ABSTRACT

CARPENTER, SAMANTHA MEISER. Utilizing trans-Acyltransferases for Novel Polyketide
Extender Unit Incorporation. (Under the direction of Gavin J Williams).

Polyketides are a class of natural products that are produced by enzymatic assembly lines and
are diverse in both their structure and their biologically activities. The product of polyketide
synthases (PKSs), these molecules are considered an especially privileged class of natural
products in terms of pharmaceutical value, as demonstrated by their high hit rate in the
discovery-to-clinic pipeline. As often the case with natural products classes, there is a desire
to modify the structures of polyketides to modulate biological activity (e.g. increase efficacy
or improve bioavailability). Although tremendous strides have been made in the chemical
synthesis of complex molecules, these methods often suffer from low yields and difficult scale-
ups. As these biosynthetic assembly lines are inherently efficient, harnessing these pathways

for the production of analogues is an attractive goal in the generation of new molecules.

PKSs are organized in modules, making them a particularly attractive target for combinatorial
biosynthesis and other engineering approaches. Each module is further organized into domains,
and each domain plays a role in the module’s selection and incorporation of a small molecule
building block to be incorporated into the final natural product. The acyltransferase (AT)
domain is often the target of engineering within the module, as it is the domain that is
responsible for selecting the building block to be incorporated. ATs have been targeted using
full domain swaps, whereby an AT with a desired selectivity is transferred to a non-cognate
module for predictable building block incorporation. These domain swaps, however, are often

either unsuccessful or plagued by low vyields. An alternative approach, known as trans



complementation, involves the use of a discrete enzyme to recover the activity of aninactivated

domain.

ATs can be divided into two classes—cis and trans Cis-ATs are the canonical example and
are housed within the module; trans-ATs are standalone enzymes and act discretely to deliver
the selected building block. These trans-ATs therefore offer a unique opportunity for
engineering these systems to make predictable changes to the final structure without disrupting
the PKS architecture, through an approach known as trans-complementation. This approach,
however, has been limited due to faulty protein-protein interactions (PPIs) and the limited
substrate scope of known trans-ATs. Herein, we describe the previously unknown substrate
promiscuity of a trans-AT, ZmaF, and describe efforts towards harnessing this promiscuity for
the production of polyketide analogues. Additionally, we describe efforts to expand the acyl
substrate scope of a highly specific trans-AT, DszD, that has demonstrated previous successes
with trans-complementation but is limited in its substrate scope. Finally, towards the pursuit
of a suitable trans-AT for trans-complementation, a previously harnessed assay is modified to

enable screening of trans-AT libraries with non-cognate substrates.
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6dEB analogue using DszD. (C) The same AT-null construct was used with

KirCll in an effort to generate an ethyl-6dEB analogue. ..............ccccvveeeinnnee, 22

ZMA biosynthesis by the PKS/NRPS hybrid pathwayt% Each module is
shown with the cognate building block tethered to the carrier protein. The
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both ethylmalonyl-CoA (EM-CoA) (top) and allyimalonyl-ACP (AM-ACP)

(bottom) to produce FK520 and FK506, respectively. .........ccccveeeiiiiieeeeeninnen, 31

Homology models of ZMA proteins. (A) The homology model of ZmaF
resulted in a structure consistent with previously published structures of cis-
ATs, with the exception of the C-terminus portion. This portion of the
enzyme did not align with the templates used to generate the model, resulting
in low confidence of the accuracy of the resulting structure. For reference,
the acylation site is colored in yellow. (B) ZmaH and (C) ZACP1 homology
models resulted in the expected three-a-helix bundle. Ppant attachment sites

are Colored iN YEHOW. ........oooiiiiiie e 34

Docking studies with homology models using ClusPro. (Aurface view
of ZmaF to visualize the active site chamber. The active site serine colored
in yellow. (B) The top five selecting docking locations of ZmaH, as
determined by criteria discussed above. (C) The top five selected docking
locations of ZACP1. Both ACP partners appear to dock in the same region
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Reactions were incubated with appropriate components to generate thioester-
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Figure 2.6.

Figure 2.7.
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PAGE gel followed by fluorescence-imaging. Signals on the fluorescence-
imaged gel (top) indicate that the protein has been acylated with AzEM. The
gel was then subjected to Coomassie staining (bottom) to visualize all
proteins in reaction. Of the substrates tested, ZmaF was only active with
AZEM-ZmaH in the trans-acylation of ZACP1 (green box). No other acyl-
donors allowed for self-acylation of ZmaF or subsequent trans-acylation of
ZACP1. (D) The components of each reaction are detailed in the table. For

each set of conditions tested, a no-ZmaF control was also performed. ............

Kinetic characterization of ZmaF with AzEM-ZmaH via in-gel
fluorescence. (A)A time-course experiment was performed at saturating
AZEM-ZMmaH conditions to determine the appropriate timepoint for
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Figure 2.9. Activity of ZmaF with ZmaH -linked extender units. ZmaF showed
activity with all ZmaH-linked substrates tested. Error bars represent standard
deviation of duplicates performed. *Propionyl-ZmaH was prepared through
preparation of propionyl-CoA using CoA ligase AcsA in place of MatB. ........ 46

Figure 2.10ZMA orthogonality investigation using MM -ACP substrates.Percent
conversion to the ACP (ZACP1 or ZACP2) was found using intact protein
MS. In all cases, a no-AT control was performed. The extracted ion count
for the species of interest (e.g. MM-ZACP1) was subtracted from the
extracted ion count for the corresponding reaction containing the AT. As
expected and previously determined, ZmaF was able to trans-acylate ZACP1
with MM-ZmaH, its natural ACP partner and acyl-donor, respectively.
Unexpectedly, ZmaF also had low levels of transacylation activity with
ZACP2 when incubated with MM-ZmaH. In the case for all reactions
containing ZmaA-AT, no product was detected except for the reaction with
MM-ZmaH and ZACP1, and this was extremely [oOW............ccccccooeiiiiieeennnee, 50

Figure 2.11 Seltacylation of ZMA ATs with AzZEM -ACPs. The fluorescence-imaged
gels (top) and the Coomassie stained gels (bottom) are shown for the
reactions referenced in Table 2.1. These results indicate that ZmaF is only
able to be self-acylated with AzEM-ZmaH in the presence of both ZACP1
(lane 1, green box) and ZACP2 (lane 3, green box). These gels also reveal
that ZmaA-AT is not self-acylated with either AZEM-ZmaH (lanes 9and 11)
or AzZEM-ZmaD (lanes 13 and 15), as the signal in these lanes is comparable
to the signal when ZmaA-AT is imaged in the absence of azido-containing
substrate (lane 18, red box). The table details the reaction components for
each of the SDS-PAGE gel-analyzed reactions. Notably, lanes 17 and 18
contain ZmaF and ZmaA-AT, respectively, in the absence of any azido-
containing substrate to serve as a reference for background fluorescence
SIONAIS. <. 52

Figure 2.12 Sequence alignment of ZmaF homology model (purple) with crystal
structure of ZmaA-AT (teal, PDB ID 4QBU).109 |soleucine residues in
ZmaF (11e190 and 1le192) are colored red; methionine residues in ZmaA-AT
(Met286 and Met288) are colored magenta. Active site serine is colored
VEIIOW. e 54

Figure 2.13In-gel fluorescence monitoring of ZmaF and ZmaH190R-I1192R
mutant reactions with AzZEM-ZmaH and AzEM-CoA. The mutagenesis
performed on ZmaF was performed to mimic the amino acid sequence of
CoA-linked accepting ATs. As expected, ZmaF was able to trans-acylate
ZACP1 with AzEM-ZmaH (lane 1, blue box), but was inactive with AzEM-
CoA (lane 3). The double mutant was not able to trans-acylate ZACP1 with
AzZEM-ZmaH or AzEM-CoA (lanes 5 and 7, respectively), but retained self-
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Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

Figure 3.5.

acylation activity with AzEM-ZmaH (lane 5, green box). The table below
outlines the components of each reaction. MWM, molecular weight marker. ...

Recently published structures of full modular structures reveal
differences in domain organization. (A)The single-particle electron cyro-
microscopy (cryo-EM) structure of the cis-AT containing module, PikAlll
from pikromycin PKS, depicts a dimer in which the ACP (orange) is buried
within the dimerization motif. Image is from original publication.131 (B) The
SAXS structure of transAT accepting module from virginiamycin PKS
reveals an opened dimer, in which the ACP (red) appears to be readily
accessible to a discrete enzyme. Image is from original publication.133............

Trans-comple mentation of single DEBS module constructEach reaction
contains the precursor mimic DKS, an extender unit (the acyl donor), and a
DEBS module construct. The diketide portion of DKS (red) is loaded onto
the KS and allows for the subsequent condensation and cyclization to form
the pyrone if the ACP is successfully acylated with the extender unit (blue).
In trans-complementation reactions, a trans-AT (either DszD or ZmaF) is
also included. Pyrone product is monitored by HPLC-UV/VIS. .......ovvvvveneeenn.

Trans-Comple me ntation of (A) DM3, (B) DM3°, (C) DM6, and (D) DM6°
with DszD. Each construct was tested in the presence of MM-CoA, the
natural substrate for DEBS ATs, to monitor methypyrone formation (peak
indicated with *). Each module construct was also incubated with M-CoA in
the presence and absence of DszD to monitor for pyrone formation (peak
indicated with 0) and determine the DszD-dependence on the formation.
Relevant peaks are labelled in (A). Each construct was also assayed with
ZmaF in the presence of MM-ZmaH (see Table 3.1), but HPLC-traces are
not shown, as no reaction resulted in detectable product formation. All y-
axes are shown at the Same SCale.............evevi i

Representative @l to examine activity of ZACP1 alanine mutants.
Shown is a representative fluorescence-imaged gel (left) and the
corresponding Coomassie-stained gel (right) for trans-acylation activity
monitoring of a ZACP1 mutant by wild-type ZmaF. See Table 3.2 below for
reaction components. In each case, the ZACP1 mutant was assayed in the
presence of AzEM-ZmaH, both with and without ZmaF. Resulting
fluorescence-imaged gel was used to quatifiy the relative labeling of ZACP1
Each gel contained a reaction with wild-type ZmaF and wild-type ZACP1
(lanes 1 and 2) as a reference for normalization. ...............cccccvveeiiiiiiiee e,

Alanine scanning results to map theZmaF:ZACP1 interaction e pitope
and determine important features of PPIs.(A) The normalized percent
activity of each alanine mutant tested is shown as the average of three trials.
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Figure 3.6.

Figure 3.7.

Decreased activity as compared to wild-type indicates that the mutated
residue is likely critical in the PPIs between ZmaF and ZACP1. Conversely,
mutations that do not affect the activity are presumed to not be involved in
the interaction epitope. ZmaF mutants are normalized to wild-type ZmaF,
while ZACP1 mutants are normalized to wild-type ZACPL1. The error bars
represent the standard deviation. (B) The percent activity is mapped to
selected docking model, generated by ClusPro (see Figure 2.4). ZmaF is
shown in black; ZACP1is shown in gray. Yellow residues are acylation site
(ZmaF-S91) and Ppant attachment site (ZACP1-S106); measured distance
between these two side chains in this model is 14 A. Red residues indicate
<30% activity of wild-type; orange residues represent 30-80% activity of
wild-type; green residues represent >80% activity of wild-type. Some
residue labels have been omitted for clarity. ZACP1 numbering is based off
of residues from previously published construct that contained linkers.100.......

ZMA module 4 is the cognate module for ZmaF and must recruit the
discrete enzyme fortrans-acylation. ZMA module 4 contains a KS,
ketoreductase (KR), and an ACP. The domain also contains remnants of an
AT, dubbed a “null AT”. Although this domain does not have any known
enzymatic function, it is potentially involved in the recruitment of ZmaF
through PPIs. As ZmaF transacylates ZACP1, the discrete enzyme may
have contact with any one of the domains within the module, and thus, amino
acids spanning the entire module may be important for the trans-acylation
activity between ZmaF and ZACP1. A series of chimeric enzymes were
constructed to assess the importance of these non-enzymatic domains (i.e.
the null-AT and ACP) in PPIS With ZmaF. .........cccccoiiiiiiiiiiie e

DEBS/ZMA chimeric modules te sted fotrans-comple me ntation activity
with ZmaF. A representation of each module construct is shown by the
corresponding HPLC-traces. Ineach case, faded domains indicate inactivity.
The native DEBS KR in module 3 in naturally inactivated. The side chains
(wild-type or mutant) are included for the active site of relevant domains.
Asterisk (*) indicates methylpyrone product. Diamond (¢) indicates pyrone
product. Each reaction contains DKS and other components, as indicated by
legend on chromatogram. Each construct has the DEBS TE at C-terminus of
the module. (A) DEBSMod3TE formed methylpyrone product in presence
of methylmalonyl-CoA. The module also produced trace amount of
methylpyrone in the presence of MM-ZmaH. This production was likely a
result of remaining MM-CoA in the MM-ZmaH, as it is supplied in excess
in the Sfp reaction to generate MM-ZmaH. (B) DEBSMod3TE-AT° formed
pyrone (©) in presence of DszD and malonyl-CoA and methylpyrone (*) in
the presence of MM-COA, the latter of which is likely a result of background
ACP-self-acylation (see Section 3.2.1 for a brief discussion). (C-E) No
pyrone product was detectable with chimeric modules in the presence of
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MM-CoA or in trans-complementation experiments with either DszD or
ZmaF. (F) DszD was able to trans-complement DM3°-ZACP1 to produce
pyrone (Q), albeit at low yields. This finding indicates that the chimeric
module is properly folded and maintains catalytic function with the KS and
TE. (G-1) Remaining chimeric modules were deemed inactive with MM-
CoA and in trans-comple mentation reactions with DszD and ZmaF. ............... 9

Figure 3.8. Alignment between ZmaFand DszD. (A)Amino acid sequence alignment
was generated using using Clustal Omega.44 The red arrow indicates where
ZmaF was truncated to yield ZmaFA. The highlighted residue is active site
serine. (B) The I-TASSER generated ZmaF homology model (blue, see
Section 2.2.1) was aligned with crystal structure of DszD (green, PDB ID
3RGI136) using PyMOL.145 Active site serines are colored yellow; red portion
of ZmaF was removed to yield ZmaFA. ... 102

Figure 39. Activity of ZmaFA with AZmeFMontsined st r at e s
C-terminus portion that does not align with other trans-ATs, namely DszD.
To determine if this C-terminus portion prevents ZmaF from trans
complementing non-cognate modules, a truncated version with the C-
terminus portion deleted, ZmaFA, was prepared. To confirm that the AT
retained activity, it was assayed with AzEM-ZmaH to monitor formation of
AZEM-ZACPI (lane 5). ZmaFA indeed retainied activity with AzZEM-ZmaH,
but like wild-type ZmaF, it wasunable to trans-acylate ZACP1 using AzEM-
CoA, revealing that the C-terminus portion does not confer ACP versus CoA
specificity. ZmaFA will be used in further efforts towards trans
COMPIEMENTALION. ... e e e 103

Figure 3.10Regeneration cycle of aminomalonyZmaH. Supplying enzymes
necessary for the generation of aminomalonyl-ZmaH in situenables turnover
of the substrate, increasing the total available extender unit for trans
complementation With ZmaF. ... 104

Figure 3.11Modul ar construct s aH Modularecohstrueis thah ZmaF A.
were previously screened with full-length ZmaF and MM-ZmaH were
assayed for aminopyrone formation in the presence of ZmaFA and AmM-
ZmaH. Each construct was also incubated with ZmaFA and M-ZmaH to
monitor pyrone formation. (I-L) New chimeric modules were constructed
and assayedwith ZmaFA, both in the presence of AmM-ZmaH and M-ZmaH
to monitor aminopyrone and pyrone formation, respectively. (M)
ZMAMod4-DEBSTE was also assayed with the ZmaFA construct and
AmM-ZmaH and M-ZmaH. .........cccccoiiiii e 106

Figure 3.12 Secondary structure prediction of ZACP1 (left) and DEBSACP3 (right).
To create a DEBS/ZMA chimer, aHII of DEBSACP3 was replaced with
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oHII of ZACP1. The boundaries selected for chimeragenesis are indicated
WIEN BITOWS. ...ttt 119

Figure 4.1. Representation of the idealtrans-AT for trans -comple mentation. (A)
The trans-AT DszD is highly specific for its acyl substrate, but it is able to
readily trans-acylate non-cognate ACPs. (B) Conversely, ZmaF is highly
specific for its cognate ACP, but is able to transfer a wide range of acyl
substrates. (C) The promiscuity characteristics of these trans-ATs is like a
result of their surface residues and active site residues, respectively. The
ideal trans-complementation candidate would possess both of these qualities.

In an effort to create a transAT with both ACP-promiscuity and acyl-
promiscuity, a chimeric trans-AT was designed and created, using DszD as
the SCafTOId. ... 128

Figure 4.2. DszD trans-comple mentation of DEBS modules to determine feasibility
of lysate reactions. DszD was screened as purified enzyme and clarified
lysate with (A) DEBSMod3TE and (B) DEBSMod6TE constructs. (C)
DEBSMod3TE consistently out-performed DEBSMod6TE. DszD lysate
with purified DM3°  produced sufficient pyrone for future screening of
DszD mutants. Lysate screening of DszD mutants will enable increased
throughput. Pyrone produced via trans-complementation is indicated with
(0); methylpyrone produced by intact module is indicated with (*). .............. 131

Figure 4.3. DszD structure resolved at room temperature with malonate (red) co
crystalized (PDB ID 6APG).147 This structure of DszD reveals malonate
bound adjacent to Ser86 (yellow), the acylation site, and His191 (orange),
which is the catalytic dyad partner that deprotonates the hydroxyl side chain
of Ser86. Arglll (orange) in the back of the active site cavity helps to
stabilize the carboxylate of the malonate. The authors identify both GIn9 and
Phe190 (blue) as residues involved in substrate recognition, resulting in the
strict acyl SpecifiCity Of DSZD. ........cooviiiiiiiiiei e 134

Figure 4.4. Conserved motifs flank the AT active sites and confer specificity. (Ahe
room temperature DszD structure is shown with the “YASH” motif in red
and the “RVDVV” motif colored in blue. The residues in DszD are “AAFH”
and “QTQFT”, respectively. The active site serine is shown in yellow. (B)
The DEBS AT3 (PDB ID 2Q03149) is shown with the “YASH” motif in red
and the “RVDVV” motif in blue. The active site serine is shown in yellow.
(C) An alignment of the motifs in DszD (green) and DEBS AT3 (purple).
The active site serine is shown as spheres; malonate was co-crystalized with
DszD and is SNOWN INTEA. ...uvvvveeiiiiiiic e 136

Figure 4.5. Amino acid sequence alignment of ATsThe specificity of each AT is
indicated beside the name. Residues of interest are colored, highlighted, or
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Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

underlined. DszD motifs do not align exactly with the other M-CoA specific
AT included (FIUAT2) but are partially conserved. Residues within DszD
will be mutated to mirror ZmaF residues to expand the acyl-promiscuity of

the M-COA SPECIFIC tranS AT ...t 137

Target residues for DszD engineeringResidues selected for mutagenesis
are highlighted in blue and include the “RVDVV” and “YASH” motifs, as
well as other residues whose side chains are close to the malonate substrate
(red). The active site serine is depicted as spheres and shown in yellow. Each
residue was mutated to the corresponding amino acid in ZmaF to expand the

acyl SPeCIfICItY OF DSZD. ......ccvviiiieeiiiiiiie et 138

DszD mutant lysates screened by DEBSMod3TE HPLC assa&roduct
formation (pyrone or methylpyrone) is represented as raw peak area, as
reported by HPLC-UV/Vis. The Y-axis is broken, and the scale changed for
clarity. Wild-type (WT) DszD and no-DszD controls were performed in
triplicate; error bars represent the standard deviation. Mutations had a
varying degree of impact on M-CoA activity. No mutation or combination
of mutations assayed resulted in desired levels of trans-acylation activity
WIER MIM-COA. e

Coupled-enzyme assay to monitor CoAelease. (A)When an AT trans-
acylates an ACP of interest, CoA is released from the extender unit. (B) This
release of CoA is not detectable by fluorogenic analysis alone, but it can be
coupled to a-KGDH, which uses CoA and a-ketoglutarate to for succinyl-
CoA. The production of succinyl-CoA is enabled by the reduction of NAD*
to form NADH, the latter of which is fluorogenic. ..........c.ccccccciviiiiiiiinnnnnn,

0-KGDH assay validation with purified DszD and M-CoA with DEBS
ACP3. The coupled-enzyme assay was performed in the absence of each
component to confirm that the fluorescent signal was a measure of the
desired activity—the trans-acylation of DEBS ACP3 with DszD. The trans
acylation of DEBS ACP3 with M-CoA releases CoA, which is coupled to
the reduction of NAD* by the commercial a-KGDH to produce the
fluorogenic NADH. Although high background signal was present in some
controls, the reaction containing all components was distinguishable from
each control at every time point. Each reaction was performed in
quadruplicate; error bars represent the standard deviation of every sixth read.

Figure 4.10.Testing the coupledenzyme assay with commercially available MCoA

(comm M-CoA) and MatB-generated M-CoA. Both the MatB-generated
and the commercial M-CoA suffered from high background fluorescence in
the absence of DszD (solid and dotted purple, respectively). The notable

140
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difference between the M-CoA sources was in the reactions lacking the ACP.
The commercial M-CoA did not have high levels of fluorescence in the
absence of ACP, while the MatB-generated M-CoA did. This suggests that
in the absence of ACP, the substrate in only hydrolyzed in the presence of
MatB. While this result is puzzling, it does not invalidate the assay for use
with MatB-generated M-CoA, and thus further assay optimization and
screening used MatB-generated M-CoA. Each reaction was performed in
quadruplicate; error bars represent the standard deviation of every sixth read.

Figure 4.11Adapt at i o n-KGDH -coupléde Colerelease assay for lysate
conditions. Reaction components for the fluorogenic reaction were
incubated with lysates in the presence of substrates of interest to determine
if the assay was amenable to lysate screening. Reactions of interest (namely
DszD lysate vs pET28a lysate, each with M-CoA) were distinguishable,
despite high background activities. Through this analysis, it was determined
that the reaction performed best with diluted lysate (light blue) and 25 uM
M-CoA. Each condition was performed in quadruplicate; error bars represent
the standard deviation of every sixth read.............cccccvevivieeee i 150

Figure 4.12DszD-knockout assayed with MCoA and MM-CoA. All reactions
containing M-CoA suffered from high background fluorescence, but the
reaction containing active DszD was still distinguishable from the lysates
containing no or inactive DszD. None of the lysates showed a considerable
amount of fluorescence in the presence of MM-CoA, as expected. Each
reaction was performed in quadruplicate; the error bars representthe standard
deviation of every sixth read. Based on this time-course, should this assay be
performed by asingle read, fluorescence data should be collected at 20 min.

Figure 4.13 Representative timecourse of control reactians for DszD mutant lysate
screen.For each plate of mutant lysates, lysates of DszD, DszD-S86A, and
DEBS AT3 were also assayed with M-CoA and MM-CoA. These time
courses were analyzed to determine the point at which the controls were most
distinguishable from one another. For example, in this particular assay,
fluorescence values of mutant lysates were read at 10 min. Each reaction was
performed in triplicate; the error bars represent the standard deviation of
EVEIY SIXEN FEAG. ...eeii e 153

Figure 4.14DszD mutant lysates screened via Cofelease coupleeenzyme assay.
Using the optimized assay conditions for DszD lysate screening, cells
harboring each mutant DszD were grown in a deep-well plate format, and
mutants were expressed. The resulting cellular lysate was used in the
presence of the a-KGDH system and DEBS ACP3 to monitor the release of



CoA. All fluorescence readings were normalized to wild-type DszD. Each
wild-type and mutant enzyme was assayed in triplicate; error bars represent
Standard deVIAtIiON. ...........uvivieiiiiiie e 155

Figure 4.15 Comparison of mutant activities using different assaysSome double,
triple, and quadruple mutants were screened using both the DEBModTE
assay and the coupled-enzyme assay. Although these assays inherently
measure different activities, the results from each of the assay appear to
follow the same general trend. Notably, the largest discrepancy between the
module assay and the CoA-release assay is the difference of activities with
DEBS AT3 and MM-CoA. In the module assay, the full modular construct
is used, and the activity is measured by the production of methylpyrone.
Alternatively, in the CoA-release assay, the AT is used as an excised protein,
likely decreasing the trans-acylation efficiency of the enzyme. Additionally,
the CoA-release assay is an indication of the initial rate, while the
DEBSMod3TE assay is an endpoint assay, which is allowed to proceed for
MANY NOUFS. ..ottt e e 157

Figure 4.16 CoA-release assays of purified wildype DszD (blue), DszBEZmaF
(green), and DszDBKirCll (purple). The wild-type and chimeric proteins
were assayed with (A) M-CoA, (B) MM-CoA, (C) EM-CoA, (D) AM-CoA,
(E) iPrM-CoA, (F) FM-CoA, (G) CIM-CoA, and (H) BrM-CoA. For each
substrate assayed, a no-AT control was also performed (black dotted line) to
monitor background fluorescence. Each reaction was performed in triplicate;
error bars represent standard deviation of every sixth read. As expected,
wild-type DszD demonstrated activity with its cognate substrate, M-CoA, as
well as previously the identified non-natural substrate, FM-CoA. Notably,
wild-type DszD also demonstrated activity with CIM-CoA and BrM-CoA,
which had not previously been identified as substrates. Chimeragenesis of
the active site, which was performed to expand the substrate scope, yielded
inactive enzymes that lost activity with the cognate substrate and additiona lly
did not demonstrate activity with any non-cognate substrates................cc...... 161

Figure 4.17HPLC traces of reactions with DM3° and wildtype DszD. (A)HPLC
chromatogram, revealing new DszD-dependent peaks in the presence of M-
CoA, FM-CoA, CIM-CoA, and BrM-CoA. (B) Extracted UV/Vis spectra for
each of the putative pyrone Peaks. .........eveeiiiiiieieeiiiiiiiiee e 166

Figure 4.18 DEBS module reactions with desmethyDKS. (A) The pyrone assay was
performed using dmMDKS in the place of DKS to determine if pyrone was still
produced. (B) DM3 and DM3° both utilized dmDKS to form the
corresponding pyrones. The shifts in retention times for the pyrones
generated with DKS and dmDKS were consistent between the pyrone and
the DrOMOPYIONE. ...eveeeiiee e 168



Figure A.1.

Figure A.2.
Figure A.3.

Figure A.4.

Figure A.5.

Figure B.1.

Figure C.1.

Figure C.2.

Figure C.3.

Normalized B-factor for ZmaF homology model.B-factor is a value to
indicate thermal mobility of residues in the resulting model. These values are

calculated based on templates used to generate models. ...........ccccovvveiiinnenne 196
Normalized B-factor for ZACP1 homology model...........c.ccccoovvvveeennnnnne, 197
Normalized B-factor for ZmaH homology model...........cccccoooviininenne 197

Sfp-generated AzZEM-ZmaH standard curve.60 pM AzEM-ZmaH was
generated using apo-ZmaH and AzEM-CoA with Sfp. Reaction was diluted
to generate relevant concentrations for the standard curve. Standard curve is

zoomed in (right) to show linearity at low concentrations. ..............cccccvveeenne 198
Resolution of ACPs.The only ZMA ACPs that are able to be resolved via
SDS-PAGE gel are ZACP1 and apo-ZmaH (lane 5). ........c.cccoooiiiiiinninncn, 200

HPLC-t races of modul e r elRMW3.t(B)DMBsaHIIwI t
ZACPL1. (C) DM3°-aHII-ZACP1. (D) DM3-ZACP1. (E) DM3°-ZACP1. (F)
DM3-ZmaF. (G) DM3-ZMA-null-AT. (H) DMB3-ZMA-null-AT-aHII-
ZACP1. (I) DM3-ZmaF-aHII-ZACP1. (J) DM3-ZMA-null-AT-ZACP1.
(K) ZMAMod4-DEBSTE. Results are summarized in Table 3.4. .................. 206

Growth curves of DszDpET28aand pET28ain deepwell plate Srowth
curves were performed to determine the best time for inoculation, as
measured by OD600. Wells on boundary of plate (DszD outside wells) were
also compared to growth of wells in the middle of the plate (DszD inside
wells), and no significant difference was SEen. .........cccceevvivvvveeeiiiiiiiee e, 209

Expression of DszD and DszES86A in deep well platesLysates from
three random wells were analyzed via SDS-PAGE gel to confirm expressing
of DszD and DszD-knockout in deep well plate format. Lysates from empty
PET28a were also analyzed. ............cccvvvieiiiiiii e 209

KirClIl activity with DEBS ACPs. KirCll was found to be active with
DEBSACP1, DEBSACP3, and DEBSACP5, as measured by trans
acyltranfer of AzZEM-CoA to the corresponding ACP, followed by in-gel
fluorescence. Activity with KirACP5 is set t0 100%. ......coovveeeeeeiiiiiiiiiiiinnee, 210
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CHAPTER 1
Introduction to T emplatedNatural Product Biosynthesis andEngineering
Adapted with permission from: Kalkreuter, E.; Carpenter, S.M.; Williams, G.J. Precursor-
directed Biosynthesis and Semsynthesis of Natural Products In Chemical and

Biological Synthesis: Enabling Approaches for Undansting Biology Westwood, N.J.;
Nelson, A., Eds.; The Royal Society of Chemistry: London, UK, 2018; 270.

1.1 Natural products and polyketides

Nature has organized some of the most complex enzyme systems into pathways akin to
assembly lines. These biosynthetic pathways are organized in amodular fashion, whereby each
module acts a ‘station’ on the assembly line to add and tailor a portion of the final product.
Type | polyketide synthases (PKSs) and non-ribosomal peptide synthetases (NRPSs) are both
assembly line biosynthetic systems that stich together small, simple building blocks to create
chemically complex products.t?2 These enzymes produce secondary metabolites that are
diverse in both structure and biological activities. A significant portion of these products are
pharmaceutically relevant, as seen with many classes of natural products, and are considered

to be privileged scaffolds for developing clinically useful compounds.34

Type | PKSs are modular enzymatic systems that stitch together ‘ketide’ units—most
commonly derived from malonyl- and methylmalonyl-CoA (M-CoA and MM-CoA)—in a
stepwise fashion to create complex and stereocenter-rich polyketides. The canonical and
arguably most well-studied example of a type | PKS is the 6-deoxyerythronolide B synthase

(DEBS), which synthesizes the 6-deoxyerythronolide B (6dEB) macrolactone core of the



antibiotic erythromycin A (Figure 1.1A).5 Other notable examples of polyketides produced by
type | PKSs include rapamycin (immunosuppressant), epothilone A (anti-tumor), and
lovastatin (anti-cholesterol). (Figure 1.1B) This small pool of examples reveals the remarkable
diversity in structure and biological activity of this natural product class. Indeed, these
privileged structures have an exceptionally high hit rate when compared to other natural
product classes. For example, a 2005 study calculated a 0.3% hit rate from naturally occurring

polyketides, compared to <0.001% of a standard pharmaceutical screen.6

Despite the diversity of these natural products, they are biosynthesized from a modest pool of
simple small molecule building blocks (Figure 1.2A).7” The intricacy of the natural product is
derived from their templated biosynthesis; the proteins are organized as modules which are
further divided into domains with distinct enzymatic activities. Each module is responsible for
the installation of a building block and consists minimally of an acyltransferase (AT),
ketosynthase (KS), and an acyl carrier protein (ACP) (Figure 1.2B). The AT initiates the
incorporation of the thioester-activated building block at each module by acylating its active
site serine residue. In most cases, the AT is specific for a single substrate and discriminates
against other similar substrates available in the cell. The malonyl-derived building block is
then transferred to the phosphopantetheine (Ppant) arm of the ACP (Figure 1.2B). While
tethered to the ACP, the KS catalyzes a Claisen-like condensation with the precursor from the

upstream module to yield the newly extended product (Figure 1.2C).



DEBS1 DEBS2 DEBS3

KR KR KR DH R KR
AT ACP XS - wacp KS s uacp R KS o yace K ER JACP AT Jace L AT JACP TE
§
§

Post-PKS
processing

rapamycin epothilone A lovastatin erythromycin A
immunosuppresant anti-tumor anti-cholestero/ antibiotic

Figure 1.1. 6-deoxyerythronolide B synthase (DEBS) and selected polyketide
natural products. (A) The DEBS PKS is comprised three proteins, DEBS1-3, that
house a loading domain that incorporates propionyl-CoA and six modules that each
incorporate MM-CoA. 6dEB is then processed by several post-PKS enzymes to yield
fully mature antibiotic erythromycin A. The atoms are color coordinated with the
module that incorporates that portion of the molecule. (B) Other examples of
polyketides include immunosuppressant rapamycin, anti-tumor epothilone A, and anti-
cholesterol drug lovastatin, all of which are currently used in the clinic.



Modules canalso include up to three reductive domains: a ketoreductase (KR), enoylreductase
(ER), and dehydratase (DH). These reduce the B-carbonyl to an alcohol, alkene, or fully
saturated methylene, respectively. Further complexity can be introduced by modules that
contain in-line tailoring domains, such as C- or O-methyltransferases (MTs). Finally, at the
terminal module, the product is either hydrolysed or cyclized by the thioesterase (TE) to yield
the final polyketide product. The polyketide product is then usually further decorated by post-

PKS tailoring enzymes, such as glycosyltransferases (GTs), P450s, or MTs.

PKSs can also exist in hybrid systems, such as PKS/NRPS pathways. NRPSs are also
biosynthetic assembly lines, following a thio-templated biosynthesis similar to PKSs. The
building blocks for these modular enzymatic systems are amino acids instead of the acyl-CoAs
utilized by PKSs. The adenylation domain (A) is analogous to the AT domain from PKSs, and
the thiolation domain (T) or the peptidyl carrier protein domain (PCP)is analogous tothe ACP.
The amino acid is first activated by the A domain before being transferred to the Ppant of the
T domain. The downstream condensation domain (C), which is comparable to the KS of PKSs,
catalyzes peptide bond formation between the newly introduced amino acid and the growing
peptide from the upstream domain. As with PKSs, NRPS can contain other tailoring domains,
including methylation (MT), epimerization (E), oxidase (Ox), and cyclization domains (Cy).
The terminal module contains a thioesterase domain, which is responsible for either

hydrolysing off the linear peptide or cyclizing and offloading the product.
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Figure 1.2. Natural extenderunits and extension mechanismA) Extender units
can either be tethered to coenzyme A (CoA) (top) or an ACP (bottom). Shown is a
representative pool of known extender units; for more details on extender units
involved in PKS biosynthesis, see reviews.”.¢ (B) The minimal PKS consists of a KS,
AT, and ACP, which is post-translationally modified to its active holoform with Ppant.
(C) Assingle extension of a polyketide product is initiated by acylation of the AT with
an extender unit (red) and is then condensed with the product from the upstream
module(s) (blue).

Although the canonical example of PKSs includes cis-ATs, a number of pathways have been
recently discovered that contain trans-ATs. TransATs differ from cis-ATs in that they act as
discrete enzymes and are not housed within the polypeptide of the module. Most commonly,
the substrate of transATs is M-CoA, as is the case with DszD in the disorazole pathway
(Figure 1.3A). In some cases, however, these enzymes have unique or uncommon substrates,

such as aminomalonyl-ACP (AmM-ACP) as seen in the PKS/NRPS hybrid pathway for



antifungal zwittermicin A (Figure 1.3B) and ethylmalonyl-CoA (EM-CoA) in the case of

KirCIl in kirromycin biosynthesis (Figure 1.3C). Due to their comparatively small size and

ease of genetic manipulation (~1kb as opposed to a module thatis ~5kb), trans-ATs have been

proposed as an engineering target and as a tool to modify non-cognate pathways, which will

be discussed further in the following section.
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Figure 1.3. Trans-ATs involved in PKS biosynthesis (A) DszD is active with M-
CoA and serves all six PKS modules in disorazole synthesis to yield a hexaketide that
is dimerized and further modified. (B) ZmaF transfers an ACP-tethered aminomalony|
unit to one PKS module within the zwittermicin A pathway. (C) KirCII’s substrate is
EM-CoA, which it transfers to one ACP within the kirromycin PKS/NRPS hybrid. In
each case, carbons highlighted in the product structure are those incorporated by the

corresponding trans-AT.



1.2 Strategies for(bio)synthe sizing natural product analogues

As with synthetic drugs, there is a great interest in diversifying or making analogues of natural
products, including those derived from PKSs and NRPSs, (Figure 1.4A) in the hopes of
producing molecules with improved activity, decreased toxicity, etc. With this goal in mind, a
variety of approaches including semi-synthesis, total synthesis, and biosynthesis, have been
applied with varying levels of success.®10 As more is discovered about the structure and
enzymology of enzymatic assembly lines, targeted and rational engineering has become more
feasible. Many of the first engineering successes were the results of precursor-directed
biosynthesis and combinatorial biosynthesis, which have now been complemented with

mutasynthesis and other hybrid strategies, which are described below.

1.2.1 Combinatorialbiosynthesis

Broadly, combinatorial biosynthesis is the genetic manipulation of biosynthetic pathways to
produce “unnatural” natural products. Combinatorial biosynthesis ranges from making
relatively small changes to a biosynthetic pathway to provide a modified natural product
structure, to making more comprehensive changes, such as mixing and matching genes from

different pathways or organisms to make libraries of chimeric structures (Figure 1.4B).

1.2.2 Precursokdirectedbiosynthesis
Precursor-directed biosynthesis (Figure 1.4C) leverages organic synthesis to provide native

or non-natural substrates that are fed to microbial strains and converted to a natural product

or analogue by a biosynthetic pathway. This approach relies on the natural or engineered



promiscuity of enzymes that utilize the artificial precursor and is especially prevalent in PKS
and NRPS pathways because they use easily diversifiable substrates like amino acids or
carboxylic acids. Although this is a powerful approach to introducing diversity into the
structures of complex natural products, precursor-directed biosynthesis often produces a

mixture of natural and non-natural final products.!!

1.2.3 Mutasynthesis

While highly similar to precursor-directed biosynthesis, mutasynthesis (Figure 1.4D) uses a
microbial host in which a precursor biosynthetic pathway is knocked out in an effort to shift
product distribution towards non-natural precursor incorporation.12-16 A significant
shortcoming of mutasynthesis is that often a precursor cannot be knocked out if it is required
for primary metabolism in the cell. Chemobiosynthesis, a version of mutasynthesis used
mostly for assembly line-like pathways, skips early-stage steps of a pathway through the

feeding in of a synthetic precursor.1’

1.2.4 Semisynthesis

Semi-synthesis (Figure 1.4E) accesses small molecules using traditional organic chemistry
using starting materials isolated from Nature. These synthetic modifications may be useful
to improve efficacy, bioavailability, stability, or other properties. In many cases, production
of a natural product analogue by semi-synthesis is much more practical than a total

synthesis.18



Figure 1.4. Diversification of natural products. (A) Natural product production by
an unaltered microbe. (B) Combinatorial biosynthesis involves manipulation of the
pathway to produce a non-natural natural product analogue. (C) Precursor-directed
biosynthesis is accomplished through feeding of a non-natural precursor to try to
outcompete a natural building block, which typically results in production of the natural
product as well as the desired analogue. (D) Mutasynthesis removes the competition of
natural product production by knocking out production of the the natural precursor in
the host strain, pushing production towards the non-natural analogue. (E)
Semisynthesis uses downstream synthetic steps to modify the natural product. This
process is often complicated by the structural complexity of the natural product and
often requires protection/deprotection steps.



1.3Leveraging assemblyline biosynthetic systems forpolyketide diversification

Shortly after PKS pathways were first discovered, the concept of producing ‘hybrid’ antibiotics
by genetic engineering was quickly translated into practice by leveraging actinorhodin
biosynthesis to produce analogues, despite the lack of biochemical and mechanistic knowledge
of these pathways.1® A few years later, avermectin analogues were biosynthesized using
precursor-directed biosynthesis approaches to yield compounds with anthelmintic and
insecticidal activity.20 These successes, among others, served as inspiration for the future of

PKS engineering for the production of analogues.

1.3.1 Anmodel forbiosyntheticengineering: DEBS

The discovery and decoding of the modular organization and domain functions of type |
PKSs521-23 coupled with the advent of modern molecular biology techniques allowed for
construction and manipulation of hybrid PKS pathways limited only by availability of DNA
segments. These advances quickly accelerating engineering efforts to produce non-natural
polyketide analogues. Many of the most notable early successes were achieved with DEBS,

which is considered to be the canonical PKS.24

Included in these engineering efforts were module deletions or swaps, in which an entire
module or modules were either deleted to produce a truncated product or replaced with a
module from another pathway to introduce an alternative building block. Cortes and co-
workers discovered that the TE domain at the terminus of DEBS3 could be appended to the N-

terminus of DEBS1 (which includes the loading module and modules 1 and 2) to create a
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truncated system capable of producing triketide lactones. This demonstration provided
evidence that the TE was broadly compatible with DEBS polypeptides and that the domain
was capable of cyclizing alternative substrates. Notably, this construct also allows for a model
system to explore combinatorial biosynthesis.2> The creation of this minimal model system
combined with the newfound ability to express these enzymes in a heterologous host?6 and to
use them in vitro?’ greatly accelerated combinatorial biosynthesis efforts. Khosla and co-
workers determined that the TE was also active when fused to the C-terminus of module 5 to
biosynthesize the predicted 12-membered macrolactone?® and to module 3 to produce

tetraketides,?® further supporting the modularity of these systems.

The DEBSI1-TE system was modified by Leadlay and co-workers to create a hybrid system,
replacing the natural propionate-accepting loading module with the known promiscuous
loading module from the avermectin PKS, producing a panel of triketide lactones. This activity
successfully transferred to the complete DEBS pathway, enabling the biosynthesis of a panel
of erythromycin analogues whenthe DEBS loading module was replaced with the promiscuous
avermectin loading module in the producing strain.3® This advance provided additional
evidence that non-natural precursors could be carried and processed through downstream
enzymatic transformations (i.e. glycosylations and oxidations) when introduced at an early

biosynthetic step.

