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ABSTRACT: LipPksl, a polyketide synthase subunit of
the lipomycin synthase, is believed to catalyze the
polyketide chain initiation reaction using isobutyryl-CoA
as a substrate, followed by an elongation reaction with
methylmalonyl-CoA to start the biosynthesis of antibiotic
a-lipomycin in Streptomyces aureofaciens Tii117. Recombi-
nant LipPks1, containing the thioesterase domain from the
6-deoxyerythronolide B synthase, was produced in
Escherichia coli, and its substrate specificity was investigated
in vitro. Surprisingly, several different acyl-CoAs, including
isobutyryl-CoA, were accepted as the starter substrates,
while no product was observed with acetyl-CoA. These
results demonstrate the broad substrate specificity of
LipPks1 and may be applied to producing new antibiotics.

ultimodular polyketide synthases (PKSs) are among the
largest (2—7 MDa) and most complex enzymes known.
They conduct a programmed, stepwise catalysis that leads to
the generation of poly-f-ketones with varying degrees of
reductions at the fB-carbonyl centers. Polyketides are widely
used as antibiotics and other pharmaceutical agents.
Multimodular PKSs are composed of several large poly-
peptides. Each polypeptide contains one or more modules, each
of which minimally consists of a ketosynthase (KS) domain, an
acyltransferase (AT) domain, and an acyl carrier protein (ACP)
domain that are together responsible for a single round of
decarboxylative condensation (polyketide chain elongation
reaction). The module may contain a loading AT (AT;) and
a loading ACP (ACP,) to catalyze the polyketide chain
initiation reaction. It may also contain a ketoreductase (KR)
domain, a dehydratase (DH) domain, and an enoyl reductase
(ER) domain to reduce the newly generated f-ketone on the
growing polyketide chain tethered to the ACP domain. The
extended polyketide chain is then translocated to the KS
domain in the next module in the same polypeptide or to the
KS in another protein for subsequent condensation. Alter-
natively, chain growth is terminated by a thioesterase (TE)
domain. Understanding the mechanism for this orderly process
reprfsents a fundamental challenge in assembly line enzymol-

ogy.
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The fidelity and efficiency of the entire process are dictated
by two levels of molecular recognition: protein—protein
recognition and substrate specificity. To address the issue of
intrinsic substrate specificity, we studied LipPksl, a PKS
subunit of the lipomycin synthase from Streptomyces
aureofaciens Tiill7, which is a PKS nonribosomal peptide
synthase hybrid that catalyzes the biosynthesis of f-lipomycin,
the aglycone of acyclic polyene antibiotic a-lipomycin (Figure
1A).” LipPksl is composed of an AT; domain, an ACP
domain, a KS domain, an AT domain, a KR domain, and an
ACP domain, a simple PKS that catalyzes polyketide chain
initiation and elongation reactions. Bihlmaier, Bechthold, and
co-workers have described a model in which LipPks] initiates
the synthesis using isobutyryl-CoA and elongates once with
methylmalonyl-CoA.* The model was based on the structure of
the corresponding segment of a-lipomycin and the amino acid
sequence similarity between the AT, domain of LipPksl and
the AT} domain of the avermectin PKS, which is believed to
initiate polyketide synthesis using 2-methylbutyryl-CoA or
isobutyryl-CoA as the starter substrate.™>

To test the model biochemically, we constructed an
expression vector that encodes N-terminal hexahistidine tagged
LipPks1 with the TE domain from the 6-deoxyerythronolide B
synthase (DEBS) from Saccharopolyspora erythraea
(LipPks1+TE) to release intermediates tethered to the ACP
domain (Figure 1B). We also constructed expression vectors
encoding the protein that lacks the proline and arginine-rich N-
terminal linker [(—NL)LipPksl+TE] and the TE-truncated
version, which is essentially LipPks1. We used Escherichia coli
K207-3 as a host for expression of the different PKS gene sets.
E. coli K207-3 is an engineered strain whose genome encodes
sfp from Bacillus subtilis that encodes the substrate promiscuous
surfactin phosphopantetheinyl transferase that converts the
expressed PKS apoproteins to their corresponding holo forms.®

