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ABSTRACT: Selective modification of carbon scaffolds via biosynthetic engineering is important for polyketide structural diversi-
fication. Yet, this scope is currently restricted to simple aliphatic groups due to 1) limited variety of CoA-linked extender units,
which lack aromatic structures and chemical reactivity, and 2) narrow acyltransferase (AT) specificity, which is limited to aliphatic
CoA-linked extender units. In this report, we uncovered and characterized the first aromatic CoA-linked extender unit benzylmalo-
nyl-CoA from the biosynthetic pathways of splenocin and enterocin in Streptomyces sp. CNQ431. Its synthesis employs a deamina-
tion/reductive carboxylation strategy to convert phenylalanine into benzylmalonyl-CoA, providing a link between amino acid and
CoA-linked extender unit synthesis. By characterization of its selection, we further validated that AT domains of splenocin and
antimycin polyketide synthases are able to select this extender unit to introduce the phenyl group into their dilactone scaffolds. The
biosynthetic machinery involved in the formation of this extender unit is highly versatile and can be potentially tailored for tyrosine,
histidine and aspartic acid. The disclosed aromatic extender unit, amino acid-oriented synthetic pathway, and aromatic-selective AT
domains provides a systematic breakthrough towards current knowledge of polyketide extender unit formation and selection, and
also opens a route for further engineering of polyketide carbon scaffolds using amino acids.

Polyketides are a large family of structurally diverse natural
products possessing various important pharmacological activi-
ties.! Indeed, many of these secondary metabolites have been
used for treatment of human, animal or plant diseases. How-
ever, the synthetic accessibility of polyketide scaffolds, in the
attempt to improve pharmacological performance, is made
difficult due to their inert reactivity and structural complexity.
Thus, alternative methods to modify polyketide structures,
such as through biosynthetic engineering, can be a more effi-
cient route. For example, the acyltransferase (AT) substrate
specificity of polyketide synthase (PKS) can by altered
through the use of domain swapping or site-directed mutagen-
esis that allows for the incorporation of different extender
units into the polyketide carbon scaffold.? However, the ability
to make changes to the polyketide scaffold via this method is
currently limited by both the extender unit diversity and AT
specificity.

For extender units, there are two varieties that can be select-
ed by PKS: the CoA-linked and acyl carrier protein (ACP)-
linked (Figure 1).> The most commonly observed CoA-linked
extender units, malonyl-CoA and alkylmalonyl-CoAs, are
synthesized by either a-carboxylation of acyl-CoA,* ligation
of malonate with CoA*, or reductive carboxylation of a, f-
unsaturated acyl-CoA.***** ACP-linked extender units, on the
other hand, are less prevalent and only used by few PKS sys-
tems.>343 Substrates for CoA-linked extender units mostly
originate from fatty acid metabolism. As a consequence, their
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Figure 1. Structures of natural polyketide extender units. Ami-
nomalonyl-ACP (1), dichloropyrrolypropylmalonyl-ACP (2), and
benzylmalonyl-CoA (3) are derived from amino acids. Biosyn-
thetic details of benzylmalonyl-CoA (3) are further elucidated in
this study.

Ca-side groups mostly contain simple aliphatics with limited
chemical reactivity and lack aromatic structures. In addition,
the specificity of AT domains employ extender units as sub-
strates is also limited in their specificity for aliphatic extender
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units. Thus, due to limited extender unit diversity and narrow
AT specificity, the current range of chemical space that can be
introduced into polyketide scaffolds through extender unit
selection is mostly restricted to simple aliphatics. Although in
vitro extender unit synthesis’, or utilizing synthetic acyl-N-
acetylcysteamine (acyl-NAC) thioesters as extender unit sur-
rogates® can somewhat alleviate this predicament, their prepa-
ration cost, and low incorporation efficiency prevent their
widespread utility.