Rowe et al. constructed a hybrid DEBS pathway capable of synthesizing expanded

macrolactones by inserting modules 2 and 5 from the rapamycin synthase (Rap). The hybrid

11



PKSs incorporated a malonyl unit at the location predicted by the non-cognate module
insertion.31 However, as was seen with many hybrid systems, these suffered substantially from
decreased yields of the desired product, and in some cases the major product identified was the
resulting macrolactone from skipping of the inserted non-cognate module. The failings of these
hybrid systems are multifaceted and still more complex than we fully understand, though
considerable progress has been made to improve hybrid PKSs like these. For example, by
assembling a panel of DEBS1-TE/Rap hybrids and determining the productivity of the
construct, it was determined that maintaining the natural ACP-KS domain partners between
successive modules resulted in productive constructs, as it allows for the native protein-protein
interactions to be maintained.32 A panel of 154 bimodular constructs containing modules from
eight different PKSs reveal flexibility in the linker region between the loading module and
module 1, and that DEBS module 6, which has no natural downstream KS partner, was a
universal donor in tested constructs.3® In some cases, previously unproductive hybrid
didomains could be restored by transplanting the natural ketosynthase domain for the donor
module into the acceptor module, further supporting the importance of ACP/KS protein-

protein interactions.3#

In addition to success with module swapping, specific domains have been excised and replaced
within a module to create a hybrid module. The truncated DEBS1+TE system was used in a
domain-swapping experiment in which the AT from module 1 was replaced with M-CoA
specific rapamycin AT2 to produce a triketide lactone.3> This concept was later expanded to

synthesize full desmethyl-erythromycin analogues, demonstrating that the change in structure
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could be processed by downstream modules and post-PKS enzymes, albeit at low
efficiencies.® In a similar fashion, the MM-CoA specific DEBS AT4 (Figure 1.1, green) was
replaced with a predicted EM-CoA specific AT from the niddamycin PKS to successfully
produce an ethyl-erythromycin derivative.3” Such approaches have been applied to several

other type | PKSs.38

Domain swapping has also been applied to the reductive domains, including substitution of an
active KR with an inactive KR to yield the corresponding keto-analogue3® and a swap of an
active KR with an active DH-KR cassette to produce an a.,f-unsaturated ketone.*® KR
inactivation was also achieved through a targeted deletion of a portion of KR in module 5 of
DEBS to produce a 6dEB analogue.*! High homology among reductive loops domains
combined with downstream module tolerance to changes in oxidation have led to many

successes in KR and DH domain engineering.

The construction of a hybrid PKS often yields unproductive or inefficient enzymes. In a
landmark demonstration, multiple genetic modifications of DEBS afforded a library of 61
6dEB analogues through the combinatorial replacement and insertion of various AT, KR, DH,
and ER domains.#2 Yet, the yield of most of the compounds were <1% of the natural product,
6dEB, and could not be accurately determined. In recent years improvements have been made
in predicting the appropriate boundaries for domain replacement and improving faulty protein-
protein interactions. In vitro analysis of wild-type and hybrid modules revealed that the

introduction of heterologous ATSs significantly disrupt protein interactions between other
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domains within the module.#® To address this, an efficient chimeragenesis strategy was
employed to create hybrid DEBS/pikromycin modules for the production of engineered
macrolactones and successfully discovered a significant portion of active hybrids.4* The
throughput this platform, although improved over previous efforts, is still limited by the need
to carry out a chromatographic separation for each chimera tested. Further investigations have
reinforced the importance of the ACP/KS interaction epitope in chimeric systems,38 as poor
activities could be improved through mutagenesis.*> More recently, Keasling and co-workers
aimed to more systematically design boundaries for AT replacement, which may reinvigorate
PKS engineering through AT swaps.46 Other strategies have focused on identifying amino acid
mutations that can reprogram the extender unit selectivity of a given AT, thus enabling
production of regioselectively modified polyketides if the target extender unit is available to

the host strain.4”

The power of combinatorial biosynthesis to tailor the structures of polyketides is evident from
the examples described above. Biosynthetic pathways can be predictably modified through
inactivation, swapping, and deletions to yield non-natural analogues of natural products. Most
of these examples take advantage of natural enzymatic and small molecule components, thus
limiting the chemical space that canbe accessed by combinatorial biosynthesis. For example,
there is no known organism that natively produces propargylmalonyl-CoA, a potential
extender unit that could be used to facilitate semi-synthesis via “click” chemistry. Accordingly,
there is also no known PKS that natively utilizes propargylmalonyl-CoA asan extender unit.

Subsequently, alternative methods to access non-natural chemical functionalities need to be

14



developed. This has been the primary driving force behind the emergence of precursor-directed

biosynthesis and mutasynthesis.

1.3.2 Precursordirectedbiosynthesis andutasynthesis afon-naturalcomplexpolyketides
Precursor-directed biosynthesis and mutasynthesis take advantage of chemical synthesis to
probe and interrogate biosynthetic pathways with non-natural precursors to produce natural
product analogues. Notably, these approaches differ from combinatorial biosynthesis by using
non-natural small molecules instead of rearranging and recombining Nature-derived
components.11.48-50 Syccessful application of precursor-directed biosynthesis requires that (1)
the precursor to be introduced to intact cells, crude extracts, or purified enzymes, must be stable
in the context of its application; (2) the precursor must be installed and processed by the PKS
domain at the targeted step; and (3) the intermediates generated by the processing of the
precursor must also be utilized by the entire downstream PKS domains and post-PKS tailoring

steps.

The increased understanding of the enzymology of type | PKSs has greatly accelerated and
built upon the earliest successes of precursor-directed biosynthesis and mutasynthesis.>-54 For
example, the loading module of DEBS1 was shown to have relaxed specificity in vitro,
accepting acetyl-CoA5%556 and butyryl-CoA®¢ in addition to the natural propionyl-CoA starter
unit. Additionally, the DEBSI1+TE construct could accept chemically synthesized N-
acetylcysteamine (NAC) thioesters as precursor mimics in vitro.%¢ In vivo, these non-natural

substrates would likely be outcompeted by the natural substrate, propionyl-CoA. To overcome
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this, Khosla and co-workers knocked out KS1 in an engineered heterologous strain
(Streptomyces coelicolpand supplemented the growth media with cell-permeable diketide-
NAC thioesters. In this way, biosynthesis via the KS1 and upstream domains is completely
intercepted by the fed diketide precursor mimic to create the corresponding 6dEB analogues.12
Notably, this strategy was also demonstrated in an engineered E. colihost.1® The overall yield
of 6dEB analogues has been improved up to 10-fold with some precursors by truncating the
entire DEBS module.4 A variety of non-natural functional groups have been installed into the
starter unit portion of erythromycin by extending this approach, affording fluoro-5"-5% and
azido-erythromycin A5° analogues, amongst others. Also targeting replacements of the
propionyl-CoA starter unit, Khosla et al screened 19 diketide-NAC thioesters as substrates for
a truncated DEBS1 by using a colony bioassay, discovering an alkynyl-erythromycin
derivative with comparable antibiotic potency that can further be modified through orthogonal
chemistry.50 The ease of intercepting PKS starter units with non-natural precursors has
encouraged success with other systems. For example, analogues of the angiogenesis inhibitor
borrelidin were generated by mutasynthesis. Biosynthesis of the native starter unit was
knocked-out by mutagenesis, and a series of analogues were provided by simply feeding in a
panel of starter unit replacements.61 Although the library of borrelidin analogues was quite
modest, several displayed cell line-dependent selectivity different from the parent
compound.1.62 Similarly, mutasynthesis was successfully employed to generate a series of
ansamycin and geldanamycin analogues via mutation of the native starter unit biosynthetic

pathway and feeding in benzoic acid derivatives.63-65
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In some examples of precursor-directed biosynthesis and mutasynthesis, only a few starter unit
derivatives lead to generation of the expected analogue. This has been attributed to the narrow
substrate specificity of some PKS loading modules (e.g. borrelidintt), but may also reflect
narrow specificity of the acyl-CoA ligase required to activate the free carboxylic acids.
Swapping the native loading module for one with flexible start unit specificity can overcome
this barrier. Such an approach was used to beneficial effect to generate analogues of the

commercial insecticide spinosyn.%6

Starter units have been frequently and easily targeted for precursor-directed biosynthesis
because they are structurally differentiated from other PKS building blocks and are therefore
intrinsically regioselectively installed by the single PKS loading module. Extender unit
positions of erythromycin account for the majority of the carbon scaffold of the mature natural
product and have thereby been the subject of intensive engineering to alter their structure by
precursor-directed biosynthesis and mutasynthesis. The terminal DEBS module was the
subject of combined computational modelling and mutagenesis in order to identify mutations
that could improve the ability of ATG6 to utilize a non-natural extender unit, propargylmalonyl-
CoA.%7 Subsequently, a series of single amino acid changes were introduced to the AT6 in the
genome of the erythromycin producing strain, Saccharopolyspora erythrae8imilarly to
NAC thioesters of starter units, acyl-SNAC analogues are known to be utilized by native ATs
in place of CoAs.%86 Thus, instead of building an artificial biosynthetic route to
propargylmalonyl-CoA, the authors chemically synthesized 2-propargylmalonyl-SNAC as a

mimic of the desired CoA-thioester. Subsequently, the combined approach dubbed “enzyme-
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directed mutasynthesis” led to the identification of a molecular ion with a mass consistent with
the desired propargyl-erythromycin A analogue, although not in yields that could support
structural confirmation.6” Further optimizations have highlighted the need to discover AT
mutations that not only improve utilization of the target non-natural extender unit but also
reduce the ability of the enzyme to utilize its native extender unit.”® This particular long-
standing challenge was recently addressed by Williams and co-workers by challenging a panel
of AT active site mutants with a pair of competing extender units.” In this way, a single AT
amino acid substitution in the DEBS module 6 was found to be sufficient to completely invert
substrate specificity to propargylmalonyl-CoA away from the native substrate. Furthermore,
Williams and colleagues have also demonstrated that the potential scope of precursor-directed
biosynthesis could be much broader that previously assumed by probing the extender unit
promiscuity of DEBS with a large panel of non-native and non-natural extender units. This

study revealed remarkable promiscuity of the DEBS terminal module.?273

Sherman and co-workers have leveraged the power of combined chemical and biological
synthesis by chemically synthesizing and utilizing advanced biosynthetic intermediates of
various macrolide antibiotics for studies of modular PKSs. These intermediates are normally
shuttled between modules via attachment to an ACP’s Ppant arm, but as described previously,
the field has traditionally used SNAC compounds for synthetic starter units, extender units,
and intermediates. Sherman, et al. tested a panel of alternative electrophilic esters and found
that modules can differentiate between esters. 4474 In the pikromycin pathway, the terminal TE

domain can produce either a 12-membered macrolactone (favoured by a hexaketide-SNAC
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intermediate) or a 14-membered macrolactone (favoured by a hexaketide-thiophenol). This
discovery ultimately led to the chemo-enzymatic synthesis of 9 tylactone-based macrolides
from a common synthetic hexaketide-thiophenol intermediate fed through two final PKS
modules in vitro.” The resulting macrolide, tylactone, is a common polyketide core for 16-
membered macrolides. Purified tylactone was fed into a growing Streptomycestrain for
addition of the desosamine sugar (synthetically difficult to add) before diversification by a

variety of chemical and P450-mediated oxidations of the scaffold to yield the final products.

The immunosuppressant rapamycin, produced by Streptomyces hygroscopichss been the
target of many biosynthetic engineering efforts, resulting in a collection of products called
‘rapalogs’ with activities including antifungal, immunosuppressive, antitumor, neuroprotective
and antiaging.>476.77 The enzyme responsible for incorporating lysine-derived L-pipecolic acid
into rapamycin also installs proline and closely related analogues when L-pipecolic
biosynthesis is inhibited.”87® Aside from leveraging these post-PKS enzymes to modify the
rapamycin scaffold, substrate flexibility of the loading module and KS1 of the rapamycin PKS
was also utilized to yield pre-rapamycin analogues containing alternative starter units,
including aseven-membered ring.8% A technological tour de forceéoy Wilkinson and colleagues
used molecular modelling to guide the identification of arapalog that lacked O- and C-linked
methyl groups at positions 16 and 17. The authors predicted that this analogue would be a
potent inhibitor of cancer cell line proliferation. A combination of AT-swapping and
mutasynthesis led to the production of the target compound 16-O-desmethyl-17-

desmethylrapamycin in good titers.8!
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Structurally similar to rapamycin, the immunosuppresant FK506 contains a unique
allylmalonyl-CoA (AM-CoA) extender unit. Yoon and co-workers were able to characterize
the full pathway for AM-CoA biosynthesis and through this generated a knockout production
strain that was unable to synthesize the natural AM-CoA.82 This knockout strain was used to
produce three analogues generated through feeding of synthetic carboxylic acids. It is
important to note that this was done successfully without altering the AT domain. The analogue
created from isobutenylmalonyl-CoA, 36-methyl-FK506, showed a ~20% improvement in
neurite outgrowth activity and is under further exploration. Moore and co-workers were then
able to produce this analogue by creating a hybrid pathway to biosynthesize
isobutenylmalonyl-CoA in vivofrom isobutyryl-CoA, increasing the titres more than six-fold

compared to feeding of 4-methylpentanoic acid.83

An alternative method for introducing non-natural extender units is through trans
complementation. This involves knocking out an in-line cis-AT at a specific module and
complementing with a naturally discrete AT that possesses a desired natural or engineered
specificity. Chang and colleagues harnessed a naturally occurring pathway to produce
fluoromalonyl-CoA (FM-CoA), which was introduced into triketide lactones through two AT-
null mutants of a truncated DEBS system complemented with the transAT, DszD (Figure
1.5A).84 Although DszD natively uses M-CoA (Figure 1.3), it is able to transfer the non-natural
FM-CoA to the DEBS ACP for incorporation (Figure 1.5A). DszD was also used with
incorporate its natural substrate to produce a desmethyl-6dEB analogue through the

inactivation of DEBS AT1 (Figure 1.5B).85 Using the same AT1-null construct, KirCll was
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used to introduce EM-COA to produce desmethyl-ethyl-6dEB, though structural evidence and

KirCll-dependence on the ethyl incorporation is minimal, at best (Figure 1.5C).8

TransATs can also be used to produce analogues of their own natural product. This was
accomplished in the kirromycin PKS/NRPS hybrid system to produce allyl- and propargyl-
kirromycin analogues in vivothrough feeding of allylmalonic acid and propargylmalonic acid,
respectively.86 This demonstrated the remarkable plasticity of the kirromycin hybrid
PKS/NRPS and post-assembly line enzymatic machinery. Although these examples of trans
complementation involve harnessing natural promiscuity of enzymes, engineering the
specificity of these discrete enzymes could further increase the scope of trans
complementation. One limitation of this approach is that if the trans-AT is to be used with a
non-cognate pathway, the enzyme must be able to transfer the acyl unit to the non-natural ACP
partner, meaning that it must (1) be able to access the Ppant arm of the ACP and (2) possess
favourable protein-protein interactions (PPIs) that allow for the ‘recruitment’ of the trans-AT.
Notably, it has been demonstrated that ACPs can be reprogrammed to interact with non-
cognate trans-ATs in an in vitro reaction when the ACP has been excised from its module.8”
However, this reprogrammed activity may stand when the same mutation(s) is applied to the

intact module due to the complex tertiary and quaternary structure of PKS modules. 28

21



KR'
A @ “S a1 gAcP] TE
| o
HOJL’JLSCOA CH; sH OH sH F
o

KR
S At gAcP @
OH SH CH; SH E
HO SCoA oH

o| H 12-desmethyl-6-dEB oi H 12-desmethyl-
12-ethyl-6-dEB
o] (o] o] (o]

Figure 1.5. Trans-comple me ntationsuccesses for the incorporation of nonatural
extender units. (A) TransAT DszD was used to incorporate FM-CoA into two DEBS
bimodular constructs to produce fluorinated tetraketide lactones. (B) An AT1-knockout
construct of DEBS was used to create a 12-desmethyl-6dEB analogue using DszD. (C)
The same AT-null construct was used with KirCll in an effort to generate an ethyl-
6dEB analogue.

In many cases, enzymes can accept and incorporate non-natural substrates, likely because of
the lack of evolutionary pressure to discriminate against them. Mutagenesis can also be
combined with feeding of non-natural substrates to improve titres through eliminating
competition from the natural substrate or by increasing affinity for the non-natural substrate.

By combining the scope of synthetic chemistry with the precision of biosynthetic pathway
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engineering, the chemical space available is nearly limitless and will only improve as we

continue to learn how to manipulate these pathways.

1.3.3 SemiSynthesis of CompleXornnatural Polyketides

The semi-synthesis of the cholesterol-lowering drug simvastatin provides a comprehensive
example illustrative of the ability of combined chemical and biosynthetic approaches to out-
perform purely chemical or biosynthetic methods. Simvastatin is a semi-synthesized derivative
of the natural product lovastatin and differs only in the presence of a C8 a-dimethylbutyrate
side chain on the decaline core of simvastatin, versusan a-S-methylbutyrate in lovastatin. Tang
and colleagues explored the use of the free-standing acyltransferase LovD to install the
dimethylbutyryl side chain to the lovastatin precursor monacolin J. Indeed, membrane
permeable donors including a-dimethylbutyryl-SNAC could be delivered to E. coliand used
to afford simvastatin from monacolin J that was fed to the culture.8® Substrate engineering then
afforded an improved acyl donor, a-dimethylbutyryl-S-methyl-3-mercaptopropionate, which
supported faster reaction rates and is more economical than the original substrate.®® The rate
of simvastatin synthesis via whole cell biocatalysis was further improved by deleting a
carboxylesterase that otherwise rapidly hydrolysed the acyl donor.?© Next, the same group then
used directed evolution to improve the activity of LovD 11-fold compared to the wild-type
enzyme.% Ultimately, advanced directed evolution methods were used to identify a mutant

LovD with 29 amino acid mutations and a 1,000-fold increase in enzyme activity.%2
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The production of second-generation macrolide antibiotics from erythromycin exemplifies the
potential of chemo-selective organic transformations to access new and improved drugs using
complex fermentation products as the starting materials.®® The chemical modification of
erythromycin afforded roxithromycin, clarithromycin, and azithromycin in efforts to produce
derivatives that were more acid stabile.% Rapid emergence of bacterial resistance spurred the
development of additional generations of derivatives. The most promising is solithromycin, a
fourth generation macrolide antibiotic that is semi-synthesized in 9 steps from clarithromycin,
itself prepared from erythromycin in 4 steps.% The overall yield on the multi-metric ton scale
is expected to be 35-40%.%4 In comparison, atotal of 40 chemical transformations are required
for the total synthesis of solithromycin via Myer’s sophisticated chemistry,?® and the ability to

use this chemistry to manufacture metric tons has yet to be demonstrated.

Perhaps rather conspicuously, the true combinatorial potential of type | PKSs has yet to be
fully coupled with the power of synthetic chemistry. Thus, most new macrolide derivatives are
accessed via chemo-selective modification of natural macrolides or those that require only
minimal engineering of the corresponding biosynthetic machinery. For example, the removal
of cladinose and installation of the keto group of the ketolide class of macrolides is carried out
completely chemically from clarithromycin, rather than modifying the biosynthesis of
erythromycin to make these structural changes. Likely the biggest obstacle to overcome in this
respect, discussed above, is the rather low activity of most engineered PKSs. One notable
exception is the mutasynthesis of a series of 15-R-erythromycin analogues by Khosla and co-

workers, whereby the natural propyl side-chain of erythromycin (derived from the starter unit)
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was replaced with a panel of non-natural side-chains.12 These non-natural macrolides served
as the starting materials for semi-synthesis to produce a series of 6-O-arylalkyl ketolides. In
addition, the relatively newly discovered ability to introduce non-natural chemical handles into
polyketides via extender unit engineering might also facilitate coupling biosynthetic

engineering and chemo-selective organic transformations.’1.86.97

1.4Summary and Outlook

Remarkable strides have been made in not only understanding the biosynthetic logic of
polyketide synthases, but also in learning how to harness these systems to produce non-natural
analogues of polyketides. These efforts have been afforded by modern molecular biology
techniques and expanded by synthetic efforts to enable a more diverse substrate scope.
Combinatorial biosynthesis and subsequent engineering efforts, however, arguably have not
met the initial pace projections made when first conceptualized. This is largely due in part to
the incredible complexity of these systems and the minimal structural data of these intact
megadalon enzymes. We predict that the continued combination of protein engineering,
metabolic engineering, synthetic biology, improved in silico techniques, and synthetic

chemistry will lead to significant advances in our ability to access non-natural natural products.

1.5The scope ofthis @sertation
In this dissertation, we will focus on the efforts towards harnessing trans-complementation for
the diversification of polyketides to access non-natural analogues (Figure 1.5). The aim will

be to improve the scope of incorporated non-natural extender units through the use of a
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previously uncharacterized transAT, ZmaF, and a transAT that has been previously
employed successfully in trans-complementation experiments, DszD. Towards this goal, we
investigate the acyl substrate scope of ZmaF and the PPIs between ZmaF and its cognate ACP-
partner. With this newfound knowledge, we assess ZmaF as a candidate for trans
complementation and investigate the molecular requirements for successful trans
complementation. Additionally, new acyl-activities of DszD are discovered that will enable
the introduction of previously inaccessible extender units, and an assay is adapted to increase

the throughput of future trans-AT engineering.
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CHAPTER 2

Substrate Scopeof the trans-Acyltransferase ZmaF

2.1Introduction

The role of many trans-acyltransferases (ATs) in their natural pathways is to transfer malonyl-
CoA (M-CoA) to their cognate module(s).°® There are, however, deviations from this including
the transATs involved in kirromycin biosynthesis (KirCIl) and zwittermicin A (ZMA)
biosynthesis (ZmaF).99:.19 In the kirromycin pathway, KirCll transfers an ethylmalonyl-C oA
(EM-CoA) unit to the fifth PKS module. In the biosynthesis of ZMA, ZmaF transfers an
aminomalonyl unit—which is linked to an acyl carrier protein (ACP) rather than coenzyme A
(CoA)—to a single module within the PKS/NRPS pathway (Figure 2.1). The activity
associated with the transfer of aminomalonyl is extremely rare, as this activity has only been
found in two other biosynthetic pathways characterized to date.101.192 The incorporation of an
aminomalonyl into a non-cognate polyketide is incredibly attractive not only for the electronic
impact of the amine when incorporated, but also as a handle for downstream diversification
using semi-synthesis techniques (Figure 1.4E). For these reasons, the activity of ZmaF was
investigated in this Chapter to determine its candidacy for trans-complementation (see Figure

1.5).
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Figure 2.1. ZMA biosynthesis by the PKS/NRPS hybrid pathway% Each module is shown with the cognate building
block tethered to the carrier protein. The pathway produces two metabolites, one of which is a prodrug that is cleaved
to yield the active natural antifungal, ZMA. The trans AT ZmaF transfers a rare AmM extender unit to ZmaA-ACP1
through an ACP-linked extender unit, AmM-ZmaH. The subsequent PKS module also utilizes an ACP-linked extender

unit (HOM-ZmaD) through cis-AT ZmaA-AT.
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Zwittermicin A was originally isolated and characterized from Bacillus cereusJW85; this
bacterium suppresses fungal diseases that infect various agriculturally important plants
including alfalfa, tobacco, cucumber, and peanuts.194-107 The biosynthetic pathway responsible
for its biosynthesis is a PKS/NRPS hybrid composed of seven NRPS modules and three PKS
modules. The pathway first produces a linear aminopolyol prodrug, which is eventually
hydrolyzed at both termini to yield the final active antifungal, ZMA (Figure 2.1).103 ZMA
contains two unusual and interesting modules, one of which incorporates the aminomalony |
unit and one that incorporates the hydroxymalony! unit, both of which are comparatively rare
building blocks.1%8 Aminomalonyl is transferred to ZmaA-ACP1 (ZACP1) by the transAT
ZmaF as aminomalonyl-ZmaH (AmM-ZmaH), an ACP-linked extender unit, at the fourth
module. AmM-ZmaH is biosynthesized from seryl-ZmaH through two successive oxidations
to the aldehyde and carboxylic acid by ZmaG and Zmal, respectively (Figure 2.1). The
subsequent module incorporates the hydroxymalonyl unit, also through an ACP-linked
extender unit—hydroxymalonyl-ZmaD (HOM-ZmaD)—but through a cis-AT (ZmaA-AT,
Figure 2.1, highlighted) rather than a transAT as seen with AmM-ZmaH incorporation by

ZmaF.

Characterization of ATs that accept ACP-linked extender units is limited as compared to those
that accept CoA-linked extender units, but recent publications have provided some information
on their activities and potential important motifs. Thomas, Forest, and colleagues recently
published the crystal structure of HOM-ACP accepting cis-AT ZmaA-AT (Figure 2.1, module

5).109 From the crystal structure, they proposed that a solvent-exposed hydrophobic patch on
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the AT is responsible for acyl-carrier recognition, in this case, the ACP ZmaD. Sequence
alignments with other ACP-linked accepting ATs reveal conservation of amino acids within
this region. To assess the substrate requirements of ZmaA-AT, it was assayed with M-CoA,
MM-CoA, M-ZmaD, and MM-ZmaD. It was determined that ZmaA-AT was acylated by both
non-natural ZmaD-linked extender units but was entirely inactive with the comparable CoA-
linked extender units under the conditions tested.199 These findings suggest that with respect
to the self-acylation of ZmaA-AT, the acyl-carrier recognition is more critical than the
recognition of the acyl unit itself. The authors propose that the binding of the loaded ACP
causes a secondary structure change in the AT that allows for opening of the active site and

subsequent acylation of the serine.

Conversely, a cis-AT from the FK506 PKS was recently determined to acceptboth ACP-linked
and CoA-linked extender units in its natural pathway (Figure 2.2).110 Several Streptomyces
producers of FK506 are also producers of FK520, which differs by merely one change from
an allyl group to an ethyl group; the same PKS is responsible for the biosynthesis of both
natural products. The incorporation of this variable extender unit is performed by the AT in
module 4 of the PKS, FkbB-AT4, which represents one of the few known ATSs that is not
specific for a single endogenous extender unit. It was recently determined that the allylmalony!|
unit is incorporated through an ACP-linked substrate while the ethylmalonyl unit is
incorporated by the same AT through the CoA-linked extender unit.82 FkbB-AT4 wasalso able
to transfer allylmalony! unit as a CoA-linked extender unit. Additionally, and demonstrating

an additional level of substrate recognition control, the AT self-acylates in the presence of
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MM-CoA, but it is unable to transfer the methylmalonyl unit to its ACP partner, FkbB-
ACP4.110 This suggests that FkbB-AT4’s specificity is regulated through trans-acylation rather
than strictly through self-acylation, which has been found with other ATs®5.100.111 and offers
the proposal that the AT utilizes hydrolysis of the non-natural extender unit as a proof-reading

mechanism.

FkbMod4 (5

H
Q
/

Figure 2.2. FK506 and FK520 biosynthe sisModule 4 of the FK506 PKS recognizes
both ethylmalonyl-CoA (EM-CoA) (top) and allylmalonyl-ACP (AM-ACP) (bottom)
to produce FK520 and FK506, respectively.
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Initial characterization of the transAT ZmaF suggested that its specificity more closely
resembles that of ZmaA-AT in that it is specific for ZmaH as the acyl-carrier. Thomas and
coworkers determined that ZmaF discriminates against HOM-ZmaD (the native substrate for
the cis-AT in module 4) and is specific for ZmaH as the acyl-carrier.19 The trans-AT was also
inactive with reduced precursors of AmM-ZmaH (Figure 2.1), suggesting that ZmaF also
discriminates against non-native acyl units. ZmaF was also shown not to self-acylate or trans
acylate with either M-CoA or MM-CoA, reinforcing the potential dependence on the
recognition of the ZmaH-carrier.1% Outside of this, no investigation into the structure or the
activity of ZmaF has been conducted. The aim, therefore, was to characterize the activity of
ZmaF by leveraging an engineered acyl-CoA ligase, MatB12 and a promiscuous
phosphopantetheinyl transferase (PPTase), Sfp, to probe the substrate scope of ZmaF. To the
best of our knowledge, characterization of this AT would represent the first ACP-linked

accepting trans-AT to be extensively probed for substrate scope.

2.2Results and Discussion

2.2.1 Buildingmodelsof ZMA proteins

As stated, structures have not yet been reported for either ZmaF, ZACP1, or ZmaH. In order
to provide a working model to understand more about the structures of these proteins, and to
guide our assay design and development, homology models of ZmaF, ZACP1,and ZmaH were
built using the I-TASSER serverl13-115 and refined using the Fragment-Guided Molecular
Dynamics (FG-MD) simulation server!i6 (Figure 2.3), both of which were developed by the

Zhang Lab at University of Michigan.
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The top models for ZmaF, ZACP1, and ZmaH were given C-scores of -1.75, 1.10, and 0.29,
respectively. C-scores range from -5 to 2, where a higher score indicates a model with higher
confidence, and a C-score >-1.5 indicates a model of correct global topology. The homology
model generated for ZmaF did not meet the recommended requirements for C-score, which is
likely due tothe C-terminus portion of the enzyme; none of the top threading templates selected
by I-TASSER aligned with this portion of the enzyme, preventing the program from accurately
predicting the secondary structure. It should be noted that no structure has been reported for a
trans-AT that has a standalone ACP as its acyl donor which likely increases the difficultly of
predicting a correct structure for ZmaF. It remains, however, that the remainder of the enzyme
aligned well with threading templates and is therefore considered a suitable model for
preliminary studies. Homology models for both ZACP1 and ZmaH resulted in the expected
three-helix bundle with the conserved phosphopantetheine (Ppant) attachment site (Ser43 and
Ser36, respectively) atthe N-terminus of a-helix 2 (aHII). Additional details of the homology

models generated can be found in Appendix A.
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C-terminus

Figure 2.3. Homology models of ZMA proteins.(A) The homology model of ZmaF
resulted in a structure consistent with previously published structures of cis-ATSs, with
the exception of the C-terminus portion. This portion of the enzyme did not align with
the templates used to generate the model, resulting in low confidence of the accuracy
of the resulting structure. For reference, the acylation site is colored in yellow. (B)
ZmaH and (C) ZACP1 homology models resulted in the expected three-a-helix bundle.
Ppant attachment sites are colored in yellow.

The homology models were used to perform docking studies between ZmaH and ZmaF and
between ZACP1 and ZmaF using ClusPro. ClusPro is a fully automated web-based protein-
protein docking server, developed by the Structural Bioinformatics Lab under the direction of

Prof. Sandor Vajda at Boston University.117-121 ClusPro generated 29 and 28 models each for
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set of proteins, respectively. Each docking model was initially assessed by examining the
distance between the active site serine of ZmaF and the Ppant attachment site of the ACP. The
length of Ppant is approximately 17 A, so this is the maximum approximate expected distance
during transfer of extender unit from AT to ACP. ZmaF was also viewed as a surface model
(Figure 2.4A) to identify the active site chamber accessible to the Ppant arm to further assess
docking models. The top five models were selected based on these criteria. Both ZmaH (Figure
2.4B) and ZACP1 (Figure 2.4C) appear to dock in the same general surface region of ZmaF,

according to these computational models.

Figure 2.4. Dockingstudie s with homology models using Clus PrqA) Surface view
of ZmaF to visualize the active site chamber. The active site serine colored in yellow.
(B) The top five selecting docking locations of ZmaH, as determined by criteria
discussed above. (C) The top five selected docking locations of ZACP1. Both ACP
partners appear to dock in the same region of ZmaF, according to models. The Ppant
attachment sites of each ACP structure are colored in yellow. Inall cases, for clarity,
the poorly resolved C-terminus of ZmaF was removed from the structure.

2.2.2 Testing ZmaF with azidoontaining substrates

In order to determine the extender unit specificity of ZmaF, in vitro reactions were performed

with purified proteins. Using boundaries determined from secondary structure prediction and
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sequence alignments with previously characterized ACPs, the ACP partner for ZmaF, holo-
ZACP1, was provided as a standalone protein (“excised” from the module) fused at the N-
terminus to a hexa-histidine sequence by expression from asuitably designed expression vector
that contained the ZACP1 gene. ZmaH, the ACP that carries the extender unit to ZmaF, was
expressed and purified as both holo and apoprotein for subsequent preparation of various

acylated forms.

For an initial assessment of promiscuity, ZmaF was tested with thioester-activated
azidoethylmalonates and analyzed by in-gel fluorescence monitoring after incubation with
fluorescent dibenzocyclooctyne (DBCO) (Figure 2.5A).87 Notably, activity with this acyl unit
would provide an orthogonal handle to enable quick and efficient screening for further
investigation into the activity of ZmaF. A panel of various potential ZmaF substrates was
designed and prepared in order to extensively evaluate the specificity requirements of ZmaF.
Accordingly, azidoethylmalonate was chemo-enzymatically linked to CoA (AzEM-CoA) or
pantetheine (AzEM-pantetheine) via the MatB-catalyzed condensation of azidoethylmalonate
and the corresponding thiol. The MatB-generated AzEM-CoA was also used to produce
AZEM-ZmaH from apo-ZmaH using the PPTase Sfp (Figure 2.5B). AzEM-pantetheine was
also tested in the presence of apo-ZmaH to determine if binding or association with ZmaH
could support the self-acylation of ZmaF with AzEM-pantetheine (Figure 2.5C, lanes 7-8).
According to the proposed mechanism described by Thomas and colleagues,1%® presence of the
ACP-carrier might enable the acylation through the opening of the active site, caused by

association with the ACP. The product mixture was incubated with the fluorescent DBCO, and
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the presence of fluorescently labelled ZmaF (via self-acylation of AzEM-thioester) and ZAPC1
(the subsequent trans-acylation product) was determined by visualization of the SDS-PAGE

gel under a trans-illuminator (Figure 2.5C).

Among the conditions tested, the only reaction that led to the identification of a fluorescently
labelled ZACP1 was that with the Sfp-generated AzEM-ZmaH (Figure 2.5C, lane 1, green
box). Notably, the absence of labelled ZACP1 in lane 2 confirms that this trans-acylation of
ZACP1is ZmaF-dependent. This demonstrates that (1) in contrast to earlier studies, ZmaF can
utilize a non-native and non-natural acyl-substrate and (2) at least in this case, the acyl unit
must be carried by ZmaH, the natural carrier for ZmaF (Figure 2.1). Consequently, further

activity probing of various acyl substrates was performed with ZmaH-linked extender units.
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Figure 2.5. Azido-containing exte nder units tested with ZmaF in initial screen(A)
Reactions were incubated with appropriate components to generate thioester-linke d
azidoethylmalonates. In the case where R = holo-ZmaH, the MatB reaction was
performed with coenzyme A and followed the by Sfp reaction with apo-ZmaH to yield
AzEM-ZmaH. Following the trans-acylation reaction with ZmaF, each reaction was
incubated with DBCO to fluorescently label any protein modified with AzZEM. (B) The
acyl donors used in ZmaF reactions include holo-ZmaH (the natural acyl-donor for
ZmaF), CoA, and pantetheine. (C) Each reaction was analyzed via SDS-PAGE gel
followed by fluorescence-imaging. Signals on the fluorescence-imaged gel (top)
indicate that the protein has been acylated with AzEM. The gel was then subjected to
Coomassie staining (bottom) to visualize all proteins in reaction. Of the substrates
tested, ZmaF was only active with AzEM-ZmaH in the trans-acylation of ZACP1
(green box). No other acyl-donors allowed for self-acylation of ZmaF or subsequent
trans-acylation of ZACP1. (D) The components of each reaction are detailed in the
table. For each set of conditions tested, a no-ZmaF control was also performed.
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2.2.3 Kinetic investigabn of ZmaF

The ability of ZmaF to utilize AzEM-ZmaH allows for a higher throughput and quicker
analysis of ZmaF activity through the in-gel fluorescence assays as compared to mass
spectrometry (MS) analysis to monitor the acylation of the ACP. This novel activity was
therefore harnessed to assess the kinetics of ZmaF to determine reaction conditions for
additional acyl-ZmaH substrates. After creating a standard curve with Sfp-generated AzEM-
ZmaH (Figure A.4), atime-course of the ZmaF-catalyzed reaction was performed at presumed
saturating conditions of AzEM-ZmaH to determine the appropriate time point representative
of initial velocity (Vo) for AzEM-ZmaH titration. Notably, AzEM-ZACP1 formation was
linear with respectto time during the first ~30 minutes (Figure 2.6A). The time point for the

Michaelis-Menten curve fitting was therefore fixed at 25 minutes.

Next, a range of AzZEM-ZmaH concentrations was tested to determine the ke and Ky, of ZmaF
with AzZEM-ZmaH as the substrate. Fluorescence values for AZEM-ZACP1 formation were
converted to concentration and then fitted to the Michaelis-Menten equation using SigmaP lot
(Figure 2.6B). The ke was found to be 2.11 £ 0.3 x 10 s and the Ky, of ZmaF for AzEM-
ZmaH was 9.08 + 4.6 uM. As a comparison, the trans-AT DszD from disorazole synthase
(Figure 1.3A) was found to have a ke of 28 s and a Ky of 7 M with M-CoA, its natural
substrate.® The approximately 10,000-fold difference between the k¢4 values of the two trans
ATs might be explained by the ACP- versus CoA-bound substrates of the respective trans
ATSs. If the proposal made by Thomas and collegues is accurate (that the ACP-donor must bind

to the AT and illicit a conformational rearragement),109 the additional requirement for self-
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acylation could lead to reduced kinetic rates. Additionally, AzEM-ZmaH is not the natural acyl
substrate for ZmaF, and the non-natural reaction may be slower; it is possible that the kg for
ZmaF with AmM-ZmaH is closer to that of DszD with M-CoA, but the reaction with ZmaF
and AmM-ZmaH could not be kinetically evaluated due to the complexity of the reaction and

the low converstion to AmM-ZmaH.
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Figure 2.6. Kinetic characterization of ZmaF with AzEM-ZmaH via in-gel
fluorescence (A) A time-course experiment was performed at saturating AzEM-
ZMmaH conditions to determine the appropriate timepoint for substrate titration. The
formation of AzEM-ZACP1 was linear with respect to time over the first 30 min of the
reaction. (B) A titration was performed with AzEM-ZmaH to obtain a Michaelis-
Menten curve and the ke and Ky were determined to be 2.11 + 0.3 x 103 s'1and 9.08
+ 4.6 UM, respectively.

41



2.2.4 ZmaF activity with ZmaHinked substrates

Generation of ZmaH-linked substrates was enabled by the promiscuous acyl-CoA ligase,
MatB, and promiscuous PPTase, Sfp (Figure 2.7A). Neither wild-type MatB nor the best-
performing available MatB mutantsi’2 are able to generate AmM-CoA from CoA and
aminomalonic acid, thus AmM-ZmaH was generated in vitro using the enzymes responsible

for biosynthesis of AmM-ZmaH in the native ZMA pathway (Figure 2.7B).
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Figure 2.7. Generation and analysis oZmaH-linked extender units. (A) An acyl-
CoA panel was generated using MatB or suitable MatB mutant. The formation of these
intermediates was confirmed by HPLC-UV analysis and used in the subsequent Sfp
reaction to convert apo-ZmaH to acyl-ZmaH. Following the confirmation of acyl-
ZmaH formation by MS, each acyl-ZmaH substrate was assayed with ZmaF in the
presence of holo-ZACP1. Formation of acyl-ZACP1 was monitored via intact protein
MS. (B) In order to assay ZmaF with its natural substrate, AmM-ZmaH, the enzymes
involved in ZMA biosynthesis were employed in the presence of their cofactors to
generate AmM-ZmaH in vitro from holo-ZmaH. This substrate was then assayed with
ZmaF in the presence of ZmaF to monitor formation of AmM-ZACP1 by MS.

42



Conversion to each acyl-CoA was first confirmed via HPLC-UV/Vis before proceeding with
the Sfp reaction. The apo-ZmaH was converted to each respective acyl-ZmaH using the
promiscuous PPTase Sfp and the corresponding acyl-CoA. Intact protein MS was then
employed to confirm the formation of eachacyl-ZmaH and quantify the ratio of acyl-ZmaH to
holo-ZmaH (Figure 2.8A, Table A.4). The latter species is formed due to incomplete
conversion from CoA to acyl-CoA in the MatB reaction. In every case, formation of the desired
acyl-ZmaH substrate was confirmed and each substrate was tested for ZmaF trans-acylation
activity by monitoring the formation of acyl-ZACP1 (Figure 2.8B, Table A.4). Inthe case of
the natural substrate AmM-ZmaH, high conversion to the fully oxidized product was not
achieved, and thus the reaction conditions did not allow for percent conversion quantification.
Each assayed acyl-ZmaH was also incubated with ZACP1in the absence of ZmaF to monitor
any background acylation of ZACP1 (Figure 2.8B). Propionyl-ZmaH was also prepared as a
negative control, as it lacks the terminal carboxylate, and ZmaF has been shown previously to
discriminate against non-malonate substrates (more specifically, reduced precursors of AmM-

ZmaH).100
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Figure 2.8. Analysis of representative set of reactions to monitor ZmaF activity.
(A) Purified apo-ZmaH (bottom) is incubated with Sfp and EM-ZmaH to generate EM-
ZmaH. Holo-ZmaH is also generated as a result of remaining CoA from the MatB
reaction used in the subsequent Sfp reaction. Gluconylated protein is present due to
either spontaneous or enzymatic in vivomaodification in E. coli.l?2 (B) EM-ZmaH was
incubated with ZACP1 in the absence (top) and presence (bottom) of ZmaF to monitor
ZmaF-dependent trans-acylation of ZACP1 to form EM-ZACP1. In the presence of
ZmaF, the ratio of holo--EM-ZmaH is increased as the substrate is consumed.
Simultaneously, holo-ZACP1is converted to EM-ZACP1. The absence of EM-ZACP1
in the reaction without ZmaF (top spectrum) suggests that this is ZmaF-dependent,
indicating that EM-ZmaH is a suitable substrate for ZmaF in the trans-acylation of
ZACP1.
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Figure 2.9. Activity of ZmaF with ZmaH -linked extender units. ZmaF showed
activity with all ZmaH-linked substrates tested. Error bars represent standard deviation
of duplicates performed. *Propionyl-ZmaH was prepared through preparation of
propionyl-CoA using CoA ligase AcsA in place of MatB.