Protein production was analyzed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis. LipPks1+TE was almost
exclusively produced in the soluble fraction (Figure 1A of the
Supporting Information). (—NL)LipPks1+TE was also pro-
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Figure 1. (A) Polyketide chain initiation and elongation reactions
catalyzed by LipPksl. LipPksl consists of an AT, domain, an ACP
domain, a KS domain, an AT domain, a KR domain, and an ACP
domain. The phosphopantetheine prosthetic arm is shown as a wavy
line. The extended polyketide chain tethered to the ACP domain is
translocated to the downstream LipPks2 to complete the S-lipomycin
biosynthesis. (B) Broad substrate specificity of LipPksl+TE.
Enzymatic production of la—f was confirmed by liquid chromatog-
raphy—mass spectrometry analysis.

duced in the soluble fraction, although a significant amount was
insoluble. In addition, the lysate displayed a large amount of
soluble protein running in the gel between 160 and 260 kDa,
suggesting that the proline and arginine-rich linker is
contributing to stable protein folding, at least in E. coli.
Surprisingly, a relatively low level of production was observed
for LipPks1. This protein corresponds to a natural LipPks1 but
lacks the C-terminal linker that is proposed to bind the N-
terminal linker of the LipPks2 subunit. This result may suggest
that the linker itself stabilizes the LipPks1 structure. Structural
studies of DEBS, which is the most extensively studied
multimodular PKS, demonstrated that each module forms a
homodimer and that homodimerization is driven by the KS
domains and the TE domain.”~® One possible explanation of
the soluble and relatively stable production of LipPks1+TE is
that adding a TE domain stabilized the homodimeric structure
of LipPksl. LipPksl+TE was purified by Ni affinity
chromatography followed by anion exchange chromatography
to yield 2 mg of protein from 1 L of E. coli culture (Figure 1C
of the Supporting Information).

Isobutyryl-CoA, methylmalonyl-CoA, and NADPH were
incubated with or without LipPks1+TE, and the production
of 3-hydroxy-2,4-dimethylpentanoate (la) was monitored by
liquid chromatography and mass spectroscopy (LC—MS). The
MS measurements were taken in the selected ion monitoring
mode (m/z 14S). As shown in Figure 2B, a strong signal was
observed in the presence of LipPksl+TE at 9.0 min. To
confirm the production, we chemically synthesized 1a. The 'H
NMR data indicated that the compound was a mixture of
diastereomers (26:1 syn:anti).'” We analyzed the authentic
standard by LC—MS and observed two peaks at 8.2 and 9.1
min (Figure 2C). The product generated by LipPks1+TE
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Figure 2. LC—MS analysis of the in vitro biosynthesis of la.
Isobutyryl-CoA (320 uM) and methylmalonyl-CoA (200 uM) were
incubated for 17 h at 23 °C with 500 uM NADPH in the absence (A)
or presence (B) of LipPksl+TE (0.5 pM). The resulting reaction
mixtures were analyzed by LC—MS in the selected ion monitoring
mode (m/z 145). (C) LC—MS analysis of the chemically synthesized
authentic standard (16 uM). The two peaks indicated by arrows are
diastereomers of la. Retention times are shown atop the peaks.

appears to have the same stereochemistry as the second peak,
which is (25,3S)-1a and/or (2R,3R)-la. The amino acid
sequence of the KR domain suggests the 2S,3S product (Figure
2 of the Supporting Information). We also monitored the f-
keto product of la by LC—MS (m/z 143). No product was
observed in the presence of NADPH (data not shown). The
steady-state kinetic parameters for the reaction were
determined: k., = 0.053 min~'; Ky(isobutyryl-CoA) = 2.9
uM; and Ky (methylmalonyl-CoA) = 1.3 uM (Table 1).