Like fatty acids, amino acids are the other major carbon
source that are widely used as biosynthetic building blocks for
peptides and alkaloids synthesis. In polyketide assembly their
involvement is limited, where only serine and proline are used
in the synthesis of aminomalonyl-ACP (1) and dichloropyrrol-
ypropylmalonyl-ACP (2) extender units (Figure 1).3¢¥ Unlike
fatty acids, amino acids are rich in functional groups (e.g.
amino and thiol groups) that can further serve as chemical
handles for semi-synthesis. Moreover, aromatic structures
present in certain amino acids can be further diversified by
available biosynthetic machinery that includes tryptophan
halogenase’ and phenylalanine hydroxylase®. The ability to
biosynthetically incorporate and subsequently modify aro-
matic groups on polyketide scaffolds could help to enhance a
molecule’s bioavailability and bioactivity due to effectively
increasing lipophilicity and/or form z-z stacking interactions
with the binding site of a target protein.’. Therefore, finding a
versatile strategy to covert amino acids into the more com-
monly used CoA-extender units would be highly desirable.
Accordingly, based on in vivo and in vitro characterization, we
herein report the formation and selection of an aromatic ex-
tender unit benzylmalonyl-CoA (3) (Figure 1) from the bio-
synthetic pathways of splenocin (SPN) and enterocin (ENC)
(Figure 2). We found that this pathway employs a deamina-
tion/reductive carboxylation strategy to convert phenylalanine
into a CoA-linked extender unit, and then it utilizes an aro-
matic-selective AT domain to select benzylmalonyl-CoA (3)
for incorporation of a phenyl ring into the dilactone scaffold of
SPNs. This versatile extender unit synthetic pathway and the
broadly-selective AT described here, set the solid foundation
for further expansion of polyketide structural diversity through
the introduction of additional amino acids.
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Figure 2. Structures of SPNs, ANTs and ENC. Ri, Rs are hy-
drogen or acyl groups, and R denotes alkyl groups. SPN-C
(Ri= COCH(CH3)C2Hs) and SPN-J (Ri= H) are the focus of
this study. For details of ANTSs concerned in this study please
see Figure S1.

RESULTS

Discovering Polyketides with Amino Acid Origin. We in-
itially performed an extensive literature search to find polyke-
tides of amino acid origin. We analyzed compounds using

retro biosynthetic analysis wherein we dissected each mole-
cule into its corresponding extender units to determine wheth-
er it originated from an amino acid. From this analysis, we
identified one group of natural products termed splenocins
(SPNs, Figure 2). SPNs, produced by the marine bacteria S. sp.
CNQ431, have potent anti-inflammatory activities.'” Interest-
ingly, they share an identical dilactone scaffold with antimy-
cins (ANTs, Figure 2), but have an unusual benzyl group in-
stead of alkyl groups at C7. In ANTs the C7-alkyls originate
from extender unit that consist of alkylmalonyl-CoAs and are
introduced by the AT domain of PKS AntD.!" The resem-
blance of SPNs and ANTs, indicated to us that they may de-
rive from similar biosynthetic pathways. Because a benzyl
group is part of the scaffold in SPNs, this further led us to
speculate that both a novel aromatic extender unit ben-
zylmalonyl-CoA (3) and an aromatic-selective AT domain
might be involved in the installation of a benzyl group into
SPNs. Additionally, in living organisms, benzyl compounds
are often derived from the aromatic amino acid phenylalanine,
suggesting that a novel route to convert phenylalanine into the
assumed CoA-linked extender unit is involved.

Cloning the Splenocin Biosynthetic Gene Cluster. To pro-
vide further detail into the biosynthetic mechanism of SPNi,
we first set out to clone the SPN biosynthetic gene cluster. A
fosmid library of CNQ431 was constructed and screened by
PCR amplification according to the nonribosomal peptide
synthase (NRPS)/PKS gene antC of the ANT biosynthetic
pathway from S. sp. NRRL 2288.!"* Sequencing the positive
fosmid allowed us to identify a cluster of 16-genes (Figure 3A
and Table 1). With the exception of a redundant transposase
gene (orf1), this cluster is highly conserved in sequence (~95 %
overall identity) and organization to that of the S-form ants,''
suggesting that they share a similar biosynthetic mechanism.
Further bioinformatic analysis of the genes within this locus
revealed three genes (spnC, D and M) that encode a hybrid
NRPS/PKS system putatively for dilactone scaffold formation,
one gene (spnFE) that encodes a crotonyl-CoA reductive car-
boxylase (CCR) putatively for synthesizing extender units, and
eleven other genes that putatively encode the starter unit 3-
formamidosalicyl-SpnG (spnF-L, N and O), C8 acylation
(spnB) and pathway regulation (spnd). To correlate it with
SPN production, the nrps/pks spnC was further selected for
gene inactivation. LC-HRMS analysis of mutant strain fer-
mentation confirmed it completely lost the ability to produce
SPN-C (in our hands, we only observe SPN-C in the fermenta-
tion of CNQ431) as well as a few accompanied ANTs (A1-AS5,
A10 and A21, Figure 4 trace II and Figure S1), hence estab-
lishing this gene cluster is indeed responsible for encoding
both of the SPNs and ANTs.