Remarkably, ZmaF was active with all malonatederived acytZmaH substrates
in this panel, as determined by the Zmakdependent formation of each acyl
ZACP1 (

Figure 2.9). ZmaF discriminated only against propionyl-ZmaH, which was expected to not be
a substrate for the trans-AT. The activity with this panel of acyl-ZmaHs makes ZmaF, to the

best our knowledge, the most promiscuous AT characterized to date.

There are no discernible trends in the activities levels of ZmaF that span the entire panel of the
acyl-ZmaH substrates assayed. ZmaF was able to trans-acylate ZACP1 with R-malonyl

substrates ranging from small (R = H) to large (R = isopentyl). The percent conversion from

holo-ZACP1to acyl-ZACP1 demonstrates that ZmaF has higher activity as the malonyl side
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chain increases in carbon-chain length through propyl when the carbon chain is fully saturated
and not branched (i.e. H, methyl, ethyl, and propyl). In the case of propyl and isopropyl,
however, ZmaF demonstrates a substantial decrease in activity with the branched substrate,
isopropyl. ZmaF also demonstrated a 4-fold decrease in activity with propargylmalonyl-ZmaH
as compared to propylmalonyl-ZmaH, which might be explained by the loss in flexibility of
the alkyne-containing substrate. Indeed, ZmaF exhibits a higher activity with AM-ZmaH than
with propargylmalonyl-ZmaH, suggesting that the active site can better accommodate the more
flexible side chain. In the case of four-carbon side chains, ZmaF is more active with the linear
butylmalonyl than the branched isobutylmalonyl. Conversely, the transAT favored the
branched isopentyl over the linear five-carbon side chain. This difference in substrate
preference might be attributed to the length of each of the side chains; the isopentyl substrate
is approximately the same length as the linear butyl. Based on this observation, the activity
would continue to decrease as the side chain length increases past four carbons, but the limit

of side chain side is unknown.

Notably, the natural substrate for ZmaF, AmM-ZmaH, was unable to be quantified under these
conditions. Thus, conclusions cannot be drawn about the relative activity of the non-natural
substrates as compared to the cognate substrate. Regardless, this data describes very high acyl-

promiscuity for a previously uncharacterized trans-AT.

47



2.2.5 Probingorthogonality within ZMA systeandinitial investigationinto the specificity
requirements of ZmaAT

According to Thomas et al, ZmaF and the HOM-ACP specific cissAT ZmaA-AT are
completely orthogonal.1® That is, the carrier protein and acyl specificities of each
acyltransferase are completely non-overlapping. In the natural system, ZACP1 is trans
acylated by the transAT ZmaF with aminomalonyl carried by ZmaH (Figure 2.1). The
subsequent module contains the cissAT ZmaA-AT, which transfers a hydroxylmalonyl unit
from ZmaD to ZACP2. Ideally, this aspect of orthogonality could be probed quickly with
AZEM substrates. The pairs of ACPs that would be included in the same reaction, however,
were not resolvable by SDS-PAGE gel (e.g. ZACP1 and ZmaD, Figure A.5), and thus assays

were performed with methylmalonyl substrates and analyzed via MS.

Here, this aspect of orthogonality was probed by incubating MM-ZmaH with ZmaF along with
either ZACP1 or ZACP2 (Table 2.1, entries 1 and 2, respectively). In addition, ZmaF was
incubated with MM-ZmaD in the presence of either ZACP1 (Table 2.1, entry 3) or ZACP2
(Table 2.1, entry 4). If ZmaF is truly orthogonal in regards to its acyl-donor and its ACP
partner, the only reaction expected to yield trans-acylated MM-ACP would be the reaction

containing ZmaF, MM-ZmaH, and ZACP1.

To serve as an additional probe for the expected orthogonality of the trans- and cis-ATs within
the ZMA assembly line, MM-ZmaH was incubated with ZmaA-AT along with either ZACP1
or ZACP2 (Table 2.1, entries 5 and 6, respectively). To offer an initial glimpse into ZmaA-AT

ACP promiscuity, ZmaA-AT was also incubated with MM-ZmabD in the presence of ZACP1
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and ZACP2 (Table 2.1, entries 7 and 8, respectively). Under the assumption that the system is

completely orthogonal, the only reaction that is expected to produce trans-acylated ACP in the

presence of ZmaA-AT is the reaction with MM-ZmaD and ZACP2, the natural partners for the

cis-AT. Additionally, and as previously determined, ZmaF was expected to trans-acylate

ZACP1 in the presence of MM-ZmaH.

Table 2.1. ZmaF and ZmaA-AT activity with acyl-ACP substrates.The trans
acylation of MM substrates was determined by MS. The self-acylation of AzEM
substrates was determined by in-gel fluorescence. ND = not determined, due to the
limitations of assay.

Acyl- ACP Self Trans-
AV Substrate car):ie r partner acylation acylation

1 |ZmaF MM ZmaH ZACP1 ND +
2 ZmaF MM ZmaH ZACP2 ND +
3 | ZmaF MM ZmaD ZACP1 ND -
4 | ZmaF MM ZmaD ZACP2 ND -
5 |ZmaA-AT | MM ZmaH ZACP1 ND -
6 |ZmaA-AT | MM ZmaH ZACP2 ND -
7 | ZmaA-AT | MM ZmaD ZACP1 ND -
8 |ZmaA-AT | MM ZmaD ZACP2 ND -
9 ZmaF AzZEM ZmaH ZACP1 + +
10 | ZmaF AZEM ZmaH ZACP2 + ND
11 | ZmaF AzZEM ZmaD ZACP1 - ND
12 | ZmaF AZEM ZmaD ZACP2 - ND
13 | ZmaA-AT | AzZEM ZmaH ZACP1 - ND
14 | ZmaA-AT | AzZEM ZmaH ZACP2 - ND
15 | ZmaA-AT | AzZEM ZmaD ZACP1 - ND
16 | ZmaA-AT | AzEM ZmaH ZACP2 - ND

49



As expected (Figure 2.9), ZmaF was able to trans-acylate ZACP1 in the presence of MM-
ZmaH (Table 2.1, entry 1; Figure 2.10). ZmaF was also able to trans-acylate ZACP2 using
MM-ZmaH, but at asignificantly reduced level (Table 2.1, entry 2; Figure 2.10). This indicates
that under these in vitro conditions, the system is not entirely orthogonal. As expected, ZmaF
was inactive with MM-ZmaD, as it was not able to trans-acylate either ZACP1 or ZACP2 in
the presence of the substrate (Table 2.1, entries 3 and 4; Figure 2.10). These results indicate
that ZmaF, while promiscuous towards non-natural acyl units, is specific for ZmaH and
ZACP1 as its acyl donor and ACP partner, respectively. ZmaA-AT was not able to trans
acylate ZACP1 or ZACP2 in the presence of either MM-ZmaH or MM-ZmaD (Table 2.1,
entries 5-8; Figure 2.10). The inability of ZmaA-AT to trans-acylate its cognate ACP partner

(ZACP2) with MM-ZmabD suggests that ZmaA-AT is not active with the non-natural acyl unit.

m ZmaA-AT mZmaF
o
g
- 25.0
= 200
2]
= 15.0
o
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2 50 &9 0 w0
§ o0 e i
ES ZACP1 ZACP2 ZACP1 ZACP2
ZmaH ZmaD

Figure 2.10. ZMA o rthogonality inve stigation using MM-ACP substrate s.Percent
conversion to the ACP (ZACP1 or ZACP2) was found using intact protein MS. In all
cases, a no-AT control was performed. The extracted ion count for the species of
interest (e.g. MM-ZACP1) was subtracted from the extracted ion count for the
corresponding reaction containing the AT. As expected and previously determined,
ZmaF was able to trans-acylate ZACP1 with MM-ZmaH, its natural ACP partner and
acyl-donor, respectively. Unexpectedly, ZmaF also had low levels of trans-acylation
activity with ZACP2 when incubated with MM-ZmaH. In the case for all reactions
containing ZmaA-AT, no product was detected except for the reaction with MM-ZmaH
and ZACP1, and this was extremely low.
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These findings not only reinforce the orthogonality of the ZMA system, but they also suggest
that ZmaA-AT does not have the same level of acyl-promiscuity as ZmaF. Previous findings
by Thomas and workers indicate that ZmaA-AT is self-acylated in the presence of MM-ZmaD,
but the authors did not determine if the substrate was subsequently trans-acylated.1%? Although
the assays described in this chapter cannot detect self-acylation with MM, in analysis of MS
data, it was determined that the conversion from MM-ZmaD to holo-ZmaD is the presence of
ZmaA-AT is comparable to the consumption of the substrate in the absence of ZmaA-AT. This
suggests that if ZmaA-AT is indeed self-acylated with MM-ZmabD as indicated by the findings

by Thomas, it does so at a slow rate.

As mentioned, the ACP pairs (excluding ZmaH/ZACP) are not able to be resolved on an SDS-
PAGE gel (Figure A.5). This means that trans-acylation of AzEM substrates to the ACPs of
interest cannot be determined via in-gel fluorescence. Self-acylation, however, can be detected
for each AT in the presence of both ACP carriers (ZmaD and ZmaH) and each ACP partner
(ZACP1land ZACP2) given the significant difference in SDS-PAGE mobility of both ATs and
each ACP. These findings (Table 2.1, entries 9-16; Figure 2.11) closely resemble those found
with MM substrates (Table 2.1, entries 1-8). That is, the only detectable trans-acylation of an
AT is ZmaF in the presence of AZEM-ZmaH (Table 2.1, entry 9; Figure 2.11, lane 1, green
box). Notably, this self-acylation does not require the presence of ZACP1, as it is also seen
when ZmaF in incubated with AzZEM-ZmaH in the presence of ZACP2 (Table 2.1, entry 10;
Figure 2.11, lane 3, green box). As demonstrated with the methylmalonyl substrates, ZmaF

was not self-acylated with AzEM-ZmaD in the presence of either ZACP1 or ZACP2 (Table
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2.1, entries 11-12; Figure 2.11, lane 5 and 7). Additionally, ZmaA-AT was not self-acylated

with AzZEM-ZmaH nor AzEM-ZmaD, regardless of ACP partner present (Table 2.1, entries

13-16; Figure 2.11, lanes 9, 11, 13, and 15). These findings again reinforce the orthogonality

within the ZMA system and simultaneously suggest that ZmaA-AT is not promiscuous to non-

natural acyl-partners.
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Figure 2.11. Seltacylation of ZMA ATs with AzEM -ACPs. The fluorescence-
imaged gels (top) and the Coomassie stained gels (bottom) are shown for the reactions
referencedin Table 2.1. These results indicate that ZmaF is only able to be self-acylated
with AzZEM-ZmaH in the presence of both ZACP1 (lane 1, green box) and ZACP2
(lane 3, green box). These gels also reveal that ZmaA-AT is not self-acylated with
either AzZEM-ZmaH (lanes 9 and 11) or AzEM-ZmaD (lanes 13 and 15), as the signal
in these lanes is comparable to the signal when ZmaA-AT is imaged in the absence of
azido-containing substrate (lane 18, red box). The table details the reaction components
for each of the SDS-PAGE gel-analyzed reactions. Notably, lanes 17 and 18 contain
ZmaF and ZmaA-AT, respectively, in the absence of any azido-containing substrate to
serve as a reference for background fluorescence signals.
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2.2.6 Surface mutagenesis of Zmad¥ acyFCoA activity

If ZmaF is to be used in vivoto harness the newly discovered malonyl-unit promiscuity, it
would be ideal for it to be active with CoA-linked extender units rather than ACP-linked due
to ease of preparation. Thomas and Forest et al. previously postulated that the binding of the
ACP partner to a hydrophobic loop on the surface of ZmaA-AT caused a shift in secondary
structure that opened the active site for acylation.19® This three amino acid sequence is on a

loop, five residues to the N-terminus side of the so-called “Y ASH” motif that flanks the active

site and is known to convey substrate specificity.123

Table 2.2. Substrates and ‘ RXR’ mot i f a
Adjacent to the motif that confers acyl-specificity is a motif that is proposed to bind

the acyl carrier, dubbed the ‘RXR’ motif by Thomas and Forest et al.1% In ATs that

accept CoA-linked extender units, this motif contains charged residues (e.g. arginine),

while ATs that accept ACP-linked substrates have hydrophobic

methionine).
AT Domain Substrate ‘' RXR’
ZmaA-AT HOM-ACP MCM
ZmaF AmM-ACP Al
ZmaK-AT M-CoA KTT
DEBS AT3 MM-CoA RVR
DEBS AT5 MM-CoA KAR
Fkb AT4 EM-CoA and AM-ACP RLV

residues (e.g.

sequ

Amino acid sequence alignments (Table 2.2) reveal that in CoA-linked accepting ATs, the

residues in this loop are hydrophilic (e.g. arginine in DEBS AT3). Conversely, in ACP-linked

accepting ATs, these residues are hydrophobic (methionine in ZmaA-AT and isoleucine in

ZmaF, Figure 2.12). The sequence for Fkb AT4, which accepts both ACP- and CoA-linked

substrates (Figure 2.2) is interestingly a hybrid, containing one hydrophilic residue (arginine)
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and one hydrophobic residue (valine) (Table 2.2). To test if point mutations to these residues
in ZmaF allow for acylation by CoA-linked substrates, both isoleucine residues in this loop

(1190 and 1192) were mutated to arginine.

Figure 2.12. Sequence alignment of ZmaF homology model (purple) with crystal
structure of ZmaA-AT (teal, PDB ID 4QBU).1% Isoleucine residues in ZmaF (1le190
and 11le192) are colored red; methionine residues in ZmaA-AT (Met286 and Met288)
are colored magenta. Active site serine is colored yellow.

The single mutants ZmaF-1190R and ZmaF-1192R were not able to be expressed in soluble
form and were therefore not assayed. Double mutant ZmaF-1190R-1192R was prepared in
soluble form and AzEM activity was again harnessed to facilitate activity monitoring. The
double mutant was assayed with AzEM-CoA and AzEM-ZmaH to look for the self-acylation
product—AzEM-ZmaF—and the trans-acylation product—AzEM-ZACP1. In a variety of
conditions tested, neither wild-type ZmaF nor ZmaF-1190R-1192R demonstrated self-acylation

or transacylation of ZACP1 using the CoA-linked extender unit. This is not entirely
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surprising, given the presumed evolutionary preference to utilize malonates that are ACP-
linked and discriminate against those which are CoA-linked. Notably, in addition to being
inactive with AZzEM-CoA, ZmaF-1190R-1192R also lost the ability to trans-acylate ZACP1

using AzEM-ZmaH as a substrate (Figure 2.13, lane 5), but does appear to retain self-acylation.
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Figure 2.13. In-gel fluorescence monitoring of ZmaF and ZmaH190R-I192R
mutant reactions with AzZEM -ZmaH and AzEM-CoA. The mutagenesis performed
on ZmaF was performed to mimic the amino acid sequence of CoA-linked accepting
ATs. As expected, ZmaF was able to trans-acylate ZACP1 with AzEM-ZmaH (lane 1,
blue box), but was inactive with AzZEM-CoA (lane 3). The double mutant was not able
to transacylate ZACP1 with AzEM-ZmaH or AzEM-CoA (lanes 5 and 7,
respectively), but retained self-acylation activity with AzEM-ZmaH (lane 5, green
box). The table below outlines the components of each reaction. MWM, molecular
weight marker.
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Future efforts to engineer ZmaF for small molecule-linked substrates should focus on the
mutagenesis of the region of the trans-AT that aligns with the known CoA binding site of CoA-
linked accepting ATs. This region is might be more susceptible to mutagenesis without
disrupting the protein-protein interactions (PPIs) between ZmaF and ZACP1. Alternatively,
more sequence space can be covered through higher-throughput assays, such as a CoA-release

assay!?4 to screena large library of mutants, which will be further discussed in Chapter 4.

2.3Conclusions

Previous characterization of the transAT ZmaF was limited to a small panel of non-cognate
substrates; we sought to gain a better understanding of the activity and specifically of this
trans AT to begin to assess its candidacy for trans-complementation. To help guide our
engineering and characterization efforts, we first used web-based servers to provide us with
homology models of ZmaF, ZACP1, and ZmaH, and performed docking studies with the
homology models generated. According to our generated models, it appears that ZmaH and
ZACP1 dock in approximately the same region of ZmaF. If these models are correct, this
suggests that a binary complex forms with ZmaH to acylate ZmaF, ZmaH leaves, and then
ZACP1 associates with ZmaF to facilitate to acyl transfer to ZACP1. While we are at present
unsure of the implications of this or the accuracy of these models, we have confirmed that
acylation of ZmaF is not dependent on the presence of ZACP1, indicating that a ternary
complex is not required for ZmaF acylation, which is hypothesized to be the rate-limiting step

of AT activity.
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We were able to mimic the previously characterized orthogonality within the ZMA pathway
to determine that ZmaF is not self-acylated with ZmaD-linked extender units and does not
trans-acylate ZACP2 at a considerable level. Enabled by our previously engineered MatB
mutants, we probed the activity of ZmaF with a panel of acyl extender units, and the transAT
demonstrated remarkable promiscuity towards ZmaH-linked units. Notably, ZmaF was active
with AzZEM-ZmaH, which provided a handle to increase throughput of assays and provided a
snapshot of the kinetics of ZmaF. In comparison to other characterized trans-ATSs, it appears
that ZmaF has a similar Ky with its extender unit substrate but is slower in its trans-acylation
activity. It should be mentioned, however, that this may be a result of using a non-natural

substrate to assess the kinetics.

The acyl-promiscuity demonstrated by ZmaF makes it, to the best of our knowledge, the most
promiscuous AT characterized to date. Previously, this title was held by KirCll, whose natural
substrate is EM-CoA. KirCIl was active with non-natural substrates propargylmalonyl-C oA,
AM-CoA, phenylmalonyl-CoA, and AzEM-CoA, with the level of activity with AM-CoA
approaching that of the natural substrate. This transAT was also assayed against M-CoA,
MM-CoA, iPrM-CoA, butylmalonyl-CoA, HOM-CoA, and methoxymalonyl-CoA, but was
not active with any of these substrates. The KirCll assays were performed under similar
conditions to the ones with ZmaF described in this chapter. Notably, using its natural substrate,
KirCIll converted approximately 15% of holo-ACP to the corresponding ethyl-ACP, which is

less conversion than many of the non-natural acyl units assayed with ZmaF (Figure 2.9).
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While ZmaF demonstrated a wide substrate scope with ZmaH-linked substrates, no activity
was seen with CoA- or pantetheine-linked extender units under a variety of conditions tested.
A two-component approach was also tested with AzEM-pantetheine in the presence of apo-
ZmaH. The thought was that the binding of ZmaH causes a shift in secondary structure that
allows for the opening of the active site for acylation, thus the provided apo-ZmaH might allow
for the subsequent acylation of ZmaF with the acyl-pantetheine substrate (see Figure 2.5B).
This approach, however, was unsuccessful, revealing that ZmaF requires the covalent
attachment of the acyl unit to ZmaH. The failure of this reaction might be due to ZmaH
blocking the active site chamber upon association, never allowing for the acyl-pantetheine to
access the active site, and this would require further investigation to determine. Surface
mutations were also made to ZmaF in the postulated ACP-binding region. These isoleucines
were mutated to arginines to mimic ATSs that accept CoA-linked substrates, but this mutant
was also unable to be acylated by AzZEM-CoA. This double mutant also lost the ability to trans-
acylate ZACP1 using AzEM-ZmaH as a substrate, suggesting that the mutations disrupted

critical PP1s between ZmaF and ZACP1.

While small-molecule activated acyl units (e.g. M-CoA) can be prepared in vivo, acyl-ZmaH
substrates to produce analogues would have to be both prepared and used in vitro. To produce
acyl-ZmaH substrates in vivo, the acyl-CoA analogue would first have to be produced using
MatB and the respective acyl unit fed in. The apo-ZmaH would then need to be converted to
acyl-ZmaH through use of Sfp. Acyl-CoA levels would likely not reach high enough levels to

outcompete the transfer of free CoA, meaning holo-ZmaH would be present at higher levels
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than desired acyl-ZmaH. If acyl-CoA levels did approach sufficient levels for incorporation
using ZmaF, Sfp would indiscriminately transfer the acyl-Ppant unit to all ACPs within the

pathway, which would be equally problematic.

We postulate that the promiscuity of ZmaF is likely due to recognition and subsequent binding
of ZmaH. Of the substrates tested with ZmaF, the trans-AT did not utilize a substrate unless
the acyl group was carried by ZmaH. Of the ZmaH-linked substrates tested, ZmaF was shown
to trans-acylate all malonyl derivatives and was inactive only with propionyl-ZmaH, which
lacks the terminal carboxylate. In the natural biosynthetic system, ZmaF must only select
against the reduced versions of AmM-ZmaH, both of which lack the terminal carboxylate. It
follows, then, that evolutionarily, this enzyme had no evolutionary pressure to discriminate
against substrates carried by ZmaH that contain a terminal carboxylate. In this vein, perhaps
all ACP-linked accepting ATs possess similar promiscuity to ZmaF. However, initial assays
performed with ZmaA-AT suggest that this is not the case, as ZmaA-AT was inactive with
non-natural acyl substrates carried by ZmaD, the natural acyl-donator of ZmaA-AT (see
Section 2.2.5). Therefore, ZmaH recognition may be the dominant feature that confers this
level of promiscuity, but there is also something else unique about ZmaF that permits such
broad substrate scope. In Chapter 4, we will discuss our efforts to harness this promiscuity

through mutagenesis of analternate transAT.

With this newfound promiscuity of ZmaF, an in vitro platform could be developed to produce

zwittermicin - A analogues through preparation of acyl-ZmaH substrates. Because of the
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orthogonality of the natural system demonstrated here, the acyl substrate would be expected to
be incorporated only in the place of ZmaF acylation, which is at ZACP1. The biosynthesis of
ZMA analogues is attractive, but our goal is to harness this activity to develop platforms for
the production of analogues of more synthetically challenging molecules, and this will be the

focus of further studies.

2.4 Materials and Methods

2.4.1 Materials

Oligos were synthesized by Integrated DNA Technologies (IDT) and purified by IDT using
standard desalting. Polymerases were purchased from Fisher Scientific; all restriction enzymes
were purchased from New England Biolabs (NEB). LB media was purchased from Fisher
Scientific. Polyacrylamide gels were homemade and prepared using reagents purchased from
Fisher Scientific; gels were prepared using 4% acrylamide stacking gel and 20% acrylamide
running gel. Dibenzocyclooctyne-fluor (DBCO) 488 reagent was purchased from Sigma
Aldrich. Reagents used for buffer preparation were purchased from VWR. Isopropyl-i -D-
thiogalactopyranoside (IPTG) was purchased from CalBioChem. Bacillusstrain was ordered
from the Bacillus Genetic Stock Center (BGSC). DNA preparation kits (mini-prep, genomic,

and gel extraction) were purchased from (NEB).

2.4.2 Homology Modeling and éckingStudies

Homology models of ZmaF, ZACP1, and ZmaH were generated using the I-TASSER

server!13-115 and refined using the Fragment-Guided Molecular Dynamics!1® simulation using
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all default settings. Docking models were generated using the ClusPro servers;117.118.121 the
docking positions with the most reasonable distance between Ppant attachment site of ACP
and active serine of AT were chosen. These docking models were further narrowed down by

examining residues previously found to be essential for protein-protein interactions.38

2.4.3 GereCloning

Genes from the zwittermicin A pathway were amplified from Bacillus thuringiensigiBD1
genomic DNA. Bacillus strain was purchased form the Bacillus Genetic Stock Center.
Genomic DNA was prepared by using a genomic DNA extraction kit (NEB) on the cell pellet
resulting from a 3 mL culture, grown at 37 &C, 250 RPM, overnight. Traditional restriction
cloning was used to clone ZmaF, ZmaA-ACP1, ZmaH, ZmaG, Zmal, ZmaJ, ZmaA-AT,
ZmaA-ACP2, and ZmaD. In each case, a polymerase chain reaction (PCR) was to amplify the
target gene from B. thuringiensiDNA using Thermo Phire HotStart Il and the established
protocol.125 Primers used are listed in Table 2.3. Following PCR amplification, the products
were purified via agarose gel and the DNA was extracted using a DNA extraction kit (NEB).
PCR products (1000 ng) were digested with the two appropriate restriction enzymes (NEB)
alongside pET28a vector (1000 ng). The digested insert and backbone were each purified via
agarose gel and the extracted DNA was ligated using T4 DNA Ligase (NEB). Ligation reaction
was transformed into E. coliTOP10 cells. All sequences were confirmed via sequencing by

Genewiz. All gene sequences are provided in Appendix A.
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Table 2.3. Primers used in cloning ZMA gene sRestriction sites are underlined.

Target Sequenk? )5
TGAGCTAGBTGAATATTGTATTTATGTTTCCTGG
TGAQAGCTTTAAAAACTTTTACATTGAAGAACTCTTTG
GGCTCCATGGCATGCAAGATAAAAATTTAGAACAAATTATTC
GATTECCTCGAGTACCGAACCATTTGCTTATTTC
TCAGCGCTAGBCTAAAACGGGAGATAAGTTCAGAAATC
GTAGCARAGCTTTAAACTTGATTCTTTTGCTTATCCACT
AGTGCTAGBTGTTCAAGAAAATTGGTATTGTAGGTG
AGT@QAGCTTTAATAAGCGTAAAAACCTTTACCACTCT
AGTGCTAGBTGGACATGAAACAATACTTAGAGCC
AGTETCGAGCATCCGGGTTGTATCACTCC
AGTGCTAGBTGAGTACATGTATACAAAAGCTGTTTGAA
AGTQAGCTTTATGAATCTTTACTGCTTTCCTCATTAAC
GATCTGCTAGCTATTTTCTGGGAACGGAT
GCATT@AGCTTTAGTCTAAAAGGCGACTRAGCCTACTAAG
ACGTATCATGGAGTAGCACCTCGCAATEAGA
GCATTCTCGABAATTCACTCTTATCTGCTTGAAATATAAT
AGCTATATATATGGATAATCATGAAAAAATACGTCAA
ACGTATTCGABTCTCATACTGTGAAATTCCCATTCTTCTT

ZmaF_pET?28a

ZmaH_pET28a

ZmaA-ACP1_pET28a

ZmaG_pET28a

Zmal_pET28a

ZmaJ_pET?28a

ZmaA-AT_pET28a

ZmaA-ACP2_pET28a

ZmaD_pET28a

2.4.4 ProteinExpression andPurification

Plasmids containing sequenced gene were transformed were transformed into chemically
competent E. coliBL21(DE3) cells for expression. To obtain holo-ACP,the ACPs were co-
expressed with non-His-tagged Sfp, a promiscuous PPTase. Sfp was housed on the pSU20
plasmid, which contains a chloramphenicol resistance marker. To obtain apo-ACPs,
expressions were done in the absence of pSU20-Sfp plasmid; no endogenous E. colienzyme

is capable of phosphopantetheinylation of PKS ACPs.
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Expression of proteins was adapted from previously published protocols.126 For expression of
ZmaF, ZACP1, ZACP2, ZmaH, ZmaD, and ZmaA-AT, a single colony was picked for starter
culture and grown overnight at 37 gC, 250 RPM. An aliquot of starter culture was then used to
inoculate the LB expression culture. Cells were grown at 37 ¢&C, 250RM to an ODggo Of
approximately 0.6, at which point the shaker was dropped to 18 &C to cool cultures before
induction. IPTG was added to each culture for a final concentration of 1.0 mM and proteins
were expressed at 18 gC, 200 RPM for approximately 18 hours. For expression of ZmaG, Zmal,
and ZmaJ, starter cultures and expression cultures were grown at 25 @C to ODggo Of

approximately 0.6 before cooling to 18 &C and inducing expression. All proteins were

expressed as Hisg-tagged proteins for purification purposes.

Following overnight expression, cells were harvested by centrifugation at 10,000 RPM for 10
min. The cell pellet was resuspended in 2-10 mL (1mL/100mL expression culture) of buffer
containing 10% v/v glycerol, 20 mM imidazole, 500 mM NaCl, and 20 mM phosphate, pH
7.4. Cells were then lysed via sonication intervals (10s ON/20s OFF) for 10 min. Following
lysis, lysate was cleared of cell debris by centrifugation for 1 hour at 15,000 RPM. Protein of
interest was purified via fast protein liquid chromatography (FPLC) using a 1 mL GE HisTrap
nickel column. Wash buffer (A) contained 20 mM imidazole, 500 mM NacCl, and 20 mM
phosphate, pH 7.4. Elution buffer (B) contained 200 mM imidazole, 500 mM NacCl, and 20
mM phosphate, pH 7.4. Gradient was performed according to the following protocol: 5 mL
0% B; inject sample onto column; 10 mL 0% B; 25 mL 0% - 100% B; 10 mL 100% B; 12 mL

100% A. Flow rate was 2 mL/min. Fractions (2 mL) were collected beginning at 25% buffer
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B through completion of isocratic flow of buffer B. Fractions were analyzed via SDS-PAGE
to assess purity. Pure fractions were pooled and exchanged into storage buffer using Millipore
centrifugal filters. Storage buffer for all proteins except for ZmaG was 50 mM Tris, pH 7.4;
500 mM NacCl; 10% v/v glycerol. ZmaG is inhibited by glycerol, so storage buffer contained
10% wi/v sucrose in place of glycerol as a cryoprotectant. Protein concentration was assessed

via Bradford assay; purified proteins were aliquoted for long-term storage at -80 C.

2.4.5 Preparation of Substrates for MatB Reactions

Malonic acid substrates that were only available to purchase as diesters needed to be saponified
before using in MatB reactions. Diethyl propylmalonate, dimethyl propargylmalonate,
dimethyl isobutylmalonate, diethyl pentylmalonate, and diethyl isopentylmalonate were each
saponified using the same protocol, adapted from previously published methods.112 Malonate
diester (6.2 mmol) and NaOH (60 mmol) were added to round bottom flask containing 10 mL
water and the mixture was stirred overnight at65 °C. The solution was cooled on ice and slowly
acidified on ice with concentrated HCIto pH ~3. The solution was extracted with 10 mL diethyl
ether 6x and combined ether layers were combined, dried over MgSO,, and concentrated to

yield a white solid in all cases.

Pantetheine for MatB reaction was prepared fresh through reduction of commercially available

pantethine. Reduction was performed according to previously published methods.127

Pantethine (0.21 mmol) was dissolved in 1 mL 20% wi/v glycerol along with 1,4-dithiothre itol
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(DTT, 0.22 mmol). The solution was incubated at 60 &C for 15 min, and the resulting

pantetheine solution was stored at -20 C until use.

2.4.6 Preparation of MalonylThioeste Substrates

Malonyl-CoAs were chemoenzymatically synthesized using MatB from Rhizobium trifolii
Wild-type MatB was used for malonyl- and methylmalonyl-CoA. Previously discovered
double mutant MatB-T207G-M3061 was used to make ethylmalonyl-, propylmalonyl-,
isopropylmalonyl-, propargylmalonyl-, allylmalonyl-, butylmalonyl-, isobutylmalonyl-,
pentylmalonyl-, isopentylmalonyl-, and azidoethylmalonyl-CoA.112 Each 800 pL reaction
contained 16 mM of malonate or malonate analogue, 16 mM ATP,8 mM CoA or pantetheine,
100 mM phosphate (pH 7.4), 10 mM MgCl,, and 10 pg of wild-type or mutant MatB. Reactions
were incubated at room temperature overnight. Propionyl-CoA was generated using AcsA and
prepared by Kimberly Castelli; conversion was confirmed via LC-MS.128 The conversion from

CoA to each malonyl-CoA was confirmed by HPLC-UV-Vis analysis.

The appropriate malonyl-CoA analogue wasthen incubated with apo-ZmaH and Sfp to convert
ZmaH to malonyl-ZmaH. Each reaction contained 200 pM ZmaH; each malonyl-CoA was
supplied in excess at 500 UM in an attempt to achieve complete conversion. Reactions were
performed in 50 mM Tris buffer, pH 8.8, containing 10 mM MgCl,, 10% v/v glycerol, and 20

Hg Sfp/200 L. Reactions were incubated for 4 h at room temperature.
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2.4.7 Chemeenzymatic Preparation of AminomalofiZmaH

Preparation of aminomalonyl-ZmaH was adapted from previous published methods.126 A 500
pL reaction contained the following: 75 mM Tris pH 7.5, 10 mM MgCl,, 1 mM tris(2-
carboxyethyl)phosphine (TCEP), 12.5 pM holo-ZmaH, 1 uM ZmaJ, 200 uM NAD+*, 100 uM
FAD, 1 UM ZmaG, 1 pM Zmal, 250 puM L-serine, and 5mM ATP. The reaction was incubated
at room temperature for 2 h before use in ZmaF/ZACP1 reaction. MS analysis confirmed the

presence of aminomalonyl-ZmaH, but conversion was incomplete.

2.4.8 TransAT/ACP Asays

Conditions for ZmaF assays were adapted from previously published methods.8” In most cases,
10 L reactions were performed in 1.5 mL Eppendorf tubes; reactions contained 30 UM holo-
ACP, 3 uM AT, and 300 pM CoA- or pantetheine-linked extender or 60 uM ACP-linked
extender unit. Final buffer concentration for all ZmaF reactions was 75 mM Tris, pH 7.5 and

10 mM MgCl,.

For reactions with AzZEM various substrates (see Section 2.2.5), reactions were run benchtop
for two hours, at which point 5 pL aliquot was removed and added to 0.5 pL of 2 mM
dibenzocyclooctyne-fluor 488 (DBCO). The labelling reaction wasallowed to proceed at room
temperature for 30 min before preparing samples for SDS-PAGE analysis. 7 yL of water was
added to dilute reactions followed by 3 pL of 5 x SDS dye. Samples were boiled for 5 min at

95 C. 2 YL of eachreaction was loaded onto a 4%/15% discontinuous SDS-PAGE gel and run

at 220 V for approximately 1 hour. Gel image was captured using Typhoon FLA 7000 using
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the 473 nm laser and Y520 filter. Pixel size was set to 200 um, and the photomultiplier tube
(PMT) was set to 500, the lowest available setting. Analysis of bands was performed using

ImageQuant TL software, version 7.0. Rubberband background subtraction method was used.

For kinetic assessment with AzEM-ZmaH, a 200 uL reaction was setup containing 60 uM
AzEM-ZmaH was used in the time-course assay with 3 UM ZmaH and 30 pM ZACP1.
Eppendorf tubes containing 0.5 pL of 2 mM DBCO were pre-frozen in isopropanol/dry ice
bath. Aliquots (5 pL) were removed at 0, 0.5, 6, 12, 18, 24, 30, 36, 50, 64, and 90 min and
added to the pre-frozen tubes containing DBCO. All tubes were removed from dry ice bath at
once and allowed to thaw and reaction at room temperature for 30 min, at which point they
were prepared for SDS-PAGE analysis and analyzed as described above. For the titration with
AzEM-ZmaH, a series of reactions containing 0, 5, 10, 16, 20, 26, 30, 40, 50, and 60 uM
AzZEM-ZmaH. ZmaF was added to reaction last and reactions were added at once to dry ice
bath after 25 min. DBCO was added to each tube while on ice, and reactions were thawed and
allowed to react with DBCO for 30 min at room temperature. Reactions were then prepared

for SDS-PAGE analysis and analyzed as described above.

Reactions prepared for MS analysis with panel of acyl-ZmaH substrates contained 3 UM ZmaF,
30 uM ZACP1, and 60 UM acyl-ZmaH (except in the case of aminomalonyl-ZmaH, which
was provided at <4 pM). Reactions were incubated at room temperature for 25 min and then
immediately diluted 10-fold into 100 mM NH4OAc. Samples were analyzed the same day by

mass spectrometry at the NC State Mass Spectrometry Facility on a Thermo Fisher Exactive
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Plus using heated electron spray ionization (HESI) according to the parameters outlined in
Table 2.4. The flow rate was 500 pL/minute. Gradient was performed using 10% methanol in
water with 0.1% formic acid (A) and 90:10 methanol:water with 0.1% formic acid as follows:
0-5 minutes, 25-100% B; 5-9 minutes, 100% B; 9-15 minutes, 25% B. The LC column was an

Agilent Poroshell 300SB-C3, 2.1 x 75 mm, 5 micron.

Table 2.4. HESI source parameters for MS analysis of proteins.

Spray voltage 3.5 kv
Capillary te mperature 350 °C
Heater te mperature 200 °C

S Lens RF level 70V
Sheath gas flow rate 45
Resolution 70000

Scan range 400-3000 m/z

Isotopic distributions for all species (R-ZmaH and R-ZACP1) were calculated using a web
based isotope pattern calculator (IPC), provided by Pacific Northwest National Laboratory
(omics.pnl.gov). These isotopic distributions were used to find the mass range for extracted
ion counts for each acyl-ZmaH and acyl-ZACP1 and to obtain the calculated monoisotopic
mass for ppm calculation. The resolution was setto 70,000. When applicable, Ppant arm and

malonyl units were added as modifications.

Percentconversion from holo-ZACP1to acyl-ZACP1 was calculated by dividing the extracted
ion count for malonyl-ZACP1 by the sum of the extracted ion counts of malonyl-ZACP1 and
holo-ZACP1. The same mass ranges were used in the corresponding negative controls lacking

ZmaF, and this percentage was subtracted from the percentage obtained from the reaction
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containing ZmaF. Most substrates were performed in duplicate, but asstandard deviations were

very low (<2% in most cases), thus select substrates were analyzed only once.

2.4.9 Mutageresis of ZmaF

ZmaF mutagenesis was performed using site-directed mutagenesis (SDM). Previously
constructed ZmaF-pET28a (see section 2.4.3) was used as the template for mutagenesis and
primers used are listed in Table 2.5. Reactions were performed at 20 L and contained 0.2 mM
dNTPs, ~50 ng template, 0.5 uM each primer, 0.5 yL. Phusion HS Il (Thermo), and appropriate
reaction buffer. Recommended Phusion cycling conditions were used with a 7 min extension
time and 60 &C annealing temperature. Only 17 cycles were performed to reduce chance of
spurious mutations. Following the PCR, reactions were Dpnl digested for ~2 h. Reactions were
cooled before transforming into chemically competent E. coli TOP10 cells. Colonies were

picked, cultures were grown up, and DNA was sequenced (Genewiz) to confirm mutations.

Table 2.5. Primers for mutage nesis of ZmaF .Target mutation codon(s) underlined.

Mutation(s) Sequenk& )5’
TTAAGGGGGATTECACCCCCATGCTCTACTACCATTTCA

I1190R TGAAATGGTAGTAGAGCATGGEBIBCAATCCCCCTTAA
CCACTTAATTTAAGGEBGA GCAATTCCCCCATGCTCTACTACCATTT

I192R AAATGGTAGTAGAGCATGGGGGAATCGTICCCTTAAATTAAGTGG
GCCCACTTAATTTAAGGEGBT GAACACCCCCATGCTCTACTACCATTTCACAAGC

I190R-1192R AGCTTGTGAAATGGTAGTAGAGCATGCEGIGEALGICCCCTTAAATTAAGTGGGC
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Mutants were expressed and purified using the same conditions and methods as wild-type
ZmaF (see section 2.4.4). When the single mutants did not express under these conditions, the
IPTG concentration was lowered to 100 uM final concentration, but expression was still not

detected. Cultures were also grown to density at 25 gC before induction, but these conditions

also did not result in expression of soluble protein.
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CHAPTER 3

Assessment oZmaF as a Candidate fortrans-Comple mentation

3.1Introduction

The newfound extender unit promiscuity of the trans-acyltransferase (AT) ZmaF, and the built-
in orthogonality described in Chapter 2 could likely be harnessed to produce analogues of
zwittermicin A (ZMA) in vitro by preparation of ZmaH-linked extender units. Analogues of
ZMA, however, are relatively easyto prepare synthetically, and synthetic analogues have yet
to show improvements in activity.129.130 Therefore, the aim here is to utilize the unique activity
of ZmaF to diversify more synthetically challenging polyketides that are of pharmaceutical

relevance.

Previous examples of trans-complementation are limited in substrate scope and have been
plagued by low yields (see Section 1.3.2). As briefly discussed in Chapter 1, this is likely due
to a combination of factors, including faulty protein-protein interactions (PPIs) and spatial
accessibility of the acyl carrier protein (ACP) of interest. Cognate protein partners that have
evolved to interact possess specific surface residues that complement each other to create
favorable interactions (e.g. a positively charged residue on one surface will interact with a
negatively charged residue on the partner’s surface). This is particularly important for discrete
enzymes—trans-ATs, for example—that are not covalently attached to their partner. Aside
from essential PPIs,a trans AT must also be able to access the ACP to facilitate transfer of the
acyl unit. The albeit limited structural data on cis-AT-containing modules suggests that

modules form a dynamic dimeric structure 131,132 creating an active site chamber that is not
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solvent exposed and presumably not accessible to a transAT (Figure 3.1A). In this
conformation, even if a trans-AT had favorable interactions with the ACP (Figure 3.1A,
orange), it would be difficult for a discrete enzyme to get close enough for acyl-transfer to the
ACP Ppant arm. In cissAT modules, the only inter-modular component is the transfer of the
incoming polyketide chain, facilitated by the transfer from upstream ACP to the ketosynthase.
This also holds true in trans-AT served modules, but the ACP must also receive the incoming
acyl-unit from an inter-modular domain instead of an intra-modular domain. A small-angle X-
ray scattering (SAXS) structure of a trans-AT served module reveals how this is enabled
(Figure 3.1B).133 The structure reveals an opened dimer, where the ACP appears to be exposed
and accessible for trans-acylation by a discrete enzyme and the dimerization occurs on the face
of the ketosynthase (KS) domains (orange). These structures, while providing an important
glimpse into PKS module conformation, are not necessarily representative of the vast and

diverse PKS architecture.

