromosome (BAC) vector and is therefore tolerant of highly repetitive
sequences. Unlike the other cloning vectors described in the RecET protocol (Wang et al., 2016), the size
of pPBAC2015 (9327 bp) precludes direct addition of homology arms via PCR, so the linear cloning vector

is prepared through a multistep process. The process is described in full, followed by results.
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Step 1 — PCR 1: Amplification of counter-selectable cassette from pBR322-amp-ccdB-rpsL. with added

BamHI restriction sites and BGC homology arms.

1 100 200 300 400 500 600 700 80 900 1,000 1,100 1,200 1,300 1,400 1,500 1,600 1,700 1,800 1,900 2,000 2100 2199
1889 1,988 2,088 2,188 2288 2388 2488 2,588 2,688 2,788 2888 2988 3088 3,188 3,288 36 136 236 336 436 536 636 726

P3  P1 BamHI (2,106
K K
HA1) ‘BamHI (82) pBR322 ori
ccdB J amp J (HA2
P2\ P4\

Figure A.8: Geneious map of PCRI1 product. P1 and P2 are priming sites used for this amplification.
HAT1 and HA2 are homology arms to her BGC. The P3 and P4 sites are part of the homology arms, and
they are the priming sequences used in PCR 2.

PRIMERS FOR PCR1
NAME SEQUENCE (5’-3°) FEATURES
CTTCTGGCGGACGGAGCGCCCACCG Homology arm 1
GCCGCGATCGGCGCCTTGTGCGCGA | (BGC, 3’ end, reverse strand)
P _BR322ampccdB-her-1 | GCCTGCCGCGCACCTCCTTCGCCGCC BamHI site
GCGGGGATCCGGTGTGGTAGCTCG priming sequence 1
CGTATT (pBR322, forward strand)
TGAGAAATCGAATGACTGATGGCGG Homology arm 2
GGAGGGCGTAAGTGCGTGGTGAACT | (BGC, 5” end, forward strand)
P _BR322ampccdB-her-2 | CCTGGCGCGCAGACGCACGCGATGT BamHI site
TCTTCGGATCCACAAATGGCAAGGG priming sequence 2
CTAATG (pBR322, reverse strand)

PCR 1 REACTION SETUP AND THERMOCYCLER PROGRAM

pL per reaction Temperature

Reagent (V1=50 pL) ©C) Time
Water 21 98 0’10~
pBR322-amp-ccdB-rpsL 1 (~1ng) 55 0°05” | 35x
P_BR322ampccdB-her-1 (10 pM) 1.5 72 011~
P_BR322ampccdB-her-2 (10 pM) 1.5 12 o0

PrimeSTAR Max Premix (2X) 25
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Step 2 — PCR 2: Amplification of PCR1 product with addition of pBAC2015 homology arms, which
facilitate incorporation of the counter-selectable cassette and BGC homology arms into

pBAC2015 via linear-linear homologous recombination.

e 2z 24 ae zge 27 2w 2ge o sl s o o 56 26 a6 s w
BamHi (2,156)

189 1% 28
HA3 P3 P1
‘ K K
@) HAL) -BamHI (132) pBR322 ori
ccdB amp HA2 )
P2 P4

HA4
Figure A.9: Genious map of PCR2 product. P3 and P4 are priming sites used for this amplification. HA1
and HA2 are homology arms to her BGC. The P3 and P4 sites are part of the homology arms, and they are
the priming sequences used in PCR 2.

PRIMERS FOR PCR2

NAME SEQUENCE (5’-3°) FEATURES

Homology arm 3
GGTAGGCCTGGCGGCCGCCTGGCCGTCG (pPBAC2015, Sp6 end)

P_BR322ampccdB-her-3 | ACATTTAGGTGACACTATAGAACTTCTG ..
- priming sequence 3

GCGGACGGAGCGCC (on Homology Arm 1)

Homology arm 4

ATATTGCTCTAATAAATTTGCGGCCGCT (PBAC2015. T7 end)

P BR322ampccdB-her-4 | AATACGACTCACTATAGGGAGATGAGA Y
AATCGAATGACTGATGGCG priming seq

(on Homology Arm 2)