Based on the available model of ANT biosynthesis,'"'? we
next proposed the assembly logic of spn (Figure 3B). Trypto-
phan is first converted into the starter unit 3-formamidosalicyl-
SpnG by successive participation of SpnN, F, G, H-L and O,
and then sequentially condensed with L-threonine and py-
ruvate by the NRPS SpnC to form a peptidyl intermediate.
SpnD, a PKS containing ketosynthase (KS), AT, ACP, and a
thioesterase (TE) domains, selects benzylmalonyl-CoA (3) or
alkylmalonyl-CoAs as the extender unit and catalyzes the con-
densation with the peptidyl intermediate to afford a C2-
extension. The resulting polyketide-peptidyl intermediates are
further reduced by SpnM at C8, and then cyclized by SpnD-
TE to form the dilactone scaffold. Finally, the acyltransferase
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Figure 3. Biosynthetic gene clusters and proposed pathway. (A) Gene organization of the spn and ant (NRRL 2288) clusters, the de-
duced functions of the genes are labeled in color and summarized in Table 1. (B) Proposed biosynthesis of SPNs and ANTs in
CNQ431. Domain notation: ACP, acyl carrier protein; C, condensation; A, adenylation; PCP, peptidyl carrier protein; KR, ketoreduc-
tase; KS, ketosynthase; TE, thioesterase.

Table 1. Deduced Functions of ORFs in spn Biosynthetic Gene Cluster (accession number KP719128).

Gene | Size (a.a.) Protein Homolog and Origin Identity (%) Proposed function
12 1880 CaiC (WP_018469583), S. sp. LaPpAH-202 92 NRPS (incomplete)
2@ 145 (WP_026282526), S. sp. CNY228 83 Hypothetical protein
A 173 AntA (AGG37747), S. sp. NRRL 2288 100 Regulator
B 433 AntB (AGG37748), S. sp. NRRL 2288 92 Acyltransferase
C 2897 AntC (AGG37749), S. sp. NRRL 2288 95 NRPS (C-A-PCP-C-A-KR-PCP)
D 1273 AntD (AGG37750), S. sp. NRRL 2288 96 PKS (KS-AT-ACP-TE)
E 406 AntE (AGG37751), S. sp. NRRL 2288 99 Crotonyl-CoA reductive carboxylase
3a 113 (WP_023422630); S. sp. GBA 94-10 93 Transposase
F 428 AntF (AGG37752), S. sp. NRRL 2288 97 AMP dependent CoA-ligase
G 82 AntG (AGG37753), S. sp. NRRL 2288 96 ACP
H 351 AntH (AGG37754), S. sp. NRRL 2288 97 Phenylacetate-CoA oxygenase, PaaA
1 64 Antl (AGG37755), S. sp. NRRL 2288 98 Phenylacetate-CoA oxygenase, PaaB
J 262 AntJ (AGG37756), S. sp. NRRL 2288 98 Phenylacetate-CoA oxygenase, PaaC
K 140 AntK (AGG37757), S. sp. NRRL 2288 98 Phenylacetate-CoA oxygenase, PaaD
L 367 AntL (AGG37758), S. sp. NRRL 2288 96 Phenylacetate-CoA oxygenase, PaaE
M 258 AntM (AGG37759), S. sp. NRRL 2288 97 3-oxoacyl-ACP reductase
N 282 AntN (AGG37760), S. sp. NRRL 2288 96 Tryptophan 2,3-dioxygenase
o 225 AntO (AGG37761), S. sp. NRRL 2288 97 Esterase
42 798 (WP_003946509), S. albus 97 Histidine kinase
52 134 (WP_030696821), S. griseus 98 Dynein regulation protein LC7
6* 399 (WP_003946511), S. albus 97 ABC transporter

2 orfs beyond spn gene cluster.
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15.0 20.0 25.0 min
Figure 4. HPLC analysis of SPN-C and ANTSs production in S.
sp. CNQ431 and S. coelicolor recombinant strains. Peaks corre-
sponding to SPN-C () and ANTs (e) are indicated. I) Wild-type
CNQ431; 1) mWHU2450 (4spnC); 1II) mWHU2452 (denccH),
IV) mWHU2451 (denccP); V) mWHU2453 (S. coelicolor carry-
ing fosmid pWHU2405); and VI) wide-type S. coelicolor.