Despite the seemingly closed conformation represented by the cis-AT module PikAlll (Figure
3.1A), trans-complementation has worked with some cis-AT modules. At present, the reasons
for this are not entirely clear. The modules that have seen success with the trans- AT DszD (i.e.
DEBS modules) do not necessarily adopt the same conformation as PikAlll. While it is likely
that the DEBS modules do still form a dimer, DszD is somehow able to access the ACP for

trans-acylation.
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PikAlll

Figure 3.1. Recently published structures of full nodular structures revead
differences in domain organization (A) The single-particle electron cyro-
microscopy (cryo-EM) structure of the cissAT containing module, PikAIll from
pikromycin PKS, depicts a dimer in which the ACP (orange) is buried within the
dimerization motif. Image is from original publication.13! (B) The SAXS structure of
trans-AT accepting module from virginiamycin PKSreveals an opened dimer, in which
the ACP (red) appears to be readily accessible to a discrete enzyme. Image is from
original publication.133

To succeed in trans-complementation with ZmaF, it may be helpful to determine what is
responsible or the success of DszD trans-complementation and how DszD compares to other
trans-ATs that have failed, namely KirCIl.88 In the cognate system of DszD, disorazole
synthase (Figure 1.3A), the trans AT serves seven ACP partners,134.135 which might contribute
to its ACP promiscuity, allowing it to trans-acylate non-cognate ACPs indiscriminately,
revealing a modest 5- to 7-fold preference for its cognate ACP partners compared with ACPs
from other assembly lines (e.g. ACPs from the 6-deoxyerythronolide B synthase, DEBS).85136
In stark contrast, KirCIl only serves one ACP partner in its cognate system (Figure 1.3C), and

simultaneously has to discriminate against twelve other ACPs that are served by the trans-AT,
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KirCl.99.137 This likely leads to the strict ACP specificity of KirCll that also extends to ACPs
from other assembly lines. For example, KirCIl was found to have a 40-fold preference for the
cognate ACP of the transAT, KirACP5, over wild-type DEBS ACP6, as determined by
Keat/Knm.82 However, KirCll was able to trans-acylate a DEBSACP6 mutant, via surface residue
mutagenesis of the excised carrier protein.8” Unfortunately, this activity was not duplicated
when the ACP mutation was made to the intact DEBSMod6TE.88 It should also be noted that
DszD is significantly smaller than KirCll (31 versus 47 kDa) which might help with the spatial

accessibility of the module active chamber.

Similar to KirCll, ZmaF only serves one ACP partner within its cognate system (Figure 1.3B)
and is larger than DszD (46 kDa). To the best of our knowledge, extensive probing and
engineering has not been done with transATs such as ZmaF or KirCll for use in trans
complementation. Combined with our newfound knowledge of ZmaF promiscuity, we aim to
build from previous successes of trans-complementation and PP modulation to develop a
platform for trans-complementation with ZmaF. Because of the extensive knowledge of the
DEBS system, we have chosen this as our pilot non-cognate system for ZmaF trans

complementation.

3.2Results and Discission

3.2.1 DEBS moduletrans-complementation witbszD and ZmaF

To benchmark the ability of ZmaF to trans-complement DEBS (see Figure 1.5), AT-knockout

mutants of DEBSMod6TE (DM6, previously made) and DEBSMod3TE (DM3) were
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constructed by mutagenesis of the active site serine to an alanine to generate DEBSMod6TE -
AT° (DM6g) and DEBSMod3TE-AT® (DM3g), respectively. Following protein expression and
purification, the ability of each DEBS protein to be transacylated by ZmaF (using
methylmalonyl-ZmaH (MM-ZmaH) as the extender unit substrate, Figure 3.2, R = ZmaH; R’
=CHpg) and DszD (using M-CoA, Figure 3.2, R =CoA; R’ = H)wastested by high performance
liquid chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS)
analysis of the corresponding product mixtures (Table 3.1). In this single module reaction, the
diketide-N-acetylcysteamine (DKS) acts as a mimic of the upstream polyketide intermediate
and is loaded onto the KS of the module. Upon successful complementation in the presence of
DKS, ZmaF is expected to produce methylpyrone (Figure 3.2, R’ = CH3), whereas DszD is

expected to produce the corresponding pyrone (Figure 3.2, R’ = H).

DEBS module-TE construct

i
0o o ~ “ R
(o o] H M | (o}

o ’
diketide-N-acetylcysteamine acyl-donor pyrone
OH
trans-AT

Figure 3.2. Trans-complementation of single DEBS module constructEach
reaction contains the precursor mimic DKS, an extender unit (the acyl donor), and a
DEBS module construct. The diketide portion of DKS (red) is loaded onto the KS and
allows for the subsequent condensation and cyclization to form the pyrone if the ACP
is successfully acylated with the extender unit (blue). In trans-complementation
reactions, a transAT (either DszD or ZmaF) is also included. Pyrone product is
monitored by HPLC-UV/Vis.
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As expected, DszD was able to complement DM3 (Table 3.1, entry 3; Figure 3.3A), DM3°
(Table 3.1, entry 8; Figure 3.3B), DM6 (Table 3.1, entry 13; Figure 3.2C), and DM®6° (Table
3.1, entry 18; Figure 3.2D). Notably, however, ZmaF was unable to complement any of the
four modular constructs, as judged by the ability to detect methylpyrone (Table 3.1, entries 5,

10, 15, and 20).

The DEBS ATs are all specific for MM-CoA (Figure 1.1A), but DM3 was able to produce a
small amount of pyrone using M-CoA in the absence of DszD (Table 3.1, entry 2; Figure 3.3A).
While DM3 has been shown previously to have low levels of promiscuity with non-native
extender units, this extender unit was not previously identified as a substrate when assayed
under similar in vitro conditions.138 The lack of pyrone formation with M-CoA in reactions
containing DM3°, in which the AT is inactive (Table 3.1, entry 7; Figure 3.3B), suggests that
this incorporation is a result of DEBS AT3 self-acylation and subsequent acyl transfer to DEBS
ACP3, catalyzed by the AT rather than ACP self-acylation. Unexpectedly, DM3° was able to
produce a small amount of methylpyrone using MM-CoA (Table 3.1, entry 6, Figure 3.3B),
despite the mutation in the AT that prevents self-acylation with an acyl unit. The formation of
the methylpyrone under these reaction conditions is likely caused by self-acylation of the
DEBS ACP pantetheine arm with the methylmalony! unit. This ACP-self-acylation with MM-
CoA, however, is not found with DM6g as judged by the lack of methylpyrone production
(Table 3.1, entry 16; Figure 3.3D). Prior experiments conducted under similar conditions
demonstrate that DM6° is not capable of this self-acylation using MM-CoA,”3 and our findings

in this Chapter are consistent with these results.
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Table 3.1. Trans-complementation

reactions with DEBSMod3TE and

DEBSMod6TE constructs. Reactions were monitored via HPLC/UV-Vis and
presence of pyrone was confirmed by MS. Significant product formation is indicated

with “+ + . Detection of minimal product is indicated with “+” while “- ” indicates
that product was not detected.
Module construct | Substrate | Trans-AT Pyrone Methylpyrone
1 |DM3 MM-CoA - ++
2 | DM3 M-CoA + -
3 | DM3 M-CoA DszD + + -
4 | DM3 MM-ZmaH - -
5 |(DM3 MM-ZmaH | ZmaF - -
6 |DM3° MM-CoA - +
7 | DM3° M-CoA - -
8 | DM3 M-CoA DszD + + -
9 |DM3 MM-ZmaH - -
10 | DM3° MM-ZmaH | ZmaF - -
11 | DM6 MM-CoA - ++
12 | DM6 M-CoA - -
13 | DM6 M-CoA DszD + + -
14 | DM6 MM-ZmaH - -
15 | DM6 MM-ZmaH | ZmaF - -
16 | DM6° MM-CoA - -
17 | DM6° M-CoA - -
18 | DM6° M-CoA DszD + + -
19 | DMg° MM-ZmaH - -
20 | DMg° MM-ZmaH | ZmaF - -
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Figure 3.3. Trans-Comple mentation of (A) DM3, (B) DM3°, (C) DM6, and (D)
DM6° with DszD.Each construct was tested in the presence of MM-CoA, the natural
substrate for DEBS ATs, to monitor methypyrone formation (peak indicated with *).
Each module construct was also incubated with M-CoA in the presence and absence of
DszD to monitor for pyrone formation (peak indicated with ¢) and determine the DszD-
dependence on the formation. Relevant peaks are labelled in (A). Each construct was
also assayed with ZmaF in the presence of MM-ZmaH (see Table 3.1), but HPLC-
traces are not shown, as no reaction resulted in detectable product formation. All y-
axes are shown at the same scale.
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As expected, methylpyrone was detected in reactions containing MM-CoA and active DEBS
AT (Table 3.1, entries 1, 11; Figure 3.3A, C) but was either minimally produced (Table 3.1,
entry 6; Figure 3.3B) or not detected (Table 3.1, entry 16; Figure 3.3D) in reactions containing
an AT-null DEBS construct. Pyrone was detected in all cases when the module construct was
incubated with M-CoA and trans AT DszD. Notably, DM3° produced the highest levels of
pyrone in the presence of M-CoA and DszD (Table 3.1, entry 8; Figure 3.3B). Interestingly,
the level of pyrone production was higher than that of the methylpyrone produced by the
corresponding active-AT DEBSMod3TE in the presence of MM-CoA (Figure 3.3A). Under
the conditions tested, DszD was provided in 5-fold molar excess of the module construct,
perhaps accounting for the increased corresponding product formation. This suggests that
under these conditions, trans-acylation of the ACP might be the rate-limiting step of the multi-
step catalysis to form the pyrone product. This result also holds true in the case of
DEBSMod6TE, which also produced more pyrone than methylpyrone in the presence of M-

CoA/DszD and MM-CoA, respectively (Figure 3.3C).

In general, DEBSMod3TE constructs performed better that DEBSMod6TE in the pyrone
assays, both in transcomplementation experiments with DszD and with cognate MM-CoA
incorporation. This can be explained by several contributing factors. Firstly, DKS is a better
mimic of the precursor for DEBSMod3TE than it is for DEBSMod6TE (see Figure 1.1A). The
diketide moiety, therefore, is likely more easily loaded on the KS of module 3 for successive
condensation with the incorporated extender unit. Additionally, DEBSMod3TE is more

consistently purified in active form than DEBSMod6TE, as determined by multiple attempts
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of expression and purification of each of the module constructs (results not shown).
Presumably, this means that DEBSMod3TE is more stable and perhaps has a greater turnover
number under these reaction conditions than DEBSMod6TE. Finally, in the case of trans
complementation with DszD, the trans-AT is known to have higher affinity with DEBS ACP3
as compared to DEBS ACP6.136 For these reasons, DEBSMod3TE was selected for further

trans-complementation efforts, described in this Chapter.

The ZmaF-catalyzed reaction with MM-ZmaH is limited by the concentration of MM-ZmaH.
The inevitable method of preparation of the substrate prevents the ability to supply the extender
unit at concentrations comparable to that of reactions with CoA-linked extender units, and it is
not possible to regenerate the extender unit in situ. Due to the sensitivity of the HPLC assay
(approximately 1% of the methypyrone produced when DM3 is incubated with MM-CoA,
Figure 3.3A), it is possible that ZmaF is able to complement the module at low levels, but the
provided extender unit concentration prevents detection of methylpyrone. Regardless, it
appears that either ZmaF or the target module for trans-complementation must be engineered
to reach detectable levels of activity under these assay conditions. To achieve this goal, and in
the absence of structural information, additional detail regarding the molecular basis of the
ACP specificity of ZmaF might prove useful as a guide in selecting residues for mutagenesis,

as was demonstrated previously with KirCl1.87
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3.2.2 ZmaFZACP1 Epitope Mapping

In order to reveal the epitope defining the interaction between ZmaF and its natural ACP
partner, ZmaA-ACP1 (Figure 2.1), alanine scanning mutagenesis was performed on both
ZmaF and ZmaA-ACP1 (ZACP1). Mutagenesis of a residue involved in the ZmaF.ZACP1
epitope to alanine is expected to lead to a decrease in transacylation activity as compared to
the wild-type protein for reasons stated above. Based on this, residues were selected within

ZmaF and ZACP1 for alanine mutagenesis to quantify changes in activity.

Residues selected in ZmaF include Lys40, Leul96, and Tyr283. Lys40 was selected as it is on
the surface of the enzyme opposite of the active site chamber, and presumably is not part of
the interaction surface with ZACP1. Mutation of this residue to alanine, therefore, is expected
to have minimal, if any, effect on trans-acylation of ZACP1. In contrast, Leul96 and Tyr283
were both selected due to their presumed interaction with ZACP1. Both residues reside on the
surface of the enzyme, at opposite sides of the active site chamber of ZmaF. Mutating each of
these residues to alanine is expected, therefore, to have a significant impact on trans-acylation

of ZACP1.

Residues selected for alanine mutagenesis in ZACP1 include Phel00, Aspl01, LeulO2,
Leul07, His109, 1le110, 1le126, and Argl4l. In the ZACP1 homology model (Figure 2.3C),
Phe100, Asp101, and Leul02 are part of a small four-amino acid a-helix at the N-terminus of
the coil that leads to aHIL. These two residues, therefore, were selected to determine the

involvement of this structural feature in PPIs between ZmaF and ZACP1, as measured by
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trans-acylation. According to the homology model, oHII includes selected residues LeulO7,
His109, and lle110. This structural feature has been implicated in previous transAT:ACP
epitope mapping as critical for recognition between proteins.87.136 These residues were
therefore selected to determine if this o-helix is also important in the ZmaF/ZACP1 trans
AT/ACP pair. Ile126 and Argl41 reside on a coil and a-helixIll, respectively, which are both
on the opposite side of the presumed epitope. These residues, therefore, are predicted to

minimally impact trans-acylation of ZACP1when mutated to alanine.

Activity with azidoethylmalonyl-ZmaH (AzEM-ZmaH) was once again harnessed due to its
throughput and convenience via in-gel fluorescence (see Figure 2.5A). The activity of each
mutant was normalized to the wild-type control (either ZACP1 or ZmaF) in the same gel by

setting the activity of the wild-type protein to 100% (Figure 3.4, Table 3.2).

Of the chosen residues, there was a range of effect on activity, as expected (Figure 3.5A). A
significant decrease in trans-acylation activity—such as seen with ZACP1-L107A—likely
indicates that the mutated residue wascritical in the PPIs betweenthe two proteins. The degree
of impact on the trans-acylation of ZACP1 is presumed to be a measure of the importance of
the residue in the PPIs. That is, a residue that has moderate impact on trans-acylation activity—
as is the case with lle126—Ilikely resides on the surface of the interaction epitope, but perhaps
has weaker interactions with the protein partner and is therefore less detrimental to trans
acylation when mutated. These results were used to assess the previously determined top

docking models generated by ClusPro (see Figure 2.4). From these five candidates, one of the
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models clearly aligned most closely with the alanine scanning results, based on the assumption
that the decrease in trans-acylation activity is correlative to the involvement in the epitope
between ZmaF and ZACP1. This model was used to visualize the alanine scanning results

(Figure 3.5B).
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Figure 3.4. Representative geto examine activity of ZACP1 alanine mutants.
Shown is a representative fluorescence-imaged gel (left) and the corresponding
Coomassie-stained gel (right) for trans-acylation activity monitoring of a ZACP1
mutant by wild-type ZmaF. See Table 3.2 below for reaction components. Ineach case,
the ZACP1 mutant was assayed in the presence of AzZEM-ZmaH, both with and without
ZmaF. Resulting fluorescence-imaged gel was used to quatifiy the relative labeling of
ZACP1. Each gel contained a reaction with wild-type ZmaF and wild-type ZACP1
(lanes 1 and 2) as a reference for normalization.

Table 3.2. Reaction components for gels shown irigure 3.4.

Lane ZmaF ZACP1 AzEM-ZmaH
1 + Wild-type +
2 - Wild-type +
3 + H109A o
4 - H109A +
5 + F100A o
6 - F100A +
7 + D101A o
8 D101A +
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Based on the alanine-scanning results, it appears that aHII of ZACPI1—residues Ser106
through Leull7 according to the homology model—is a critical part of the interaction epitope.
Gratifyingly, this helix has been identified previously to be involved in PPIs between other
AT:ACP partners.87.136 This information will be used to aid in reprogramming of non-cognate
modules for trans-complementation by designing chimeric enzymes that include this structural

feature, among others.
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Figure 3.5. Alanine scanning results to maphe ZmaF:ZACPL1 interaction e pitope
and determine important features of PPIs (A) The normalized percent activity of
each alanine mutant tested is shown as the average of three trials. Decreased activity as
compared to wild-type indicates that the mutated residue is likely critical in the PPIs
between ZmaF and ZACP1. Conversely, mutations that do not affect the activity are
presumed to not be involved in the interaction epitope. ZmaF mutants are normalized
to wild-type ZmaF, while ZACP1 mutants are normalized to wild-type ZACPL1. The
error bars represent the standard deviation. (B) The percent activity is mapped to
selected docking model, generated by ClusPro (see Figure 2.4). ZmaF is shown in
black; ZACP1 is shown in gray. Yellow residues are acylation site (ZmaF-S91) and
Ppant attachment site (ZACP1-S106); measured distance between these two side chains
in this model is 14 A. Red residues indicate <30% activity of wild-type; orange residues
represent 30-80% activity of wild-type; green residues represent >80% activity of wild-
type. Some residue labels have been omitted for clarity. ZACP1 numbering is based
off of residues from previously published construct that contained linkers. 100
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3.2.3 Chimeragesesis of DEBS Module 3

ZmaF was previously determined to be inactive in attempted trans-complementation of DEBS
modules (see Section 3.2.1). This finding is not entirely unexpected, as ZmaF was not found
to transacylate any standalone DEBS ACPs (results not shown). Therefore, a series of
chimeric proteins was designed and constructed in an effort to better define the sequence
determinants that might allow trans-complementation of DEBS by ZmaF. More specifically,
a large panel of chimeras were constructed that exchanged portions of DEBS module 3 with
fragments of ZMA module 4, the cognate module served by ZmaF (Figure 3.6). Chimeras
ranged from minimal DEBS replacement with ZMA fragments (0.9% ZMA) to significant
(29% ZMA). Each chimera was constructed using either Gibson Assembly13? or “’Round-the-
Horn” mutagenesis!40 and was fully sequenced before proceeding with protein expression and

purification. Full DNA sequences can be found in Appendix B.
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Figure 3.6. ZMA module 4 is the cognate module for ZmaF and must recruit the
discrete enzyme fortrans-acylation. ZMA module 4 contains a KS, ketoreductase
(KR), and an ACP. The domain also contains remnants of an AT, dubbed a “null AT”.
Although this domain does not have any known enzymatic function, it is potentially
involved in the recruitment of ZmaF through PPIs. As ZmaF trans-acylates ZACP1,
the discrete enzyme may have contact with any one of the domains within the module,
and thus, amino acids spanning the entire module may be important for the trans
acylation activity between ZmaF and ZACP1. A series of chimeric enzymes were
constructed to assess the importance of these non-enzymatic domains (i.e. the null-AT
and ACP) in PPIs with ZmaF.
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The exact portion of ZMA module 4 to be included in the chimeras with DEBS was carefully
considered on the basis of what little is known about trans-AT interactions. Most notably,
although trans-AT accepting PKS modules like ZMA module 4 do not contain an active cis-
AT, they do contain evolutionary remnants of an AT domain, termed a null-AT (Figure 3.6).
In the case of ZMA, the residue that aligns with the would-be active site serine is a glycine,
rendering the module wholly inactive in the absence of ZmaF. It is possible that these null-AT
domains are involved in the PPIs between the trans-AT and the module that it serves.
Additionally, replacement of cis-ATs has previously been successful in generating a properly
folded and functional protein (see Section 1.3.1). Replacement of the DEBS AT with the ZMA
null-AT would yield amodule without anactive AT, but this is favorable, as the AT is typically
inactivated through a point mutation for trans-complementation regardless. Therefore, this
domain was selected for replacement within DEBS to generate a DM3-ZMA-null-AT chimera.
It is also known that the ACP partner housed within the module (in the case of ZmaF, ZACP1)
is involved in the PPIs between the module and the trans-AT, as the trans-AT must dock at
the ACP for the trans-acylation of the acyl unit to the Ppant arm of the ACP. This was found
to hold true with ZmaF and excised ZACP1, as determined in Section 3.2.2. Although the PPIs
between domains within the module and between the module and trans-acting enzymes are
complex and not fully understood (Figure 3.6), a series of chimeras was constructed that
exchanged portions of the ZMA ACP and null-AT into DEBS module 3. To test the activity of
these DEBSMod3TE/ZMA chimeras, the frequently reported pyrone formation assay system
was used due the ease of product detection (the pyrone formed is UV-active) and simplicity of

the single-module reactions (Figure 3.2).
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MM-ZmaH was chosen as the substrate for ZmaF in the trans-complementation assays, given
that ZmaF has already shown activity with MM-ZmaH in trans-acylation of ZACP1 (

Figure 2.9). Moreover, MM-CoA is the natural extender unit substrate for DEBS module 3.
Thus, once loaded onto the ACP via successful trans-complementation, the resulting
polyketide intermediate produces a product that is identical to those produced by the native
activity of DM3. Accordingly, any inability to trans-complement must be a result of faulty
protein-protein interactions (or protein folding), as it is known that the other domains within
the construct (namely, the KS and TE) are capable of processing the introduced methylmalonyl
unit. Notably, however, the use of the ACP-linked extender unit limits the concentration of the
substrate, as the solubility limit of ZmaH does not approach that of the acyl-CoAs. Therefore,
reaction conditions were adjusted for eachreaction, and acyl-CoA concentrations were reduced

to match that of MM-ZmaH.

Each module construct was over-expressed in E. colias a C-terminally hexahistidine fusion
protein, purified to >70% homogeneity, and assayed as described above and as summarized in
Table 3.3. As a positive control, intact DM3 was used with its natural substrate, MM-CoA
(Figure 3.7A). As a positive control for trans-complementation, the trans-AT DszD was used

with its natural substrate (M-CoA) and DM3g (Figure 3.7B).

The first and most modest chimera constructed replaced aHII of the DEBS ACP with aHII of
ZACP1to yield DM3-aHII-ZACP1 (Figure 3.7C; Table 3.3, entries 9-11). As determined and

described earlier in this Chapter, oHII is known to include residues important for PPIs (see
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section 3.2.2). This construct was designed as an effort to minimize perturbations within the
module, under the assumption that the protein would not suffer from misfolding or faulty PPIs
within the module. To provide a control should complementation be successful, this
substitution was also carried out in the inactive AT-null mutant, DM3°, to yield DM3°-aHII-
ZACP1 (Figure 3.7D; Table 3.3, entries 12-16), whereby the active site serine of the AT within
DEBSMod3 is mutated to alanine. To investigate the effectof a full ACP swap, the entire ACP
domain of DEBSMod3TE was also replaced with ZACP1 in DM3 to yield DM3-ZACP1
(Figure 3.7E; Table 3.3, entries 17-19) and DM3° to yield DM3°-ZACP1 (Figure 3.7F; Table
3.3, entries 20-24). In another chimera, the entire AT domain of DM3 was replaced with the
null-AT from ZMAMod4 using boundaries recently established by Keasling et al.,* to yield
DM3-ZMA-null-AT (Figure 3.7G; Table 3.3, entries 30-34). In an effort to combat spatial
effects, ZmaF was also inserted into the DEBS module in place of the cis-AT, although the
implications of providing atrans AT embedded in a module have not been previously reported
(Figure 3.7H; Table 3.3, entries 25-29). Finally, the TE from DEBSMod3TE was appended to
the C-terminus of ZMAMod4 (ZMAMod4-DEBSTE) to determine if this module is suited for

this type of single module reaction (Figure 3.71; Table 3.3, entries 35-39).

As expected, DM3 produced methylpyrone (Figure 3.2, R> = CH3) in the presence of MM-
CoA (Figure 3.7A; Table 3.3, entry 1). This construct also produced a small amount of pyrone
in reactions containing MM-ZmaH and MM-ZmaH with ZmaF (Figure 3.7A; Table 3.3, entries
2 and 3). In the chemoenzymatic synthesis of MM-ZmaH, apo-ZmaH is incubated with Sfp

and excess MM-CoA. Therefore, when MM-ZmaH is added to the reaction, there is remaining
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MM-CoA present. The lack of methypyrone production in reactions containing MM-ZmaH
and ZmaF and the AT-null DEBSMod3TE construct (Figure 3.7B; Table 3.3, entries 5 and
6B), indicate that methylpyrone formation in the reactions with the active DM3 is due to the

DEBS AT acylation using MM-CoA and is not driven by trans-complementation of ZmaF.

In addition, and as expected, DM3° produced pyrone (Figure 3.2, R’ = H) in the presence of
DszD and M-CoA (Table 3.3, entry 8; Figure 3.7B), confirming the ability of the M-CoA
specific trans AT to complement the non-cognate module. However, none of the chimeric
DEBSMOod3TE systems were able to support trans-complementation with ZmaF, as judged by
the inability to detect the corresponding methylpyrone product. For example, the smallest
change made (replacement of one a-helix, Figure 3.7C) completely abolished the activity of
the DEBS module when tested with MM-CoA in the absence of a transAT (Table 3.3, entry
9), although the native DEBS AT was not targeted for mutagenesis and presumably retained
acylation activity. In addition, ZmaF was unable to complement this chimera when assayed
with AT-null version (Table 3.3, entry 14). The inability to produce the methylpyrone could
be a result of disturbance of PPIs between the DEBS AT and the chimeric ACP, as aHIl likely
also controls interactions between the DEBS domains, such as the AT and KS. It is also
possible that the chimeric module suffered from misfolding. DszD was also unable to
complement this chimeric module (Table 3.3, entry 16). Given that DszD displays extreme
ACP promiscuity and has been shown to complement DEBS modules previously, this result
indicates that either the aHIl of ZACP1 is insufficient to drive recruitment of ZmaF or that the

chimeric module, albeit minimally modified, is not properly folded.
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DszD, however, in the presence of DM3°-ZACP1 and M-CoA, was able to drive pyrone
formation, albeit at low yields (Figure 3.7F; Table 3.3, entry 24). Conversely, the DM3-ZACP1
construct containing the active DEBS AT was not able to produce methylpyrone in the
presence of MM-CoA (Figure 3.7E; Table 3.3, entry 17). This suggests that the acylated-AT
intermediate, if formed, was not able to transfer the acyl unit to the DEBS ACP. This, coupled
with the successful trans-complementation of DM3°-ZACP1 with DszD, indicates that (1) the
module is properly folded and capable of catalytic condensation function, (2)the conformation
of domains might not allow acyl transfer from the cis-AT to the ACP, and (3) the failure of
trans-complementation with ZmaF is likely caused by the inability of ZmaF to access the its
cognate ACP within the module. Based on the activity with DszD and DM3°-ZACP1, it
follows that DM3-ZACP1 with the catalytically functional AT would be capable of producing
methylpyrone in the presence of MM-CoA. The failure of this reaction can likely be explained
by the inherent reaction conditions used. In the trans-complementation reactions, DszD is
supplied at a two-fold molar excess. Because the rate-limiting step of this reaction is proposed
to be acylation of the AT, it follows that the increased concentration of the AT (in this case,

the trans-AT) would drive the reaction forward.

The remaining chimeras followed this same pattern of inactivity that was seen with DM3-oHII,

whereby the chimeric module was (1) inactive in the absence of trans-AT, (2) inactive in the

presence of ZmaF, and (3) inactive if DszD was supplied (Table 3.3).

93



Figure 3.7. DEBS/ZMA chimeric modules tested for trans-comple me ntation
activity with ZmaF. A representation of each module construct is shown by the
corresponding HPLC-traces. In each case, faded domains indicate inactivity. The
native DEBS KR in module 3 in naturally inactivated. The side chains (wild-type or
mutant) are included for the active site of relevant domains. Asterisk (*) indicates
methylpyrone product. Diamond (0) indicates pyrone product. Each reaction contains
DKS and other components, as indicated by legend on chromatogram. Each construct
has the DEBS TE at C-terminus of the module. (A) DEBSMod3TE formed
methylpyrone product in presence of methylmalonyl-CoA. The module also produced
trace amount of methylpyrone in the presence of MM-ZmaH. This production was
likely a result of remaining MM-CoA in the MM-ZmaH, as it is supplied in excessin
the Sfp reaction to generate MM-ZmaH. (B) DEBSMod3TE-AT® formed pyrone (¢) in
presence of DszD and malonyl-CoA and methylpyrone (*) in the presence of MM-
CoA, the latter of which is likely a result of background ACP-self-acylation (see
Section 3.2.1 for a brief discussion). (C-E) No pyrone product was detectable with
chimeric modules in the presence of MM-CoA or in transcomplementation
experiments with either DszD or ZmaF. (F) DszD was able to trans-complement
DM3°-ZACP1 to produce pyrone (©), albeit at low yields. This finding indicates that
the chimeric module is properly folded and maintains catalytic function with the KS
and TE. (G-I) Remaining chimeric modules were deemed inactive with MM-CoA and
in trans-complementation reactions with DszD and ZmaF.
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Table 3.3. Trans-comple mentation with DEBSMod3TE/ZMA chimeric modules.
“+” indicates that product was detected and confirmed by MS, while “- * indicates that
the product was not detected. See main text for description of each chimeric construct

and a discussion of results.

Module construct Substrate | Trans-AT Pyrone Methylpyrone
1 [DM3 MM-CoA - +
2 | DM3 MM-ZmaH - +
3 |DM3 MM-ZmaH | ZmaF - +
4 | DM3° MM-CoA - +
5 | DM3° MM-ZmaH - -
6 | DM3° MM-ZmaH | ZmaF - -
7 | DM3° M-CoA - -
8 | DM3° M-CoA DszD + -
9 | DM3-aHII-ZACP1 MM-CoA - -
10 | DM3-aHII-ZACP1 MM-ZmaH - -
11| DM3-0HII-ZACP1 MM-ZmaH | ZmaF - -
12 | DM3gaHII-ZACP1 | MM-CoA - -
13| DM3gaHII-ZACP1 | MM-ZmaH - -
14 | DM3gaHII-ZACP1 | MM-ZmaH | ZmaF - -
15| DM3gaHII-ZACP1 | M-CoA - -
16 | DM3gaHII-ZACP1 | M-CoA DszD - -
17| DM3-ZACP1 MM-CoA - -
18 | DM3-ZACP1 MM-ZmaH - -
19| DM3-ZACP1 MM-ZmaH - -
20| DM3gZACP1 MM-CoA - -
21| DM3gZACP1 MM-ZmaH - -
22| DM3gZACP1 MM-ZmaH | ZmaF - -
23| DM3gZACP1 M-CoA - -
24| DM3gZACP1 M-CoA DszD + -
25| DM3-ZmaF MM-CoA - -
26 | DM3-ZmaF MM-ZmaH - -
27 | DM3-ZmaF MM-ZmaH | ZmaF - -
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Table 3.3. continued.

28| DM3-ZmaF M-CoA - -
29 | DM3-ZmaF M-CoA DszD - -
30| DM3-ZMA-null-AT MM-CoA - -
31| DM3-ZMA-null-AT MM-ZmaH - -
32 | DM3-ZMA-null-AT MM-ZmaH | ZmaF - -
33| DM3-ZMA-null-AT M-CoA - -
34 | DM3-ZMA-null-AT M-CoA DszD - -
35| ZMAMod4-DEBSTE | MM-CoA - -
36 | ZMAMod4-DEBSTE | MM-ZmaH - -
37 | ZMAMod4-DEBSTE | MM-ZmaH | ZmaF - -
38| ZMAMod4-DEBSTE | M-CoA - -
39 | ZMAMod4-DEBSTE | M-CoA DszD - -

Due to the complexity of the assay system and large size of the protein components involved,
it is difficult to determine the cause of the inability of the chimeric modules to be successfully
trans-complemented with ZmaF. Based on previous work and the results described in this
Chapter, we hypothesize that the most likely scenario is that ZmaF was unable to trans-acylate
the target module, despite components of its native module being present to some degree in
the chimeric systems. It is possible, however, that ZmaF was able to trans-acylate the ACP,
but faulty PPIs between the ACP and the KS prevented condensation and subsequent
cyclization. Inan effort to detect acylation of the module and narrow down the cause of failure,
the in-gel fluorescence assay (see Figure 2.5) was adapted using full modular constructs. Each
respective module was incubated with ZmaF in the presence of Sfp-generated AzEM-ZmaH
and subsequently labelled with cyclooctyne fluorophore. These assay conditions, however,

suffered from significant background labeling of the module, even in the absence of active AT
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(results not shown). This background labelling is most likely a result of the Sfp transfer of
AZEM-CoA (from Sfp reaction to generate AzEM-ZmaH) to the ACP within the module,
which is likely present in apoform at low amounts. Regardless, this background labelling
rendered the results inconclusive, and therefore, the acylation of the chimeric module by ZmaF

and subsequent failure of condensation and/or cyclization cannot be ruled out.

ZMAMod4-DEBSTE chimera was also unable to produce pyrone with diketide-SNAC and
MM-ZmaH in the presence of ZmaF. KS domains from trans-AT served modules are known
to be highly specific and discriminate against non-natural substrates.141-143 The diketide-SNAC
substrate provided does not resemble the precursor passed to ZMAMod4 from the upstream
module (see Figure 2.1). Itis likely that the substrate was not loaded onto the KS, preventing
condensation and pyrone formation. This potential failure mode may possibly be addressed by

the synthesis of a synthetic precursor that more closely matches the natural intermediate.

3.2.4 Truncation of ZmaF

Chimeragenesis of the DEBS module highlighted that faulty PPIs are a significant barrier to
trans-complementation with ZmaF. However, ZmaF is also larger than other trans-ATSs that
have been successful in trans-complementation experiments, including DszD. Upon sequence
alignment with DszD, an approximately 100-amino acid C-terminus portion of ZmaF did not
align (Figure 3.8A). Alignment between the DszD crystal structure and the ZmaF homology
model showed similar results (Figure 3.8B). Although the role of this C-terminal portion is not

clear, it is possible that this portion of the ZmaF structure negatively impacts the ability of
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ZmaF to dock with target non-cognate PKS modules. Therefore, in order to assess whether the
C-terminal portion of ZmaF is responsible for the inability of ZmaF to complement
DEBSMod3TE, a truncated ZmaF construct, ZmaFA, was designed whereby the C-terminal
92 amino acid residues were removed providing a ZmaF variant with a molecular weight

similar to DszD.

ZmaFA was first assayed with AzZEM-CoA and AzZEM-ZmaH for trans-acylation activity with
ZACP1 to establish its activity. Notably, ZmaFA was able to transacylate ZACP1 with
AzZEM-ZmaH (Figure 3.9, lane 5), indicating that the C-terminal extension is not required for
efficient trans-acylation activity with the native ACP substrate. Interestingly, a dark band
appears in fluorescence-imaged gel when ZmaFA is incubated with AzZEM-CoA (Figure 3.9,
lane 7), which might indicate self-acylation of ZmaFA. However, the same band intensity is
observed for ZmaFA in the absence of azido-containing substrate (Figure 3.9, lane 9). Thus,
the signal is likely caused by the high concentration of enzyme or background labelling from
DBCO fluorophore. Accordingly, and not unexpectedly, it wasconcluded that the truncant was
unable to self-acylate or trans-acylate ZACP1 in presence of AzZEM-CoA, indicating that the
C-terminal extension does not impact the ability of ZmaF to discriminate between ACP- and

CoA-linked substrates (Figure 3.9, lane 7).
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Figure 3.8. Alignment between ZmaF and DszD(A) Amino acid sequence
alignment was generated using using Clustal Omega.44 The red arrow indicates where
ZmaF was truncated to yield ZmaFA. The highlighted residue is active site serine. (B)
The I-TASSER generated ZmaF homology model (blue, see Section 2.2.1) wasaligned
with crystal structure of DszD (green, PDB ID 3RGI%36) using PyMOL.145 Active site

serines are colored yellow; red portion of ZmaF was removed to yield ZmaFA.
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Figure39. Acti vity of ZmaFA wit h Znag drthinss ubs t r
a C-terminus portion that does not align with other trans-ATs, namely DszD. To

determine if this C-terminus portion prevents ZmaF from trans-complementing non-

cognate modules, a truncated version with the C-terminus portion deleted, ZmaFA, was

prepared. To confirm that the AT retained activity, it was assayed with AzZEM-ZmaH

to monitor formation of AzZEM-ZACP1 (lane 5). ZmaFA indeed retainied activity with
AzZEM-ZmaH, but like wild-type ZmaF, it was unable to trans-acylate ZACP1 using
AZEM-CoA, revealing that the C-terminus portion does not confer ACP versus CoA

specificity. ZmaFA will be used in further efforts towards trans-complementation.

After confirming the trans-acylation activity of ZmaF to ZACP1, ZmaFA was assessed for its
ability to trans-complement DM3 and chimeric modules. In order to supply the extender unit
athigh concentrations as compared to the MM-ZmaH used in previous reactions, the enzymes

responsible for AmM-ZmaH formation and all necessary cofactors were included in each
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reaction with ZmaFA. In this way, the generation of the native extender unit is catalytic (Figure
3.10) so that total available extender unit is theoretically limited by available serine in the
reaction, which can be provided at much higher concentrations than Sfp-generated M-ZmaH,

due to solubility limitations of ZmaH.
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Figure 3.10. Regeneration cycle ofaminomalonyl-ZmaH. Supplying enzymes
necessary for the generation of aminomalonyl-ZmaH in situ enables turnover of the
substrate, increasing the total available extender unit for trans-complementation with
ZmakF.

Reactions with ZmaFA were similar to those with ZmaF and MM-ZmaH from the previous

section (see Section 3.2.3). Each reaction contained module construct, DKS, appropriate
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extender unit (either MM-CoA, M-CoA, or components necessary for AmM-ZmaH
production), and trans-AT where appropriate. DM3 (Figure 3.11A), DM3° (Figure 3.11B), and
previously screenedchimeric modules (Figure 3.11C-H) were assayed. Additionally, chimeras
were constructed and screened with ZmaFA that combined previously introduced ZMA
portions, generating modules that had two regions of the corresponding amino acid sequence
(Figure 3.111-L). ZMAMod4-DEBSTE was also assayed under these conditions (Figure

3.11M).

Similar to trans-complementation reactions with full-length ZmaF and MM-ZmaH, reactions
resulted in no detectable aminopyrone production when trans-complemented with ZmaFA and
AmM-ZmaH (Table 3.4, Figure B.1). To confirm that the components (enzymes and cofactors)
responsible for AmM-ZmaH did not inhibit the activity of the module, DM3° was incubated
with DszD in the presence of both M-CoA and the AmM-ZmaH-producing system (Table 3.4,
entry 6). DszD was able to trans-complement DM3° in the presence of AmM-ZmaH to produce
pyrone. Itwas therefore determined that the failure of the ZmaFA trans-complementation with
AmM-ZmaH was not because of the inhibition of the module by the AmM-ZmaH biosynthetic
components. DM3-ZmaF-ZACP1 (Figure 3.11L) was not expressed in soluble form and was

therefore not screened.
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Figure 3.11. Modular constructs assayed withZ ma F (A-H) Modular constructs
that were previously screened with full-length ZmaF and MM-ZmaH were assayed for
aminopyrone formation in the presence of ZmaFA and AmM-ZmaH. Each construct
was also incubated with ZmaFA and M-ZmaH to monitor pyrone formation. (I-L) New
chimeric modules were constructed and assayed with ZmaFA, both in the presence of
AmM-ZmaH and M-ZmaH to monitor aminopyrone and pyrone formation,
respectively. (M) ZMAMod4-DEBSTE was also assayed with the ZmaFA construct
and AmM-ZmaH and M-ZmaH.

In these reactions, the M-CoA and MM-CoA extender units were supplied at higher
concentrations than they were in the previous set of reactions with full-length ZmaF (Section
3.2.3). Accordingly, more of the constructs produced pyrone and methylpyrone. For example,
under these conditions, DM3-aHII-ZACP1 was able to produce low levels of methylpyrone in
the presence of MM-CoA (Table 3.4, entry 7). This production of methylpyrone, however,

may not be a result of the acylation of the DEBS AT, because the corresponding AT null
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mutant, DM3°-aHII-ZACP1, also produced methylpyrone (Table 3.4, entry 11). This low level
of production, therefore, may be a result of self-acylation of the ACP Ppant. This chimeric
construct was also successfully trans-complemented with DszD (Table 3.4, entry 12) to
produce pyrone. The lack of pyrone production in the corresponding AT-active construct
(DM3-aHII-ZACP1; Table 3.4, entry 8) is probably caused by the background hydrolysis of
the M-CoA substrate by the DEBS AT, effectively decreasing the concentration of available

extender unit.

When the entire DEBS ACP was replaced with ZACP1 to yield DM3-ZACP1, the construct
retained activity with MM-CoA to produce methylpyrone, albeit at comparatively low levels
(Table 3.4, entry 15). The corresponding AT-null mutant, DM3°-ZACP1, also exhibited
pyrone production in the presence of M-CoA and DszD. Combined, these results indicate that
full-ACP replacement with ZACP1 produces a catalytically active module. Thus, the failure of
the ZmaFA complementation is likely a result of unsuccessful trans-acylation of the module,
rather than the subsequent condensation and cyclization. It should be noted, however, that there
IS no positive control to determine if the module can process the aminomalony! unit. Typically,
this could be accomplished through the Sfp-loading of aminomalonyl-Ppant onto the apo-ACP

from AmM-CoA; as stated previously, however, MatB is unable to generate AmM-CoA.

