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Polyketides are a large family of bioactive natural products synthe-
sized by polyketide synthase (PKS) enzyme complexes predomi-
nantly from acetate and propionate. Given the structural diversity of
compounds produced using these two simple building blocks, there
has been longstanding interest in engineering the incorporation of
alternative extender units. We have been investigating the mecha-
nism of fluorinated monomer insertion by three of the six differ-
ent modules of the PKS involved in erythromycin biosynthesis
(6-deoxyerythronolide B synthase, DEBS) to begin understanding
the contribution of different steps, such as enzyme acylation,
transacylation, C-C bond formation, and chain transfer, to the overall
selectivity and efficiency of this process. In these studies, we observe
that inactivation of a cis-acyltransferase (AT) domain to circumvent
its native extender unit preference leads concurrently to a change
of mechanism in which chain extension with fluorine-substituted
extender units switches largely to an acyl carrier protein (ACP)-
independent mode. This result suggests that the covalent linkage
between the growing polyketide chain and the enzyme is lost in
these cases, which would limit efficient chain elongation after in-
sertion of a fluorinated monomer. However, use of a standalone
trans-acting AT to complement modules with catalytically deficient
AT domains leads to enzyme acylation with the fluoromalonyl-CoA
extender unit. Formation of the canonical ACP-linked intermedi-
ate with fluoromalonyl-CoA allows insertion of fluorinated ex-
tender units at 43% of the yield of the wild-type system while
also amplifying product yield in single chain-extension experi-
ments and enabling multiple chain extensions to form multiply
fluorinated products.

polyketide synthase | fluorine | synthetic biology | natural products

Polyketide natural products represent a large class of bioactive
compounds with a broad range of medicinal properties, in-
cluding antibiotic and anticancer activity. Despite their diversity
in structure, they are assembled with a common mechanism in-
volving multiple Claisen condensations of acetate-derived ex-
tender units catalyzed by polyketide synthase (PKS) enzymes (1,
2). In addition to setting the oxidation state of the p-carbon at
each polymerization step, modular PKSs can also select the
a-substituent on the extender unit, which is predominantly de-
rived from either acetate (R = H) or propionate (R = Me) (1, 2).
The breadth of compounds (>10,000) that can be made from
these two simple building blocks is quite considerable, and many
efforts have thus centered on increasing the types of extender
units that can be incorporated into polyketides (1, 3, 4).

We have focused specifically on the insertion of fluorinated
monomers by PKSs as an approach to merge the advantages of
complex natural product scaffolds with the effectiveness of fluorine
medicinal chemistry (5). In this regard, the type I modular PKSs
are an especially attractive target for engineering because their
organization and structure lends itself to connecting sequence with
product structure (1, 2, 6). Previous studies have shown that the
acyltransferase (AT) domain within the PKS (cis-AT) is essential to
determining extender unit identity and can be engineered to enable
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insertion of alternative extender units (7-9). Alternatively, the in-
trinsic selectivity of the cis-AT can be bypassed by inactivation and
complementation with a standalone AT enzyme (trans-AT) as
another approach to introducing nonnative substituents (10-12).
Although these methods are effective for altering product struc-
ture, product yield can often diminish in these engineered systems
and, thereby, limit their scalability. As such, we set out to elucidate
the mechanism by which alternative extender units are accepted or
rejected in these systems to expand our understanding of the native
process of extender unit selection and to define design principles
for PKS engineering.

We initiated these studies by using the 6-deoxyerythronolide B
synthase (DEBS), which is responsible for the synthesis of the
core of the antibiotic erythromycin, because it has been well
characterized and is amenable to dissection to its modular units
(2). We observe that the fluoromalonyl-CoA extender unit can be
accepted directly by the ketosynthase (KS) domain in modules
where the cis-AT is inactivated, with a 2:1 ratio of C-C bond
formation to nonproductive decarboxylation to form fluoroacetyl-
CoA. Under these conditions, a single fluorine substituent can be
introduced, but further chain extension cannot easily occur when
ligation of the extender unit to the acyl carrier protein (ACP)
domain is bypassed. In contrast, complementation with a trans-
AT leads to quantitative C-C bond formation with a fluorinated
extender unit and restores the canonical PKS mechanism with
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43% of wild-type (WT) yield. In this system, we can amplify
single-chain extensions with fluorinated monomers and enable
further chain growth to produce polyketide products with mul-
tiple fluorine substitutions.