SpnB mediates the acylation of the C8 hydroxyl group to
complete the biosynthesis of SPNs and ANTs.

Characterization of Benzylmalonyl-CoA as an Extender
Unit and the selectivity of the AT Domain. In ANTs, the
C7-alkyl groups are introduced by the AntD-AT from extender
unit alkylmalonyl-CoAs which are synthesized through reduc-
tive carboxylation of a, f-unsaturated acyl-CoA precursors by
the CCR protein AntE. We previously established that AntE is
highly promiscuous and able to accept various substrates, in-
cluding cinnamoyl-CoA (4), for conversion into their reduc-
tive carboxylated products.” In spn, we identified an AntE
homologous protein SpnE (95 % identity), which is speculated
to be responsible for producing benzylmalonyl-CoA (3) and
alkylmalonyl-CoAs. To verify this assumption, we overex-
pressed SpnE and purified it from E. coli to examine its sub-
strate specificity by LC-HRMS analysis. As anticipated, SpnE
efficiently accepts both cinnamoyl-CoA (4) and alkyl-a, f-
unsaturated acyl-CoAs including crotonyl-CoA (5) and 5-
methyl-2-hexenoyl-CoA (6) for conversion into corresponding
reductive carboxylated products (Figure SAB and Figure S2A-
C). This provides direct evidence of benzylmalonyl-CoA (3)
participating in SPN biosynthesis and establishes the capabil-
ity of SpnE in providing a diverse array of extender units to
this pathway.

CCRs are known to have broad selectivity, but their prefer-
ence for aromatic substrates is not known. Kinetic analysis of
SpnE revealed it indeed has a 2.3 fold preference of cin-
namoyl-CoA (4) (keat/Km =1.42+ 0.008 min' mM™) over the
typical aliphatic substrate crotonyl-CoA (5) (kea/Km= 0.614x
0.041 min' mM™") (Figure S2D). CCRs are typically con-
served among different species (normally over 75% identity),
which indicates that other CCRs may also have the ability to
accept aromatic substrates to generate aromatic CoA-linked
extender units.

Based on our assembly logic, SpnD-AT is assumed to select
benzylmalonyl-CoA (3) or alkylmalonyl-CoAs for introduc-

tion at the C7-position on the dilactone scaffold. Amino acid
sequence analysis of the specificity-conferring motifs within
SpnD-AT revealed the presence of smaller amino acid resi-
dues compared to ATs that typically use malonyl-CoA,
methylmalonyl-CoA or ethylmalonyl-CoA (Figure S3), and
suggests the presence of a larger protein cavity that can ac-
commodate a bulky benzyl group. To validate its function, we
overexpressed the entire protein of SpnD in an E. coli BAP-1
strain which contains a Bacillus phosphopantetheinyl transfer-
ase (Sfp) gene to covert the ACP domain of SpnD into its kolo
form.'* benzylmalonyl-CoA (3) was further prepared by SpnE
and in situ incubated with the purified holo-SpnD to carry out
the transacylation reaction. After the reaction, SpnD was puri-
fied by SDS-PAGE and subsequently trypsin digested to de-
tect the presence of a benzylmalonyl moiety by LC-HRMS
analysis (Figure 5C). As expected, a 176.0516 Da shift corre-
sponding to the molecular weight of benzylmalonyl moiety
was clearly detected in the phosphopantetheinylated serine
peptide fragment (PVLVEIGPGDSLTK) of ACP. Meanwhile,
we evaluated the change of benzylmalonyl-CoA (3), confirm-
ing that its consumption was consistent with the uploading
activity of SpnD (Figure 5D). These results clearly validated
that SpnD-AT can select benzylmalonyl-CoA (3) as an ex-
tender unit for introducing the benzyl group into the SPN di-
lactone scaffold.
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Figure 5. Characterization of SpnE and SpnD in vitro. (A) SpnE