DszD was also able to trans-complement DM3-ZMA-null-AT-ZACP1 (Figure 3.11K; Table

3.4, entry 40). Notably, DszD was not able to trans-complement DM3-ZMA-null-AT (Figure

3.11G; Table 3.4, entry 28). These results suggest that replacement of the DEBS AT with the
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null-AT from ZMA was (1) detrimental to the PPIs for DszD to trans-complement the module
and/or (2) caused misfolding of the module that prevented function of the KS and/or TE.
Because DszD is known to trans-complement DEBS ACP3, which was present in the DM3-
ZMA-null-AT chimera, the latter is most likely explanation. If this is true, this loss in activity
was rescued by the simultaneous replacement of DEBS ACP3 and DEBS AT3 with ZACP1

and ZMA-null-AT, respectively, as evidenced by the formation of pyrone by this construct.

Unexpectedly, when ZMAMod4-DEBSTE (Figure 3.11M) was complemented with DszD in
the presence of M-CoA, pyrone was produced (Table 3.4, entry 44). The trans-acylation of the
ZMA module by DszD is to be expected, as DszD was able to trans-acylate ZACP1 when in
the place of DEBS ACP3. Additionally, the ZMA module’s tertiary and quaternary structure
is such that the ACP is accessible by a trans-AT, as the module is naturally a transAT
accepting module. However, it was not expected that the KS of ZMA module 4 would be
capable of utilizing the DKS substrate, as KS domains of trans AT modules are known to be
highly specific for their substrate. The implications regarding the acceptor promiscuity of the
ZMA module 4 KS are yet to be fully evaluated. Notably, however, this does raise the
possibility of replacing an entire DEBS module with ZMA module 4 to produce analogues of

6-dEB.

To ensure that the failure of the newly constructed chimeras to produce aminopyrone was not

a result of the inability of the enzyme to process the aminomalony! unit, these constructs were

also assayed with ZmaFA and M-ZmaH (Table 3.4, entries 47-52). M-ZmaH was chosen
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instead of MM-ZmaH because of the possibility of residual activity with the excess MM-CoA
remaining from the Sfp reaction to generate MM-ZmaH. These reactions followed the same
pattern as the reactions containing AmM-ZmaH. That is, none of the chimeric modules

produced pyrone in the presence of ZmaFA, and the failure was therefore not a result of the

inability to process the aminomalony! unit.
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Table 3.4. Screening of modular constructs withZ ma F Bor description of modular constructs, see main body text.

“+” indicates that product was detected. ““-” indicates that product was not detected. Reactions were analyzed by HPLC-
UV/Vis and product confirmed by LC-MS.

Module construct Substrate | Trans-AT Pyrone Methylpyrone | Aminopyrone
1 DM3 MM-CoA - + -
2 | DM3 M-CoA DszD + - -
3 | DM3 AmM-ZmaH - - -
4 | DM3 AmM-ZmaH | ZmaFA - - -
M-CoA and
> | bM¥ AmM-ZmaH ] ] ]
6 |DM3 hrconand | pszp ¥ . .
7 | DM3-aHII-ZACP1 MM-CoA - + -
8 | DM3-aHII-ZACP1 M-CoA DszD - - -
9 | DM3-aHII-ZACP1 AmM-ZmaH - - -
10 | DM3-aHII-ZACP1 AmM-ZmaH | ZmaFA - - -
11 | DM3°-aHII-ZACP1 MM-CoA - + -
12 | DM3°-aHII-ZACP1 M-CoA DszD + - -
13 | DM3°-aHII-ZACP1 AmM-ZmaH - - -
14 | DM3°-aHII-ZACP1 AmM-ZmaH | ZmaFA - - -
15 | DM3-ZACP1 MM-CoA - + -
16 | DM3-ZACP1 M-CoA DszD - - -
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Table 3.4. continued.

17 | DM3-ZACP1 AmM-ZmaH

18 | DM3-ZACP1 AmM-ZmaH | ZmaFA
19 | DM3°-ZACP1 MM-CoA

20 | DM3°-ZACP1 M-CoA DszD
21 | DM3°-ZACP1 AmM-ZmaH

22 | DM3°-ZACP1 AmM-ZmaH | ZmaFA
23 | DM3-ZmaF MM-CoA

24 | DM3-ZmaF M-CoA DszD
25 | DM3-ZmaF AmM-ZmaH

26 | DM3-ZmaF AmM-ZmaH | ZmaFA
27 | DM3-ZMA-null-AT MM-CoA

28 | DM3-ZMA-null-AT M-CoA DszD
29 | DM3-ZMA-null-AT AmM-ZmaH

30 | DM3-ZMA-null-AT AmM-ZmaH | ZmaFA
31 | DM3-ZMA-null-AT-aHII-ZACP1 | MM-CoA

32 | DM3-ZMA-null-AT-aHII-ZACP1 | M-CoA DszD
33 | DM3-ZMA-null-AT-oHII-ZACP1 | AmMM-ZmaH

34 | DM3-ZMA-null-AT-oHII-ZACP1 | AmMM-ZmaH | ZmaFA
35 | DM3-ZmaF-aHII-ZACP1 MM-CoA

36 | DM3-ZmaF-aHII-ZACP1 M-CoA DszD
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Table 3.4. continued.

37 | DM3-ZmaF-aHII-ZACP1 AmM-ZmaH

38 | DM3-ZmaF-aHII-ZACP1 AmM-ZmaH | ZmaFA
39 | DM3-ZMA-null-AT-ZACP1 MM-CoA

40 | DM3-ZMA-null-AT-ZACP1 M-CoA DszD
41 | DM3-ZMA-null-AT-ZACP1 AmM-ZmaH

42 | DM3-ZMA-null-AT-ZACP1 AmM-ZmaH | ZmaFA
43 | ZMAMod4-DEBSTE MM-CoA

44 | ZMAMod4-DEBSTE M-CoA DszD
45 | ZMAMod4-DEBSTE AmM-ZmaH

46 | ZMAMod4-DEBSTE AmM-ZmaH | ZmaFA
47 | DM3-ZMA-null-AT-aHII-ZACP1 | M-ZmaH

48 | DM3-ZMA-null-AT-aHII-ZACP1 | M-ZmaH ZmaFA
49 | DM3-ZmaF-oHII-ZACP1 M-ZmaH

50 | DM3-ZmaF-aHII-ZACP1 M-ZmaH ZmaFA
51 | DM3-ZMA-null-AT-ZACP1 M-ZmaH

52 | DM3-ZMA-null-AT-ZACP1 M-ZmaH ZmaFA
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3.3Conclusions

Efforts to develop a platform for ZmaF trans-complementation were unsuccessful. Several
DEBSMod3TE chimeras were constructed using fragments of the ZMA assembly line of
determined importance in PPIs. Anadditional ZMA fragment, ZMANUllAT—which has been
hypothesized to be important in trans-AT recruitment—was also assembled into DEBSMod3
in place of the active DEBS AT3. In an effort to encourage trans-acylation of DEBS ACP3
and eliminate spatial restraints caused by module conformation, DEBS AT3 was replaced with
ZmaF to act as a pseudo-cis-AT. None of these designed constructs were able to generate
product with ZmaF in the single module model system used. Additionally, ZmaF was truncated
to yield ZmaFA, which is similar in size to DszD. The truncant was determined to maintain
trans-acylation activity of ZACP1 with ZmaH-linked extender units, but the smaller enzyme
was also unsuccessful at trans-complementation of DEBSMod3 and the constructed chimeric
modules. Although chimeric modules have seen successes in the past in combinatorial
biosynthesis (see Section 1.3), none of the chimeras described in this Chapter were able to

support the production of the expected pyrone.

While we were unsuccessful in the generation of a DEBS module/ZmaF pair capable of trans
complementation, we have learned more about trans-complementation and its feasibility with
enzymes like ZmaF, and the problems seem to be more complex than presumed. Solving
problems of faulty PPIs through chimeragenesis and of ACP accessibility through truncation
did not translate to successful trans-complementation. The reasons that DszD is able to trans

complement non-cognate modules, then, are more convoluted than DszD’s size and PPIs with
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non-cognate ACPs. Additionally, through trans-complementation of the ZMAMod4-DEBSTE
chimera with DszD, it was determined that the KS of ZMAMod4 appears to accept a non-
cognate precursor mimic, which has not been seen previously with KSs of trans-AT accepting
modules. This, coupled with the acyl-unit promiscuity of ZmaF, might enable a simplified in
vitro approach to the enzyme-catalyzed biosynthesis of ZMA analogues through an approach

analogous to precursor directed biosynthesis (Figure 1.4).

There are many potential explanations for the failure of these constructs. Perhaps
DEBSMod3TE was not the best candidate for transcomplementation with ZmaF.
DEBSMod3TE was chosen for chimeragenesis, because it was determined to be the best
performing module in trans-complementation with DszD and the DKS precursor mimic.
However, since this was the only module used in these experiments, we do not know the
implications of making the same replacements in other modules. The same fragment
replacements in a different PKS module might result in a functional module that is amenable
to trans-complementation with ZmaF. It is also possible that the boundaries selected for
replacement, though thoughtfully selected, were deleterious. As demonstrated previously with

AT-swaps, a shift of only a few amino acids residues can result in drastic changes of activity. 46

Although were not able to create a system in which ZmaF possessed the desirable activities of
DszD (that is, the ability to trans-acylate non-cognate modules), we were able to demonstrate
that DszD is highly efficient in trans-complementation of DM3°. In fact, in the presence of 2-

fold molar excess of DszD and M-CoA, more pyrone is produced than methylpyrone is
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produced by DM3 and MM-CoA, under similar conditions. Therefore, in the next chapter, we
will investigate the feasibility of transferring the acyl-promiscuity of ZmaF to DszD through
mutagenesis of the active site, with the goal of maintaining the ability of DszD to trans

complement non-cognate modules.

3.4Materials and Methods

3.4.1 Materials

Oligos were synthesized by Integrated DNA Technologies (IDT) and purified by IDT using
standard desalting. Polymerases were purchased from Fisher Scientific; all restriction enzymes
were purchased from New England Biolabs. LB media was purchased from Fisher Scientific.
Polyacrylamide gels were homemade and prepared using reagents purchased from Fisher
Scientific; gels were prepared using 4% acrylamide stacking gel and 20% acrylamide running
gel. Dibenzocyclooctyne-fluor (DBCO) 488 reagent was purchased from Sigma Aldrich.
Reagents used for buffer preparation were purchased from VWR. Isopropyl-i -D-
thiogalactopyranoside (IPTG) was purchased from CalBioChem. Bacillusstrain was ordered
from the Bacillus Genetic Stock Center (BGSC). L-Serine was purchased from Fisher

Scientific, and NAD*and FAD were purchased from Sigma.

3.4.2 Gene Cloning and Mutagenesis
ZmaFA was cloned using previously cloned ZmaF-pET28a as template, forward primer 5°-

TGACGCTAGCATGAATATTGTATTTATGTTTCCTGG-3> and reverse primer 5°-
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TGACAAGCTTTTATTGTAATGTAAAAGAATTTTTTGTATTTAGGATATCT-3’.  See

previous chapter for general cloning procedure (Section 2.4.3).

Table 3.5. Primers for site-dire cted mutage nesis of ZmaF and ZACP1 tere pare
alanine mutants.

Mutation SequenAk& )5’
ZmaF- GAAGCAAGTGACACTCTAGCGATAGACATGGCTTCCCT
K40A AGGGAAGCCATGTCTATCGCTAGAGTGTCACTTGCTTC
Zmak- ATGAAATGGCCCACGTTTAAGGGGGATTGCAATTCCCCCATGCT
L196A AGCATGGGGGAATTGCAATCCCCCTGEMGTGGGCCATTTCAT
ZmaE- GGAAGTCTTGAAGGCGCTTCTGCAAGCTATTAACCC
Y283A GGGTTAATAGCTTGCAGAAGCGCCTTCAAGACTTCC
ZACP1- GTGTTGATACTGTAAATGTAAATGAAAATGCGTTTGATCTTGGTGCAA
F100A TTGCACCAAGATCAAACGCATTTTCATTTACATTTACAGTATCAACAC
ZACP1- GTTGATACTGTAAATGTAAATGWATTCTTTGCGCTTGGTGCAACTTCACT TERY
D101A TATATGAAGTGAAGTTGCACCAAGEBGAAATTTTCATTTACATTTACAG TAARC
ZACP1- GTTGATACTGTAAATGTAABRAAATTTCTTTGATGCGGGTGCAACTTCACTTCATA
L102A TATATGAAGTGAGTTGCACCCGCATCAAAGAAATTTTCATTTACATTTACAGRLTC
ZACP1- AAATTTCTTTGATCTTGGTGCAACTTCAGCGCATATAATTCAAATTCATGABAGAT]
L107A TTAATCTCTCATGAATTTGAATTATATGCGCTGAAGTTGCACCAAGATCAARGAAA
ZACP1- CTTGGTGCAACTTCACTTGCGATAATTCAAATTCATGAGA
H109A TCTCATGAATTTGAATTATCGCAAGTGAAGTTGCACCAAG
ZACP1- TGGTGCAACTTCACTTCATATAGCGCAAATTCATGAGAGATTAATT
1110A AATTAATCTCTCATGAATTTGCGCTATATGAAGTGAAGTTGCACCA
ZACP1- TAGATTAGAAAAACAGATTTCAGCGGGAGTTATGTTTGAGTATCCAA
1126A TTGGATACTCAAACATAACTCCCGCTGAAATCTGTTTTTCTAATCTA
ZACP1- GTATTCGTTCTTTAGCGGCGTACTTAAGTGGAGATAAGCA
R141A TGCTTATCTCCACTTAAGTACGCCGCTAAAGAACGAATAC

116



Alanine mutants were prepared using site-directed mutagenesis (SDM) according to same
procedure given in Section 2.4.9. For ZmaF mutants, ZmaF-pET28a was used as template and
for ZACP1 mutants, ZACP1-pET28a was used as template. Primers used for each mutant are

given in Table 3.5.

DM3 was previously constructed by Sarah Elliott (Williams Lab) and was used as template for
AT-knockout mutant, DM3°, and DEBSMod3/ZMA chimeras. DM3° was prepared by using
‘Round-the-horn mutagenesis using primers: /5Phos/GCGCAGGGCGAGATCGCCG and
/5Phos/GTGCCCCACGACCGCC, with each primer having a 5° phosphate to enable
subsequent blunt-end ligation.14° Following PCR amplification with 5’-phosphorylated
primers, the product was gel purified using a 1% agarose gel. Purified product was used for
ligation; blunt end ligation was performed at 25 °C for 1 hour before transforming in to

chemically competent E. coliTOP10 cels.

All genes and mutants were fully sequenced by Genewiz before expression and purification
(see Appendix Chapter 1B). ZACP1 mutants were fully sequenced with one sequencing
reaction using Genewiz’s stock T7 primer. ZmaF mutants were sequenced with two sequencing
reactions—one reaction with Genewiz’s T7 primer and one with Genewiz T7-Term primer.
Sequencing primers used for DEBSMod3TE-AT® are given below in Table 3.6 and were

designed by Sarah Elliott (Williams Lab).
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Table 3.6. Sequencing primers used for DEBSMod3TEAT®.

Primer Sequenk®& )5’
DM3_Seql | CGTCGATCAGCGTCGACACC
DM3_Seq2 | TCGGTGAAGTCCAACATCGG
DM3_Seq3 | GTGTTCGCCGGGAAGATCCGG
DM3_Seq4 | TCTATGGACGGCACCGAGCTG
DM3 Seg5 | ATGCCGGGGTCGACGCACCGGT
DM3 Seq6 | ATCGCGGCCAAGACCGCGTTG
DM3_Seq7 | GAGCCGGCACAACGGCTCGCG

3.4.3 Chimera Design and Construction

Boundaries for chimeric modules were chosen based on a combination of available structural
data (physical and computational), sequence alignments, and experimental evidence. Chimeras
containing aHIl of ZACP1 replaced 15 amino acids of DEBSACP3 with 16 amino acids from
ZACP1. The helix boundaries were selected based on secondary structure prediction, which

was performed using the PSIPRED online server (Figure 3.12).146

Boundaries for ZACP1 replacement of DEBSACP3 were selected based on known boundaries
of the ACP domains. The DEBS pre- and post-ACP linker were left in place. The boundaries
for ZMA-null-AT and ZmaF replacement were chosen based on recent findings for AT swap
boundaries#6 when possible. However, ZmaF lacked the N-terminus boundary implicated in
findings by Keasling. ZmaF N-terminus boundary was selected, therefore, based on sequence
alignment between ZmaF and DEBSMod3. In chimeras that contained two portions of ZMA

fragments, the second fragment was assembled using a DEBSMod3 construct that already
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contained one ZMA-fragment to avoid having to assemble several DNA fragments at once,

which is known to decrease efficiency of assembly.

DEBSACP3 ZACP1
cont : JIloARERznNRNRERNRNRNENENNRNRNNEcNNENNNNl  cone: JRonnEEnn-ENREnnERRRNRERnnnEnniRnnRRRREN
FPred: —£ —£ — FPred:
FPred: CCCHHHHHCCCCHHHHHHHHHHHHHHHHHHHHCCCCCCCC Pred: CCHHHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCHHHHHH
Ah: TGEPRQRLE?LSFDEQQEN%LELVANAVAEVLGHESABEE ARl LNKRFDQWIﬂLNSRKRISEEETQTKTGDKERNQDEVEEIE
930 940 a50 960 10 20 30 40
cont : JINNNNzaniishuiBNENnonnanch iR nonninlll conc: JERNERERRENR llIlIIlllllI+Il IIRRENERND II*
Pred: Pred:
Pred: CCCCCCCCCCCHHHHHHHHHCCHHHHCCCCCCCCCCCCCC Pred: HHHHHHHHCCCCCCCCCCCCCCCCHHHHHHHHHHHHHHHH
Ah: NVRHAFSELqLDSLNRMEL%KRLSASTGL%LPESLVFDH? ARl IGIWKEFYSYDTVNVNENF?DLGBTSLHIEQIHERLINR%
970 9580 930 1000 50 60 70 80
cont: JINNANENRENNDzEERRNRNDRERRREREN! cont: JInENnEnnnnzEnsERNRENANRsEn0s0o000nnnnnnn!
Pred: _0: Pred: — i 1"
Pred: CHHHHHHHHHHHHCCCCCCCCCCCCCCCCC Pred: CCCCCHHHHCCCCCHHHHHHHHHCCCCCCHHHHHHHHHHH
RA: TVIALAQKLRARLVGDADQAAVRVVGRADK RR: EKQISIGVMFEYPSIRSLARYLSGDKQKNQVKHTKRENRK
1010 1020 1030 a0 100 110 120

cont: JHnmalll
Pred: :_

Pred: HHHHCC
AA: TKEDND

lagend:
D = helix Conf L:III[ = confidence of prediction
- +

= strand Pred: predicted secondary structure

= coil AAr target sequence

Figure 3.12. Secondary structure prediction of ZACP1 (left) and DEBSACP3
(right). To create a DEBS/ZMA chimer, aHIl of DEBSACP3 was replaced with aHII
of ZACP1. The boundaries selected for chimeragenesis are indicated with arrows.

Once all boundaries were determined for all chimeras, primers were designed for Gibson

Assembly using SnapGene software (Table 3.7). Fragments were amplified with Phusion HS

Il using indicated template. For all reactions, a gradient was performed to determine best

annealing temperature for cycling conditions. For amplification of all DEBSMod3 fragments,

72 °C was determined to be the optimum annealing temperature, and each reaction contained
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3% DMSO. For amplification of ZMA fragments, 64 °C was the optimum annealing
temperature. An extension time of 1 min/kb was used, and 20 cycles were performed. After
purification of each fragment via agarose gel, purified DNA was used in Gibson Assembly
reactions. Each reaction contained 1.5 pL of each fragment and 3 pL of 2xNEB HiFi DNA
Assembly Master Mix. Assembly mixture and was incubated at 50 °C for 1 hour before

transformation of entire 6 pL of reaction into chemically competent TOP10 cells.

For replacement of aHII, three rounds of ‘Round the Horn were used, with eachround inserting
~15 base pairs (Table 3.8). Phusion HS Il was used for amplification with an annealing
temperature of 70 °C and an extension time of 10 minutes. Each reaction contained 3% DMSO.
PCR products were purified via 1% agarose gel and ligated using NEB T4 DNA Ligase.
Ligation was incubated at ~25 °C for 1 hour and transformed into chemically competent TOP10

cells.
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Table 3.7. Primers used for fragment pre paration of Gibson Assemnly
chimeragenesis of DEBSMod3TE.

Template

| Sequenk&’ 5’

DEBSMod3TE(-AT°)-ZACP1

B. thuringiensisDNA

CACAACGGACTCAAACT MIGGGAGATAAGTTCAGABAAGATGAAGT]
AGAGG

CACAACGGACTCAAACTAUIGGGAGATAAGTTCAGABAAGATGAAGT
AGAGG

DEBSMod3TE(-AT°)-
pET28a

GAGATACTTAAAGCTTGABIBGGGACTCCCGC

AGTTTGAGTCCGTTGTG@GII CGC

DEBSMod3TE-ZMANUIIAT

B. thuringiensisDNA

GGATCAGCGGAACTAACGATATTGTATTAGAAGAAG

GCGGGCTGTATCCAATATACGITTCTCAAAAGGATAAG

DEBSMod3TE- TTGGATACAGCCCGCCGCAC
PET28a GTTAGTTCCGCTGATCCGGA
DEBSMod3TE-ZmaF

B. thuringiensisDNA

GTGGACGGGATGAATATAGTTATGTTTCCTGGCGTBATCCCATTATT
CTGG

GCGGGCTGCAATTGACTERECTTTTGAAATGGGAETARACCTTTTTCT

DEBSMod3TE-
pET28a

TCAATTGCAGCCCGCCGCRAC

CAATATTCATCCCGTCCARUSGTGACG

DEBSMod3TE-ZMANUIIAT -ZACP1

B. thuringiensisDNA

GGATCAGCGGAACTAACGATATTGTATTAGAAGAAG

GCGGGCTGTATCCAATATCGITTCTCAAAAGGATAAG

DEBSMod3TE-
ZACP1-pET28a

TTGGATACAGCCCGCCGCAC

GTTAGTTCCGCTGATCCGEA

DEBSMod3TE-ZmaF-ZACP1

B. thuringiensisDNA

GTGGACGGGATGAATATAGTTATGTTTCCTGGCGTBATCCCATTATT
CTGG

GCGGGCTGCAATTGACTGRECTTTTGAAATGGGAETARCCTTTTTCT

DEBSMod3TE-
ZACP1-pET28a

TCAATTGCAGCCCGCCGCRAC

CAATATTCATCCCGTCCATUGGTGACG
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Table 3.7. continued.

DEBSMod3TE-ZMANUIIAT -aHIl -ZACP1

B. thuringiensisDNA

GGATCAGCGGAACTAACGATATTGTATTAGAAGAAG

GCGGGCTGTATCCAATATACGITTCTCAAAAGGATAAG

DEBSMod3TE-aHII-
ZACP1-pET28a

TTGGATACAGCCCGCCGCAC

GTTAGTTCCGCTGATCCGGA

DEBSMod3TE-ZmaF-oHIl -ZACP1

B. thuringiensisDNA

nggACGGGATGAATATKBI TATGTTTCCTGGCGTBATCCCATTATT
T

GCGGGCTGCAATTGACTERECTTTTGAAATGGGAETARACCTTTTTCT

DEBSMod3TE-oHII-
ZACP1-pET28a

TCAATTGCAGCCCGCCGCRAC

CAATATTCATCCCGTCCARUSGTGACG

ZMAMod4 -DEBSTE

B. thuringiensisDNA

GAAATAATTTTGTTTAACTRAGAAGGAGATATACCAKEGCATCAAGAT
GATAGTAA

ATCGTTATCTTCTTITCGTTTCG

DEBSTE-pET28a

TéCééAACGI TTTAATCGAAACGAAAGAAGATAACEGATGACAGCGG(
ACT!

GGTATATCTCCTTCTTAAATAAACAAAATTATTTCTAG

Table 3.8. ‘

Round t he hor HIl rpptacement. All primersenvere f o r

purchased as 5’-phosphorylated for subsequent ligation.

Sequenk&’ 5’

/S5Phos/TTAATTAATAGATTAACCGGCCTGCGGCTG

Round 1 /5Phos/GAGTCCGAGCTCGCTGAACG
/SPhos/CAAATTCATGAGAGATTAATTAATAGATTAACCGGC

Round 2 /5Phos/GAGTCCGAGCTCGCTGAACG
/5SPhos/ACTTCACTTCATATAATTCAAATTCATGAGAGATTAATTAATA(G

Round 3 /5Phos/GAGTCCGAGCTCGCTGAACG
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All constructs were fully sequenced by Genewiz before expression and purification or use in

subsequent assembly. DEBSMod3 sequencing primers were to sequence DEBS portions of

chimeras (Table 3.6). Additional primers to sequence ZMA portions of each construct were

necessary for those containing ZMANUIIAT and ZmaF and for ZMAMod4-DEBSTE (Table

3.9).

3.44

ZmaF,

Table 3.9. Sequencing primers for ZMA portions of chimeric modules.

Primer

Sequenk&’ X5’

ZMAMod4 Seql

CATGTAGATCATTGTTAACTGGAGA

ZMAMod4_Seg2

GATGATAATGATCTTCTTCGAGCT

ZMAMod4_Seq3

TAAGCCAGAAGATGTCCTGAATC

ZMAMod4_Seq4

CAGCTGAACAGCAAAATATAACTAATAGTG

ZMAMod4_Seq4b

GCATTAATATCAAACTTATATTCTGATC

ZMAMod4_Seqb

TCGTGAAGAATGGGATGAAATTC

ZMAMod4_Seq6

ACATTCCAATGTGTGCTTGGTT

ZMANUNIAT _Seql

CAGCGGAACTAACGTTCATATTG

ZMANUlIAT _Seq2

CGTCTGCTTGCAATCGATT

ZmaF_Seql GGGTAAGTACCTTTAAGAA TCC
ZmaF_Seq2 CATCAATTTCTGGTACAARCTGCG
ZmaF_Seq3 CAGGGTGTTTAACTGTAGETAA

Protein Expression and Purification

holo-ZACP1, apo-ZmaH, holo-ZmaH, ZmaJ, ZmaG, and Zmal were expressed and

purified according to protocols previously outlined in Section 2.4.4. ZmaFA was expressed

and purified according to the protocol used for ZmaF.
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DEBSMod3TE, DEBSMod3TE-AT?, ZMAMod4-DEBSTE, and all DEBSMod3/ZMA
chimeras were co-transformed with Sfp-pSU20. All modules were expressed and purified
following the same protocol outlined for holo-ACPsin Section 2.4.4. As modules are more
sensitive and prone to denaturation, extra care was taken to keep samples cold after lysis. Time

between lysis and storage of pure proteins at -80 °C was kept below three hours.

3.4.5 Epitope Mapping with Alanine Mutants

Reaction conditions for epitope mapping with alanine mutants followed those outlined in
Section 2.4.8. Each 10 pL reaction contained 30 pM ZACP1 (wild-type or mutant), 60 puM
AzZEM-ZmaH, and 3 uM ZmaF (omitted in no-AT controls). Final concentration of buffer used
was 75 mM Tris pH 7.5, 10 mM MgCl,. Reactions were initiated by the addition of ZmaF and
incubated on benchtop for thirty minutes. Reaction was terminated by removing 5 pL aliquot
and adding to 0.5 pL of 2 mM dibenzocyclooctyne-fluor 488 (DBCO). The labelling reaction
was allowed to proceed at room temperature for twenty minutes before preparing samples for
SDS-PAGE analysis. Samples for SDS-PAGE were prepared by diluting DBCO labelling
reaction with 7 pL of water and 3 pL of 5 x SDS sample buffer. Samples were boiled for five
minutes at 95 °C. Samples were cooled and 2 puL. of each reaction was loaded onto a 1 mm
4%/15% discontinuous SDS-PAGE gel; gels were run at 220 V for approximately 1 hour.
Fluorescent gel image was captured using the Typhoon FLA 7000 with the 473 nm laser and
Y520 filter. Pixel size was set to 200 um, and the photomultiplier tube (PMT) was set to 500.
Analysis of bands was performed using ImageQuant TL software, version 7.0, using rubber-

band background subtraction method.
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To calculate activity, the pixel area for the ACP band from the no-AT reaction (if band was
present) was subtracted from the pixel area of the ACP from the same reaction containing the
AT. For each set of reactions, wild-type ZmaF activity with the wild-type ZACP1 was set to
100%. Reactions containing mutant proteins were adjusted relative to the WT reactions. To do
this, the pixel area of ACP from mutant reaction was divided by the pixel area from the ACP
of the wild-type reaction. All alanine mutants were tested in triplicate and standard deviation

reported.

3.4.6 Module Reactions

For the set of trans-complementation experiments using methylmalonyl-ZmaH as substrate
(Section Chimeragenesis of DEBS Module 33.2.3), the following conditions were used: 8 uM
module, 5 mM diketide-SNAC, 50 uM extender unit (malonyl-CoA, methylmalonyl-CoA, or
methylmalonyl-ZmaH), 100 mM phosphate pH 7, 5 mM TCEP and 10 pM transAT as
indicated. Reactions were incubated benchtop for ~20 hours, at which point a 40 pL aliquot
was removed and quenched with 40 pL cold methanol. Quenched reactions were centrifuged
at 13000 RPM for twenty minutes. Supernatant was removed and analyzed via HPLC on a
Varian ProStar. Gradient was performed at 1 mL/min using the following gradient: 0.1% TFA
in H,O (A) and 0.1% TFA in acetonitrile (B) as follows: 0-2 minutes 0% B; 2-25 minutes 0-

50% B; 25-30 minutes 100% B; 30-35 minutes 0% B.

For the set of trans-complementation experiments with ZmaFA (Section 3.2.4), the following

reaction conditions were used when ZmaFA was included: 10 pM ZmaFA, 2 uM module, 20
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UM holo-ZmaH, 2 uM ZmaJ, 2 mM NAD+, 2 mM FAD, 2 uM ZmaG, 2 M Zmal, 5 mM L-
serine, 10 mM ATP, 5 mM diketide-SNAC, 5 mM TCEP, and 100 mM phosphate pH 7.
Reactions tested with alternate extender units (M-CoA or MM-CoA) included: 1 pM module,
2 mM acyl-CoA, 100 mM phosphate, 5 mM TCEP, and 10 uM DszD, as indicated. Reactions
were incubated benchtop for ~20 hours before sample preparation and analysis, which

followed the protocol given above.
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CHAPTER 4

Probing the Molecular Determinants of the Strict MalonylCoA
Specificity of thetrans-AT, DszD

4.1 Introduction

In Chapters 2 and 3, the activity of thetrans-acyltransferase {rans-AT)ZmaF was
inve stigated revealing re markable acylpromiscuity (

Figure 2.9). However, ZmaF does not naturally complement 6-deoxyerythronolide B synthase
(DEBS) modules, and efforts to engineer both a DEBS module (see Section 3.2.3) and ZmaF
(through truncation, see Section 3.2.4) to generate a pair capable of trans-complementation
were unsuccessful. In contrast, and as demonstrated in Chapter 3, DszD is able to complement
the non-cognate DEBS modules without any engineering of the module or the trans-AT (see
Section 3.2.1). DszD, however, is known to display strict acyl-specificity,!12 demonstrating
activity only with malonyl-CoA (M-CoA)—the transAT’s natural substrate—and
fluoromalonyl-CoA (FM-CoA).8* The ideal candidate trans-AT for trans-complementation
would possess characteristics of both DszD (Figure 4.1A) and ZmaF (Figure 4.1B). Like DszD,
the candidate transAT requires acyl carrier protein (ACP)-promiscuity, enabling trans
complementation of a broad range of non-cognate assembly lines for the diversification of
polyketides. Additionally, the trans-AT should possess acyl-unit activities with non-natural
substrates and/or non-native—as seen in the case of ZmaF—to enable incorporation of
previously inaccessible polyketide side chains. To make such a trans-complementation
platform feasible in vivo, the candidate trans-AT should also be active with CoA-linked
substrates as opposed to ACP-linked substrates, as ACP-linked substrates cannot be

orthogonally prepared in vivo.
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Figure 4.1. Representation of the ideatrans-AT for trans -comple me ntation.(A)
The trans-AT DszD is highly specific for its acyl substrate, but it is able to readily
trans-acylate non-cognate ACPs. (B) Conversely, ZmaF is highly specific for its
cognate ACP, but is able to transfer a wide range of acyl substrates. (C) The
promiscuity characteristics of these trans-ATs s like a result of their surface residues
and active site residues, respectively. The ideal trans-complementation candidate
would possess both of these qualities. In an effort to create a trans-AT with both ACP-
promiscuity and acyl-promiscuity, a chimeric trans AT was designed and created,
using DszD as the scaffold.

Presumably, the surface amino acid residues of DszD contribute to its ACP-promiscuity while
the active site residues contribute to its strict acyl-specificity. Consequently, the inverse
specificity profile of ZmaF is likely determined by the same features; its strict the ACP-
specificity is likely determined by the surface amino acid residues while its acyl-promiscuity
IS a consequence of the active site architecture. Efforts to modulate the protein-protein

interactions (PPIs) of ZmaF with a non-cognate module were unsuccessful. Consequently, the
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acyl-promiscuity of the trans-AT could not be harnessed for trans-complementation of non-

cognate assembly lines (see Chapter 3).

With the same objective in mind, in this Chapter, the focus has shifted to creating a chimeric
enzyme that combines the ACP-promiscuity of DszD and the acyl-promiscuity of ZmaF
(Figure 4.1C). The specific residues of DszD that confer its ACP-promiscuity are not known
and are likely distributed across a large portion of the enzyme surface. Thus, it would be
difficult to transplant the ACP-promiscuity of DszD into ZmaF via chimeragenesis. The
reverse strategy is more feasible whereby the acyl-specificity of DszD could be expanded by
transplanting promiscuity conferring amino acid residues from the active site of ZmaF to that
of DszD. The molecular basis of the acyl-promiscuity of ZmaF is not fully understood, and the
possibility that the acyl-promiscuity of ZmaF is driven by the recognition of the ACP-carrier,
ZmaH, cannot be completely ruled out. Yet, ZmaA-AT (which also accepts an ACP-linked
extender unit) does not demonstrate the same spectrum of acyl-promiscuity (see Section 2.2.5).
Regardless, the active site of ZmaF is able to at least accommodate a diverse set of substrates
ranging in size from small (malonyl) to large (pentylmalonyl). However, the ability of ZmaF
to accommodate such substrates may not be the exclusive contributor to its acyl-promiscuity.
To probe these molecular features further, and to expand the acyl-specificity of DszD to more
closely mimic the broad acyl substrate scope of ZmF, active site residues of ZmaF will be
transplanted into the active site of DszD. The long-term goal is to engineer the acyl-specificity
of DszD to create a system in which the trans-AT is capable of trans-complementation with

novel acyl-substrates, thus leveraging its native ACP promiscuity.

129



4.2Results and Discussion

4.2.1 OptimizingtheDEBSModTE assay for DszD mutant screening

In order to screen the acylation activity of a large number of DszD variants, the DEBS module
pyrone-forming assay will be harnessed. In this way, both self-acylation of DszD, and trans-
acylation of a non-cognate ACP partner is screened through trans-complementation. As
demonstrated in Chapter 3 (Section 3.2.1), DszD is capable of trans-complementation of both
DEBSMod3TE and DEBSMod6TE (Figure 3.3). Previously, this was done with purified
enzymes. To engineer DszD, many DszD mutants are likely to require screening to identify
the desired acylation activity, making purification of mutants a significant barrier. The ability
to screen clarified E. colilysates of DszD mutants would improve throughput of the assay by
eliminating the need to individually purify each mutant. To determine if this assay was
amenable to lysate conditions, wild-type DszD (purified and lysate) was assayed with
DEBSMod3TE (DM3), DEBSMod3TE-ATe (DM3g, DEBSMod6TE (DMS6), and

DEBSMod6TE-ATe (DM6g). The DEBS modules were also prepared as purified proteins and

clarified lysate (Figure 4.2).
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Figure 4.2. DszD transcomplementation of DEBS modulesto determine
feasibility of lysate reactions DszD was screened as purified enzyme and clarified
lysate with (A) DEBSMod3TE and (B) DEBSMod6TE constructs. (C) DEBSMod3TE
consistently out-performed DEBSMod6TE. DszD lysate with purified DM3°
produced sufficient pyrone for future screening of DszD mutants. Lysate screening of
DszD mutants will enable increased throughput. Pyrone produced via trans-
complementation is indicated with (0); methylpyrone produced by intact module is
indicated with (*).
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In most reactions, DEBSMod3TE (Figure 4.2A) outperformed DEBSMod6TE (Figure 4.2B).
The hypothesized reasons for this are fully discussed in Chapter 3, Section 3.2.1. The most
pyrone product was produced with purified DEBSMod3TE-ATe and purified DszD (Figure
4.2C, light blue). DM3° can be expressed and purified in large batches, thus using lysate for
the module does not significantly increase the throughput of the assay. The reaction containing
purified DM3° and wild-type DszD lysate (Figure 4.2C, light green) produced approximately

half as much pyrone as the reaction with purified DszD, as determined by the peak area.

As an initial test of our approach to engineering the specificity of DszD,
methylmalonyl-CoA (MM -CoA) was selected as the target substrate, #ss only
differs from the native substrate of DszD by a single carbon (Msmethyl) and is
also a good substrate for ZmaF (MMZmaH,

Figure 2.9). In the presence of MM-CoA and wild-type DszD lysate, the peak area for
methylpyrone is approximately 3% of the peak area of pyrone produced in the presence of M-
CoA and wild-type DszD lysate (results not shown). As the amount of product produced by
the wild-type enzyme with the substrate of interest is already detectable, any increases in
activity will also be detected, thus this assay is sufficient for screening of DszD mutants for

the desired activity.
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4.2.2 DszD mutant design and screening REBSVIod3TEtrans-complementation

The DszD engineering efforts will be guided by the recently published room-temperature
structure of DszD (Figure 4.3),147 in combination with the knowledge of conserved motifs that
confer specificity within ATs. Mathews and colleagues were able to co-crystalize DszD with
malonate (Figure 4.3, red), enabling an added level of structural information.14” The malonate
binds in the active site adjacent to the active site serine (Ser86) and His191 which completes
the catalytic dyad (Figure 4.3). The terminal carboxylate of the malonate forms a hydrogen
bond with Argl1l in the back of the active site. The authors propose that the side chains of
Phe190 and GIn9, which are both within about 4 A of the C2 of malonate, are involved in

substrate recognition and are responsible for DszD’s strict acyl selectivity.

Figure 4.3. DszD structure resolved at room te mperature with malonatgred) co-
crystalized (PDB ID 6APG).147 This structure of DszD reveals malonate bound
adjacent to Ser86 (yellow), the acylation site, and His191 (orange), which is the
catalytic dyad partner that deprotonates the hydroxyl side chain of Ser86. Arglll
(orange) in the back of the active site cavity helps to stabilize the carboxylate of the
malonate. The authors identify both GIn9 and Phel190 (blue) as residues involved in
substrate recognition, resulting in the strict acyl specificity of DszD.
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Conserved motifs that confer acyl-specificity have been identified within the AT active site.
These motifs have been successfully engineered in cis-ATs to shift acyl-specificity.123 Most
notably, the “RVDVV” and “YASH” motifs are presentin MM-CoA specific ATs (e.g. DEBS
AT3, Figure 4.4B). These motifs flank each side of the active site and interact with the
incoming acyl substrate and reside on an a-helix and a loop, respectively (Figure 4.4). In DszD
and other M-CoA specific ATs, these motifs are “QTQFT” and “AAFH”, respectively (Figure
4.4A; Figure 4.5, underlined). A structure of DEBS AT3 reveals the difference between the
active site chamber of ATs with different acyl-selectivity (Figure 4.4B). When these motifs are
aligned and visualized with the co-crystalized malonate substrate of DszD, it is clear that these
two features shape the active site and interact with the malonate (shown in red, Figure 4.4C).
For reference, the histidine implicated in the “YASH” motif is His191 described above, which

is involved in the catalytic dyad.

Anamino acid sequence alignment between selected ATs reveals divergence of motif sequence
amongst ATs with different acyl specificities (Figure 4.5). DszD residues Glu9 and Phel90
implicated in the structural paper are colored blue, and the “RVDVV” and “YASH” motifs are
underlined (Figure 4.5). The “RVDVV” motif within DszD most closely aligns with FluA T2
of the selected AT sequences, which is also M-CoA specific and involved in the biosynthesis
of fluvirucin.14® In ZmaF, this motif is “KLQNS” which does not resemble any of the ATs in
this alignment, but ZmaF is the only aminomalonyl-ACP (AmM-ACP) specific AT included.
The “YASH” motif within DszD (AAFH) is similar to the motif with hydroxymalonyl-ACP

(HOM-ACP) specific ZmaA-AT (GAFH) and FIUAT2 (HAFH). The acylation site (Ser86 in
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DszD), carboxylate-stabilizing arginine (Arglll is DszD) and catalytic histidine (His191 in

DszD) are conserved in all ATs, as expected (Figure 4.5; yellow, orange, and orange,

respectively).

Figure 4.4. Conserved motifs flankthe AT active sitesand confer specificity (A)
The room temperature DszD structure is shown with the “YASH” motif in red and the
“RVDVV” motif colored in blue. The residues in DszD are “AAFH” and “QTQFT”,
respectively. The active site serine is shown in yellow. (B) The DEBS AT3 (PDB ID
2Q03149) is shown with the “YASH” motif in red and the “RVDVV” motif in blue.
The active site serine is shown in yellow. (C) An alignment of the motifs in DszD
(green) and DEBS AT3 (purple). The active site serine is shown as spheres; malonate
was co-crystalized with DszD and is shown in red.