Results and Discussion

ACP-Independent Chain Extension with Methyl- and Fluoromalonyl-
CoA Extender Units. We were able to observe chain elongation by
individual DEBS modules with a catalytically deficient AT domain
(AT®), which we attributed to the greater number of enzyme turn-
overs possible when the extender unit pool is maintained by using an
in situ regeneration system for methyl- and fluoromalonyl-CoA (10).
However, end product analysis of single module systems does not
necessarily distinguish between the two general mechanisms that
could arise in this system. One possibility is that the extender unit
could be loaded onto the ACP domain either by residual AT
activity or by direct thiol-thioester chemical exchange to gener-
ate a canonical ACP-tethered intermediate. In this case, the
polyketide product remains covalently attached to the enzyme
after C-C bond formation and can be further processed effec-
tively by the PKS (Scheme 14). However, an alternative mech-
anism is that the extender unit could directly diffuse into the KS
active site, bypassing both the AT and ACP domains to undergo
a decarboxylative Claisen condensation to form a free polyketide
product that is not covalently attached to the PKS (Scheme 1B).
In the latter case, generation of full-length polyketides would
be challenging once the covalent link between the PKS and the
growing chain is lost because it amplifies substrate channeling
from module to module by up to three orders of magnitude
(13). Therefore, we set out to determine which mechanism was
dominant under our assay conditions for both the native and
fluorinated extender units.

To distinguish between the two proposed mechanisms, the
ACP domain was inactivated by mutation of the serine of the
phosphopantetheine arm modification site (S1430) to alanine
(ACP"). Because the canonical chain extension mechanism re-
quires the phosphopantetheine arm to form the malonyl-ACP in-
termediate, we would expect that product formation in an AT’
ACP" construct would be abolished if the malonyl-ACP intermediate
is required for chain elongation (Scheme 14) but should not be af-
fected if the ACP can be bypassed (Scheme 1B). To generate
these mutants, we started with DEBS module 3 constructs fused
to a thioesterase domain (Mod3tg) and introduced the S1430A
mutation into both a wild-type and AT° background where the
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Scheme 1. Proposed mechanisms of extender unit incorporation in a general-
ized type | PKS module. For clarity, only the KS, AT, and ACP domains are shown.
(A) Chemical transacylation of extender unit onto the ACP. (B) Direct diffusion of
extender unit into the KS active site. ACP, acyl carrier protein; AT, acyltransferase;
KS, ketosynthase; R;, growing polyketide chain; R,, H, Me, or F.
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catalytic Ser651 is mutated to alanine (S Appendix, Table S1). A
construct encoding for a truncated Mod3 protein containing only
the KS and AT domains (KSAT didomain) (14) was also used as
a control to eliminate the contribution of any remaining inter-
actions with the ACP (SI Appendix, Table S1).

These four protein constructs were heterologously expressed
and purified as described (SI Appendix, Fig. S1) (10). They were
first assayed for their ability to carry out chain elongation on the
natural diketide N-acetylcysteamine (NDK-SNAC) substrate
surrogate (SI Appendix, Fig. S2) with their native methylmalonyl-
CoA extender unit to yield the corresponding triketide lactone
(TKL) product (Fig. 14). The samples were quantified under
end-product and initial rate conditions using authentic standards
by liquid chromatography monitored by UV-visible spectroscopy
(LC-UV) and mass spectrometry (LC-MS) (Fig. 1 4 and B and
SI Appendix, Fig. S3). As consistent with previous studies (10,
15), the production of TKL in the AT” module is dramatically
decreased compared with production in the WT module, with a
110-fold drop in initial rate and a 16- to 24-fold decrease in yield.
However, assays with the ACP°, AT’ACP’, and KSAT didomain
yielded a similar catalytic defect as the AT construct with regard
to yield and initial rate. This observation implies that the ACP
domain is not required for the residual chain elongation activity
that is observed when the AT domain is inactivated. As an ad-
ditional control, the KS°, AT®, and KS® AT’ mutations were also
introduced into the KSAT didomain, verifying that TKL for-
mation was only observed in the presence of an active KS and
not a result of unexpected activity from another domain in these
mutants (Fig. 1B). From these observations, we conclude that the
observed TKL product arises from direct diffusion of the ex-
tender unit into the KS active site where C-C bond formation is
catalyzed between the polyketide chain and methylmalonyl-CoA
rather than methylmalonyl-ACP (Scheme 1B).

Because different modules may display diverse behavior, similar
experiments were carried out on WT, AT, and KSAT didomain
constructs of Mod2 and Mod6rg (SI Appendix, Table S1 and Fig.
S1) to test whether the results with Mod3+g could be generalized.
Indeed, we observed that ACP-independent chain extension can
also occur with Mod2 and Mod6rg as well, based on the com-
parison of activities of the WT, AT’ and KSAT didomain con-
structs (Fig. 1C). The relatively high yield of TKL in the AT®
Mod2 construct compared with Mod3g and Mod6tg may further
indicate that the KS of Mod2 is more promiscuous with regard to
nonnative substrates. Experiments with Mod2 constructs also
yielded additional information with regard to ACP-independent
chain extension. We found that product formation with WT Mod2
occurred at an order of magnitude lower efficiency than WT
Mod3tg and Mod6+g, likely due to the absence of a thioesterase
fusion. TKL is still formed by this construct because of the stability
of the six-membered lactone ring but relies on uncatalyzed release
from the ACP domain. However, the longer residence time of the
polyketide on the ACP may create a bottleneck for formation of
methylmalonyl-ACP. Under these conditions, the production of
TKL by WT, AT’ and KSAT Mod2 constructs is essentially
identical (Fig. 1C), suggesting that the ACP-independent mode of
chain extension may be able to compete with canonical chain
extension if the KS domain is saturated with methylmalonyl-CoA.
The CoA pool was then reduced 10-fold to 0.1 mM to reduce
saturation of the KS domain, resulting in reduction of the AT®
and KSAT-didomain yields by up to 5.2-fold, whereas WT only
saw a twofold loss in TKL formation (Fig. 1C). These obser-
vations imply that saturation of the ACP-independent chain
extension requires higher extender unit concentrations and that
bias toward direct KS use could occur in the WT module at high
methylmalonyl-CoA concentration.