and SpnD-catalyzed reactions. (B) HPLC analysis of SpnE cata-

lyzed reductive carboxylation of cinnamoyl-CoA (4) to produce

the benzylmalonyl-CoA (3) as well as the shunt product phe-

nylpropionyl-CoA (7) in the control (I, SpnE free) and reaction

system (II). (C) HRMS analysis of molecular weight of the phos-

phopantetheinylated serine peptide fragment

(PVLVEIGPGDSLTK) in the SpnD reaction. (D) HPLC analysis

of the benzylmalonyl-CoA (3) consumption in the SpnD reaction

before (I) and after the reaction (II).

Correlation of Amino acid Origin to Benzylmalonyl-CoA
Synthesis and Crosstalk of encc and spn. Cinnamoyl-CoA (4)
is a ubiquitous precursor for synthesis of phenylpropanoids in
plants,'® but its distribution in bacteria is rare and only known
in a few pathways.'®!” Both plant and bacteria systems utilize
a phenylalanine ammonia-lyase (PLA) and a CoA ligase (CL)
to sequentially convert phenylalanine to cinnamic acid (8) and
then to cinnamoyl-CoA (4). However, in spn, no obvious pal
and ¢/ homologues are found. Flanking the spn locus are a few
genes encoding NRPS (orf1), putative protein (orf2) and a
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kinase (orf4) whose functions are not clear. To verify the po-
tential role of orf1, orf2, or orf4 in cinnamoyl-CoA (4) synthe-
sis, the fosmid containing the spn locus and flanking genes
(orf1-6) was chosen for heterologous expression. It was first
engineered to bear elements for conjugation and integration,
and then introduced into S. coelicolor. LC-HRMS analysis of
the culture extract of the recombinant strain showed that it
failed to produce SPNs while still being able to produce ANTs
(Figure 4, trace V). This result shows that the genes involved
in cinnamoyl-CoA (4) synthesis are not immediately flanking
spn but, instead, are further outside of this locus.

In order to get the entire genetic details, we further se-
quenced the CNQ431 genome.'® Upon careful analysis, we
identified a cluster of 19 genes which are highly identical
(~96 % identity) to the cluster of ENC from S. maritimus,'®
(Figure S4, Table S2). Among the cluster, two genes (enc.P,
and enc.H) are homologues to encP and encH, whose function
are known as PLA and cinnamate CoA ligase, respectively.'’
We therefore speculated that these two genes might be respon-
sible for supplying cinnamoyl-CoA (4) for benzylmalonyl-
CoA (3) synthesis. To test this assumption, we individually
inactivated the enc.P and enc.H genes, and analyzed their fer-
mentation. Gratifyingly, LC-HRMS analysis revealed that
inactivation of enc.P completely abolishes the production of
SPN-C but not ANTSs (except A-21) confirming the essential
role of this gene in the synthesis of benzylmalonyl-CoA (3)
(Figure 4 trace IV and Figure S1). The benzoyl group in the
C8-hydroxyl of A-21 might be derived from the degradation
of EnccP-catalyzed deamination as in ENC.!* Inactivation of
enccH shows no influence on the biosynthesis of SPN-C or
ANTs (Figure 4, trace III), suggesting that its function can be
compensated by other CoA ligases in the genome as observed
in the enc pathway.'”® Indeed, CNQ431 has ten CoA-ligase
genes in the genome, including two involved in the fatty acid
degradation whose selectivity are very broad.'*?® To further
validate the function of EnccP, we carried out in vitro studies.
EnccP was initially overexpressed by pET and MBP-fusion
expression systems in E. coli. However, despite achieveing
soluble expressing of this protein in E. coli, no activity was
detected. We therefore turned to a Pseudomonas expression
system to successfully obtain active protein. Based on HPLC
analysis, EnccP was shown to convert phenylalanine into cin-
namic acid (8) (Figure 6). The use of other amino acids as
substrates, including tyrosine, histidine and tryptophan, did not
result in the deaminated products (data not shown), suggesting
Enc.P is a phenylalanine-specific ammonia lyase.