The residues targeted for mutagenesis were selected based on known motifs that convey
selectivity (Figure 4.5) aswell as residues based on the structure of DszD that are adjacent to
the incoming acyl group (Figure 4.6). Target residues include GIn9, GIn54, Thr55, GIn56,
Phe57, Thr58, His85, Metll5, Vall86, Alal88, Alal89, Phel90, and His191 (Figure 4.6). As
discussed, each of these identified residues were mutated to the corresponding amino acid
present in ZmaF using site-directed mutagenesis (SDM) (Table 4.1). Three of the identified
residues (GIn56, Serl187, and Phel91) are conserved between ZmaF and DszD (Figure 4.5)

and were therefore not mutated.
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ZmaF_AmMACP
FkbAT4_EM- CoA
KirCIl_EM - CoA
FIUAT1_EM- CoA
DEBSAT6_MMCoA
DEBSAT3_MMCoA
DszD_M CoA

ZmaA AT_HOMACP
FIUAT2_M - CoA

ZmaF_AmMACP
FkbAT4_EM CoA
KirCII_EM - CoA
FIUAT1_EM- CoA
DEBSAT6_MMCoA
DEBSAT3_MMCoA
DszD_M CoA

ZmaA AT_HOMACP
FIUAT2_M - CoA

ZmaF_AmMACP
FkbAT4_EM- CoA
KirCll_EM - CoA
FIUAT1_EM- CoA
DEBSAT6_MMCoA
DEBSAT3_MMCoA
DszD_M CoA

ZmaA AT_HOw ACP
FIUAT2_M - CoA

ZmaF_AmMACP
FkbAT4_EM- CoA
KirCll_EM - CoA
FIUAT1_EM- CoA
DEBSAT6_MMCo0A
DEBSAT3_MMCo0A
DszD_M CoA

ZmaA AT_HOMACP
FIUAT2_M - CoA

ZmaF_AmMACP
FkbAT4_EM- CoA
KirCll_LEM - CoA
FIUAT1_EM- CoA
DEBSAT6_MMCoA
DEBSAT3_MMCoA
DszD_M CoA

ZmaA AT_HOMACP
FIUAT2_M - CoA

MNIVFMFPGGSHYSGMGKYLYENFPVAREII
VFPGOGSQWLGMGLKLMAESPVFAAF
YDDLAEGLDKLVREWADRIPPPSPSRRPGLVFVFEMBWDGMGLELLDTEPVFGA/
VFPGOGAQWAGMGVELAQASPVFAAI
VFVFPGGAQWEGMARGISVPVFAESIA
VFLFPGOGSQWAGMGAELLSSSPVFAGH
MKAYMFPGGSQAKGMGRALFDAFPALTAR
LFSGNGSQYVNMGLELYEQEAIFREA!
LYSGOGAQHPGMGRQLYETFPTFATA

EASDTLKIDMASLCMEKI¥-------
ECADALAEHTGRDLIAMLE--  D---

KADLEKLONSJALVTTSMAAFRVFEQEIGN
PAVKRVDVVIRVCWAVMMLAAVWEAAGV

RCDERVRELAGFSVIQQER- AGPAMSRLEDVLQPTMVSLQFALVALWRSWRYV
ECFGEIRRWVDWDPAQWL-A D-- ADALESIERLOPVAFAVGYALAALWESVGVI
ECDAVLSEVAGFSASEVEE- QRPDAPSLRVDVV@VLFSVMY SLARLWGACGV
ACDESMAPMQDWKVSDVE-R QAPGAPGLRVDVV®VLFAVMY SLAELWRSYGV!
GVLGY------ SIRAL ------ CQDDPDQRIGIQFT®ALYVVNALSYLKRREEEAP

ECFAILQSFTNVNMKEVLYPTTFSINEATEKIRMEFS®ILFAFEY - AVAKLLMGWGIt
NTLDALDPHLDHPLRDIMWAPPHTPQAHLLNDTTYT@®ALFALQT ALTHLLTSFGIH

PEAMIGYSLGEYTALCASGAIAFSDTLKLVQESTI LSSYALTIDGTMAWVNNLAPEIV
PDAVIGHSQGEIAAACVAGAITLEDGARLVAISALLQR ELAGHGAMGSIAFPAADVE
PDAVTGISMGEISAGYAAGALTLDDALLIAGISALLR-- RIAGRGALATTELSPEAAH,
PAAVVGISQGEVAAACVAGVLSLADAVRVVRERLFAA- ELWGRGAIAAVGLPAEVVF
PSAVIGHSQGEIAAAVVAGVLSLEDGVRVVAAKALR-- ALAGKGGMVSLAAPGERA
PAAVVGISQGEIAAAHVAGALTLEDAAKLVYSRLVR-- SLSGEGGMAAVALGEAAVI
PDFLAGISLGEFSALFAAGVFDFETGLALVIRGELMG- DARGGGMAAVIGLDEERVI
PEAMIG/SFGEYVAACLAEVFTLEDALKLVVAGQIVS-- SLPAGVMLSVPLPEEELIH
PHYLAGISLGEITAAHTAGILTLTDAATLITQRAHLMY-- TLPETGAMTAINATPEEITP

GICSELLTKGQEVYISAYDTPNKTSISGTNSAVQLACEMVVEH@®EPLKLS GH-HSP

AA- AQ--- VDNVWVAGRNGTGTTIVSGRPDAVETLIARYEARGVYRLVVICPTHTP
LAASS--- GGRICVAGENSPRSTVLAGDTATLTALVEDLDRR@RMVRGIASHSH
RIASL---- GGGLEVSADNGPASCAVAGPGQVLEEFVERLRGERRVRATTVASHSQ
LIAPW---- EDRISVAAVNSPSSVVVSGDPEALAELVARCEDEG\H LPVDYASHSR
RLRPW-- QDRLSVAAVNGPRSVVVSGEPGALRAFSEDCAARMRIDVDYASHSP
LLDQ-- NGATAVDIANLNSPSQVVISGAKDEIARLQVPFEAAGAKKYTVLARAFSISR

LINSFEKEYQHTISLAVVNGPAQVSGTEEAIVDFENELKKQRLMCMR/TIE GAAHSH
------- HLTPHTAIAAINSPTSTVISGNAQDIQHITHHFTTLGRKTRPLTV3HAFHSP
MMQPAAEKYKSVLENIDMKQPLVPVIANHDSSKRGVENIRENLYLQLIKPVKWLDMIt
FVDPLYDEFQRIAAATTSRTPRIPWFSTADERWDSPLDDEYWFRNLRNPVGFAAA
YVDELRDDLAGALRPLSPVPSRVPFYSTVTAAP@TDLGPAYWMRNLREPVRLAA/
MVEPLREQLLEMLGPITPEAGRVPVYSTVTGGMESELGAEYWFANARRPVDFQG,
HVEEIRETILADLDGISARRAAIPLYSTLHGERRDGADMGPRYWYDNLRSQVRFDE
QIERVREELLETTGDIAPRPARVTFHSTVESRSMGTELDARYWYRNLRETVRFAD#
FMRPAMVEFGRFLEGYDFAPPKIPVISNVTARPCKADBAALSEQIASPVRWCESIK
ELDSILDEYASYVSTLTLREPKIPYLSNLTGTWIRPEEATNPVYWVKHMRGTVRFS
LLDPILTPLNTLAHTLTHHPAHTPLITNTTF-- ATPTHTLTPTHWAHHARQPVQFANT

Figure 4.5. Amino acid sequence alignment of ATsThe specificity of each AT is
indicated beside the name. Residues of interest are colored, highlighted, or underlined.
DszD motifs do not align exactly with the other M-CoA specific AT included (FIUAT?2)
but are partially conserved. Residues within DszD will be mutated to mirror ZmaF
residues to expand the acyl-promiscuity of the M-CoA specific trans-AT.
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Figure 4.6. Targetresidue dor DszD engine ering Residues selected for mutagenesis
are highlighted in blue and include the “RVDVV” and “Y ASH” motifs, aswell as other
residues whose side chains are close to the malonate substrate (red). The active site
serine is depicted as spheres and shown in yellow. Each residue was mutated to the
corresponding amino acid in ZmaF to expand the acyl specificity of DszD.

Table 4.1. Target point mutations for DszD active site to expand acyd pecificity.
Selected residues of DszD were mutated to the corresponding residue in ZmaF.
Mutations were also combined to generate multi-residue mutants.

DszD residue ZmaF residue DszDtarget mutation
GIn9 Vall0 Gln9val (Q9V)
GIn54 Lys 58 GIn 54Lys (Q54K)
Thr55 Leu59 Thr55Leu (T55L)
GIn56 GIn60 --

Phe57 Asn61l Phe57Asn (F57N)
Thr58 Ser62 Thr58Ser (T58S)
His85 Tyr 91 His85Tyr (H85Y)
Metl115 Leul2l Metl15Leu (M115L)
Vall86 Leul96 Vall86Leu (V186L)
Alal188 Gly198 Ala188Gly (A188G)
Alal89 Pro199 Alal89Pro (A189P)
Phel190 Phe200 --

His191 His201 --
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DszD mutants were prepared via site-directed mutagenesis (SDM) and the full sequence of
each mutant was confirmed. Due to the nature of SDM, non-consecutive amino acid residues
in double or higher mutants must be mutated sequentially, after the presence of the first
mutation is confirmed. This means that towards the generation of the fully mutated DszD-
ZmaF chimera (ten mutations in total), single, double, triple, etc. mutants were prepared. To
determine the impact of each round of mutagenesis, each sequence-confirmed mutant en route
was prepared as a lysate for screening with M-CoA and MM-CoA using the DEBSMod3TE

assay.

Each prepared DszD mutant lysate was incubated with purified DM3° in the presence of
diketide-N-acetylcysteamine (DKS) and M-CoA to determine if the mutation affected activity
with the natural substrate. Each DszD mutant lysate was also incubated with DM3g in the
presence of MM-CoA to determine if there was an increase in trans-acylation activity with the
non-native substrate. Each reaction mixture was analyzed via HPLC-UV/Vis to monitor the
formation of pyrone and methylpyrone, respectively (Figure 4.7). Active DM3 was also

assayed with MM-CoA as a reference for methylpyrone production.
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Figure 4.7. DszD mutant lysates screened by DEBSMod3TE HPLC assayProduct formation (pyrone or
methylpyrone) is represented as raw peak area, as reported by HPLC-UV/Vis. The Y-axis is broken, and the scale
changed for clarity. Wild-type (WT) DszD and no-DszD controls were performed in triplicate; error bars represent the
standard deviation. Mutations had a varying degree of impact on M-CoA activity. No mutation or combination of
mutations assayed resulted in desired levels of trans-acylation activity with MM-CoA.
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The prepared mutants displayed a varying degree of activity with M-CoA, but none appear to
be significantly more active with MM-CoA. The glutamine to valine (Q9V) mutation was
completely deleterious, rendering the enzyme inactive with both M-CoA and MM-CoA and
unable to produce either pyrone or methylpyrone, respectively. When this mutation was
combined with other mutations to make double, triple, quadruple, and quintuple mutants,
however, the activity with M-CoA was restored and the mutant enzymes were able to trans
acylate DM3g to produce pyrone. The majority of other single mutants prepared maintained
high levels of activity with M-CoA, comparable to that of wild-type DszD, including M115L,
V186L, A188G and A189P. The conservation in activity with M-CoA was expected for
M115L, V186L, and A188G, as the side chains of these amino acids are not drastically
different. The alanine to proline mutation, however, might be expected to perturb the active
site, leading to a measurable difference in activity. Although this mutation does not appear to
impact the level of activity with either M-CoA or MM-COA, it is important to note that this
assay does not allow for comparison of the rates of these mutants. When these single mutations
were combined to yield double mutants M115L-A188G, M115L-A189P, and A188G-A189P,
activity with M-CoA was still maintained. Interestingly, when the T54L mutation that
decreased the activity with M-CoA was combined with V186L to yield double mutant T54L -
V186L, the activity with M-CoA was restored to levels comparable to that of the wild-type
enzyme. Of the mutants screened that contained three or more mutations, only triple mutant

V186L-A188G-A189P maintained comparable levels of activity to wild-type with M-CoA.
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None of the mutants screened had a more than an apparent 2-fold increase in trans-acylation
activity of MM-CoA.. Single mutant A188G appeared to have an approximately 2-fold increase
in activity as did double mutants Q9V-T54L and T54L-A189. When the mutation A188G was
combined with the Q9V and T54L to create triple mutant Q9V-T54L-A188G, the activity was
comparable to each of the single and double mutants. Upon purification and rescreening of
A188G and Q9V-T54L, it wasdetermined that the activity of both mutants with MM-CoA was

not significantly improved as compared to wild-type (results not shown).

The DEBSModTE assay, while straightforward and relatively high throughput compared to
intact protein mass spectrometry (MS), is still limited by instrument time, with each mutant
taking over one hour in HPLC run time to assess the activity with the native and non-natural
substrates, M-CoA and MM-CoA, respectively. The time scale of these reactions (20 hours)
also eliminates the ability to detect or distinguish subtle differences in activities between
mutants. While this assay is an excellent platform for a follow up screen, it does not serve very
well as a primary screen. It was therefore decided to shift attention to developing a higher-

throughput plate-based assay for screening DszD mutants.

4.2.3 Assay development for Callease couple@nzyme assay

A fluorogenic assay coupled to the release of coenzyme A (CoA) was first developed to
monitor the activity of fatty acid synthasel?* and has since been employed as a means to
monitor and Kkinetically characterize PKS acyltransferases.8%150 This assay harnesses the

reductive activity of a-ketoglutarate dehydrogenase (a-KGDH) to reduce NAD* to the
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fluorescent NADH. Originally developed to monitor activity of FabD24 (an AT involved in
fatty-acid biosynthesis), it can be readily adapted for PKS ATs. The first half of the reaction is
the trans-acylation of the ACP by the AT (Figure 4.8A). When the holo-ACP is converted to
the acyl-ACP, CoA is released. In the presence of the coupled-enzyme system, the a-KGDH
then couples the releases of CoA to the oxidation and thioesterification of a-ketoglutarate to
form succinyl-CoA, using NAD* as a cofactor (Figure 4.8B). The eventual goal is to adapt this
assay for screening of lysates, which would increase the number of mutants able to be screened
to several hundred per day, as compared to a couple dozen per day using the HPLC-based

assay.
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Figure 4.8. Coupledenzyme assay to monito€oA-release.(A) Whenan AT trans-
acylates an ACP of interest, CoA is released from the extender unit. (B) This release of
CoA is not detectable by fluorogenic analysis alone, but it can be coupled to a-KGDH,
which uses CoA and a-ketoglutarate to for succinyl-CoA. The production of succinyl-
CoA is enabled by the reduction of NAD* to form NADH, the latter of which is
fluorogenic.
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To validate the assay for use with DszD, the wild-type purified enzyme was used with M-CoA
and DEBS ACP3, which is the natural acyl-substrate and a suitable ACP partner for DszD,
respectively. To confirm that the fluorogenic signal was a measure of the desired activity—the
trans-acylation of DEBS ACP3 by DszD with M-CoA—each component was omitted, and the
fluorescence was measured over time (Figure 4.9). As expected, controls lacking M-CoA, a-
KGDH, and NAD* show no increase in fluorescence over time (Figure 4.9, grey, orange, and
pink curves, respectively). The samples without M-CoA and NAD* did result in a low level of
background fluorescence, but the signal does not change over time and the absence of
background fluorescence in the samples lacking a-KGDH suggests that the commercial
enzyme suspension is responsible for the signal. The high fluorescence reading at O min for
the reaction containing all components (Figure 4.9, blue) is likely aresult of the inevitable time

lapse between the addition of the AT and the first read by the plate reader.

Although high background fluorescence was found in wells lacking DszD and ACP (purple
and green, respectively), the signals are still distinguishable from the DszD + M-CoA curve
throughout the entirety of the assay (Figure 4.9). The background fluorescence of the minus-
ACP samples can be attributed to the self-acylation and/or hydrolysis of M-CoA by DszD. The
release of CoA in this assay is not dependent on the trans-acylation of the ACP; CoA is
released as soon asthe AT becomes acylated (Figure 4.8A). The background fluorescence in
the minus-DszD reactions is a bit more confusing and unexpected. It is possible that the
phosphopantetheine arm of the ACP is becoming self-acylated to yield malonyl-ACP; this is a

known reaction that has been characterized previously. 51
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Figure 4.9. -K&DH assay validation with purified DszD and M-CoA with DEBS
ACP3. The coupled-enzyme assay was performed in the absence of each component
to confirm that the fluorescent signal was a measure of the desired activity—the trans
acylation of DEBS ACP3 with DszD. The trans-acylation of DEBS ACP3 with M-
CoA releases CoA, which is coupled to the reduction of NAD* by the commercial a-
KGDH to produce the fluorogenic NADH. Although high background signal was
present in some controls, the reaction containing all components was distinguishable
from each control at every time point. Each reaction was performed in quadruplicate;
error bars represent the standard deviation of every sixth read.

Alternatively, the background activity could be attributed to the presence of MatB or some
contamination of the enzyme prep. The M-CoA used in these reactions is generated by MatB
and then used in the subsequent coupled-enzyme assay. Although the enzyme is purified to
>95% homogeneity, it is possible that either the MatB or a contaminant is responsible for the
release of CoA from M-CoA. To determine if the MatB or M-CoA preparation was the culprit

for the elevated levels of background fluorescence, commercially available M-CoA (comm M-
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CoA) was purchased and assayed alongside the MatB-prepared substrate (Figure 4.10). Both

the MatB-generated M-CoA and the commercial M-CoA were assayed in the absence of DszD

and in the absence of ACP, as these were the conditions that produced the highest background

signals previously (Figure 4.10).

Fluorescence
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Figure 4.10. Testing the coupledenzyme assay with commercially available M
CoA (comm M-CoA) and MatB -generated M-CoA. Both the MatB-generated and
the commercial M-CoA suffered from high background fluorescence in the absence of
DszD (solid and dotted purple, respectively). The notable difference between the M-
CoA sources was in the reactions lacking the ACP. The commercial M-CoA did not
have high levels of fluorescence in the absence of ACP, while the MatB-generated M-
CoA did. This suggests that in the absence of ACP, the substrate in only hydrolyzed in
the presence of MatB. While this result is puzzling, it does not invalidate the assay for
use with MatB-generated M-CoA, and thus further assay optimization and screening
used MatB-generated M-CoA. Each reaction was performed in quadruplicate; error
bars represent the standard deviation of every sixth read.
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When comparing the signals of the positive reaction—that is, the reaction containing DszD,
M-CoA, and DEBS ACP3—the signal for the commercial M-CoA is higher than the MatB-
generated M-CoA at all time points (Figure 4.10, dotted and solid blue, respectively). The most
plausible explanation for this is that the MatB present is still active. If the MatB is
enzymatically active, it could convert the freed CoA from the trans-acylation reaction back to
M-CoA. In the original MatB reaction, malonic acid and ATP are supplied in excess, and the
reaction, therefore, could proceed with the regenerated free CoA. This competing reaction
would use the free CoA and thus prevent the a-KGDH reaction that produces the fluorogenic
signal. Notably, however, the signal for trans-acylation activity with MatB-generated M-CoA
(Figure 4.10, solid blue) is still distinguishable from the control reactions with MatB-generated
M-CoA (Figure 4.10, solid green and solid purple). Therefore, under these conditions, it does
not appear that using MatB-generated acyl substrates poses a problem for trans-acylation

activity monitoring of DszD.

The negative control reaction lacking DszD also has a higher fluorescence signal with
commercial M-CoA as compared to the MatB-generated M-CoA (Figure 4.10, purple). This
difference in signal can also be explained by the competing activity of MatB. In the reactions
containing MatB-generated M-CoA, if the ACP becomes self-acylated with M-CoA to yield
M-ACP and free CoA, the MatB can react with the freed CoA and excess malonic acid to
regenerate M-CoA. This would account for less fluorescence due to decreased amounts of

available CoA for the a-KGDH reaction.
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High background fluorescence was seen with all conditions tested except for the reactions
containing commercial M-CoA in the presence of DszD without ACP (Figure 4.10, dotted
green). Conversely, the corresponding reaction containing MatB-generated M-CoA did suffer
from high background activity (Figure 4.10, solid green). This suggests that in the absence of
ACP, the hydrolysis of the M-CoA substrate (meaning self-acylation followed by hydrolysis
rather than the subsequent trans-acylation) only occurs in the presence of MatB or MatB
reaction components. Without further probing, this result cannot be explained, and analogous
conditions are not found in the literature for comparison. Although this finding is puzzling, it
does not invalidate the assay for our purposes of screening DszD to monitor trans-acylation
activity. We therefore proceeded with adaptation of the a-KGDH-coupled assay for DszD

lysate screening with MatB-generated acyl-donors.

To the best of our knowledge, the a-KGDH coupled-enzyme assay has not been successfully
employed for screening of mutant AT lysates. To determine if this was feasible, we first sought
to determine the optimum assay conditions for lysate screening. To accomplish this, cells
harboring DszD-pET28a and empty pET28a were grown in deep well plates as 1 mL
expression cultures to mimic the conditions for library screening. A growth curve was
performed to determine the appropriate time of induction of protein expression (Figure C.).
Following induction and overnight expression, the cells were then lysed, and the lysates were

cleared via centrifugation for the subsequent CoA-release assay.
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The prepared lysates were incubated in the presence of all components necessary for the o-
KGDH assay, including purified DEBS ACP3. Both M-CoA and MM-CoA were assayed with
the lysate to determine if these substrates were amenable to lysate screening and if changes in
activity could be detected. Substrate concentration aswell as lysate concentration was adjusted
to determine optimum conditions (Figure 4.11). Through this assay, it was determined that the
lysate should be diluted (Figure 4.11, light blue) and that the acyl-CoA concentration should
be kept at 25 uM (Figure 4.11, medium blue) which is the concentration used in the assay when
purified enzyme is used. Under these conditions, the reaction containing DszD and M-CoA
(Figure 4.11, solid medium blue) is distinguishable from the reaction containing DszD lysate
and MM-CoA (Figure 4.11, dotted medium blue), which is the substrate that will be used in
screening. The DszD lysate + M-CoA (Figure 4.11, solid light blue) reaction is also
distinguishable from the pET28a + M-CoA reaction (Figure 4.11, solid grey). The 0.5 x
PET28a lysate + M-CoA reaction was not performed, but it can be assumed that the
background signal increases while still being distinguishable from the corresponding DszD

lysate + M-CoA reaction conditions.
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Figure 4.11. Adaptation of the a-KGDH -coupled CoAreleaseassay for lysate
conditions. Reaction components for the fluorogenic reaction were incubated with
lysates in the presence of substrates of interest to determine if the assay was amenable
to lysate screening. Reactions of interest (namely DszD lysate vsSpET28a lysate, each
with M-CoA) were distinguishable, despite high background activities. Through this
analysis, it was determined that the reaction performed best with diluted lysate (light

blue) and 25 pM M-CoA. Each condition was performed in quadruplicate; error bars
represent the standard deviation of every sixth read.

Now that the lysate and solution preparation protocol has been established, the negative
controls needed to be assayed alongside DszD using the same reaction conditions (diluted

lysate). To prepare a more appropriate negative control, the DszD active site serine was

mutated to alanine to generate DszD-S86A. By replacing the nucleophilic side chain with the
non-nucleophilic methyl group, this mutant is presumably incapable of either self-acylation or

trans-acylation. In this way, if the expression of DszD leads to intracellular changes, these
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conditions will be mimicked in the knockout-expressions, whereas cells harboring empty
PET28a cannot account for this. This mutant was expressed in the deep well plate format
alongside wild-type DszD and pET28a lysate. Using the conditions established above, each
lysate was incubated with the coupled-enzyme assay components as well as M-CoA (Figure
4.12, bold lines) and MM-CoA (Figure 4.12, light lines). As seen previously with both purified
enzyme and lysate, background signal with M-CoA was relatively high as compared
background signal of reactions containing MM-CoA (Figure 4.12). Lysate containing active
DszD and M-CoA was distinguishable from inactive lysates with M-CoA through the first
approximately forty minutes of the assay. As seen previously, the signal at zero minutes for
DszD lysate + M-CoA is high, which is likely due to the time lapse between the addition of
lysate and the first read of the plate (Figure 4.9; Figure 4.12). Atthis point, expression of both

wild-type DszD and DszD-S86A in the deep well plate format was confirmed (Figure C.).

Now that the optimum reaction conditions have been established, and the CoA-release assay
has been validated in lysate, the data collection throughput of mutant screening has been
significantly increased. For example, one 96-well plate assay—which takes only thirty minutes
of data collection—can contain up to 13 mutants plus necessary positive and negative controls,
all performed in triplicate, each with both M-CoA and MM-CoA. Comparatively, the
DEBMod3TE assay would require over 2.3 days of HPLC run time to generate this amount of

data.
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Figure 4.12. DszDknockout assayed with MCoA and MM -CoA. All reactions
containing M-CoA suffered from high background fluorescence, but the reaction
containing active DszD was still distinguishable from the lysates containing no or
inactive DszD. None of the lysates showed a considerable amount of fluorescence in
the presence of MM-CO0A, as expected. Each reaction was performed in quadruplicate;
the error bars represent the standard deviation of every sixth read. Based on this time-
course, should this assay be performed by a single read, fluorescence data should be
collected at 20 min.

4.2.4 DszDmutant lysatescreening via CoAelease assay

Initially, DszD point mutants were screened that contained mutations consistent with the ZmaF
active site. Screened mutants include mutants previously screened by the DEBSMod3TE assay
(Figure 4.2) as well as newly generated mutants. Because this assay suffers from slight

inconsistencies, a time course was performed each time the assay was run, as it was difficult
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to determine the appropriate time point for a single read. The time course of the control
reactions was analyzed for each screento determine the time point at which the controls were
most distinguishable from one another, and this time point was selected for the fluorescence
analysis of mutant lysates (Figure 4.13). At said time point, the fluorescence values of the
mutant lysates were normalized to that of wild-type DszD (Figure 4.14). As an additional

control, DEBS AT3 was also expressed in the deep well plate and the lysate was assayed with

MM-CoA.

e 57D + M-CoA — DszD-S86A + M-CoA DEBS AT3 + M-CoA
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Figure 4.13. Representative timecourse of control reactions forDszD mutant
lysate screenFor each plate of mutant lysates, lysates of DszD, DszD-S86A, and
DEBS AT3 were also assayed with M-CoA and MM-CoA. These time courses were
analyzed to determine the point at which the controls were most distinguishable from
one another. For example, in this particular assay, fluorescence values of mutant lysates
were read at 10 min. Each reaction was performed in triplicate; the error bars represent
the standard deviation of every sixth read.
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Each set of mutants assayed was normalized to the activity of wild-type DszD. Under these
assay conditions, DEBS AT3 activity with MM-COoA is measurable, and the activity of wild-
type and null DszD with MM-CoA is minimal, as expected. As seen previously, the
background activity with all lysates and M-CoA is significant, but wild-type DszD is still
distinguishable from M-CoA with DEBS AT3 and null DszD. In the particular screen
represented by the time-course shown in Figure 4.13, the time point selected for M-CoA and
MM-CoA activity was 10 min. The normalized activities of this assay as well as others
performed with DszD mutants containing ZmaF active site residue mutations are summarized

in Figure 4.14.

The mutant activities shown in Figure 4.14 include 9 newly generated mutants and 9 mutants
previously screened via the DEBSMod3TE assay, all of which contain active site residues
mutated to mirror the active site of ZmaF. The measured activities of all screened mutants with
MM-CoA do not approach the target level of activity needed for efficient trans
complementation of a non-cognate module. For example, triple mutant DszD-Q9V-A188G-
A189P when assayed using the CoA-release assay, demonstrated an approximately 1.3-fold
increase in activity with MM-CoA as compared to wild-type. When this same mutant was
assayed using the DEBSMod3TE assay, a comparable amount of methylpyrone was produced
as compared to the wild-type DszD. DszD mutants that were assayed using both the
DEBSMod3TE reaction and the CoA-release coupled-enzyme reaction are summarized in
Figure 4.15. In this graph, each activity is normalized to the corresponding reaction with wild-

type DszD.
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Figure 4.14. DszD mutant lysates screened viaCoA-release coupledenzyme assaylUsing the optimized assay
conditions for DszD lysate screening, cells harboring each mutant DszD were grown in a deep-well plate format, and
mutants were expressed. The resulting cellular lysate was used in the presence of the a-KGDH system and DEBS ACP3
to monitor the release of CoA. All fluorescence readings were normalized to wild-type DszD. Each wild-type and mutant
enzyme was assayed in triplicate; error bars represent standard deviation.
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At the most fundamental level, the DEBS module reaction and the coupled-enzyme assay
measure different activities. The DEBSMod3TE assay measures trans-acylation activity as
measured by the formation of pyrone. Formation of pyrone is not only dependent upon self-
acylation and the subsequent trans-acylation, but it is also dependent on the condensation with
DKS and the cyclization to form the aromatic product. Alternatively, the CoA-release assay
measures only the release of free CoA; this could be a result of hydrolysis by DszD, self-
acylation of DszD or a competing nucleophile (i.e. the Ppant arm of the ACP), or the trans

acylation of the ACP by DszD.

Notably, however, the results follow generally the same trend. Each of these mutants each
showed reduced activity with M-CoA, as reported by the results of both assays. Additionally,
most mutants demonstrated a slight increase in activity with MM-CoA, but increases were not
substantial. These results also held true in both assays. The most significant difference between
assay conditions is the significant relative activity of intact DEBSMod3TE with MM-CoA to
produce methylpyrone. The reaction showed an over 52-fold improvement in methylpyrone
product as compared to trans-complementation of DEBSMod3TE-AT® with wild-type DszD
and MM-CoA. Using the CoA-release assay, a modest 1.7-fold improvement was seen with
DEBS AT3 as compared with wild-type DszD with MM-CoA. These results, although
drastically different, are to be expected. Firstly, in the CoA-release assay, stand-alone excised
DEBS AT3is used, which has shown to decrease catalytic efficiency of the domain. Secondly,

the CoA-release assay is truly only helpful is monitoring the initial rate of the AT. The assay
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is limited by the amount of acyl-CoA in the reaction mixture, which is 25 uM. The pyrone

assay supplies the acyl-CoA at 2 mM, leading to significantly higher potential product titers.
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Figure 4.15. Comparison of mutant activities using different assaysSome double,
triple, and quadruple mutants were screened using both the DEBModTE assay and the
coupled-enzyme assay. Although these assays inherently measure different activities,
the results from each of the assay appear to follow the same general trend. Notably, the
largest discrepancy between the module assay and the CoA-release assay is the
difference of activities with DEBS AT3 and MM-CoA. In the module assay, the full
modular construct is used, and the activity is measured by the production of
methylpyrone. Alternatively, in the CoA-release assay, the AT is used as an excised
protein, likely decreasing the trans-acylation efficiency of the enzyme. Additionally,
the CoA-release assay is an indication of the initial rate, while the DEBSMod3TE assay
is an endpoint assay, which is allowed to proceed for many hours.
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In summary, none of the 35 DszD mutants generated towards the DszD-ZmaF chimera showed
significant improvements in activity with MM-CoA, as monitored with the DEBSMod3TE and
CoA-release assays. The barrier of data collection and mutant enzyme preparation has been
overcome by the CoA-release assay and the adaptation of the assay for lysates, respectively.
The barrier for screening of DszD point mutants is now the generation and sequencing
confirmation of each mutant. Alternatively, a platform now exists to increase the throughput
through the generation of either saturation or random mutant libraries, which will be discussed

in Chapter 5.

4.2.5 Screening DszD chimerenzymes

Although no SDM-generated DszD mutants created en routeto the 10-residue mutant resulted
in notable activity with a non-cognate substrate, it is possible thatall mutations must be present
to confer the promiscuous acyl-activity. The quickly assess this fully chimeric enzyme, the 10-
amino-acid-residue DszD mutant DNA was synthesized to yield DszD-ZmaF (See Appendix
C for DNA sequence). This chimeric enzyme was expressed and purified to determine if the
presence of all mutations resulted in the acyl-promiscuous activity of ZmaF. In addition, the
DNA for a chimeric enzyme containing all amino acid residues of the trans-AT KirCll in the
DszD active site was synthesized, yielding chimera DszD-KirCll. KirCII’s cognate substrate
is ethylmalonyl-CoA (EM-CoA), but it has also demonstrated acyl-promiscuity, yet failed in

trans-complementation experiments with non-cognate modules.85.87.112
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Purified wild-type DszD, DszD-ZmaF, and DszD-KirCll were assayed using the CoA-release
assay. Acyl-CoAs screened with enzymes included M-CoA, MM-CoA, EM-CoA,
allylmalonyl-CoA (AM-CoA), isopropylmalonyl-CoA (iPrM-CoA), fluoromalonyl-CoA (FM-
CoA), chloromalonyl-CoA (CIM-CoA), and bromomalonyl-CoA (BrM-CoA) (Figure 4.16A-
H). Wild-type DszD was expected to demonstrate activity with M-CoA (Figure 4.16A) and
FM-CoA (Figure 4.16F). Because of the wild-type enzyme’s activity with FM-Co0A, other
accessible halogenated acyl-CoAs were also assayed. FM-CoA, CIM-CoA (Figure 4.16G), and
BrM-CoA (Figure 4.16H) are all readily chemo-enzymatically prepared with mutant MatB, as
reported by Steven Walsh.152 Chimeric enzymes DszD-ZmaF and DszD-KirCll were expected
to have anexpanded acyl substrate scope, as product of the transplanted active site from acyl-

promiscuous trans-ATS.

The chimeric enzymes, DszD-ZmaF and DszD-KirClIl, showed no substantial activity with any
of the acyl-CoAs tested, including the wild-type cognate substrate, M-CoA. These mutations,
therefore, resulted in a loss of self-acylation and trans-acylation of DEBS ACP3 activities of
the trans-AT. In the case of the DszD-ZmaF chimera, it is possible the mutations made
abolished recognition of the CoA portion of the extender unit. ZmaF accepts an ACP-linked
extender unit, and is not active with CoA-linked extender units. Therefore, it is possible that
one or more of the residues mutated are responsible for ACP vs CoA recognition. Similarly,
ZmaF does not demonstrate trans-acylation activity of DEBS ACP3, and it is possible that one
or more of the mutations made in DszD to the corresponding residue in ZmaF eliminated trans

acylation activity with DEBS ACP3. Conversely, KirCll is able to trans-acylate DEBS ACP3
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(Figure C.), and the DszD-KirClIl chimera is consequently expected to retain trans-acylation
activity with the non-cognate ACP. The loss of activity, therefore, is most likely a result of

loss of self-acylation.

Although the chimeric enzymes did not see the desired substrate scope expansion, gratifyingly,
wild-type DszD showed activity with two previously unidentified substrates, CIM-CoA
(Figure 4.16G) and BrM-CoA (Figure 4.16H). The MatB-conversion of these reactions to
produce acyl-CoA is relatively low (approximately 50%), meaning that a significant amount
of free CoA remained in the solution that was added to the coupled enzyme reaction. This free
COA lead to a high level of fluorescence in the coupled-enzyme assay (Figure 4.8), even in the
absence of AT. The background levels were particularly high in the case of CIM-CoA (Figure

4.16G).

It should be noted that this assay only measures the release of CoA, which is not necessarily a
result of acyl-transfer. The free CoA that is apparently generated could be caused by (1) the
hydrolysis of the substrate by the AT, (2) the non-enzymatic hydrolysis of the substrate, and/or
(3) the direct acylation of the ACP Ppant arm. To investigate this newfound activity further
and determine if DszD is transacylating the ACP with the chloromalonyl and bromomalony|
units, the previously described DEBSMod3TE assay (Figure 3.2) was used to monitor

formation of the corresponding pyrone.

160



Figure 4.16. CoA-release assays qdfurified wild-type DszD (blue), DszD-ZmaF
(green), and DszDKirCIl (purple). The wild-type and chimeric proteins were
assayed with (A) M-CoA, (B) MM-CoA, (C) EM-CoA, (D) AM-CoA, (E) iPrM-CoA,
(F) FM-CoA, (G) CIM-CoA, and (H) BrM-CoA. For each substrate assayed, a no-AT
control was also performed (black dotted line) to monitor background fluorescence.
Each reaction was performed in triplicate; error bars represent standard deviation of
every sixth read. As expected, wild-type DszD demonstrated activity with its cognate
substrate, M-CoA, as well as previously the identified non-natural substrate, FM-CoA.
Notably, wild-type DszD also demonstrated activity with CIM-CoA and BrM-CoA,
which had not previously been identified as substrates. Chimeragenesis of the active
site, which was performed to expand the substrate scope, yielded inactive enzymes that
lost activity with the cognate substrate and additionally did not demonstrate activity
with any non-cognate substrates.
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4.2.6 DszD activity with halogenated malorgbAs

To further investigate the activity of wild-type DszD with halogenated malonyl substrates
(FM-CoA, CIM-CoA, and BrM-CoA) the DEBSMod3TE assay was used to monitor pyrone
formation (Figure 3.2). Specifically, purified wild-type DszD was incubated with
DEBSMod3TE-AT® in the presence of selected acyl-CoAs and DKS. MM-CoA was also
assayed to confirm that the DEBSMod3TE was inactive and any pyrone production was the
result of DszD. In the presence of M-CoA, FM-CoA, CIM-CoA, and BrM-CoA, a new DszD-
dependent peak was present in HPLC traces of reaction mixtures (Figure 4.17A). Subsequent
MS analysis of reaction mixtures resulted in identification of mass ions corresponding to
pyrone and fluoropyrone, generated by the incorporation of M-CoA and FM-CoA,
respectively. Although the reactions containing CIM-CoA and BrM-CoA produced a new peak
consistent with the expected retention time (Figure 4.17A) and absorption profile (Figure
4.17B), LC-MS analysis of these product mixtures did not allow for the identification of a
species consistent with the molecular ions and characteristic isotopic distribution of
chloropyrone and bromopyrone, respectively. In the case of CIM-CoA, the amount of product
produced was low, as determined by the peak area in the HPLC trace. The produce, therefore,
was likely below the detection limit of the instrument used. In the case of the bromopyrone,
the analysis is further complicated by the presence of high concentrations of DKS, which is
was not able to be separated from the pyrone on the LC-MS and has the same molecular mass
as the bromopyrone (232 amu). Additionally, the DKS is supplied in high concentrations, and

the co-elution with the pyrone likely causesion suppression.
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Figure 4.17. HPLC traces ofreactions with DM 3° and wild-type DszD.(A) HPLC
chromatogram, revealing new DszD-dependent peaks in the presence of M-CoA, FM-
CoA, CIM-CoA, and BrM-CoA. (B) Extracted UV/Vis spectra for each of the putative
pyrone peaks.
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There is, however, evidence to support the formation of the halogenated pyrones. Perhaps most
notable, when the full UV-Vis spectrum for each of the new peaks generated in the reactions
containing CIM-CoA and BrM-CoA is extracted, the spectra (Figure 4.17B, green and pink,
respectively) are consistent with a methylpyrone standard (orange) and the MS-confirmed
pyrone generated using M-CoA (blue). Each species has maxima at approximately 208 and
290 nm, which is characteristic of the hydroxy pyrones. Additionally, DM3° was assayed with
wild-type DszD and BrM-CoA, using desmethyl-DKS (dmDKS) as the precursor mimic
(Figure 4.18A). Accordingly, the reaction with BrM-CoA and dmDKS produced a pyrone (as
determined by UV-Vis spectrum) with a retention time shift consistent with the retention time
shift of the methylpyrone and the pyrone, made from MM-CoA and M-CoA, respectively

(Figure 4.18B).

To confirm the activity of DszD with CIM-CoA and BrM-CoA, the corresponding pyrone
molecular ions should be identified. Additionally, a reaction could be performed with an
excised ACP and each of the acyl-CoAs in the presence of DszD. The subsequent reaction

mixture could be analyzed via intact protein MS to identify the acyl-ACP (see Section 2.2.4).
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Figure 4.18. DEBS module reactiors with desmethylDKS. (A) The pyrone assay
was performed using dmDKS in the place of DKS to determine if pyrone was still
produced. (B) DM3 and DM3° both utilized dmDKS to form the corresponding

pyrones. The shifts in retention times for the pyrones generated with DKS and dmDK 'S
were consistent between the pyrone and the bromopyrone.

4.3Conclusions
Transcomplementation is an approach to diversify polyketides through the use of a transAT
and an AT-null module (Figure 1.5). The majority of trans-ATs are specific for M-CoA,

including the trans-AT, DszD, which has been used successfully in trans-complementation
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experiments (Figure 1.5). A highly acyl-promiscuous transAT, ZmaF, was recently
characterized and investigated for its candidacy for trans-complementation (Chapters 2 and 3).
ZmaF, however, was found to be highly specific for its cognate ACP, and PPI modulation
through chimeragenesis of a non-cognate module was not sufficient for recruitment of the
transAT to trans-acylate the chimeric module. Conversely, DszD was highly efficient in
trans-complementation of DEBS modules, which is presumably a result of its high ACP-
promiscuity. The use of DszD in trans-complementation, however, has been limited to
incorporation of only M-CoA and FM-CoA. Inthis Chapter, the efforts towards combining the
acyl-promiscuity of ZmaF with the ACP-promiscuity of DszD were described. Although it is
difficult to identify residues that confer the ACP-promiscuity seen with DszD, known motifs
in the active site of ATs control the acyl-specificity, and the active site of DszD was therefore

chosen as the engineering target.

To determine if the active site architecture of ZmaF was responsible for the acyl-promiscuity
demonstrated by the trans- AT, ten residues within the active site of DszD were mutated to the
corresponding amino acids found in ZmaF to yield the DszD-ZmaF chimera. En routeto this
chimera, many other DszD mutants were assayed, including single, double, triple, quadruple,
and quintuple mutants. Neither the panel of DszD mutants nor the DszD-ZmaF chimera
resulted in an expanded substrate scope, as determined by DEBSMod3TE complementation
and CoA-release assays. An additional DszD chimera was prepared, whereby the same
residues were mutated to the corresponding amino acids found in KirCIl, another promiscuous

trans-AT,112 to yield DszD-KirCll. KirCll is able to trans-acylate DEBS ACP3, which is the

169



target ACP in these reactions, thus mutagenesis of DszD to the corresponding KirCll residues
would not be expected to affect the trans-acylation activity of the transAT to DEBS ACP3.
The DszD-KirCll chimera, therefore, provides a control to ensure that the loss of trans
acylation activity of DszD-ZmaF was not solely a result in the loss of trans-acylation activity

with DEBS ACP3.