With a basic understanding of extender unit incorporation in
hand, we set out to compare behavior with fluoromalonyl-CoA.
Based on the presence of the a-fluorine substituent, which
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Fig. 1.

Analysis of TKL and F-TKL formation with constructs of DEBS Mod2, Mod3+g, and Mod6+:. (A) Reaction scheme for the TKL formation assay with

Mod3te. KR*, natively inactive ketoreductase domain. (B) Endpoint and initial rate quantification of TKL and F-TKL formation with 10 pM DEBS Mod3+¢
constructs and KSAT3. (C) Endpoint quantification of TKL and F-TKL formation with 10 pM DEBS Mod2 and Mod6+¢ constructs and KSAT6. Only KS, AT, and
ACP domains are shown in the labels for Fig. 1 B and C. All data are mean + SE (n = 3). n.d., not detected; —, data not collected.

activates this analog toward nucleophilic attack at the carbonyl, it
is possible that fluoromalonyl-CoA would be more prone to
undergo chemical transacylation to form the ACP-tethered in-
termediate (Scheme 14). However, both the initial rate and end
product analysis of fluorinated triketide lactones (F-TKLs) provide
evidence that chain extensions carried out under these conditions
occur independently of the ACP based on the similar activities
measured for all five constructs (Fig. 1B and SI Appendix, Fig. S4).
As such, endpoint F-TKL formation experiments with Mod2 and
Mod6rg constructs are consistent with this conclusion that product
is mostly formed in these AT" variants without loading of the
extender unit onto the ACP domain (Fig. 1C). These initial rate
and endpoint experiments provide evidence that malonyl-ACP
intermediates are not required for C-C bond formation. However,
chain extension with the CoA-linked extender unit leads to early
chain termination because the covalent tether between the PKS
and the growing polyketide chain is lost.

Consequences of Chain Extension with CoA- Versus ACP-Linked Extender
Units. We were interested in further examining the nature of ACP-
independent chain extension and its behavior compared with
canonical ACP-dependent chain extension so that we could
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better understand the issues that may arise when this mode of
reactivity occurs. For example, we reasoned that the coupling
between extender unit decarboxylation and C-C bond formation
may be affected, leading to release of propoionate or fluo-
roacetate, which cannot be regenerated under our current assay
conditions. To address this question, we set out to characterize the
partitioning between productive extender unit decarboxylation
leading to TKL formation compared with nonproductive de-
carboxylation leading to propionate production (Fig. 2). To
detect the products of the reactions with methylmalonyl-CoA,
[4-°C]-methylmalonyl-CoA was chemoenzymatically synthe-
sized from [4-'*C]-methylmalonic acid (16) (SI Appendix, Fig.
S5) and used as a substrate with the WT and ATACP® Mod31g
constructs. Monitoring the reaction of WT Mod3yg by quantita-
tive '>*C-NMR spectroscopy allowed us to determine that for every
10 extender unit turnovers, 6 are hydrolyses, 3 are C-C bond
formations, and 1 is a nonproductive decarboxylation (SI Appen-
dix, Fig. S6). These results indicate that hydrolysis of extender
units by the AT domain and nonproductive decarboxylation by the
KS domain are both competitive with product formation under
in vitro conditions. Along these lines, the measured rate constants
for methylmalonyl-CoA hydrolysis (1.0 min~"; SI Appendix, Fig.
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Fig. 2. "*C-NMR quantitation of products formed in the TKL assay with WT and AT® ACP® Mod3+¢ using the native methylmalonyl-CoA extender unit. For
clarity, only the KS, AT, and ACP domains are shown with the KR* and TE domains omitted. (4) With WT Mod3+g, extender unit decarboxylation leads to
formation of TKL as the major C-C bond-coupled product rather than protonation to form propionate products. (B) With AT® ACP® Mod3¢ AT® ACP°,
nonproductive decarboxylation becomes the major pathway. *, site of '>C label.

S7) and triketide formation (1.0 min™!; Fig. 1B) are similar. In
this particular case, the observation that extender unit hy-
drolysis is the predominant reaction observed could arise from
the use of a nonnative polyketide starter substrate for this
module (17).