Crosstalk between secondary metabolites is not common,
since it necessitates their expression coordinately which is
often fermentation and temporal condition dependent. To con-
firm the crosstalk of enc. and spn, culture extract of SPNs
from CNQ431 was analyzed to see whether ENC is co-
produced. LC-HRMS analysis however showed no ENC was
produced, suggesting at least one gene except enccP in the enc.
was not properly expressed under the SPN-producing condi-
tion. To further confirm this assumption, both CNQ431 and
enccP-inactivated strains were fermented under the ENC-
producing condition. Based on LC-HRMS analysis, a peak
with a molecular weight of ENC ([M+H]" calcd. For
C22H21010, 445.1120; observed, 445.1119) was clearly detect-
ed in the fermentation of CNQ431, while not in the enc.P-
inactivated mutant (Figure 7), confirming enc. indeed encodes
ENC and enc.P is essential for its synthesis. enc contains sev
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Figure 6. HPLC analysis of EnccP catalyzed reaction. I)
Standard phenylalanine; II) Standard cinnamic acid (8); I1I)
Enc.P reaction system.

en operons which controlled by promotors with different di-
rections (Figure S4). These genes might be not coordinately
expressed during SPN producing as similar to the biosynthesis
of rhodochelin and erythrochelin where one of the essential
genes is provided by an uncharacterized cluster.?!-?

A ENC B 445.1119

N M :

1l 446.1153
447.1181

446 miz
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Figure 7. LC-HRMS analysis of ENC production in S. sp.
CNQ431 (I) and mWHU2451 (denccP) (II). (A) HPLC trace of
ENC. (B) HRMS spectrum of ENC.

Engineering ant Pathway to Produce SPN. We were next
interested in whether this extender unit pathway can be ap-
plied to structural engineering. To simplify the process, we
chose to modify the structurally similar ANTs via engineer the
ant pathway from NRRL 2288.''* We first analyzed the AT
domain of AntD to see if it needed to be swapped for SpnD-
AT. Comparing the specificity-conferring motifs of SpnD-AT
and AntD-AT, we surprisingly found they are indeed the same
(Figure S3), suggesting AntD-AT is potentially able to accept
benzylmalonyl-CoA (3). In a previous study we validated that
AntE is able to catalyze the reductive carboxylation of cin-
namoyl-CoA (4)." These results raise an interesting possibil-
ity that the non-production of SPNs by ants is probably due to
the lack of cinnamoyl-CoA (4). This assumption was further
supported by the fact that all of the ANT producers including
S. albus J1074, S. ambofaciens ATCC 23877 and S. sp. NRRL
2288 do not contain genes encoding for cinnamoyl-CoA (4).!'?

To test this assumption, we introduced the ermE*-enc.P and
ermE*-enccP-enccH (ermE* is a constitutive promoter) cas-
settes respectively into NRRL 2288-AL2110, in which the
acyltransferase gene antB for C8-hydroxyl acylation was de-
leted.!® This strain only produces C8-hydroxyl deacyl-ANTs
that offers a cleaner metabolite background. Analysis of the
recombinant strain revealed both ermE*-encc.P and ermE*-
encc.P-enc.H can lead to production of a new compound (Fig-
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ure 8), suggesting the function of enc.H can be compensated
by an endogenous CoA ligase as we observed above. By scal-
ing up the fermentation, this compound was further purified in
enough quantity for spectrometric analysis. 'H-NMR, *C-
NMR and HRMS analysis confirmed its identity as SPN-J
which contains a benzyl group in C7 (Figure 1).!° This result
demonstrates the feasibility of selectively engineering polyke-
tide carbon scaffolds through this benzylmalonyl-CoA extend-
er unit pathway. Moreover, it also demonstrates that the AT
domain of AntD is able to accept benzylmalonyl-CoA (3) as
an extender unit.

SPN-J

v ]!

PO
"

15,0 200 25.0 30.0 35.0min

Figure 8. HPLC analysis of the SPN-J production in AL2110
recombinant strains. Peaks corresponding to SPN-J (V¥) is indi-
cated. I) Wide-type AL2110; II) mWHU2454 (AL2110 carry-
ing ermE*-enc.P) and III) mWHU2455 (AL2110 carrying
ermE*-enc.P-enc.H).