The inactivity of the chimeric enzymes indicate that the active site architecture is not alone
responsible for the substrate scope of the promiscuous trans-ATs, ZmaF and KirCll. In the
case of ZmaF, it is possible that the promiscuity is result of the recognition of the acyl carrier,
in this case the ACP, ZmaH (Figure 2.1). It follows, then, that other ACP-linked extender unit
accepting ATs would possess similar promiscuity. However, it was determined that ZmaA-
AT, whose cognate substrate is hydroxymalonyl-ACP, is not active with other non-natural acyl
units when carried by cognate ACP of ZmaA-AT (see Section 2.2.5). It can be concluded,
therefore, that the acyl promiscuity of ZmaF is a product of more than ACP recognition and

active site architecture.

The successful engineering of substrate specificity of cis-ATs suggests that known motifs can
be transferred between ATs to cause a change in either the substrate selectivity specificity
(Section 1.3.2). However, no examples are found in the literature demonstrating successful
acyl-selectivity engineering of transATs by the transfer of these motifs. These discrete
enzymes, therefore, may not be amenable to the same engineering as cis-ATs and may be

substantially more difficult to engineer. Gratifyingly, through the course of DszD engineering,

170



a previously employed CoA-release assay was adapted for lysate conditions, thereby
substantially increasing the throughput of the assay. Future efforts to engineer the acyl-
selectivity of DszD, therefore, allow for the screening of modestly sized libraries, including

multi-site saturation libraries.

Although the chimeras described here were deemed inactive, wild-type DszD demonstrated
activity with two new substrates that were not previously known, chloromalonyl-CoA and
bromomalonyl-CoA. These initial results require further investigation, but the current data
supports the trans-acylation activity of wild-type DszD with these substrates. Once these
activities are confirmed, the CoA-release assay can be harnessed to screen libraries of DszD
mutants to look for a mutant that maintains activity with the desired substrate (e.g. BrM-CoA)
but is inactive with M-CoA, which would allow for specific in vivo trans-complementation of

a non-cognate module.

4.4 Materials and Methods

4.4.1 Protein expression and purification

DEBS modules were expressed and purified as previously described (Section 3.4.4).
Expression of modules for lysate reactions were performed in the same way, but cells were
resuspended and lysed in protein storage buffer (50 mM Tris, pH 7.4; 500 mM NacCl; 10% v/v
glycerol), 1 mL of lysis buffer per 50/mL of liquid culture. Following lysis, lysates were
clarified via centrifugation (45 min, 15000 RPM) and aliquoted for storage at -80 °C. Lysates

containing DEBS module were not stable to freeze-thaw.
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All DszD mutants (including chimeras) were expressed and purified in the same way as
previously described for the wild-type enzyme.12 For screening of lysates (not expressed in
deep well plates), the cell pellet resulting from a 50 mL culture was resuspended in 1 mL of
protein storage buffer (see above), lysed via sonication, and the lysate clarified via
centrifugation. Lysates were aliquoted and stored at -80 °C. Lysates demonstrated decreased

activity after freeze-thaw cycles, so remaining volume of aliquot was discarded after thawing.

4.4.2 DszD mutagenesand gene synthesis

Each mutant was prepared via SDM using the primers listed in Table 2.1, using the conditions
described in the mutagenesis of ZmaF (Section 3.4.2). The chimeras (DszD-ZmaF and DszD-
KirCIl) were synthesized by IDT (sequences are provided in Appendix C). The synthesized
gene was amplified using primers 5’-ATCGACCATGGGCAAAGCATACATGTTT-3" and
5’-ATCGACAAGCTTGACGACGAGGGGC-3’. The resulting PCR product was purified and
digested using Ncol and Hindlll, before subsequent ligation into Ncol/Hindlll digested

PET28a. The genes were fully sequenced before proceeded with expression and purification.
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Table 4.2. Primers for SDM of DszD.All mutations correspond to ZmaF residues.

Mutation Sequenk?& )5’

CATACATGTTTCCCGGGGTAGGGTCTCAGGCGAAGGG

DszD-Q9V CCCTTCGCCTGAGACCCTACCCCGGGAAACATGTATG
GACGATCCTGATCAGCGCTTGAGCAAAACCCAGTTCACCCAGCCGGCCCTJ

DszD-Q53K GAGGGCCGGCTGGGTGAACTGGGTTTTGCTCAAGCGCTGATCAGGATCGT(
TCAGCGCTTGAGCCAGCTGCAGTTCACCCAGCCGG

DszD-To4L CCGGCTGGGTGAACTGCAGCTGGCTCAAGCGCTGA
GATCAGCGCTTGAGCCAGACCCAGAACACCCAGCCGGCCCTCTACGTGGT(

DszD-F56N GACCACGTAGAGGGCCGGCTGGGTGTTCTGGGTCTGGCTCAAGCGCTGAT
CAGCGCTTGAGCCAGACCCAGTTCAGCCAGCCGGCCCTCTACGTGGTCAA(

DszD-T575 GTTGACCACGTAGAGGGCCGGCTGGCTGAACTGGGTCTGGCTCAAGCGCT
GATTTCCTGGCCGGCTACAGCCTGGGCGAGTTC

DszD-HB5Y GAACTCGCCCAGGCTGTAGCCGGCCAGGAAATC
AAGCGAGGAGAGCTGCTGGGCGATGCCCGCGGC

DszD-M1LI5L GCCGCGGGCATCGCCCAGCAGCTCTCCTCGCTT
GTACACAGTCCTGCGCCTGAGCGCCGCTTTCCATTC

DszD-VI86L GAATGGAAAGCGGCGCTCAGGCGCAGGACTGTGTAC
AGTCCTGCGCGTGAGCGGCGCTTTCCATTCCCGCTT

DszD-ALS8G AAGCGGGAATGGAAAGCGCCGCTCACGCGCAGGACT
CCTGCGCGTGAGCGCCCCGTTCCATTCCCGCTTCAT

DszD-AL89P ATGAAGCGGGAATGGAACGGGGCGCTCACGCGCAGG

DszD-Q53K- GACGATCCTGATCAGCGCTTGAGCAAACTGCAGTTCACCCAGCCGGCCCT(

T54L GAGGGCCGGCTGGGTGAACTGCAGTTTGCTCAAGCGCTGATCAGGATCGT(

DszD-A188G- | AGTACACAGTCCTGCGCGTGAGCGGCCCGTTCCATTCCCGCTTCATGCGAC

Al189P GTCGCATGAAGCGGGAATGGAACGGGCCGCTCACGCGCAGGACTGTGTAG

DszD-V186L- | AGTACACAGTCCTGCGCCTGAGCGGCGCTTTCCATTCCCGCTTCATGCGAC

A188G GTCGCATGAAGCGGGAATGGAAAGCGCCGCTCAGGCGCAGGACTGTGTAC

DszD-V186L- | AGTACACAGTCCTGCGCCTGAGCGCCCCGTTCCATTCCCGCTTCATGCGAC

Al189P GTCGCATGRGCGGGAATGGAACGGGGCGCTCAGGCGCAGGACTGTGTACT

DszD-Q53K- GATCAGCGCTTGAGCAAACTGCAGAACACCCAGCCGGCCCTCTACGTGGT(

T54L-F56N GACCACGTAGAGGGCCGGCTGGGTGTTCTGCAGTTTGCTCAAGCGCTGAT(
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Table 4.2. continued.

Ds7D-V186L- | AGTACACAGTCCTGCGCCTGAGCGGCCCGTTCCATTCCCGCTTCATGCGAG
A188G-Al189P | GTCGCATGAAGCGGGAATGGAACGGGCCGCTCAGGCGCAGGACTGTGTAQ
DszD-Q53K- CAGCGCTTGAGCAAACTGCAGAACAGCCAGCCGGCCCTCTACGTGGTCAAC

T54L-F56N-
T57S GTTGACCACGTAGAGGGCCGGCTGGCTGTTCTGCAGTTTGCTCAAGCGCT(

4.43 DEBSModTKEeactions

DEBS module reactions contained: 5 pM module, 3 mM extender unit, 5 mM DKS, 5 mM
TCEP, and 10 pM DszD (where applicable), in 100 mM phosphate. When DszD lysates were
used, lysate wasadded to afinal volume of 10%. When module lysate wasused (Section 4.2.1),
lysate was added at 20% v/v. Reactions were incubated at 25 °C for ~20 hours, at which point
they were quenched with ice cold methanol (equal volume) and analyzed via HPLC, according

to the previously described protocol (Section 3.4.6).

4.4.4 Deep well plate expression for lysate screening

For deep well plate expression, individual colonies were picked using autoclaved toothpicks.
Each well contained 800 pL LB supplemented with kanamycin. Plates were grown overnight
at 37 °C, 350 RPM. A fresh plate was prepared, using 8 pL of each overnight culture to
inoculate 800 uL of LB. This was grown at 37 °C, 350 RPM for 3.5 hours, and then temperature
was dropped to 18 °C. Plates were incubated at 18 °C, 350 RPM for 0.5 hr, before inducing
expression via the addition of IPTG, to a final concentration of 1 mM. Plates were expressed

overnight at 18 °C.
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Following expression, plates were centrifuged for 10 min at 3000 RPM and media discarded.
Plates including cell pellets were frozen at -80 °C for at least one hour, but cell pellets could
be stored long term at -80 °C for later screening. Plates were removed from freezer and thawed
on ice. Cell pellets were resuspended in lysis buffer (100 mM Tris, pH 8.2; 0.25 mg/mL
lysozyme; 0.75 uL/mL DNasel) at 400 uL/well. Benzonase wasalso tested in place of DNasel;
although benzonase resulted in less viscous lysates which improved pipetting, the nuclease
contributed to increased background fluorescence. Cell pellets were resuspended in lysis buffer
via vortexing, and resulting suspension was incubated on ice for 1 hr. Lysates were cleared via
centrifugation (4700 RPM, 1 hr). Resulting lysates were transferred to a microtiter plate,

equilibrated to room temperate, and immediately used in CoA-release assay.

4.45 CoArelease assay with lysate

Conditions for the CoA-release assay were adapted from previous methods.124153 Reaction
components were split into three solutions.

Solution 1: 40 uM ACP
1.6 mU/uL aKGDH
1.6 mM NAD+
1.6 mM thiamine pyrophosphate (TPP)
8.0 mM a-ketoglutarate
50 mM phosphate, pH 7.4
2 mM ethylenediaminetetraacetic acid (EDTA)
2 mM 14-dithiothreitol (DTT)

Solution 2: 100 pM acyl-CoA
50 mM phosphate, pH 7.4
2mM EDTA
2mM DTT

Solution 3:  lysate

175



All solutions were prepared on ice and were then allowed to equilibrate to room temperature
for ~20 min. Using an 8-channel pipette, 25 pL of solution 1 was added to each well of a %2
area black microtiter plate. Again using an 8-channel pipette, 25 pL of solution 2 was added
to eachwell, and pipetted up and down several times to ensure the resulting solution was mixed
well. This solution was incubated for 5 min before the addition of lysate, in order to consume
any free CoA remaining from the MatB reaction. At this point, 50 pL of lysate was added to
each well, mixing via pipette with each addition. The plate was immediately transferred to
BioTek Synergy 5 plate reader and analyzed. Parameters for fluorescence measurements were
as follows: 360/460 nm filters; 400 nm emission; autogain; minimum read intervals (~45 s for
whole plate). Continuous reads were performed for 60 min or until first samples reached

detector “overflow.”

4.46 CoArelease assay with purified enzymes

The CoA-release assay for purified chimeras was performed in the same way as lysate screens,
except purified enzyme solution was added in place of lysates for solution 3. Purified AT was
prepared at 0.3 uM in 50 mM phosphate (pH 7.4) containing 1 mM EDTA and 1 mM DTT.

Similar to the lysate assay, this solution (50 pL) was added last to the plate, and continuous

reads were immediately initiated.
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CHAPTER 5

Future Directions

5.1ZMA analogue production

The newfound acyl unit promiscuity could be harnessed in the production of ZMA analogues.
As briefly discussed, this approach would be feasible only in vitro, as the orthogonal
preparation of non-natural acyl-ZmaHs is not possible. The pathway, therefore, would need to
be reconstituted, and such efforts have been successful with other biosynthetic pathways.54
The advantage of using ZmaF in its cognate system, among others, is the built-in orthogonality
within the system, that has been previously described in detail’® and further confirmed in our

studies with non-natural acyl units (Figure 2.10).

The unexpected success of trans-complementation of ZMA module 4 with DszD offers an
additional opportunity for ZMA analogue production. The KS of the trans-AT accepting
module was not expected to accept a non-natural precursor mimic, but when fused with DEBS
TE, it demonstrated the ability to utilize DKS to produce pyrone in the presence of M-CoA
and DszD (Table 3.4). Thus, the modules that come before ZMA module 4 (Figure 2.1) could
be eliminated from the in vitro reconstitution and the reaction supplemented with a variety of

precursor mimics for incorporation.

5.2DszDlibrary generation and screening
The designed mutants and chimeras described in Chapter 4 were not expanded in substrate

scope. However, DszD in still an attractive target for trans-complementation due to its natural
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affinity for non-cognate ACPs. Although point mutations were not sufficient for broadening
the acyl substrate scope, the desired activity could likely be achieved through the coverage of
greater sequence space. With the newly adapted CoA-release assay for DszD lysates, this can
be accomplished quickly and efficiently. More specifically, residues within the active site can
be targeted for single- or multi-site saturation mutagenesis to create modestly sized libraries

that can be screened in a matter of days.

Towards this goal, several libraries have already been prepared including single-site
saturations at GIn9, Thrb4, and Met115, as well as a double partial saturation library, in which
the codons for VVall86 and Phe190 were randomized to NDT (N =A, T,C,or G;D =Aor T).
The “NDT” library reduces the library size to 12 possible amino acids to increase screening
throughput, while still covering each type of side chain (e.g. hydrophobic, basic, etc).1% Two
of the single-site saturation libraries can be screened in a single deep well plate, achieving
approximately 95% library coverage.1%® For the double-site saturation library, library coverage
could approach 90% by screening only 2 96-well plates. Additional residues within the active
site can be targeted through saturation mutagenesis or partial saturation mutagenesis and
quickly screened using the CoA-release assay with the targeted acyl-substrate. This assay
would serve as a primary screenand could be followed by the DEBSModTE assay to confirm

retention of trans-acylation activity.
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5.3Biosensor approaches fotrans-AT engineering

Although the plate-based CoA-release assay provides a higher throughout screen than LC-
based methods, it still is not capable of screening large error prone libraries while achieving
suitable library coverage. Fluorescence activated cell sorting (FACS), on the other hand, is
capable of screening millions of library minutes within a few hours of instrument time. This
approach, however, is dependent on a fluorescence response that can be tied to a desired
activity. A fully characterized transcription factor described by Cirino and collogues could

enable such response by taking advantage of the DEBSModTE assay with DszD.156

The authors were able to evolve an endogenous E. coliregulatory gene, AraC, to recognize
triacetic acid lactone (TAL).1%6 In the presence of increase concentrations of TAL, the
transcription factor, AraC, undergoes a conformation change, and subsequently allows for the
transcription of a downstream gene. In the case of a biosensor system, this gene can be gfp,
which encodes for green fluorescent protein (GFP) and would allow for library screening using
FACS. The engineered AraC regulatory protein has been shown to recognize the pyrone
products of DEBSModTE reactions, thereby enabling the desired activity (pyrone production)
to be connected to fluorescence. More specifically, cells harboring the biosensor plasmid
(which contains all machinery for the pyrone-activated GFP expression) would be co-
transformed with a plasmid encoding for both DEBSMod3TE-AT® and a DszD library. The
cells would be fed with the corresponding diester malonate of the acyl unit to be screened for
(ie. diethyl propargylmalonate if the desired activity is for the trans-acylation of

propargylmalonyl). It should be noted, however, that the AraC protein might need to be
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evolved to specific for the product of interest (e.g. propargylpyrone). A recently published

description of such efforts with a transcription factor suggests that this would be feasible.157

Additionally, this same system could be used to engineer ZmaF. The engineering of ZmaF,
however, would focus on (1) activity with CoA-linked substrates and/or (2) the ability to

complement non-cognate modules (e.g. DEBS).

5.4Bromine incorporation into natural products

Most efforts described in this dissertation are towards the engineering of trans-ATs and non-
cognate components to enable trans-complementation. Notably, however, wild-type DszD was
discovered to demonstrate activity with two new non-natural substrates, chloromalonyl-C oA
and bromomalonyl-CoA. While this activity warrants further investigation and needs more
structural evidence, if it is indeed real, this activity could be harnessed to introduce chlorine or
bromine into a natural product to produce an analogue. Not unlike the attractiveness of
introducing a amine, introduction of the chloro or bromo would provide a handle for
downstream reactions (semisynthesis, Section 1.2.4) that are not accessible through non-

activated carbons (i.e. methylated).
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A. Chapter 2 Supple mentary Information

DNA Sequences

DNA sequences of cloned ZMA components differ from the published sequences from B.
cereudUWS85. In some cases, the protein sequences are the same, but in some instances, the

encoded protein is different. DNA sequences are provided for all proteins described.

ZmaF

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCAT
GAATATTGTATTTATGTTTCCTGGCGTAGGATCCCATTATTCTGGAATGGGTAAGTACCTTTATGAAAACT
TCCCTGTAGCACGTGAGATATTTGAAGAAGCAAGTGACACTCTAAAAATAGACATGGCTTCCCTTTGTATG
GAGAAGATATACAAAGCTGACCTTGAAAAGTTACAAAAMGBBATGCTTTAGTAACAACTAGCATGGC
AGCTTTTCGAGTTTTTGAACAGGAAATAGGCAATAAACCAGAGGCAATGATTGGATATTCTTTGGGAGAAT
ATACAGCTCTATGTGCTTCTGGAGCAATTGCATTTTCAGATACCTTAAAATTAGTACAAGAACGTAGTACG
ATTTTGAGTAGCTATGCATTGACTATAGATGGAACTATGGCATGGGTTAACAATCTTCCTCCAGAAATTGT
TGAAGGTATTTGTIRGAATTGTTAACCAAGGGACAGGAAGTATATATATCGGCTTATGACACTCCAAATA
AAACATCAATTTCTGGTACAAACTCTGCGGTTCAGTTAGCTTGTGAAATGGTAGTAGAGCATGGGGGAATT
GCAATCCCCCTTAAATTAAGTGGGCCATTTCATTCTCCTATGATGCAACCTGCTGCTGAAAAATATAAGAG
TGTACTAGAAAATATAGATATGAAACAGCCATTAGTACCTGTCATAGCGAATCATIGART GTATA
AAGGTGTAGAAAATATAAGAGAAAACCTTTACTTACAATTAATAAAGCCTGTGAAATGGTTGGACATGATT
CACTATCTAATGAATCAAGGGTCTATGAAAGCTATTGAAATGGGACCAAAGGAAGTCTTGAAGTATCTTCT
GCAAGCTATTAACCCTGCTATATCGACATTTAATTATGAAAGGGAGAAAGATATCCTAAATACAAAAAATT
CTTTTACATTACAAGAATCTGATTATGAAGTTATATCAGGGTGTTTAACTGTAGTTGTAAGTACAAAA
AATTATAATACAGATTTAAGTGATTATCAGAAAAAGGTAGTACTCCCATTTCAAAAGGTCCAAAGTCAATT
GGAAGAAAAAATTAATTCGGGGTATTCAGTGGAGAAAAGTGATGTAGAAGAAGCAATCCAAATGATGAAAA
CAGCACTTACTGAAAAACAGATTAAAGAGAGAGAACAAAAACGTTACCTGCAAAGAGTTCTTCAATGTAAA
AGITTTTAA

ZmaH

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCAT
GCAAGATAAAAATTTAGAACAAATTATTCATATGTATATTCAAGATCATGTAGGTATTGAATTTAATGATG
ATACTGAGATTTTTGAAGAAGGATTAGTTAATTCTTTATTTGCAATCCAATTGATGACTTTTCTTGAAAAA
GAATTTGCCATAAAGGTAACCATGRYITT AGATATGGATAACTATAAGTCTGTAAATTCTATTGGTAA
TTTTATAAGAAATAAGCAAATGGTTCGGTAA

ZACP1

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCAC
TAAAACGGGAGATAAGTTCAGAAATCAAGATGAAGTAGAGGAAATAATTATAGGAATTTGGAAAGAGTTTT
ACAGTGTTGATACTGTAAATGTAAATGAARLIT TTGATCTTGGTGCAACTTCACTTCATATAATTCAA
ATTCATGAGAGATTAATTAATAGATTAGAAAAACAGATTTCAATTGGAGTTATGTTTGAGTATCCAAGTAT
TCGTTCTTTAGCGAGATACTTAAGTGGAGATAAGCAAAAGAATCAAGTTTAA
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ZmaG

ATGGTGTTCAAGAAAATTGGTATTGTAGGTGCTGGAACAATGGGGATCGGCATGGCAGTAGATTTAGTGCT
GCATGGTCTAGAAAGTATTAATTGATGTTACAGAAGAGCAGTTAGAAATAGCGGAAGAGAAAATATTAG
AGACAGTTCGCTTTGCTCCTCTAATTAATAAAGCATTTCCTAGAATGCATAAGGAAGAAGTACTTTCGTTA
ATAAGTAGCTCTACTAATCTTGATGAAGTGGCTGAATGTGATTATATAGTAGAAAATGTTCCAGAAAACTG
GCAAATTAAAGAGCCGATCTATAGAAGATTAGATGAGATATGTAAAAAGGATATBBATIT CAATA
CGTCTTGTATCTCAATAACAAAAGTAGGAGGAGTAACAAAGCGTCCAGATAAAATAATAGGAATGCATTTT
ATGAATCCGGTATATATGAAACCATCTATAGAAGTTATTAGAGGGTATTTAACTTCAGATGAAACGGTCGA
AAAAGCTCAATCTTTCCTCAAACAATTAGATAAAGATGCAATTGTGGTTAATGATCAGACTGGGTTTGTTT
CTAACCGTATCTCCCACTTATTCATGAMATEAGGCTTGGGTTGTAATGGATGGTGTAGCAACACCTAAA
CAGGTAGACGATATATTTAAAAAATGCTTTGGACACACAATGGGTCCATTAGAAACAGCAGATTTAATTGG
GTTAGATACAGTATTACATTCATTAAATGTACTTTATGAGGAATATCAAGATCCAAAGTTTAGATGTTGCC
CATTACTTAAAAAAATGGTGGATGCAGGTGAATGTGGTAGAAAGAGTGGTAAAGGTTTTTACGCTTATTAA

Zmal

ATGGACATGAAACAATACTTAGAGCCATCTCAAAATAAAATGTATCATAATTTTTTGGATTITTGTTTGTGA
ATATATAGAACCTCATGCTAATAGTTGGGAGATTGAACAAGGCATTCCATCAGACATAATAAAGACTTGTG
CTAAAAATGGTTATTTAGGTGGAACGCTTCCAGCGGAGTATGGTGGATTAGAATGGGATTATATAACGTAT
GGGTTATTTACTGAAGCCATAGCAAGAGGTAGTCITTCIGGGATTATTTAATGTCCATACGATGGT
AACAGAAACGATTTTAAAATGGGGAACAGAAAATCAAAAAAATCAGTGGTTACCACTACTTGCATCTGGTA
ATCAAATAGCTGCATTAGCTCTTACTGAACCTGGAGCAGGATCAGATTTAAATATGATTAAAACGAACTTC
GATCAACACGGGGATAAATTAATACTTAATGGAGTGAAGAAGTGGATCACTTTTGGTGCAGCTGCTGATGT
GTTTTTGGTATTGGAAAACTAAATGGTGAACAACCAATTGCCTGTTTAGTACCAAAAGATAGTGTGGGTG
TAAATGTTACTCATATAAGAGACATGCTTGGATTTAAAGCTGCATATTTGGCAGAAATTGAATTCAATAAT
GTAGAAATACCTTTAGAAAATATCATTGGTAGACCAGGATTTGCTTTTACTTACCTTGCACCGTATGCTTT
AGAATTTGGGCGTATTTCAATTGCCTTTGCTGCTCTTGGTGTATTACGIRONGBAATCTGTGGGA
ATCATGTATTACATAGAAGCGCATTTGGTAACTCTCTAATTGATCATGGCATGATTTCACATATGGTTACA
GATATGGGAGTAGATTTAGAAGCTTCTATACTCCTTAGTTTAGAAGCTTGTAAGGCCAAAAATGAACATCG
AGCTGATGCTACTGAAAAGATTATGATTGCAAAATATTTTGCATCGCGCTCGGGTACAAGGCATTCAACGA
ATGCTGTACAGATTATGGGAGCARGTTGTAATGATAATTATTCAATATCAAGGTGCTTTAGAGATTCT
AAAACAATGGAGATCGTTGAGGGGAGTAATCAAATTCATCAGCTATTACTTGGTAAGGGATTTGCTAAAAA
AGCGAAACGTGCCATTGAAAAAATACCTGTAACTAAAGGAGTGATACAACCCGGATGA

Zmal

ATGAGTACATGTATACAAAAGCTGTTTGAAGAACAAGTAGTCCGTACGCCAGATGAGGTTGCTGTTATTIT
TAAAAAAGAAACATTAACCTATAAGGAATTAAATGAAAAAAGTAACCAATTAGCTCGTCTTTTACGTGAAG
GTGGAGTTGGACCAGATACAGTTGTAGGTATTATGGTAGAGCGATCTATCGAAATGGTTGTCGGAATTTTC
GGGATATTAAAAGCGGGCGGAGCATATCTGCCGCTTTATCATSACATCATCACGATTACAATTCAT
TATAGAAGATAGCGGTGCTAAATTAATACTGACGCAAAAGCAAATCCTACATCGTTTTCAAGATAGTTTGA
AAGCTGATATGTTGGCTTTAGATTCGATTTCCTATGAAGGAAAGGGTGAAAATCTAGAGTGTATTAACAAA
CCCTCTGATCTTGTGTATGTAATATACACTTCCGGTTCAACCGGGAAACCTAAGGGTGTTATGATTGAGCA
TTCGGCCTTAATAARGAATTGAGTGGATGCAAGAGGCTTATCCAATTAGTTCAAAGGATACTATATTAC
AAAAGACCCCTTATACATTTGATGTGTCCGTATGGGAGATGTTCTGGTGGGCCATAGTTGGAGCCAGAGTA
TGTATTCTTGCGCCGGGGATGGAGAAGTTTCCACAGGCTATTATTGAGACAACTGAAAGTAATGACGTGAC
AATTATGCATTTTGTACCATCTATGTTAAGTGCATTTTTACACTATCTTGATGIGRGAAACTAACC
GAATAAAATCGTTGAAACAAGTATTTGTTAGTGGTGAGGCACTACTGTCTCAACATGTAAACCGTTTTAAC
AAGCTGCTAAATTTCTCTAATGGTACACTTCTTACTAATCTGTACGGACCTACTGAAGCAACCATTGATGT
GACTGCTTATGATTGTCCGACACATGAGATTACAGAAGGGAGCGTTCCAATAGGGCGAGCAATTAAGAATA
TTGAGATGTTTGTTGTTGATAAATATGSTAAACTTCCGGAAGGCCATATAGGAGAATTATGTATCTCA
GGTATAGGATTAGCACGTGGATATGTAAATAGGCCGCAATTAACGGCAGAAAAGTTTGTACAATATTCCCT
TGATACCCGTATATATAAAACCGGTGACTTAGCTTTAATAAGATCGGATGGGAATATTGAGTTTCATGGAA
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GAATTGATTTTCAAGTTAAAGTTAATGGCCTTCGTATTGAGTTAGGGGAAATAGAATCGTGTTTAATGTCT
TGTGAAGGAGTTTTACAATGTGCGGTAATTGTAAGACAAGAATCTGAGATGGTAGTTAAGTTAATAGCTTT
CTATGAGTCAGAAAATGATATTGAGTTAGAGAGGTTAAAAAAATATCTACGCTTATTTTTACCAGATTATA
TGATACCTAACAGTTTTGTACGTGTAAATGAAATGCCATTAACGGATAGCGGAAAGATAGATAGAAAAGCA
CTTGCCTTATINGGTTCCGATAAATATTTACACCATACCAGABGIGAGGTTCTGTTAATGAGGAAAG
CAGTAAAGATTCATAA

ZACP2

GTAGCACCTCgCaATGAGGTAGAAGAAAAGCTTTCAAAAATTTGGAGAAATATATTTAAAGTTTCAGAAGT
TGGTGTTCATGATGATCTTCTGGAACTAGGTGGAGATTCACTTAAGGCTATTACTATTGTTTCAAAAATTC
ATAAAGAGTTTAATGTTGAAGTTCCTATTAAAGAACTCTTTACTCTATCAAATATTGAGAAACTAGCAAAT
TATATTTCAAGGGCAGATAAGAGTGAATTT

ZmaD

ATGGABATCATGAAAAAATACGTCAATACATTAAAAAAAATCTTATTATTTTTAATGCAGAGGAAAC
TATTGTTGCTAATGATGACAACATATTTGAAAAAGGTTATGTAAATTCGCTCTTTGCTATGCAAATGT
TAAATTTCATAGAAACGGAGTTTGATATAGTAGTAGATAATGATGAACTTGATATTATTAACTTTTCT
ACTATTAATAATATGGTTGATCTAATTAACAAAAAGAAGAATGGGAATTTCAGAGTAT

ZmaA-AT

CTATTTTCTGGGAACGGATCGCAATATGTAAACATGGGGTTAGAATTATACGAACAAGAGGCAATTTTCCG
TGAAGCTATGGATGAATGCTTTGCAATTCTTCAATCAATTACGAATGTAAACATGAAAGAAGTGTTATATC
CAACTACTTTCAGTATTGATGAGGCAACGGAAAAATTAAAAAGAATGGAATTTAGTCAACCAGTTCTTTTC
GCGTTTGAATACTCAGTTGCGAAATTATIEBGT TGGGGAATTAAACCTGAAGCAATGATTGGATATTC
TTTTGGTGAATATGTGGCTGCTTGTTTAGCAGAAGTATTTACTTTGGAAGATGCACTTAAATTGGTTGTAA
AAAGAGGACAGCTAATGAGTAGTCTTCCTGCAGGGGTAATGCTTAGCGTTCCACTTCCAGAAGAGGAATTG
ATTCATTTAATTAATTCTTTTGAAAAAGAATATCAACATACTATTTCTTTAGCGGTAGTTAATGGTCCAGC
TTGTATAGTTTCTGGGACAGAAGAAGCAATTGTGGATTTTGAAAATGAATTAAAGAAAAAGCGTTTAATGT
GTATGCGAGTAACGATAGAAGGAGCAGCACATTCACATGAACTAGATTCAATTCTGGACGAGTATGCTTCC
TATGTGAGTACATTAACACTCAGAGAACCTAAAATACCTTATTTGTCAAACTTGACTGGTACTTGGATACG
ACCTGAAGAAGCAACAAACCCAGTTTATTGGGTAAAACAT AGARITGTTCGATTCTCTGATGGAA
TTCAAGAGTTGAATAGGGACAATACAAGTCTATTCATAGAGATTGGTCCTGGAAATGATCTTAGTAGGCTT
ACTANTCGCCTTTTAGAC
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Figure A.1. Normalized B-factor for ZmaF homology model.B-factor is a value to
indicate thermal mobility of residues in the resulting model. These values are calculated
based on templates used to generate models.

Table A.1. Top threading templates used to generate ZmaF modeldenl is the
percentage sequence identity of the templates in the threading aligned region with the
query sequence. Iden2 is the percentage sequence identity of the whole template chains
with query sequence. Coverage is the coverage of the threading alignment and is equal
to the number of aligned residues divided by the length of the query protein.
Normalized Z-score is a score of alignment, whereby a Z-score >1 means a good

alignment.
RANK  PDB HIT IDEN1 IDEN2 COVERAGE NORMALIZED
Z-SCORE
1 3eenA 0.30 0.24 0.77 2.97
2 6fij 0.19 0.31 0.87 2.12
3 3k89A 0.30 0.24 0.77 4.21
4 6fij 0.20 0.31 0.85 2.34
5 3gatA 0.34 0.28 0.76 2.98
6 6fij 0.19 0.31 0.88 1.46
7 3eenA 0.30 0.24 0.77 3.27
8 2vz8 0.17 0.35 0.83 2.33
9 ImlaA 0.33 0.26 0.75 5.50
10 5bpl 0.18 0.24 0.84 1.45
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Figure A.2. Normalized B-factor for ZACP1 homology model.

Table A.2.Top threading templates used to generate ZACP1 homology modé&te
Table A.1 caption for a description of each parameter.

RANK PDBHIT  IDEN1 IDEN2 COVERAGE NORMALIZED
Z-SCORE
1 2igpA 0.22 0.22 0.98 3.77
2 2igpA 0.22 0.22 0.98 2.36
3 2igpA 0.23 0.22 0.95 4.14
4 2igp 0.22 0.25 0.98 1.81
5 2igp 0.22 0.25 0.98 1.49
6 2igpA 0.22 0.22 0.98 3.63
7 2igp 0.23 0.25 0.91 2.07
8 4pxhB 0.27 0.23 0.85 1.35
9 2igpA 0.22 0.22 0.98 4.19
10 2igpA 0.22 0.22 0.98 1.92
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Figure A.3. Normalized B-factor for ZmaH homology model.
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Table A.3. Top threading templates used to generate ZmaH homology modé&ke
Table A.1 caption for description on each parameter.

RANK PDB HIT IDEN1 IDENZ2 COVERAGE NORMALIZED
Z-SCORE
1 5jdxA 0.21 0.20 1.00 1.46
2 2n5hA 0.21 0.23 0.99 1.89
3 2n5hA 0.21 0.23 1.00 2.29
4 4zx] 0.23 0.40 0.91 1.70
5 4bpf 0.29 0.26 0.95 1.17
6 1x30A 0.19 0.21 0.95 2.02
7 2l9f 0.08 0.14 0.98 181
8 1x30A 0.19 0.21 0.95 1.15
9 2my5A 0.21 0.20 1.00 1.95
10 2n5hA 0.21 0.23 1.00 1.32
Standard curve of Sfgenerated AzZEMZmaH
uM AzEM-ZmaH
0 .25 05 1.0 1.5 2.5 5.0 8.0 15
———_
— 3.E+07 y = 1.69E+06x - 7. 45E+05 =) 6. E+06
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Figure A.4. Sfp-generated AzZEM-ZmaH standard curve.60 pM AzEM-ZmaH was
generated using apo-ZmaH and AzEM-CoA with Sfp. Reaction wasdiluted to generate
relevant concentrations for the standard curve. Standard curve is zoomed in (right) to

show linearity at low concentrations.
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MS analysis of ACPs

Table A.4. ppm values of ACP spe cie€alculated monoisotopic mass was calculated
using IPC, as described in Chapter 2 methods.

ZmaH Th_eoreti_cal Expe rime_ntal opm
mMonoisotopic mass monoisotopic mass
Apo 11890.72576 11890.66675 4.9628
Holo- 12230.81200 12230.80353 0.6808
Malonyl- 12316.81240 12316.76201 4.0791
Methylmalonyl - 12330.82805 12330.84229 -1.1667
Ethylmalonyl - 12344.84370 12344.84654 -0.2425
Allylmalonyl - 12356.84370 12356.84446 -0.0735
Propylmalonyl- 12358.85935 12358.78759 5.7942
Isopropylmalonyl- 12358.85935 12358.88755 -2.2939
Propargylmalonyl- 12354.82805 12354.77148 4.5665
Butylmalonyl- 12372.87500 12372.91407 -3.1695
Azidoe thylmalonyl- 12385.84510 12385.84861 -0.2951
ZACP1 Th_eoreti_cal Expe rime_ntal opm
mMonoisotopic mass monoisotopic mass
Holo- 12942.47675 12942.49359 1.3001
Malonyl- 13028.47714 13028.52692 3.8211
Methylmalonyl - 13042.49279 13042.51115 1.4080
Ethylmalonyl - 13056.50844 13056.54331 2.6703
Allylmalonyl - 13068.50844 13068.51794 0.7267
Propylmalonyl- 13070.52429 13070.53842 -1.0961
Isopropylmalonyl- 13070.52409 13070.53842 1.0961
Propargylmalonyl- 13066.49279 13066.48666 0.4693
Butylmalonyl - 13084.53974 13084.55017 0.7969
Azidoe thylmalonyl- 13097.50984 13097.54240 2.4860
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Ladder

LANE ACCEPTOR | DONOR

1 ZACP1 -- f

2 -- Apo-ZmaH

3 -- Apo-ZmaD

4 ZACP?2 -- -

5 ZACP1 Apo-ZmaH

6 ZACP1 Apo-ZmaD

7 ZACP?2 Apo-ZmaH

8 ZACP2 Apo-ZmaD | _ Te*"sa®aB

Figure A.5. Resolutionof ACPs.The only ZMA ACPs that are able to be resolved via
SDS-PAGE gel are ZACP1 and apo-ZmaH (lane 5).

B. Chapter 3 Supple mentary Information

Gene sequences of chimeaasl HPLC traces of reactions with Zn¥

The DNA sequences of fully sequenced chimeras are given below. In each case, portions that
are from ZMA are colored blue. The codon encoding the active site serine of the DEBS AT is
highlighted. In constructs with DEBSAT®, this codon is mutated to “GCG”. Sequences are
only given for chimeras containing one portion of ZMA. In chimeras containing two
discontinuous portions of ZMA, the same borders were applied as in the chimeras containing

only one segment of ZMA.