PCR 2 REACTION SETUP AND THERMOCYCLER PROGRAM

pL per reaction Temperature

Reagent (Vr=50 L) ©C) Time
Water 21 98 0’10~
PCRI1 product 1 (~1ng) 55 0°05” | 35x
P_BR322ampccdB-her-3 (10 uM) 1.5 72 0’12~
P_BR322ampccdB-her-4 (10 puM) 1.5 12 o0

PrimeSTAR Max Premix (2X) 25
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Step 3 — Linear-Linear Homologous Recombination: Incorporation of the counter-selectable cassette
with BGC homology arms into the cloning site of pPBAC2015 via homologous recombination
(Figure A.10). LLHR between the amplified cassette and vector backbone is facilitated by the
pBAC2015 homology arms, HA3 and HA4, added during PCR 2. Here, LLHR occurs in a
specially engineered strain E. coli GBdir-gyrA462 that can tolerate the counter selectable marker

ccdB, a toxic protein (Wang et al., 2016).

BamHI (10,707) <
HA2

pBAC-PCR2 LLHR product
11,351 bp

Figure A.10: Genious map of pPBAC-PCR2 LLHR product.

Step 4 — BamHI Digestion: Release of the counter-selectable cassette from BGC, leaving behind the final
linear cloning vector with BGC homology arms (Figure A.11).

= 25‘0 SQO 750
WAL 3103 2853 100, CC

, B

BamHI (10,707) ¢ ‘.2 /. BamHI (1,380
H(AH4A2 R _amp // (1.389)

loxP511 *\\ RS2 o

.
N
W&

| BamHI sites added in PCR1

Figure A.11: Close-up view of counterselectable cassette in pPBAC2015 backbone emphasizing the
added BamHI sites (boxed in red) used to liberate the counterselectable casette from the vector backbone.
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Both PCR1 and PCR2 were carried out successfully using the protocols detailed above (Figure
A.12A). The vector pBAC2015 was digested with EcoRI (linearized) prior to LLHR with the PCR2 product

(Figure A.12B).

A " & % B [ PBAC Lincarized pBAC2015
£ & [L1 - 5015 (EcoRI)
[kb] [kb]
1080 10.-_-‘ ety & 4
S 8 —
6 [ —
56 { 5 —
44 i 4
3.5¢ 3.5 Sm—
36 30 mong
2.5¢ “ 2‘ 5 vy
28 2 ey
1¢ ] ey
1.56 1.5
0.75% 0.75
0.5¢ ' 0.5
0.25 0.25

Figure A.12: Gel showing components needed for step 3, LLHR. (A) PCR1 and PCR2 products, side
by side. PCR1 yields a 2202 bp amplicon while PCR2 yields a 2302 bp amplicon. (B) Linearized
pBAC2015, which was digested with EcoRI. Three such preps were made, and compared to undigested
pBAC2015.

The LLHR protocol was carried out twice, as described in Wang et al., 2016. However, no
positive clones were ever obtained. To troubleshoot this, the vector pBR322-amp-ccdB-rpsL. was
transformed into the strain which had been used for LLHR. This was done to check that the strain being
used was actually E. coli GBdir-gyrA462, which can tolerate the counter selectable marker ccdB. Indeed,
the plasmid pBR322-amp-ccdB-rpsL was successfully recovered from the strain. This indicates that the

LLHR step failed for a different reason, which is at present unclear.
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Micromonospora sp. B006 is a freshwater actinomycete isolated from sediment of Lake
Michigan (Braesel et al., 2018). Bioinformatics analysis of the Micromonospora sp. B006 genome revealed
at least 17 biosynthetic gene clusters (BGCs), eleven of which are orphan (i.e. the natural product is
unknown). Transcript analysis indicated that four of the orphan gene clusters are transcribed under our
culture conditions (A1 medium), whereas the remaining seven BGCs appear silent. This appendix describes
efforts two probe two of these transcriptionally active cryptic BGC’s found in its genome: 1) Cluster 13, an

enediyne PKS and 2) Cluster 15, a class I lantipeptide.

B.1 Does Micromonospora sp. B006 produce DNA damaging enediynes?