DISCUSSION

Novel Strategy to Convert an Amino Acid into Polyketide
Extender Unit. Fatty acids and amino acids are the major
carbon sources in living organisms. Their utility in secondary
metabolite synthesis rarely overlap. Amino acids are mostly
used in peptide and alkaloid synthesis, while fatty acids are
used for polyketide synthesis. The major reason for this is due
to their distinct chemical properties. For instance, extender
units of polyketides contain a carboxylic group in the Ca of a
thioesterified carboxylate that serves as a driving force in the
Claisen condensation reaction when it is decarboxylated.” In
contrast, this is not the case for amino acids due to the pres-
ence of an amino group in the Ca that decreases the acidity of
Ca proton and prevents it from undergoing the same chemistry
as with Ca carboxylates. Thus, to covert amino acids into
polyketide extender units, Nature utilizes a different approach.
For example, in the synthesis the aminomalonyl-ACP (1),
serine is first activated by loading onto an ACP, then two de-
hydrogenases are recruited to sequentially oxidize its Cp-
hydroxyl group into a carboxyl group.® In the synthesis of
dichloropyrrolypropylmalonyl-ACP (2), proline servers as a
starter unit and is assumed to be activated and modified to
form the dichloropyrroly-ACP, which further undergoes two
rounds of C-2 extension with two molecules of malonyl-CoA
before being converted into an extender unit.¥ Since these
pathways require unique biosynthetic machinery to mediate
highly specific chemical reactions, it is challenging for both of
Nature and engineering efforts to tailor them to suit other ami-
no acids.

Interestingly, in spn Nature employs a more direct strategy
to produce benzylmalonyl-CoA (3). By employing an amino
acid ammonia lyase, it performs the transformation of the Ca
amino group of phenylalanine into a classic functional group
found in fatty acids-the a, f-double bond. The resulting deam-
inated product a, f-unsaturated acid can be recognized by a
promiscuous fatty acid CoA ligase to convert it into its CoA-
form, which can subsequently go into the CCR synthetic
pathway like other a, f-unsaturated acyl-CoAs from fatty acid
metabolism to generate a CoA-linked extender unit. Distinct
from the previously known ACP-linked models, this strategy
unifies amino acid degradation and fatty acid derived extender
unit synthesis, and is more energy-saving and concise. It is can
also be tailored to fit several other amino acids. Moreover,
compared with ACP-linked extender units which are used by
only a few PKS systems, CoA-linked extender units are more
useful for polyketide engineering. The benzylmalonyl-CoA (3)
pathway allows for the first time the ability to convert other
major carbon source-amino acids into CoA-linked extender
units, opening up a new avenues for polyketide extender unit
synthesis.

Versatility for Converting Other Amino Acids into CoA-
linked Extender Units, and Significance for Expanding
Extender Unit Variety. CoA-linked extender units are major-
ly sourced from fatty acid metabolism and therefore mostly
contain aliphatics. Currently, there are no CoA-linked extend-
er units that have aromatic structures. Haloethylmalonyl-
CoA,**?* and allylmalonyl-CoA>f are extender units known to
bear active groups on their side chains (Figure 1). These func-
tionalities are introduced onto the extender units by unusual
biosynthetic machineries making them poorly amenable as
platforms for creating novel extender units. Although chemo-
enzymatic approaches result in the synthesis of unusual ex-
tender units or acyl-NAC surrogates, either their preparation
are costly or incorporation efficiency are low, making them
unsuitable for larger scale production. Hence, finding a more
versatile way to increase both the structural diversity and
chemical reactivity of CoA-linked extender units is a long-
term goal in the field of polyketide engineering.