In WT Mod3tg, where chain extension presumably takes place
with methylmalonyl-ACP, the ratio of productive to nonproductive
decarboxylation was observed to be 3:1 (Fig. 2 and SI Appendix,
Fig. S6). However, this ratio drastically shifted to 1:228 in AT’
ACP° Mod3rg, where we have proposed that TKL formation oc-
curs using methylmalonyl-CoA directly, suggesting that the ratio of
productive decarboxylation is increased ~685-fold when the
methylmalonyl-ACP intermediate is formed (Fig. 3 and SI Ap-
pendix, Fig. S6). Thus, extender units that diffuse directly into the
active site of the KS are lost to nonproductive decarboxylation, but
the fidelity of the growing polyketide chain is maintained. In con-
trast, analysis of reactions of AT’ACP” Mod3g and fluoromalonyl-
CoA by PF-NMR using the in situ extender unit regeneration
system unexpectedly revealed a significantly higher ratio (2:1)
for C-C bond formation compared with nonproductive de-
carboxylation to form fluoroacetate (SI Appendix, Fig. S8). The
observed difference in behavior between methylmalonyl-CoA
and fluoromalonyl-CoA in this experiment could be related to
the stabilizing effects of the a-fluoro group on the corresponding
enolate or a difference in how native and nonnative ex-
tender units are treated by the enzyme. Given the inefficiency of
ACP independent C-C bond formation and processivity with
fluoromalonyl-CoA in DEBS modules bearing the AT’ muta-
tion, we turned our attention to examining the changes in chain
extension mechanism that occur when AT’ Mod3g is com-
plemented in trans with standalone ATs.

Efficient Complementation with Fluorinated Extender Units Using the
trans-AT from the Disorazole Biosynthetic Cluster. The formation of
C-C bonds via ACP-independent reaction of the extender unit
inhibits processive growth of the polyketide chain on the PKS to

Ad et al.

form the full-length product (13). Previous work with the #rans-AT
of the disorazole biosynthetic cluster (DszAT) has shown that it
can acylate DEBS ACPs with malonyl-CoA (11, 18, 19) and also
amplifies chain extension with fluoromalonyl-CoA to produce
F-TKL (10). Given our observation that direct reaction of fluo-
romalonyl-CoA with the KS domain can lead to chain extension,
we decided to further probe the behavior of the trans-AT in this
system. We found that complementation of AT® Mod3 g with
DszAT results in a 10-fold increase in F-TKL formation, and a 40-
fold improvement in the initial rate of fluorinated extender unit
incorporation (Fig. 3 and S Appendix, Fig. S9). This enhancement
depends on the presence of a functional ACP domain, because no
yield or rate enhancements were observed in the control when
AT°ACP’ Mod3 g was complemented with DszAT (Fig. 3 and ST
Agppendix, Fig. S9). Moreover, no fluoroacetate was observed by
"F.NMR when Mod3rg AT® was complemented with DszAT,
implying that nonproductive decarboxylation does not occur
when the extender unit is properly attached to the ACP (S
Appendix, Fig. S10). These results are consistent with a mech-
anism of DszAT complementation by transacylation of the ACP
with fluoromalonyl-CoA to form a covalently tethered intermedi-
ate. As such, the restoration of the canonical PKS mechanism
through this complementation can provide a successful solution to
the challenge of chain transfer between upstream and downstream
PKS modules.

To confirm that fluoromalonyl-CoA could be effectively trans-
acylated onto the ACP domain, we adapted a MS/MS spectrom-
etry-based assay that allows us to directly detect malonyl-ACP
intermediates and calculate a semiquantitative occupancy of ACPs
with different extender units (Fig. 44 and SI Appendix, Fig. S11)
(20-22). The different DEBS modules were first incubated with
the appropriate extender unit and then subjected to tryptic di-
gestion of the protein. To simplify analysis, the in situ regeneration
system for the extender unit was not included. The parent ion of
the peptide containing the phosphopantetheine arm of the
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Fig. 3. Complementation of AT® Mod3+e constructs with DszAT. Reactions
contain 10 pM DEBS Mod3+¢ and 5 mM NDK-SNAC with 30 uM DszAT. For
clarity, only the KS, AT, and ACP domains are shown. (A) Endpoint quanti-
fication of F-TKL formation. Data are mean + SD (n = 3). (B) Initial rate of
F-TKL formation. Data are mean + SE (n = 3).

ACP was then selected and further fragmented to eject the
phosphopantetheine arm, confirming its identity and allowing
us to measure the ratio of acyl- to holo-ACP (Fig. 4B). When WT
Mod3g is incubated with methylmalonyl-CoA, the ACP is al-
most fully acylated (92%) as is expected (Fig. 4C). However, no
detectable acyl-ACP intermediates can be observed under the same
conditions with AT’ Mod3g. Similarly, basal levels of acylation by
nonnative extender units (malonyl-CoA and fluoromalonyl-CoA)
can be observed in both the WT and AT constructs (Fig. 4C). We
attribute this low level of acylation to an uncatalyzed thioester ex-
change between the CoA thioesters and the ACP thiol (23) because
it is similar to the occupancy of acyl-ACPs for modules that are
subjected to tryptic digestion before incubation with the various ex-
tender units, where acylation must occur chemically (Fig. 4C). The
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similarity of the malonyl- and fluoromalonyl-ACP occupancies
under all three conditions further implies that the AT domain
does not acylate unnatural extender units onto the ACP, or does
so at levels lower than uncatalyzed or chemical transacylation.
As such, these data are consistent with our hypothesis that
formation of products in modules with inactive AT and/or ACP
domains is the result of KS-catalyzed C-C bond formation
between the growing polyketide chain and a CoA-linked
extender unit.