DEBSMod3TE-oHII-ZACP1

ATGGCTAGCACTGACAGGBAGGTGGCGGAGTACGIDCGGGCGACGCTCGAGITBECCAICG
GCAGCGCATCCGCGAGOVIGCGACCCGATCGCCBATICAGCATGGCCTGCCEECTGGGCGGGG
TGAACACCCCGCAGCGGIIGGAGCTGCTGCGCGATGEE GAGACGCTGTCGGKELICCACCGAC
CGGGGCTGGGACCTGGGEIGCACCACCCCGACCAGERNCCCCGGTACCAGCEBACGACAAGGG
CGGGTTCCTCGACGACGUGGEGCTTCGACGCGGAQNMIGCGTCTCGCCGCEEGBCGCGGCCA
TGGACCCGCAGCAGCGEITBETGGAGACGAGCTGGGEGGTGGAGAACGCCGEGIMCCCGCAC
TCGCTGCGCGGTACCGOBAGCGTCTTCCTCGGAGTGBAGTTCGGCTACGGCGAGACCGCCGC
GGCGGAGGACGTCGAGBGTTGGTCACCGGTGTGGLGGCGGTCGCCTCCGEAIGTCCTACA

CCATGGGCCTBGGGGCCGTCGATCAGOGACACCGCGTGCTCGTCGTTGGTGGCGCTGCACCTG

GCGGTCGAGTCGCTGCGHABCGAGTCGTCGATGEUES CGGCGGTGCCGCAFIB&ECGACCCC
GGGGGTGTTCGTCGACTBEBCAGGCAGCGCGCGCTBRUGACGGGCGGTCGABIGCGGTGCCG

GCGCCGACGGGTTCGGOTUIAAGGCGTCACCCTGGTIGCTCGAGCGGEHIICGGAGGCGCGGCGA
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AACGGGCACGAGGTGCTEGIGGTTCGCGGCTCCEUABCCAGGACGGGGCOMEILGGCTTTC
CGCGCCGAGCGGGCCCBGGGCAGGGTCATCCGCRHAGCTCGAGAGCTGCGAIGAGCCCGGLG
ACGTCGACGCGGTGGAGKIGEGCACCGGTACGGURIICGACCCGATCGAGRUH L GCTGCTG
GACACCTACGGCCGCGAUGACGOGACCGGCCGCTCTGGCTGREBEGTGAAGTCCAACATBUIRA
CACCCAGGCGGCAGCGAGGBGCGGCCTGCTGAAGGTGCTGGCGCTGCGCAAGGRACTGCCCG
CGACCCTGCACGTCGAGBBCGACGCCGCACGTCGABTEGGTCCGGCGGCGTGABGBIGGCGGGC
AACCAGCCGTGGCGGCEIBGCGGCACTCGGCGCE&ICHTTCCGCGTTCGGGABLGGGACBA
TGCGCACGTGATCGTCGASGCTCCTGAGCGCGAGUBGGAGACCACCGCGCAIERICCGACCGG
TTCCGCTGGTGGTGTCCGGGAGCACGGCGGCGT TE&HBGCAGGCCGCCCAGRATIIAGCTGCTC
GAACGCCCGGACGCCGATEICGGGGTCGGGCTGGHEGGCCACGACCCGCGCMMGAGCACCG
CGCCGCCGTGGTGGCATUBIGCGAGGAAGCGCGTEBCTGCGGGAGATCGCCBEBECCGCGA
CGGCCGACGCCGTGGTWENGSTCACCCGAGGTGGARUBECAACGTCGTCTTCCTGTCGGGGCAG
GGTTCGCAATGGGCCGCREBGTGCCGAGCTGCTGTUGICGCCGGTGTTCGCCAHAREATCCGGGC
CTGCGACGAGTCGATGGCUGATGCAGGACTGGAAGBITGACGTGCTGCGTCAGGCGGGGGCGC
CGGGCCTGGACUEEGACGTGGTGCAGCOGHEGTTCGCGGTGATGGUGCTGGCGGAGCTGTGG
CGCTCGTACGGCGTGGAUEUGGCGGTCGTGGGAGCMCAGGGCGAGATCGCCGM@ITNTGTCGC
CGGGGCGCTCACGTTGEREGEIEGGCGAAGCTCGTAEIGCGCAGCCGCCTGATHEIU&ECTCTCCG
GGGAGGGCGGCATGGCGHCGCGCTGGGCGAGGCBBIGCGCGAGCGCOBGCCGTGGCAGGAC
CGGCTCTCGGTGGCCGUIBLGGTCCCCGGTCGAEIEGICTCCGGCGAGCCOBBECTGCGGGC
GTTTTCCGAGGACTGCGCGGAGGGCATCCGCGTCRARATCGACGTGGACTACGECGCACTCGC
CGCAGATCGAGCGGGTUEMEGAACTCCTCGAAACGEBGCGACATCGCGCCCUHBIGCGGGTG
ACGTTCCACTCCACTGTE&IRGCGGTATGGACGGCACCGAGCABRECCCGGTACTGGTACBAC
CCTGCGCGAGACGGTGUEGICCGACGCCGTGACCLIE CGGAGTCGGGATAUGRGTTCATCG
AGGTCAGCCCGCATCCGGIGGTCCAGGCCGTCCAGBAGGTCCGAAGAGGCTEAEE CGAAGAC
GCGGTCGTAGTCGGCTOGCACCGCGACGGCGGTAAICGGCCTTCCTGCGGATGGCCACCGC
GCACGTGTCCGGTGTGGACABGTGGGACGTCGCTAIGEGCGCCGCGCCCTTAIGECGACGT
ATCCGTTCCAGCGCAAGTACTGGCTCCAGCCCGCAGLCGCCGCCGCCTCCEREE GGCCTAC
CGCGTTTCCTGGACTCCGHRAAAGCCGGAGTCGGEAN GGACGGCGACTGGITBGTCACACC
CCTCATCAGTCCGGAGTGGSAAATGCTGTGCGAGSIIPACGCCAACGGTGGCAGGBGEGCT
GCGAGGTGGACACGTCCERUICGCACTGAGATGGCGGACGTCGCACAGGCCEBFGATTCCGG
GGCGTGCTCTCGTTGCTGTCGGACGAATCCGCCTGODCCGGGGGTTCCTGCCBBIGTCGGCCT
GCTCACCCTGGTCCAGGUEEGCGATGCCGGGCTERRMECGGTGTGGTGCCTABAGGGTGCGG
TCCGCACTCCCGCUEIMCGACCTCGCCCGGUIICAGACCACCGCGCACOGGCGCAGGTCGCC
GGGCTGGAGCTGCCGGE®IGGGGCGGTGTGGCTCAMIECGAATCGGTCGACGAGGCGCTGCG
TCTGCTCGTGGCAGTCCBRIGGCGGCGGCCGTGCGAEGACCTCGCGGTCCABHEACCGCCTCC
ACGGCCGTCGCGTCGTARGAAGCCTGCCGCAGTCCBEBCGGAGCTGGACCCABEGGACCGTG
CTGGTCACCGGCGCGGWHEGTCGGCGACCAACTEBEGTGGCTCGCCGACRGAGCCGAGCG
GCTGGTGCTGGCCGGAGICIGGGCGACGACCTGRIGECGGTCGAGGAAGUBEIBTCGGCCG
TCGTGTGCGCCCAGGACBUGGCGCTGCGCGAGGCGGL GACGAGCCGGTGAGII CGTGCAC
GCCGGAACCCTGACGAADBECAGCATGICGAAGTCGCACCGGAGEAGCCGAGACGATCGCGGC
CAAGACCGCGTTGCTCGUGGIGGACGAAGTCCTCGACCGGGCCGTCGAGCE&EIATACTGCT
CGTCGGTCGCCGGGATAIGGGGCGCCGGGATGGCTAMUGCGGCAGGCAGCRULITCGACGCG
CTGGCCGAGCACCACCCEBEGGGCCGCTCGTGCABUTCGCCTGGACGCCEBECTGCCGGG
CGG®GCGGTGGACGACGGCTAUGGGAACGCGGACTREEIC TCTCCGCCGACAGGATIGCGCA
CCTGGGAGCGGGTGCTEHUIGGGCCGGTGTCGG EBIGGCCGACGTGGACTGHETGCTCAGC
GAAGGCTTCGCCGCCACECGGACCGCGCTGTTCGRIET CGCCGGCCGCGCGERESCGGAGGC
CGAGCCGGACAGCGGAWTHGCGAGCCGGCACAATEG CGGGCTTTCCCCGGACGAGCAGG
AAAACCTGCTCGAACTCEWSAACGCGGTTGCCGARIETT GGCCACGAGTCCGOUGAGATCAAC
GTGCGCCGCGCGTTCAGRGIICGGACRT TTCACTTCATATAATTGATTCATGAGAGATTAATAA
TAGATT/ACCGGCCTGCGGCTGCAEIRGCTGGTGTTCGACCACBCCGTCACCGCGCTCGAEL
ACCTGCGCGCCCGGCAGBTTGACAGCGGGACTGCCCGGGAAGCGAGCAGCETCGCGACGGC
TACCGGCAGGCGGGCGTHRIGCAGGGTCCGGTCCTAIGACCTGCTGGCGGGATWIHEACTTCCG
CGAGCACTTCGACGGCTRCGGGTTCTCCCTCGATGIGGACATGGCCGACGAIGEAGAGGTCA
CGGTGATCTGCTGCGCGBEBAGCGGCGATCTCCGAETACGAGTTCACCCGGOIUGGGGCGCTG
CGCGGAATCGCTCCGGTEGGCGTGCCCCAGCCCREGRAGGAGGGCGAACCTTIGTI CGTCGAT
GGCGGCGGTGGCGGCGEEGCCGATGCGGTCATCAGECAGGGGGACAAGCOIIITGGTGGCCG
GTCACTCCGCGGGGGCAOTEECCTACGCGCTGGOEABACTGCTCGATCGCGMBUCGCCACGC
GGTGTCGTCCTGATCGACBACCCGCCCGGACCAGGACGCGATGAACBEGCTGGAGGAGCTGAC
CGCCACGCTGTTCGACCSGACGGTGCGGATGGAGRATAGGCTCACCGCCCTGGGCTACGACC
GCCTCACCGGTCAGTGGOBACGGGAAACCGGGCTRHIG CTGCTGGTCAGCCBUGAGCCGATG
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GGTCCGTGGCCCGACGATIAREBAAGCCGACGTGGCMILAGCACGACACCGTCGTOCCCGGCGA
CCACTCACGATGGTGCAGGAAGRCGACGCGATCGCGCEBIRGACGCCTGGCTGCGAEGGA
ATTCGTGA

DEBSMod3TE-ZACP1

ATGGCTAGCACTGACAGGBAGGTGGCGGAGTACGIDCGGGCGACGCTCGAGIITBECCGCCCG
GCAGCGCATCCGCGAGOVAIGCGACCCGATCGCCBAICAGCATGGCCTGCCEECTGGGCGGGG
TGAACACCCCGCAGCGGIIGGAGCTGCTGCGCCABEIGAGACGCTGTCGGGUITCACCGAC
CGGGGCTGGGACCTGGGHEIGCACCACCCCGACCAGENCCCCGGTACCAGCEBACGACAAGGG
CGGGTTCCTCGACGACGUGGEGCTTCGACGCGGAQNMMIGCGTCTCGCCGCEEGBCGCGGCCA
TGGACCCGCAGCAGCGEIBETGGAGACGAGCTGGGIGGTGGAGAACGCCGEGHRCCCGCAC
TCGCTGCGCGGTACCGOBAGCGTCTTCCTCGGAGTGBAGTTCGGCTACGGCGAGACCGCCGC
GGCGGAGGACGTCGAGBGTTGGTCACCGGTGTGGLGGCGGTCGCCTCCGEAIGTCCTACA
CCATGGGCCTGGAGGGAOGATCAGCGTCGACACGEGCTCGTCGTCGCTGGIGGTGCACCTG
GCGGTCGAGTCGCTGCGRBBCGAGTCGTCGAIEBGTCGTCGGCGGTG@HGATGGCGACCCC
GGGGGTGTTCGTCGACTBECAGGCAGCGCGCGCTBRUGACGGGCGGTCGABIGECGGTGCCG
GCGCCGACGGGTTCGGOTUIAAGGCGTCACCCTGGTIGCTCGAGCGGCTGTAGGCGCGGCGA
AACGGGCACGAGGTGCTEGIGGTTCGCGGCTCCEUWAB CCAGGACGGGGCOMEIGGGCTTTC
CGCGCCECGGGCCCGCGCAGCGGAGATCCGGCAGGCCCTGBBCTGCGGTCTGGAGGRUG
ACGTCGACGCGGTGGAGHKIGEGCACCGGTACGGURUITGACCCGATCGAGRUHR L GCTGCTG
GACACCTACGGCCGCGAUGACGCCGACCGGCCCGEITGGGCTCGGTGAAGIRIATCGGCCA
CACCCAGGCGGCAGCGAGGBGCGGCCTGCTGAAGGTCGCTGGCGGLGCAACGGGGAACTGCCCG
CGACCCTGCACGTCGAGBBCACGCCGCACGTCGABTEGGTCCGGCGGLCGTGABBTIGGCGGGC
AACCAGCCGTGGCGGCEIEGGCGGACTCGGCGCE&IGHTTCCGCGTTCGGGABCGGGACGAA
TGCGCACGTGATCGTCGASGCTCCTGAGCGCGAGEBGGAGACCACCGCGCAIERICCGACCGG
TTCCGCTGGTGGTGTCCGGRAGCACGGCGGCGTTGCEHNGGCCGCCCAGATCGURIGIGCTC
GAACGCCCGGACGCCGAIEICGGGGTCGGGCTGGEGGCCACGACCCGCGCMIMRGAGCACCG
CGCCGCCGTGGTGGCATUBIGCGAGGAAGCCCTEIRNT TGCGGGAGATCGAIIEET GCCGCGA
CGGCCGACGCCGTGGTWENGSTCACCGAGGTGCARBECAACGTCGTCTTCCTGTCGGGCAG
GGTTCGCAATGGGCCGCREBGTGCCGAGCTGCTGTUGICGCCGGTGTTCGCCAHAEATCCGGGC
CTGCGACGAGTCGATGGUGATGCAGGACTGGAAGBITGACGTGCTGCGTCAGGCGGGGGCGC
CGGGCCTGGACCGGGT@GIMGTGCAGCCGGTGTTCECGGTGATGGTGTCGAIGGAGCTGTGG
CGCTCGTACGGCGTGGAUEUGGCGGTCGTGGRUEMCAGGGCGAGATCGCCGM@ITNTGTCGC
CGGGGCGCTCACGTTGECGGCGAAGCTCGTAEIGCGCAGCCGCCTGATEIIEGECTCTCCG
GGGAGGGCGGCATGGCGHCGCGCTGGGCGAGGCBEIGCGCGAGCGCCTGTBIGGCAGGAC
CGGCTCTCGGTGGCCGUIBBLGGTCCCCGGTCGCEIEGICTCCGGCGAGCCCBBECTGCGGGC
GTTTTCCGAGACTGCGCGGCCGAGGELAICGTCCGCGACATCGREEACTACGCCTCGCACTCG
CGCAGATCGAGCGGGTUEMEGAACTCCTCGAAACGAGCGACATCGCGCCCUHBIGCGGGTG
ACGTTCCACTCCACTGT®&IRGCGGTCTATGGACGGUBAGCTGGATGCCCGGTAETACCGCAA
CCTGCGCGAGACGGTGUEGICCGACGCCGTGACCLI&E CGGAGTCGATACGACGCGTTCATCG
AGGTCAGCCCGCATCCGGIGGTCCAGGCCGTCCAGBAGGTCCGAAGAGGCTENTEE CGAAGAC
GCGGTCGTAGTCGGCTOGCACCGCGACGGCGGTAAICGGCCTTCCTGCGGATGGCCACCGC
GCACGTGTCCGGTGTGGHRONGGTGGGACGTCGCTCTGGGCGCCGCGCCCTREGCCGACGT
ATCCGTTCCAGCGCAAGTACTGCTCCAGCCCGCCGCACUDB@ CGCCTCCGACGAGRIGIAC
CGCGTTTCCTGGACTCCGHRAAAGCCGGAGTCGGEAN GGACGGCGACTGGITGBETCACACC
CCTCATCAGTCCGGAGTGGSAAATGCTGTGCGAGSIIAACGCCAACGGTGGGAGGTTGCGCT
GCGAGGTGGACACGTCCERUICGCACTGAGATGGCGGACGTCGCACAGGCCEBEFGATTCGG
GGCGTGCTCTCGTTGCTGTCGGACGAATCCGCCTGODOCGGGGGTTCCTGCCBBIGTCGGCCT
GCTCACCCTGGTCCAGGUGEGCGATGCCGGGGTEEMECGGTGTGGTGCCTGBAGGGTGCGG
TCCGCACTCCCGCCGACGACCTCGCCCGGCCTGCRATZCACCGCGCACGGCTUGGAGGTCGCC
GGGCTGGAGCTGCCGGE®IGGGGCGGTGTGCTCAMIL CGAATCGGTCGACGAGGCGCTGCG
TCTGCTCGTGGCAGTCCBRIGGCGGCGGCCGTGCGABGACCTCGCGGTCCABHEACCGCCTCC
ACGGCCGTCGCGTCGTCRGAAGCCTGCCGCAGTCCECGGAGCTGGACCOUIRIGGACCGTG
CTGGTCACCGGCGCGGWHEGTCGGCGACCAACTEBEGTGGCTCGCCGACRGAGCCGAGCG
GCTGGTGCTGGGGAGCCTGTCCGGGCAWILI GCTGGCCGCGGTCEMBGCGGGCGCATCGGCCG
TCGTGTGCGCCCAGGACBUGGCGCTGCGCGAGGCGGL GACGAGCCGGTGAGI CGTGCAC
GCCGGAACCCTGACGAADGEE CAGCATCAGCGAAGTACCGGAGGAGTTCGCTE2EATCGCGGC
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CAAGACCGCGTTGCTCGOGGIGGACGAAGTCCTCGBCCGGGCCGTCE®MEEGAGGTCTACTGCT
CGTCGGTCGCCGGGATAIGGGGCGCCGGGATGGCTMUGCGGCAGGCAGCRUTITCGACGCG
CTGGCCGAGCACCACCCEEBEGGGCCGCTCGTGCABUTCGCCTGGACGCCEBECTGCCGGG
CGGGGCGGTGGACGACBGCTGCGGGAACGCGGATICGAGCCTCTCCGCCGAGBBGGATGCGCA
CCTGGGAGCGGGTGCTEHUIGGELGTGTCGGTCGCGGTABIIL TGGACT GGCC GG TGHEGT
GAAGGCTTCGCCGCCACECGGACCGCGCTGTTCGRIET CGCCGGCCGCGCGERESCGGAGGC
CGAGCCGGACAGCGGAUTEACGAGCCGGCACAATGGAAACTAAAACGGGABAGTTCAGAA
ATCAAGATGAAGTAGAGBAAATTATAGGAATTTGGAGAGTTTTACAGTGTTGATAGTAAATGA
AATGAAAATTTCTTTGATCGGTGCAACTTCACTTCATRMATTCAAATT CATGAGABGRAATTAATAG
ATTAGAAAAACAGATTTCARGGAGTTATGTTTGAGTBTAAGTATTCGTTCTTTAGBGATACTTA
AGCTTGACAGCGGGACTGCCCGGGAAGCGAGCAGCEUCGCGACGGCTACCAGGCGGGCGTG
TCGGGCAGGGTCCGGTAIIIPCGACCTGCTGGCGGEICGGACTTCCGCGAGCACBRCGGCTC
CGACGGGTTCTCCCTCGATGTGGACATGGCCGACCIGGAGAGGTCACGGTGAICTGCGCGG
GAACGGCGGCGATCTCCBBICACGAGTTCACCCGGEBTCGGGGCGCTGCGCHEGAETCCGGTT
CGGGCCGTGCCCCAGCTUBGGAGGAGGGCGAACTEOTCGTCGTCGATGGCEGUE5CGGCGGT
GCAGGCCGATGCE®ATCAGGACACAGCGGGCHMNECCGTTCGTGGTGGCUGAETCCGCGGGGGCAC
TGATGGCCTACGCGCTGSOGGAACTGCTCGATCGGGBCCCGCCACGCGGTATIII GATCGAC
GTCTACCCGCCCGGTCAGGACGCGATGAACGCCTBEEAGGAGCTGACCGCAALET TCGACCG
CGAGACGGTGCGGATGRINECAGGCTCACCGCCGEEGGCCTACGACCGCATCGGTCAGTGGC
GACCCCGGGAAACCGGEIXEACGCTGCTGGTCAGUGGCGAGCCGATGGGT@IRICCGACGAC
AGCTGGAAGCCGACGTAGOCGAGCACGACACCGECGTCCCCGGCGACCARTUGATGGTGCA
GGAACACGCCGACGCGATEGGGGCACATCGACGCATIBESGCGGAGGGAATTASTG

DEBSMod3TE-ZmaF

ATGGCTAGCACTGACAGGBAGGTGGCGGAGTACGIDCGGGCGACGCTCGAGIITECCGCCCG
GCAGCGCATCCGCGAGQVAIGECGACCCGATCGCCBAICAGCATGGCCTGCCEECTGGGCGGGG
TGAACACCCCGCAGCGGIHGGAGCTGCTGCGCGATGEE GAGACGCTGTCGGELICCACCGAC
CGGGGCTGGGACCTGGGEIGCACCACCCCGACCEGB CCCCGGTACCAGCTACGRCAAGGG
CGGGTTCCTCGACGACGCUGGGCTTCGACGCGGAGQMILGCGTCTCGCCGCEEGBCGCGGCCA
TGGACCCGCAGCAGCGEITBETGGAGACGAGCTGGEGIGGTGGAGAACGCCAE®GNCCCGCAC
TCGCTGCGCGGTACCGOBAGCGTCTTCCTCGGAGTGBAGTTCGGCTACGGCGAGACCGCCGC
GGCGGAGGACGTGEACTACTCGGTCACCGEIGCGCCCGCGGTCGCW®UCGCATCTCCTACA
CCATGGGCCTGGAGGGEUBEABTCAGCGTCGACACCGHBGCTCGTCGTCGCTGGTGGTGCACCTG
GCGGTCGAGTCGCTGCGHABCGAGTCGTCGATGEUES CGGCGGTGCCGCRAFIB&ECGACCCC
GGGGGTGTTCGTCGACTBECAGGCAGCGCGCGCTBRUGACGGGCGGTCERBGITCGGTGCCG
GCGCCGACGGGTTCGGOTIAAGGCGTCACCCTGGIGCTCGAGCGGCTGTAGGCGCGGCGA
AACGGGCACGAGGTGCTEGIGGTTCGCGGCTCCEWAB CCAGGACGGGGCOMEILGGCTTTC
CGCGCCGAGCGGGCCCABGGGCAGGGTCATCCGGHALGCTCGAGAGCTGCGEIGAGCCCGGLCG
ACGTCGACGCGGTGGAGIXIGGCACEIACGGCGCTCGGCGAFTUGAGGCGAACGCGCTGCT
GACACCTACGGCCGCGAUGACGCCGACCGGCCCGEITGGGCTCGGTGAAGAIIATCGGCCA
CACCCAGGCGGCAGCGAGGBGCGGCCTGCTGAAGGTCGCTGGCGCTGCGCAABGRACTGCCCG
CGACCCTGCACGTCGAGBBCACGCCGCACGTCGABTEBGTCCGGCGGCGTGABBTIGGCGGGL
AACCAGCCGTGGCGGCGCBGLCGGACTCGGCGCGCEEITTCCGCGTTCGGGATCEEGACGAA
TGCGCACGTGATCGTCGASGCT CCTGAGCGCGAGUBGGAGACCACCGCGCATERICCGACCGG
TTCCGCTGGTGGTGTCCGGGAGCACGGCGGCGT TE@HG5CAGGCCGCCCAGRATIEAGCTGCTC
GAACGCCCGGACGCCGAIEICGGGGTCGGGCTGGEGGCBCGACCCGCGCCCGCCARGMCCG
CGCCGCCGTGGTGGCATUBIGCGAGGAAGCGCTEIRIT TGCGGGAGATCGAIIEET GCCGCGA
CGGCCGACGCCGTGGTEEAGSTCACCGAGGTGGABGGAATATTGTATTTATGTCCTGGCGTA
GGATCCCATTATTCTGGARBGTAAGTACCTTTATGAATTCCCTGTAGCACGTBABTTTGAAGA
AGCAAGTGACACTCTAMMATAGACATGGCTTCCATATGGAGAAGATATAGRACTGACCTTGAAA
AGTTACAAAATTCACAGAGTTTTAGTAACAACTAGCAGCAGCTTTTCGAGTTTTAECAGGAAATA
GGCAATAAACCAGAGGCBATTGGATATTCTTTGGGMIATACAGCTCTATGTGDITGGAGCAAT
TGCATTTTCAGATACCTTAATTAGTACAAGAACGTARIGATTTTGAGTAGCTATSIO GACTATAG
ATGGAACTATGGCATGGBATAATCTTCCTCCAGAAFG TTGAAGGTATTTGTTCASTTGTTAACC
AAGGGACAGGAAGTATAMATGGCTTATGACACT COMAMAAACATCAATTTCTGBTAAACTCTGC
GGTTCAGTTAGCTTGTGAAIGTAGTAGAGCATGGGAIEASCAATCCCCCTTAAMAGTGGGCCAT
TTCATTCTCCTATGATGCEATGCTGCTGAMAATATAAGAGTGTACTAGMTATAGATATGAAACAG
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CCATTAGTACCTGTCATAGRATCATGATAGTTCAATASTAAAGGTGTAGAAAATAABAGAAAACCT
TTACTTACAATTAATAAAGTIGTGAAATGGTTGGACATGCACTATCTAATGAATBSGGTCTATGA
AAGCTATTGAAATGGGACGRSGAAGTCTTGAAGTATITITGCAAGCTATTAACCCITATATCGACA
TTTAATTATGAAAGGGAGAAAGATCTAAATACAAAAAATTCTTACATTACAAGAATCRGTATGA
AGAAGTTATATCAGGGTAPACTGTAGTTGTAAGTABAAAATTATAATACAGATRRAGTGATTATC
AGAAAAAGGTAGTACTCUUACAAAAGGTCCAAAGTARIGCAGCCCGCCGCACCCGUIRITTCC
GACGAGCTGGCCTACCGIXELTGGACTCCGATCGAGCCGEBTCGGGAAACCTGGACGRU®
GTTGGTTGTCACACCCCTCAGTCCGGAGTGGACGSIKACTGTGCGAGGCCATCSECAACGGTG
GCAGGGCGTTGCGCTGUEHAEACACGTCCGCTTCGRAGT GAGATGGCCCAGGUUBCACAGGCC
GGAACGGGATTCCGGGEIETLTCGTTGCTGTCGTAGGAATCCGCCTGCCGTGGGGTTCCTGC
CGGTGCGGTCGGCCTGRICCTGGTCCAGGCGCTGGATGCCGGGGTCGACEBIGTGTGGTGCC
TGACCCAGGGTGCGGTCHETCCGCCGACGACGACETCCGGCCTGCGCAGATWICGCACGGC
TTCGCGCAGGTCGCCGGEHEEAGCTGCCGGGCCCCTHEHETGTGGTCGACCTGER/ATCGGTCGA
CGACGCGGCGCTGCGTAREIGGCAGTCCTGCGCGGCGGCCGTGCCGAGGATDAGCGGTCC
GGGACGGCCGCCTCCAWEICGCGTCGTCCGCGEAAGECCGCAGTCCGGCTEGAGCTGGACC
CCGCACGGGACCGTGCTHEILGGCGCGGCGAGCTICCGCGACCAACTGGTGUEECTCGCCGA
CCGGGGAGCCGAGCGGTBGBGGCCGGAGCCTGTGGGGACGACCT GCTGGUHGIEGAGGAAG
CGGGCGCATCGGCCGTAGIHBECCCAGGACBRCGGCGCTGCGCGAGECGGCGACGAGCCGGTG
ACCGCGCTCGTGCACGCUEIECTGACGAACTTCGGUAT CAGCGAAGTCGCAGEBGGAGTTCGC
CGAGACGATCGCGGCCAAGACGTTGCTCGCCGTGGAGGAAGTCCTCGGCGABGGCGTCGAGC
GGGAGGTCTACTGCTCGBTGGCCGGGATCTGGCEEHE GGGATGGCCGCCTREECAGGCAGC
GCCTACTCGACGCGCTGGCCGABIMCCGCGCGCGGGGCCEGIGCACCTCGGTCGCCAGGCC
GTGGGCGCTGCCGGGCGGGEGGACGACGGCTACTIGGAACGCGGACTGCE&AGTCCGCCG
ACAGGGCGATGCGCACOISECGGGTGCTGGCCCBUEGGTGTCGGTCGCGEIEACGTGGAC
TGGCCGGTGCTCAGCGAAGEGCCGCCACCCGGAUBACGCTALGCCGAACTCGCCGGARGC
CGGACAGGCGGAGGCCGEEACAGCGGACCGACTRETCGGCACAACGGCTREBEGCTTTCCC
CGGACGAGCAGCAGGAANKECTCGAACTCGTCGCGBEGGTTGCCGAGGTGUEITGCGACGAGTCC
GCCGCCGAGATCAACGTGOGCGCGTTCAGCGAGGIRAGI CGACTCGCTCAACBTGGCCCTGCG
CAAGCGCCTGTCGGCGAEIGCCTGCGGCTGCCCEGETGGTGTTCGACCACBCCGTCACCG
CGCTCGCGCAGCACCTGBRBICGGCTCAAGCTTGACBGGACTCCCGCCCCGEMNEGCAGCGCT
CTTCGCGACGGCTACCGGGBGGGCGTGTCGGGCAGCGGGTCCTACCTCGACCTGGCGGGGCT
GTCGGACTTCCGCGAGCHOGACGGCTCCGACGGEMUTCTCGATCTCGTGGAGAICGACGGTC
CCGGAGAGGTCACGGTAAITTGCGCGGGAACGGERGCTCCGGTCCGCACGRGATCCGGCTC
GCCGGGGCGCTGCGCGGHETCCGGTTCGGGCCAIBWIAGCCCGGCTACGAGCGBAGGAACCTCT
GCCGTCGTCGATGGCGUGREGGCGGTGCAGGCBGEAGTCATCAGGACACAGGSCAAGCCGT
TCGTGGTGGCCGGTCAOGBCGGGGGCACTGATGEACGCGCTGGCGACOGKACTCGATCGCGGG
CACCCGCCACGCGGTGTUGIGATCGACGTCTACCOBGGTCACCAGGACGCEWTSCCTGGCT
GGAGGAGCTGACCGCCATGEITCGACCGCGAGACGCGEGATGGACGACACCAGGRICGCCCTGG
GCGCCTACGACCGCCTOBGTCAGTGGCGACCCCERERGGGCTGCCGACGUTHEETCAGCGCC
GGCGAGGATGGGTCCGTGGCCCRNING CTGGAAGCCGACGTIGGITCGAGCACGACACCGT
CGTCCCCGGCGACCACTTCGATGGTGCAGGAACACGARCGCGATCGCGCGGCAIBATGCCTGGL
TGGGCGGAGGGAATTCGTGA

DEBSMod3TE-ZMA-null-AT

ATGGCTAGCACTGACAGGBAGGTGGCGGAGTACGIDCGGGCGACGCTCGAGIITECCGCCCG
GCAGCGATCCGCGAGCTGGAATECGCGATCGCCATCGTCAGBGGCCTGCCGCCTGCCGEEGG
TGAACACCCCGCAGCGGIIGGAGCTGCTGCGCGATEE GAGACGCTGTCGGETICCACCGAC
CGGGGCTGGGACCTGGGEIGCACCACCCCGACCAGERACCCCGGTACCAGCBACGACAAGGG
CGGGTTCCTCGACGACGUGEGCTTCGACGCGGAQNMTISGCGTICGCCGCGCGAGGCCGEBGC
TGGACCCGCAGCAGCGEITBETGGAGACGAGCTGGEGIRGGTGGAGAACGCCAE®TGNCCCGCAC
TCGCTGCGCGGTACCGOBAGCGTCTTCCTCGGAGTGBAGTTCGGCTACGGCGAGACCGCCGC
GGCGGAGGACGTCGAGBGTTGGTCACCGGTGTGGLGGCGGTCGCCTCCGCEATGTCCTACA
CCATGGGCCTGGAGGGAUBBTCAGCGTCGACACCBEGICGTCGTCGCTGGTGGTGCACCTG
GCGGTCGAGTCGCTGCGEBBCGAGTCGTCGATGHUES CGGCGGTGCCGCRAFBHECGACCCC
GGGGGTGTTCGTCGACTBECRAGGCAGCGCGCGCTBRUGACGGGCGGTCGABIBECGGTGCCG
GCGCCGACGGGTTCGGOTXISAAGGCGTCACCCTGGTIGCTCGAGCGGCTGTAGGGCGGCGA
AACGGGCACGAGGTGCTEGISGTTCGCGGCTCCEUAB CCAGGACGGGGCOMEILGGCTTTC
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CGCGCCGAGCGGGCCCBGGGCAGGGTCATCCGCEAGCTCGAGAGCTGCGEIGAGCCCGGCG
ACGTCGACGCGGTGGAGHKIGEGCACCGGTACGGUIHIICGACCCGATCGAGRUHRL GCTGCTG
GACACCTACGGCCGCGAUGACGCCGACCGGCTGTGGCTGGGCTCGGTGMACAACATCGGCCA
CACCCAGGCGGCAGCGAGGBGCGGCCTGCTGAAGGTGCTGGCGCTGCGCAAGGRACTGCCCG
CGACCCTGCACGTCGAGBBLCACGCCGCACGTCGABTEGGTCCGGCGGCGTGABEIGGCGGGC
AACCAGCCGTGGCGGCEIBGCGGCACTCGGCGCE&ICHETTCCGCGTTCGGGABUSGAACTAA
CGTTCATATGTATTAGAAGAAGCCQUYAGTTAAAAGTTCTGCTTACTAGAGAGAAAAAACTKAG
TTCTTTCTGCTAGATCAASAAGCTTTAAATAATGCTAGTGAATATGGTTGAATATGGAATCTAAT
AAAGATGTTGAATTAGCABAT AGCATACACATTGCABPGGCCGTCGATCATTTABGAGAAGAGC
GGTCTTATGTAAGGATATATAGCGCCATAGACAATTIAMAACAGTTAAGATTTTCACGTAAAAACGC
AAGAAAATCCAGATTTGATH GTGTTACCTAGCGAATACATCAATTATTGAGAATEAAAGAACTA
TACCAAAAGGAACCATTATTTAAAAGTATTTGAGCGAPATGACTGATGCCCAAATAT ACTGGAAA
AGCATTGAAAGAAGCATTORAAGGAACAGATGATAEGGTTGAAGATTTAACOTTTCGTCTGCT
TGCAATCGATTATTGATGIRAATTGAATGTGATGTACGTCIC TAACATTATTGGTACSETTAGCT
GGAATGGTTTCAGATATTIMTAAATCTCTTAAGCCAGGATGTCCTGAATCCATGATGAGAACTA
TATAGAGTTACAGACAGARGACGCATGGAGAAAAAGAATTTCTAACACAAGTTESATGTAGATC
CTAATTTTGTGATTGTACATTGGAGAGTTATTAAATTGAAATTAATAATAATCAGAATTITACAG
AACGACTTGTTAGAGGTAIGGACAAGCGTGGGAGTHBGTAGAAATTAATTGGARRCTGTATGA
AGAGGAATATAGATTACATIACCTTACCAACTTATCTTITGAGAAAAAACGATAGGATACAGCCCG
CCGCACCCGCCGCCGCGAIAGCTGGCCTACCGOELTGGACTCCGATCGAGLCGGAGTCG
GGAAACCTGGACGGCGAETT&GEGTTGTCACACCAIATCAGTCCGGAGTGGARSA GCTGTGCGA
GGCCATCAACGCCAACGGTEGGGCGTTGCGCTGUEARBACACGTCCGCTTCGAGTI GAGATGG
CCCAGGCCGTCGCACAGCHBAACGGGATTCCGGGERIETCTCGTTGCTGTCGTAE®GAATCCGCC
TGCCGTCCGGGGGTTCAIGGTGCGGTCGGCCTGEWAT GGTCCAGGCGCTAEGCCGGGGT
CGACGCACGIGTGGTGCCTGACCCABGGEGTCCGCACTCCCGRUEACGACCTCGCCCGGBECT
CGCAGACCACCGCGCACAGGCGCAGGTCGCCGBEEAGCTGCCGGGLCCCCBRBHETGTGGTC
GACCTGCCCGAATCGGTCGACGCGGCGCTGCGTATEI GGCAGTCCTGCGCGGCGGCCGTGC
CGAGGACCACCTCGCGGEIGGACGGCCGCCTCCAMWBICT GCGTCGTGCGCAAGCCTGCCGCAGT
CCGGCTCGCGGAGCTGEARCACGGGACCGTGCTRFEIGGCGCGGCGAGCTCGGCGACCAA
CTGGTGCGGTGGCTCGUUBIGGGAGCCGAGCGGTBEGEGGCCGGAGCCTGTEGGGACGACCT
GCTGGCCGCGGTCGAGERESCGCATCGGCCCTUGIECCCAGGACGCCGCBERIGCGCGAGG
CGCTCGGCGACGAGCCREUHEGCTCGTGCACGCCGGAAUBAC GAACTTCGGCAGCATCGAA
GTCGCACCGGAGGAGTTOGAGACGATCGCGGCCAXBACGTTGCTCGCCGTGEGAGGAAGTCCT
CGGCGACCGGGCCCTCGRBAGGTCTACTGCTCGELGGCCGGGATCTGCCEIEIE GGGATGG
CCGCCTACGCGGCAGG@TBIIACCTCGACGCGCTGGAGCACCACCGCGCCEEREGCTCIE&C
ACCTCGGTCGCCTGGACGUEGGCGCTGCCGGGCGGGEGGACGACGGCTACIGGAACGCGG
ACTGCGCAGCCTCTCCGRCACGGCGATGCGCACOIMECGGGTGCTGCCCCRUIRGGTGTCGG
TCGCGGTGGCCGACGTABRLCGGTGCTCAGCGABIGE GCCGCCACCCGGUUBACGCTGTTC
GCCGAACTCGCCGGCCETENCAGGCGCGAGGCCGEEACAGCGGACCCGACGIBT CGGCACA
ACGGCTCGCGGGGCTTTOGGACGAGCAGCAGGAAAKEC TCGAACTCGTCGCGABEGGTTGCCG
AGGTGCTTGGCCACGAGGHCCGCCGAGATCAACGTEGOGCGCGTTCAGCGAGAIAGI CGACTCG
CTCAACGCGATGGCCCTGAEGCGCCTGTCGGCGARTBGCCTGCGGCTGCCAEBETGGTGTT
CGACCACCCCAGTCACCGCGCTCGCGAET GCGCGCCCGGCTEARGACAGCGGGACTCCCG
CCCGGGAAGCGAGCAGEUBTTGCGACGGCTACCGGGAGGGCGTGTCGGGCAGGGGTCCTAC
CTCGACCTGCTGGCGGRBHBILIGGACTTCCGCGAGCKUBFACGGCTCCGACGGATTCTCGATCT
CGTGGACATGGCCGACCBIGGAGAGGTCACGGTGAICT GCGCGGGAARTBEGCGATCTCCGGTC
CGCACGAGTTCACCCGGETCGGGGCGCTGCGCGGBATCCGGTTCGGGCCABIAGCCCGGC
TACGAGGAGGGCGAACOICTGTCGTCGATGGCCCHBEE GGCGGTGCAGGCBHEIGTCATCAG
GACACAGGGGGACAAGOWHITGGTGGCCGGTCACBCGGGGGCACTGATGGQERGCTGGCGA
CCGAACTGCTCGATCGCGBEBBCCGCACGCGGTGTCGTCCTGERACGTCTACCCGCCCGRICAG
GACGCGATGAACGCCTGGGAGGAGCTGACCGCCAGITCGACCGCGAGACGGEGATGGACGA
CACCAGGCTCACCGCCOEGGCCTACGACCGCCTGBAGTCAGTGGCGACCCCFEGREGGGCTGC
CGACGCTGCTGGTCAGUGGCGAGCCGATGGG TCUETGC GACGACAGCTGGAZGACGTGGCC
TTCGAGCACGACACCGTCGTCCCCGGCGACCACTTGATGGTGCAGGAACACGRTGCGATCGC
GCGGCACATCGACGCCTRB&EGCGGAGGGAATTCGTGA
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Figure B.1. HPLC-traces of module reactions withZ ma F (&) DM3. (B) DM3-
aHII-ZACP1. (C) DM3°-aHII-ZACP1. (D) DM3-ZACP1. (E) DM3°-ZACP1. (F)
DM3-ZmaF. (G) DM3-ZMA-null-AT. (H) DM3-ZMA-null-AT-oHII-ZACP1. (1)
DM3-ZmaF-aHII-ZACP1. (J) DM3-ZMA-nul-AT-ZACP1l. (K) ZMAMod4-
DEBSTE. Results are summarized in Table 3.4.
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C.

Chapter 4 Supple mentary Information

Supplementary figures

—DszD —pET28a ——DszD outside wells ——DszD inside wells
1 1
09 0.9
0.8 0.8
0.7 0.7

06

8 8 0.6
8 0.5 8 0.5
004 004
0.3 0.3
0.2 02
0.1 0.1
0 0

0 2 4 6 0 2 4 6

Time after innoculation (hr) Time after innoculation (hr)

Figure C.1. Growth curves of DszDpET28a and pET28a in deep well plates.
Growth curves were performed to determine the best time for inoculation, as measured
by OD600. Wells on boundary of plate (DszD outside wells) were also compared to
growth of wells in the middle of the plate (DszD inside wells), and no significant
difference was seen.

DszD-
pET28a S86A DszD

ladder

DszD

Lysozyme

Figure C.2. Expression of DszD and DszES86A in deep well plate sLysates from
three random wells were analyzed via SDS-PAGE gel to confirm expressing of DszD
and DszD-knockout in deep well plate format. Lysates from empty pET28a were also

analyzed.
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Figure C.3. KirClIl activity with DEBS ACPs. KirCIll was found to be active with
DEBSACP1, DEBSACP3, and DEBSACP5, as measured by trans-acyltranfer of
AzZEM-CoA to the corresponding ACP, followed by in-gel fluorescence. Activity with

KirACP5 is set to 100%.

Gene sequences

Both genes were sequenced by IDT asa G-block. Basescolored in red correspond to mutations
made in DszD to generate chimera. Codons selected were chosen based on codon availability
in E. coli.

DszD-ZmaF

ATGGGCAAAGCATACATGTTITEGGTAGGGT CTCAGGCGAAGG&EEBGACGGGCGCTGTTCGACG

CTTCCCCGCGCTCACGGGBBCGGATGGGGTCCTTREI CCATCCGGGCGCTGUAGGACGATC

CTGATCAGCGCTTGABOACTEARACAGCAGCCGGCCCTCTACGTGSACGCCTTGTCGTACCTG

AAGAGGCGCGAGGAGGAGGCCCCGATTTCCTGGBUATAGCCTGGGCGAGTTCAGCGKITT
CGCCGCGGGGGTGTTCAAGRAGACCGGCCTCGCGBEIGAAGAAGCGAGGAGABUITBEGCGATG
CCCGCGGCGGCGGGATGGGGTCATCGGTCTGGAGGAGCGGGTTCGCGAGUTTACCAGAAC
GGCGCACGGCGGTCGACATCHITTCAACAGCCCAT CTRHATGGTGATCTCGGGGGAEAACGA
GATCGCCCGCCTGCAGRICLTCGAGGCGGCAGGRBBAAGTACACAGTCCT@EBEEAGEGCC
CGITCCATTCCCGCTTCATGRGCGGCGATGGTCGAGTEGGGGTTCCTGGAGGGGATTTCGCG
CCTCCGAAGATCCCGGTGATCAACGTGACCGCCCGGUGCAGGCCGATGGCATCCGCGITG
GAGCGAGCAGATCGCCABIGTCCGGTGGTGCGARNIBGEGTTACCTGATGGGCGESCGTCGAGG
AGTTCGTGGAGTGCGGOGBCATCGTCCTGACCGGGTACGCCCAGATCCGTCABGCCCAGCCC

CTCGTCGTC
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DszD-KirCll

ATAAAGCATACATGTTTCCOBGAAGGGTCTCAGGCGABGKST GGGACGGGCGCTGAWCCTT
CCCCGCGCTCACGGCCABREATGGGGTCCTTGGCIACATCCGGGCGCTGTGGGACGATCCTG
ATCAGCGCTTGAGBAATTGATGTGCTAGCCGGCCCTCTACGTGEACGCCTTGTCGTACCHREA
AGGCGCGAGGAGGAGGCTOCGATTTCCTGGCCGBCAGBTASGCGAGTTCAGCGCCCTGIT
CGCGGGGGTGTTCGACTAGACCGGCCTCGCGCTGRAGAAGCGAGGAGACCITESGCGATGCCC
GCGGCGGCGGGATGGCCECHT CGGTCTGGACGAGCGAGGTTCGCGAGCTCGNTTAGAACGGC
GCCACGGCGGTCGACATUBCTCTCAACAGCCCATASTGGTGATCTCGGCGCEHAEEACGAGAT
CGCCCGCCTGCAGGTCCRITAGGCGGCAGGGGCBASTACACAGTCCTGUBECACCCGTBETA
GACATTCCCGTTCATGCGACCGGCGATGGAGTTCGGGCGGTTCGAGGGCTATGATTTCGCGCC
CCGAAGATCCCGGTGATCABCGTGACCGCCCGGURTAAGGCCGATGGCATOBGEGCCTTGAG
CGAGCAGATCGCCAGTCOEEEGTGGTGCGAGTCGBBATACCTGATGGGCAGGGTBCGAGGAGT

TCGTGGAGTGCGGCCAUG®GTCCTGACCGGCCTGERECCAGATCCGBEAGACGCCCAGCCCCTC
GTCGTC
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