Enediynes are extremely cytotoxic natural products. (Shen et al., 2015) In order to test for the
presence of enediynes in the fermentation broth of Micromonospora sp. B006, we utilized the colormetric
lysogenic induction assay — also called the biochemical induction assay (BIA) described in Elespuru &

Yarmolinsky, 1979.

In short, the assay is carried out on solid media plates, as in Figure B.1. An agar overlay
containing E. coli BR513 (ATCC) is placed over the base agar layer. E. coli BR513 synthesizes the enzyme
B-galactosidase (lacZ) as a consequence of DNA damage. Atop agar overlay 1, the test solution being
analyzed is spotted. Then, a second agar overlay containing Xgal, the substrate of B-galactosidase, is poured
over the top. If there are DNA damaging agents, such as enediynes, present in the test solution, then blue

zones of inhibition will appear.

Agar Overlay 1: Suspension of BR513 cells

Spot test | Agar Overlay 2: Enzyme substrate (Xgal in DMSO) | '

solutions |

Agar

Figure B.1: Schematic of lysogenic induction assay (Elespuru & Yarmolinsky, 1979). The appearance of
a blue zone of inhibition following the second overlay indicates presence of DNA damaging agents.
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B.1.1 Assay 1.0

Two 50 mL cultures of Micromonospora sp. B006 were grown in Al medium for 10 days — one
culture at room temperature (RT) and one culture at 30°C. Duplicate assay plates will be prepared for each
condition. Following incubation, a 20 mL aliquot of each culture was harvested via centrifugation. The
supernatant was extracted three times with an equivalent volume of EtOAc. The cell pellet was resuspended
in 20 mL MeOH and extracted under agitations for 30 min. Both extracts were dried down via rotary

evaporation.

Four test solutions were prepared for the assay: 1) Positive control (+), Bleomycin 2 mg/mL in
water; 2) Negative control (-), 1:1 A1F:50%MeOH; 3) Cell pellet extract (CPE); and 4) Supernatant extract
(SE). To make the CPE and SE solutions, the dried extracts were resuspended in 1 mL MeOH. Each test
solution was spotted (10uL) over agar overlay 1, and the test solutions were left to incubate for 3 hours at
37°C. Then, agar overlay 2 was poured over the top. After 30 minutes of development, only the bleomycin
positive control showed a blue zone of inhibition, meaning no DNA damaging agents were detected in the

extracts (Figure B.2).

e S <

Figure B.2: Plate layout diagram and Assay 1.0 plates following development. No DNA damaging
agents were detected in the BO06 extracts.
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B.1.2 Assay 2.0

A second attempt was made to detect DNA damaging enediynes. In addition to A1, two other
media types were used that have been reported for production of enediynes in other strains — ISP4 (Davies
et al., 2005) and “Molasses” (Maiese et al., 1989). Cultures were scaled up to 1L and grown at 30°C for 10

days. Still, no DNA damaging agennts were detected in the extracts (Figure B.3).

Figure B.3: Assay 2.0 plates following development. No DNA damaging agents were detected in the
BO006 extracts.
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B.2. Cloning cryptic lantipeptide cluster for heterologous expression

B.2.1 Cloning plan for pTEKO01

The cryptic lantipeptide BGC (cluster #15) will be cloned in the expression vector pUCP_neo
and placed under control of the inducible Pbad/araC operon. The construct, pTEKO1 (Figure B.4), will be
assembled using NEBuilder, an in vitro assembly system from New England Biolabs which utilizes

homology overhangs on PCR amplified fragments for recombination.

BamHI (17,196)

17,20.

- bgal  ,, BamHI(1,160)
" my @raCiOn L PBad/ar, e )
. ?;?(:L araC CDS 4 "0
\ef’\o\Q?‘ N BamHI (2,113)
o LSS \ @ 9
S82 lacz t
S acZ_a reporter 9
N ori1600 N
N %)
2
] PTEKO1 DS o
17,202 bp
s SB/pBRBZZ origin
\B HI (6,191)
_O\)QQ am i
24, /antipeptide clustef > %
’0,0'008006 &e 0S ' cos ot )

90\
:3,70me _annotated &X¢  BamHI (7,197)

9000 8,500

Figure B.4: Map of pTEKO01 with annotated BamHI restriction sites (screening).
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Micromonospora sp. B0O06 gDNA was isolated using the GenElute Bacterial Genomic DNA Kit

(Sigma-Aldrich). Four gDNA preps were generated (Figure B.5).