When examining the reaction of AT® Mod3rg in the presence
of DszAT, we found that 89% of the ACPs were acylated after a
20-min incubation with malonyl-CoA, which is the native substrate
of DszAT (Fig. 4C). Although 10% of ACPs were acylated when
incubated with methylmalonyl-CoA, DszAT active sites have been
shown to contain methylmalonyl-CoA acyl-enzyme intermediates
(24), but the degree of acylation is sufficiently low that it does not
appear to contribute to TKL production. Interestingly, only 28%
occupancy of fluoromalonyl-ACP was observed (Fig. 4C) despite
the robust yield increase in F-TKL formation observed in the
presence of DszAT (Fig. 34). However, the relatively low oc-
cupancy appears to be derived from rapid hydrolysis of fluo-
romalonyl-CoA by DszAT (SI Appendix, Fig. S12), which would
not be yield-limiting under our in situ extender unit regeneration
conditions where fluoromalonyl-CoA can be regenerated at a
rate of 1.5 s%.

Because the direct observation of DszAT-catalyzed ACP ac-
ylation provides compelling evidence that F-TKL was being
produced through the fluoromalonyl-ACP intermediate, we
sought to assess the overall efficiency of this process by using
both the initial rate and yield of chain extension as markers. We
thus characterized DszAT complementation of AT Mod3g
with fluoromalonyl-CoA in comparison with its native substrate,
malonyl-CoA. With malonyl-CoA as the extender unit, the initial
rate of desmethyl triketide lactone observed was 10.8 + 0.3 pM-min ™~
(Table 1 and SI Appendix, Fig. S13). This value is within error of
the initial rate of TKL formation measured with WT Mod3tg
(10.0 + 0.3 uM-min~") with its native methylmalonyl-CoA ex-
tender unit (Table 1), which indicates that DszAT performs well
in complementing the AT mutation in #rans. In comparison, the
initial rate of F-TKL formation for AT’ Mod31g complemented
with DszAT using fluoromalonyl-CoA had been determined to
be 0.73 + 0.03 uM-min~" (Table 1), which is 7.3% of the rate of
the WT Mod3 g system.
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Substat Modsreare - oz MOEAT et
(% acyl ACP) (% acyl ACP)

\ holo-ACP Malonyl-CoA 3.9+02 45+0.1 89+1 5.6+0.4

A fmal-ACP Methylmalonyl-CoA n.d. 92+1 101 04+0.2
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mal-ACP
20 25 30 35 40
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Fig. 4. Semiquantitative analysis of ACP acylation of Mod3+¢ constructs with malonyl-CoA, methylmalonyl-CoA, and fluoromalonyl-CoA by using LC-MS/MS.
KR*, natively inactive ketoreductase domain. (A) Scheme for phosphopantetheine arm ejection from the ACP. (B) Extracted ion chromatograms (EIC) of the
malonyl-ACP fragments and holo-ACP. (C) Semiquantitative ACP acylation occupancy calculated based on the MS peak area of the acylated and unacylated
phosphopantetheine arm. Data are mean + SD (n = 3).
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Table 1. Comparison of initial rate of TKL formation with
different extender units

Initial rate,
Construct DszAT Extender unit uM/min
EE — Methylmalonyl-CoA 10.0 £ 0.3
v + Malonyl-CoA 10.8 £0.3
ks | A JacP
Fluoromalonyl-CoA 0.73 +0.03

KS |X|ACP *

Data for methylmalonyl-CoA and fluoromalonyl-CoA were taken from
Figs. 1B and 3B, respectively and are shown here for direct comparison. For
clarity, only the KS, AT, and ACP domains are shown in the PKS schematic.
Data are mean =+ SE (n = 3).

We also characterized the product yield, which could be more
relevant to engineering the production of fluorinated polyketides.
Because the single modular systems have been found to produce
other compounds in addition to the expected one, we quantified
other major products resulting from C-C bond formation to better
assess the stoichiometry of chain extension reactions. With fluo-
romalonyl-CoA, these products arise after the expected chain
extension reaction when the TE releases the free acid rather than
the lactone and still represent a positive C—C bond-forming event
(SI Appendix, Fig. S14). When the data are represented in terms of
chain extension stoichiometry, we find that AT" Mod3g can in-
corporate fluorinated extender units at 43% efficiency when
complemented with DszAT, compared with WT Mod3tg incu-
bated with its native methylmalonyl-CoA extender unit (S Ap-
pendix, Figs. S14 and S15). The endpoint yield relative to the
native system is higher than expected based on the initial rate
data, even taking into account other products that are formed.