Table 1. Steady-State Kinetic Parameters for the Formation
of la—f by LipPks1+TE

ke Ky b/ Ko
substrate product  (min~") (uM) M s
isobutyryl-CoA la 0.053 2.9 304.1
propionyl-CoA 1b 0.056 13.4 70.3
n-butyryl-CoA 1c 0.036 264 22.7
2-methylbutyryl-CoA 1d 0.126 8.8 237.0
isovaleryl-CoA le 0.290 128.1 38.0
pivaloyl-CoA 1f 0.002 8.8 4.1

To analyze the substrate specificity of the AT domain, we
tested malonyl-CoA as a potential extender substrate. Malonyl-
CoA was not accepted (data not shown), indicating the AT
domain is specific for methylmalonyl-CoA. We also monitored
production of 3-hydroxy-2-methylpentanoate (1b) by LC—MS
(m/z 131) because DEBS1 was previously shown to start the
catalytic cycle using methylmalonyl-CoA as a sole substrate
where the methylmalonyl moiety on the ACP is decarboxylated
by the KS domain, followed by transfer of the resulting
propionyl group back to the KS domain where it could act as a
primer for condensation with a new methylmalonyl-ACP
exender (Figure 3 of the Supporting Information).''™"
Production of 1b was not observed (data not shown),
indicating that either the backtransfer reaction is slower than
the rate-limiting step for la production or the KS does not
accept a propionyl group. However, as descried below, the KS
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domain can accept the propionyl group as a starter, which
refutes the latter hypothesis.

The amino acid sequence of the AT} domain of LipPksl is
50% identical to that of the AT; domain of the avermectin PKS,
which is known to accept a variety of starter substrates.”
Previous studies showed that an engineered Streptomyces
avermitilis produced more than 40 avermectin analogues
when the culture was fed different carboxylic acids."*'® To
analyze the substrate tolerance of the AT; domain of LipPksl,
we incubated the enzyme with acetyl-CoA, propionyl-CoA, n-
butyryl-CoA, 2-methylbutyryl-CoA, isovaleryl-CoA, or pivaloyl-
CoA at the saturation concentration of methylmalonyl-CoA
(200 uM) with NADPH. No product was observed when
acetyl-CoA was used as a starter substrate (data not shown).
The other acyl-CoAs, however, gave the corresponding
products, which are 3-hydroxy-2-methylpentanoate (1b), 3-
hydroxy-2-methylhexanoate (1c), 3-hydroxy-2,4-dimethylhexa-
noate (1d), 3-hydroxy-2,5-dimethylhexanoate (le), and 3-
hydroxy-2,4,4-trimethylpentanoate (1f), which were confirmed
by LC—MS analysis (m/z 131 for 1b, m/z 14S for 1c, and m/z
159 for 1d—f) with chemically synthesized authentic standards
(Figures 4—8 of the Supporting Information). The steady-state
kinetic parameters for the reactions are listed in Table 1. The
k./Ky values for isobutyryl-CoA and 2-methylbutyryl-CoA
were comparable, which correlates well with avermectin
biosynthesis in S. avermitilis in which isobutyryl- and 2-
methylbutyryl-started products were isolated.> Interestingly,
the a-lipomycin analogue that would use 2-methylbutyryl-CoA
as a starter was not observed in S. aureofaciens Tiil17.>'° One
possibility is that the intracellular concentration of 2-
methylbutyryl-CoA is far below the Ky, for LipPksl. The k.,
values for all substrates investigated, except pivaloyl-CoA, were
similar; the k_, value for pivaloyl-CoA was substantially lower
than the others. The basis for the relatively low k. with
pivaloyl-CoA is not understood but may be related to the
different rates of nucleophilic attack of the carbanion on the
KS-linked substrates in the chain elongation reactions. These
data suggest that production of a-lipomycin is tightly controlled
by regulation of intracellular acyl-CoA concentrations.

The substrate specificity of the loading didomains of
multimodular PKSs is usually assumed from the structure of
the corresponding segment of polyketide products. However,
this methodology depends on the products isolated under
particular culture conditions, which might not reflect the actual
substrate preference. The intrinsic substrate specificity can be
determined by only in vitro kinetic analysis."” Our kinetic
studies revealed broad substrate specificity of the loading
didomain of LipPksl, highlighting the importance of using
biochemistry to determine substrate flexibility.

In summary, analyzing substrate specificity is crucial to our
understanding of polyketide biosynthesis by multimodular
PKSs and to the design of hybrid PKSs. In this work, we focus
on the LipPks1 subunit of the lipomycin synthase and provide
the first insights into substrate specificity. We have uncovered
broad substrate specificity of the loading didomain, which was
not anticipated from the study of the PKS in its native host and
led us to speculate that novel lipomycin analogues can be
produced by increasing intracellular acyl-CoA concentrations.
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