Figure B.5: Gel of Micromonospora sp. B006 gDNA.
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NANODROP VALUES:
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A260/280 A260/230 ng/pL
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1.98
2.11
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335
31.7
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B.2.3 PCR Amplification of pTEKO1 components with overhangs for NEBuilder

PRIMERS FOR AMPLIFICATION OF PTEKO1 FRAGMENTS WITH HOMOLOGY ARM

OVERHANGS FOR NEBUILDER

Primer Seq (5°-3") primer TwQS overlap
(homology arm) q length (nt) 0O length (nt)
P1 PBADF CTCTAGAGGATCCCC 25 63 15
(neoR) ACCTGCATCGATTTATTATGACAAC
P2 PBADR |AGCTGGAGCTGTACGA 23 64 16
(lantipepF) AATTCCCAAAAAAACGGGTATGG
P3 LANTIPEP F | TTTTTTTGGGAATT 19 66 14
(PbadR) TCGTACAGCTCCAGCTTCT
P4 LANTIPEP R | GAATTCGAGCTC 18 65 12
(neoF) CCGAGCGAGATTGACCAA
P5 NEOF TTGGTCAATCTCGCTCGG 73 64 18
(lantipepR) GAGCTCGAATTCGTAATCATGGT
P6 NEOR TAAATCGATGCAGGT 19 65 65
(PbadF) GGGGATCCTCTAGAGTCGA

AMPLIFICATION OF Pgap/ARAC

pL per reaction

Reagent (V1=50 L)
. Temperature Time
5x QS reaction buffer 10 (°C)
5x Q5 GC enhancer 10 98 1°00”
10 mM dNTPs 1 98 0°'10”
P1 PBAD F (neoR) (10 uM) 2.5 64 0°30” } 30x

P2 PBAD R (lantipepF) (10 uM) 2.5 72 0°45”
Q5 high-fidelity DNA polymerase 0.5 72 2°00”

Template — plJ790 1 (~1ng) 12 ©

Water 22.5
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AMPLIFICATION OF LANTIPEPTIDE BGC

Reagent nL per reaction

(V=50 pL) Tem?oecr‘;lture Time
5x Q5 reaction buffer 10
5x Q5 GC enhancer 10 8 200
10 mM dNTPs 1 8 0°10
P3_LANTIPEP F (PbadR) (10 uM) 2.5 66 07307 | 30x
P4 _LANTIPEP R (neoF) (10 pM) 2.5 72 5720
. . 72 10°00”
Q5 high-fidelity DNA polymerase 0.5
Template — B006 gDNA 2 (~50ng) 12 *
Water 21.5
AMPLIFICATION OF VECTOR BACKBONE —PUCP_NEO
pL per reaction
Reagent (V1=50 pL) -
emperature .
- o Time
5x Q5 reaction buffer 10 O
5x Q5 GC enhancer 10 98 1°00”
10 mM dNTPs 1 98 0’107
Forward primer (10 uM) 2.5 65 0°30” } 30x
Reverse primer (10 uM) 2.5 72 3°00”
Q5 high-fidelity DNA polymerase 0.5 72 2°00”
Template — pUCP_neo 1 (~1ng) 12 0
Water 22.5

All PCR reactions were cleaned with the Zymo Research DNA Clean and Concentrator kit. The
pUCP_neo amplicon was digested with Dpnl to reduce template background. The reaction was cleaned

again with with the same kit.
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Figure B.6: Gel of purified PCR products prior to in vitro assembly via NEBuilder.