However, it is potentially consistent with the higher level of
observed fluoromalonyl-ACP (Fig. 4). This difference could result
from the initial rate being limited by a slower rate of KS-catalyzed
C—C bond formation with the a-fluoro substituent that is separate
from the effectiveness of the ACP acylation reaction carried out by
DszAT. Taken together, this data demonstrates that DszAT is
sufficiently active for catalyzing ACP acylation with fluoromalonyl-
CoA to produce a significant yield of fluorinated polyketide product
compared with the wild-type system.

Site-Specific Incorporation of Fluorinated Extender Units into Polyketide
Synthases. One major challenge for fluorine incorporation into
full-length polyketides is the transfer of the growing chain from
module to module. We have shown that a fluorinated extender unit
can be incorporated into a polyketide nascent chain and undergo
an additional chain extension with methylmalonyl-CoA to pro-
duce a monofluorinated product by using a noncovalent dimodular
“mini-PKS” system containing Mod2 and Mod3g (10). However,
this system requires a 5:1 ratio of Mod2 AT to Mod3 g to over-
come the barrier to chain transfer, which is a stoichiometry that
would be difficult to control under in vivo conditions. Given our
ability to efficiently complement AT’ Mod3g with DszAT and
fluoromalonyl-CoA, we decided to approach both the production
of bis-fluorinated products and the improvement of the ratio of
PKS modules to a more physiologically relevant regime (1:1).
We chose to use propionyl-SNAC (SI Appendix, Fig. S16) as
the starter unit to produce F-TKLs to avoid the offloading that
results from the propensity of triketidyl-thioesters to undergo cy-
clization of the polyketide chain after a single extension from
NDK-SNAC (Fig. 54) (10). Additionally, the CoA-pool concen-
tration was lowered from 1 mM to 0.1 mM to lower competition
between fluoromalonyl-CoA and fluoromalonyl-ACP for the KS
active site that we observed with saturating concentrations of
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Fig. 5. Formation of TKL products from propionyl-SNAC by using a dimodu

4 5 6 o 1 2 3 4 5 6
min) Time (min)

lar PKS system consisting of Mod2 and Mod3+¢. (A) Reaction scheme for TKL

formation (R = Me and F). *, natively inactive KR domain. (B) EICs of the two monofluorinated TKL isomers (natural abundance, 173.0619 m/z; 3C-labeled
product, 174.0653 m/z) and the bis-fluorinated TKL (natural abundance, 177.0369 m/z; 3C-labeled product, 178.0403 m/z) corresponding to the insertion of
one and two fluoromalonyl-CoA monomers, respectively (propionyl-SNAC + DszAT, black; propionyl-SNAC — DszAT, blue; '*C-propionyl-SNAC + DszAT, red).
The splitting of the peak observed for the bis-fluorinated TKL is likely related to the existence of tautomeric forms.
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Possible reaction pathways for PKS-catalyzed chain extension when fluoromalonyl-CoA is used. Use of a PKS module with the AT inactivated

(Ser — Ala) allows bypassing the main selectivity filter for native extender unit selection and enabling the use of fluoromalonyl-CoA. In the absence of a trans-
AT, the extender unit can diffuse directly into the KS active site and undergo decarboxylation. In this mode of reactivity, decarboxylation is decoupled from
the chain extension and enolate protonation can lead to release of fluoroacetyl-CoA and degradation of the extender unit pool. Even when C-C bond
formation occurs, the lack of an ACP-bound intermediate leads to early chain termination and release of the growing polyketide. In the presence of a trans-
AT (DszAT), the AT® mutation can be complemented, leading to ACP acylation with fluoromalonyl-CoA. When the canonical intermediate is formed, de-
carboxylation of fluoromalonyl-ACP is coupled to C-C bond formation with no loss of extender unit, resulting ultimately in chain growth and formation of the

full-length polyketide product.

extender unit. Under these conditions, the complementation with
the different AT® variants of the mini-PKS under regenerative
methylmalonyl-CoA and fluoromalonyl-CoA conditions led to the
formation of the expected site-specifically fluorinated products with a
1:1 ratio of Mod2 to Mod3tg (Flg 5B). To further substantiate the
identity of these products, [1-'>C]-propionyl-SNAC was used as
the starter unit, leading to the expected 1 amu shift in mass of the
products. The two monofluorinated regioisomers were determined to
be unique by different retention times, as well as distinctive frag-
mentation patterns (Fig. 5B and SI Appendix, Figs. S17 and S18).
Control reactions with no added DszAT showed a greatly diminished
F-TKL yield (up to 75- to 93-fold for monofluorinated products,
whereas the bisfluorinated product could not be detected), in-
dicating that DszAT complementation is crucial to achieve ef-
ficient production of an F-TKL formed from subsequent chain
extensions (Fig. 5B).