Amino acids, which are abundant in vivo and have plenty of
structural diversity and chemical reactivity, are an ideal source
for CoA-linked extender unit synthesis. In this study, we dis-
closed an unprecedented strategy to convert an amino acid into
a CoA-linked extender unit. The conversion is simple and
concise. More significantly, the bio-machinery involved in the
process are either readily available or highly promiscuous and
make this strategy highly versatile for incorporating additional
amino acids. Genes encoding amino acid deamination, such as
phenylalanine, tyrosine, histidine and aspartic acid are well
studied.”® Some of them are broadly-selective and can even
accept modified amino acids, such as m-tyrosine which can be
generated in vivo by introduction of a phenylalanine m-
hydroxylase.>*¢ Bacterial CoA ligases, in particular those
involved in fatty acid degradation are very promiscuous, and
deaminated amino acids can be effectively converted by them
or their specific CoA-ligases, such as 4-hydroxycoumarate-
CoA ligase into a, B-unsaturated CoAs.'>?*2® We and others
have revealed several CCRs that are extremely promiscuous
and can tolerate diverse substitutions on the Ca, including
alkyl groups of up to ten carbons, halogenated alkyl-, cyclo-
hexenyl-, alkynyl-substituted alkyl- and even benzyl-
groups.?>313:26 Although AntE and SpnE are unable to turno-
ver 4-hydroxycoumarate-CoA and 3-indoleacrylic-CoA which
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are deaminated products of tyrosine and tryptophan (data not
shown), sequence analysis with the well-studied CCR CinF
revealed that their binding pockets have the potential for en-
largement (Figure S5). By replacing the selectivity-conferring
residues (V163 and V362, numbers corresponding to CinF)
with smaller residues such as glycines, these CCRs may be
able to accept bulky aromatic substrates. Currently, several
structures of broad-selective CCRs have been made availa-
ble.*?” Based on the protein structures, directed evolution at
these sites could highly effective in expand CCR’s selectivity
scope. It is believed, the strategy disclosed here can be readily
tailored to convert other amino acids including tyrosine, histi-
dine and aspartic acid into CoA-linked extender units. Extend-
er units derived from amino acids, particularly those with ar-
omatic moieties and active groups will greatly expand their
chemical diversity, and facilitate polyketide structural engi-
neering.

Broad Selectivity of the AT Domain and Potential to In-
troduce Structural Diversity into the Polyketide Scaffold.
With ATs serving as a gatekeeper for extender unit selection,
they are other critical factors for structural engineering. Cur-
rently introducing aromatic groups into polyketide scaffolds
through extender unit selection is not yet possible, mostly be-
cause ATs lack aromatic-selectivity.?® In this study, we charac-
terized the first example of an AT domain (SpnD-AT) that can
effectively select an aromatic extender unit to introduce a ben-
zyl group into the SPN scaffold. Through in vivo study we
further validated that the AT domain of AntD is also compe-
tent in accepting benzylmalonyl-CoA (3). These discoveries
overcome the current limitation of AT selection to now in-
clude aromatics.

Previously, we demonstrated AntD can accept various types
and lengths of substituted extender units.!> Most of these sub-
strates are bulkier than extender units derived from amino
acids, suggesting AntD-AT is able to select other amino acid-
derived extender units. By coupling the versatile extender unit
synthetic strategy and AT swapping, a complete pathway to
introduce amino acid varieties into polyketide carbon scaffolds
can likely be constructed. In addition, besides aromatic groups
from amino acids, these biosynthetic proteins can also be tai-
lored to introduce synthetic aromatics into the polyketide scaf-
fold. CoA ligases converting cinnamate analogues into their
CoA forms are available.**** These genes can be co-expressed
with selectivity-improved CCRs to constitute an artificial
pathway for converting synthetic cinnamates into CoA-linked
extender units. With the selection of SpnD-AT or AntE-AT,
introduction of synthetic cinnamate varieties into polyketide
scaffold is potentially feasible. Currently, elucidation of the
SpnE-AT structure is underway. With structural-based direct
evolution, it is believed this selectivity can be engineered to
allow for more diverse aromatic groups.

CONCLUSION:

In summary, we have characterized the formation and selec-
tion of the aromatic extender unit benzylmalonyl-CoA (3)
from the biosynthesis of splenocin and enterocin. The synthe-
sis of this extender unit is distinct from the previous known
CoA-linked extender units. By employing a deamina-
tion/reductive carboxylation strategy, phenylalanine is con-
verted into the CoA-linked extender unit. More significantly,
this pathway is concise and highly versatile which can be ap-
plied to a few amino acids including tyrosine, histidine and
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aspartic acid via exchanging individual biosynthetic machin-
ery. Additionally, their selection and incorporation into PKS
assembly can be performed by the AT domains of SpnD and
AntD, which overcome the current limitation of extender unit
selection. This versatile extender unit synthetic pathway
broadens the specificity of the AT domain and paves the way
for introducing additional amino acids and synthetic aromatics
with diverse structural diversity and chemical reactivity into
the polyketide carbon scaffold.
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