ANALYSIS OF NEBUILDER FRAGMENTS

Fragment :;)e;‘)gth ng/ul,  A260/280 A260/230
pUCPneo (digested) 5,863 22.7 1.81 0.87
Ppap/araC 1255 75.1 1.86 2.15

BGC 10,174 33.0 1.84 0.75
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B.24 NEBuilder for in vitro assembly of fragments

The NEBuilder HiFi DNA Assembly Cloning Kit was used for in vitro assembly of the fragments,
following the protocol’ from NEB, which recommends 50-100ng of vector and 1:2 vector:insert for

assembly of three fragments. The following reaction setup was calculated using the NEBioCalculator”:

CALCULATION OF FRAGMENT RATIOS

Fragment Concentration length mass theoretical volume actual
& (ng/uL) (bp) (ng) pmol (uL) pmol
pUCP_neo 22.7 5863 87.71 0.02421 3.86 0.02418
BGC 33.0 10174 304.4 0.04842 9.22 0.04840
PBad 75.1 1255 37.55 0.04842 0.50 0.04842
REACTION SETUP
Reagent Volume (pL)

NEBuilder HiFi DNA Assembly Master Mix 13.6

pUCP_neo amplicon(Dpnl digested) 3.86

Lantipeptide BGC amplicon 9.22

Pgap/araC amplicon 0.50

Vr 27.18

Reaction incubated on dry block at 50°C for 1 hour. The reaction mixture was then transformed
into E. coli 10-beta cells. The transformed cells were split 20:80 between two LB plates with kanamycin
(50 pg/mL) selection and placed in incubator at 37°C. Growth was observed on both plates. Clones were
grown in SmL LB broth with kanamycin selection, and plasmid isolated with the ZR Plasmid Miniprep kit

(Zymo Research).

Shttps://www.neb.com/-/media/nebus/files/manuals/manuale2621-5520.pdf
4 https://nebiocalculator.neb.com/#!/dsdnaamt
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B.2.5 Clone screening

Restriction digest screen of isolated plasmids carried out with BamHI.

Predicted fragment lengths (bp) for pTEKO01: 9999, 4078, 1166, 1006, 953

[kb
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Figure B.7: Digest screen (BamHI) of E. coli 10-beta clones transformed with NEBuilder reaction.

One putative positive clone was identified in lane 10 of Figure B.7. The clone was cryopreserved,

and the isolated plasmid subjected to bidirectional Sanger sequencing, which confirmed the fidelity of the

clone.



PRIMERS USED FOR BIDIRECTIONAL SANGER SEQUENCING OF pTEKO1

Appendix B (continued)

Primer Name | Sequence (5’ to 3’)

P1 araC f TATAACCTTTCATTCCCAGCG
P2 araC R ACATCAGCGATCACCTGG

P4 Pbad R CCCAAAAAAACGGGTATGG
PsTK1F1 TGCTCGTCGAGCTCTACTACGGCG
PsTK1F2 TGTTCTCGGTCGGGTTCGTG
PsTK1F3 TCCTGTTCATCACCAGCCTGTT
PsTK1F4 TACTTCACCCTCGTCCTGCGT
PsTK1F5 AACGTCGCCTGACCGACGAA
PsTK1F6 ATCCGGGTGGAAGCACTGT
PsTK1F7 AGGTTCACCGTCGAGGTCACCT
PsTK1F8 CATGAGGTCATCCTGACGCT
PsTK1F9 CATCAACAGCGACGACCTCCTC
PsTK1F10 AGGTGTTACCAGGCTGGTGGA
PsTK1F11 AGTACACCGTCGAGTTCCCCGA
PsTK1F12 AGCACCGTGTCGATCGCAGAA
PsTK1F13 TGCACAAGGAACAGGACGTC
PsTKI1R1 GCCACGACTGCTCGACCAA
PsTK1R2 GAAACCCGTGATGGCCGTGA
PsTK1R3 ACGCCGAGGAGGATGTCGAACT
PsTK1R4 TCCGCTGATGGGCAGGATCA
PsTK1R5 TAGGCGCTGCGTGTATCGGG
PsTK1R6 AGAGGCTCGTGGACGGAGAT
PsTKI1R7 GTGCAGCGAGGTACATGCGT
PsTK1RS GAACCGGAGGAACCACCAGT
PsTK1R9 GTCGTGGCTCTCGTACGGAA
PsTKI1R10 TTGCGGTCTGGTGATCCAGTA
PsTKI1RI11 CTGTCCTGATGAAACAGCTC
PsTKI1R12 CGAGTTGTTCGAGCATCATT
PsTK1R13 ATGACGCCTACCTCGTACAG
PsTK1R14 GCTGGCCTTTTGCTCACATGTTC
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