Conclusions

We set out to explore the molecular mechanism of fluorinated
monomer incorporation by modular PKSs using DEBS as a model
system with the goal of identifying limitations to be addressed to
develop a robust system for production of site-selectively fluori-
nated polyketides. In this study, we found that inactivation of the
AT domain, which is a strategy used to eliminate one of the major
selectivity filters for choosing the extender unit, initiates a mode of
C-C bond formation that is independent of the ACP (Scheme 2).
Although we had previously hypothesized that the more activated
fluoromalonyl-CoA extender unit might be able to achieve ACP
acylation with a catalytically-deficient AT domain, we observed
instead that the KS domain can compete with the AT domain
for both the native methylmalonyl-CoA unit and fluoromalonyl-
CoA to carry out direct C-C bond formation while bypassing the
canonical ACP-linked intermediate. This observation is consis-
tent with previous studies demonstrating direct KS reactivity with
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nonhydrolyzable malonyl-SNAC mimics (25, 26) and the in vitro
detection of unnatural TKLs using Mod6rg heterologously
expressed in Escherichia coli without a phosphopantetheinyl trans-
ferase enzyme (15). Although this mode of reactivity leads to a
single chain extension, the covalent tether between the ACP and
growing polyketide chain that ensures its transfer to the downstream
module is lost, which leads to loss of processivity and ability to ef-
ficiently produce full-length polyketide products. Interestingly, we
found that reaction partitioning between productive substrate de-
carboxylation to form the C-C bond and nonproductive pathways
leading to release of propionate or fluoroacetate was also altered.
For the native methylmalonyl-CoA, an ~685-fold improvement in
this partition was observed when C-C bond formation pro-
ceeded through the proper ACP-linked rather than CoA-
linked extender unit. Although less dramatic, the partition for
C-C bond formation with the fluoromalonyl-CoA extender
also improves from 2:1 to quantitative.

Based on the results of these experiments, we carried out a
detailed study of frans-AT complementation with DEBS mod-
ules in which we characterized the molecular mechanism of
fluoromalonyl-CoA incorporation and rate enhancement upon
the complementation of DszAT with DEBS modules. Using end
product analysis, enzyme kinetics, and direct observation by MS
with various DEBS constructs, we are able to show that com-
plementation of AT" modules with a frans-AT, DszAT, en-
ables formation of the canonical ACP-linked intermediate with
fluoromalonyl-CoA. Under these conditions, C—C bond formation
with a fluorinated monomer occurs at a 43% yield compared with
the wild-type system with the native methylmalonyl-CoA extender
unit. Formation of fluoromalonyl-ACP has key implications for
production of full-length polyketides, because the covalent link-
age between the growing chain and PKS is maintained after the
fluorinated monomer is incorporated. Furthermore, C-C bond
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formation is fully coupled to fluoromalonyl-ACP decarboxylation
with no observed nonproductive loss to fluoroacetate.

We then sought to test these findings in a dimodular mini-PKS
system, where we had required the use of a 5:1 ratio of the two
modules to achieve two rounds of chain extension without
DszAT complementation (10). It is in these multiple turnover
systems where the identification of the two modes of C-C bond
formation in AT systems has dramatic implications on product
yield and regiochemistry. Given that the ACP-independent mode
of chain extension can be activated with high levels of extender
unit, decreasing the concentration of CoA extender units below
this critical amount should increase chain transfer efficiency by
reducing the amount of chain termination occurring from direct
diffusion of the extender unit into the KS active site. Using this
information, we are able to show that mono- and bis-fluorinated
products can be synthesized from the dimodular system at a 1:1
ratio of DEBS modules, indicating that channeling fluorinated
growing chain from an upstream to a downstream module is
possible. We further show that DszAT complementation increases
titers by up to ~93-fold in this dimodular system. The ability to
complement DszAT with two sequential AT’ modules to insert
two fluorinated extender units suggests that trans-AT comple-
mentation with PKS modules shows promise as a method for
achieving robust production of site-specifically fluorinated full-
length polyketide products.

Materials and Methods

Construction of Vectors for Protein Expression and Isolation of His-Tagged and
MBP-Tagged Proteins. Expression plasmids were constructed by amplification
of target genes from genomic or synthetic DNA and insertion into the ap-
propriate pET vector (S/ Appendix, Table S1). His-tagged and MBP-tagged
proteins were expressed in E. coli BL21(de3) or BAP1 at 16 °C and isolated by
using standard procedures.

Assays for Triketide Lactone Production and Initial Rate Determination. TKL
assays were performed in 400 mM sodium phosphate, pH 7.5 with phospho-
enolpyruvate (50 mM), TCEP (5 mM), magnesium chloride (10 mM), ATP (2.5
mM), pyruvate kinase/lactate dehydrogenase (15 U/mL), myokinase (10 U/mL),
methylmalonyl-CoA epimerase (5 pM), CoA (1 mM), MatB (20 uM), and fluo-
romalonate (5 mM). All reactions were preincubated at 37 °C for 30-45 min
and initiated by the addition of NDK-SNAC (5 mM) and DEBS Mod3tg, Mod2,
or Mod6re (10 pM). DszAT (30 pM) was also added to the reaction mixtures
when appropriate. The end product analysis reactions (50 pL) were incubated
for 16-24 h at 37 °C. For reaction mixtures (500 pL) used to determine initial
rates, aliquots (9 x 50 pL) were removed from the assay over the course of
24 h. Each aliquot was quenched with 0.05V 70% (vol/vol) perchloric acid

. Staunton J, Weissman KJ (2001) Polyketide biosynthesis: A millennium review. Nat

Prod Rep 18(4):380-416.

2. Khosla C, Tang Y, Chen AY, Schnarr NA, Cane DE (2007) Structure and mechanism of
the 6-deoxyerythronolide B synthase. Annu Rev Biochem 76:195-221.

3. Dunn BJ, Khosla C (2013) Engineering the acyltransferase substrate specificity of as-
sembly line polyketide synthases. J R Soc Interface 10(85):20130297.

4. Ray L, Moore BS (2016) Recent advances in the biosynthesis of unusual polyketide
synthase substrates. Nat Prod Rep 33(2):150-161.

5. Hagmann WK (2008) The many roles for fluorine in medicinal chemistry. J Med Chem
51(15):4359-4369.

6. Keatinge-Clay AT (2012) The structures of type | polyketide synthases. Nat Prod Rep
29(10):1050-1073.

7. Bravo-Rodriguez K, et al. (2015) Substrate flexibility of a mutated acyltrans-
ferase domain and implications for polyketide biosynthesis. Chem Biol 22(11):
1425-1430.

8. Sundermann U, et al. (2013) Enzyme-directed mutasynthesis: A combined experi-
mental and theoretical approach to substrate recognition of a polyketide synthase.
ACS Chem Biol 8(2):443-450.

9. McDaniel R, et al. (1999) Multiple genetic modifications of the erythromycin poly-
ketide synthase to produce a library of novel “unnatural” natural products. Proc Nat/
Acad Sci USA 96(5):1846-1851.

10. Walker MC, et al. (2013) Expanding the fluorine chemistry of living systems using

engineered polyketide synthase pathways. Science 341(6150):1089-1094.

. Dunn BJ, Watts KR, Robbins T, Cane DE, Khosla C (2014) Comparative analysis of the

substrate specificity of trans- versus cis-acyltransferases of assembly line polyketide

synthases. Biochemistry 53(23):3796-3806.

Ad et al.

(2.5 pL). Quenched samples were centrifuged at 18,000 x g for 10 min to pellet
the precipitated protein. The supernatant (50 pL) was removed and flash
frozen and recentrifuged at 18,000 x g for 5 min. The supernatant was then
removed and analyzed by LC-MS and/or LC-UV.

Determination of Malonyl-ACP Occupancy in AT® Mod3;: with DszAT. Assays
were performed in 50 mM sodium phosphate, pH 7.5 with TCEP (5 mM),
magnesium chloride (10 mM), methylmalonyl-CoA epimerase (1 uM), and
either methylmalonyl-CoA (1 mM), malonyl-CoA (1 mM), or fluoromalonyl-
CoA (1 mM). The reaction was initiated by the addition of DEBS Mod3t¢
(1 uM). DszAT (1 pM) was also added to the reaction mixture, when appro-
priate. The reaction was incubated at 37 °C for 20 min before adding trypsin
(1.25 pL, 2.5 pg/uL). The reaction was incubated at 37 °C for another 90 min,
quenched with liquid N, and stored at —80 °C until analysis. Excess salts were
removed by centrifugation at 18,000 x g for 5 min. The supernatant was then
removed and analyzed by LC-MS/MS. Products were characterized using both
MS1 (exact mass <2 ppm) and MS2 (phosphopantetheine ejection).

Triketide Lactone Production Using Propionyl-SNAC with Mod2/AT® and Mod3;/
AT, All reactions contained 400 mM sodium phosphate (pH 7.5), phospho-
enolpyruvate (50 mM), TCEP (10 mM), magnesium chloride (5 mM), ATP
(2.5 mM), pyruvate kinase (18 U/mL), myokinase (10 U/mL), methylmalonyl-CoA
epimerase (5 pM), MatB (20 pM), CoA (0.1 mM), methylmalonate (5 mM,
omitted from reaction with both AT%) and fluoromalonate (30 mM), pro-
pionyl-SNAC (5 mM) and reduced nicotinamide adenine dinucleotide phos-
phate (NADPH; 5 mM). Reactions were initiated by addition of Mod2/AT®
(10 pM), Mod3/AT° (10 M), and DszAT (30 pM) and incubated overnight at
37 °C. Aliquots were removed, quenched, and processed as described above.
The supernatant was then removed and analyzed by LC-MS and/or LC-UV.

Complete Materials and Methods. Detailed procedures for the methods are
described above, and additional experiments can be found in the S/ Ap-
pendix, SI Materials and Methods.

A full description of materials and methods, sequences of oligonucleo-
tides, SDS/PAGE gels, NMR spectra, kinetics and endpoint assays for enzymes,
and mass spectrometry is available in S/ Appendix, S| Materials and Methods.
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