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INTRODUCTION

Trans-acyltransferase polyketide synthases (#rans-AT PKSs) construct biologically active
polyketides, such as the antibiotic mupirocin, in an assembly line process catalyzed by
collections of enzymatic domains termed modules. Each module of a #rans-AT possesses an
acyl carrier protein (ACP) and ketosynthase (KS) that, along with a separately-encoded
acyltransferase (AT) domain, constitute the minimal trio of domains required for the
extension of a covalently-bound intermediate.12 Further modifications at the a.- and p-
carbons of the polyketide are introduced by processing enzymes such as the
methyltransferase (MT), ketoreductase (KR), dehydratase (DH), and enoylreductase (ER),
depending on their inclusion within a module. This optional incorporation can be primarily
credited for the vast chemical and functional diversity observed within polyketides.12

Unlike the embedded AT domains of cis-AT PKS pathways that deliver malonyl-CoA or
methylmalonyl-CoA extender units to a single module, the discrete ATs of frans-AT PKSs
deliver extender units to several modules. Since these ATs are primarily selective for
malonyl groups, frans-AT PKSs employ embedded S-adenosyl methionine (SAM)-
dependent MT domains to install methyl groups into polyketide backbones.1-3 Although
SAM-dependent MTs constitute a well-studied superfamily of enzymes and are relatively
common within #rans-AT PKSs, a dearth of information exists for frans-AT MTs and PKS-
embedded MTs in general. Only a few studies of MTs from select ¢/s-AT PKSs and fungal
highly-reducing PKSs (HR-PKSs) have been reported.4 Analysis of a fungal HR-PKS
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responsible for the production of lovastatin revealed the kinetic preference of an embedded
MT towards its native acyl-S-N-acetylcysteamine (NAC) substrate analog.1:2:9:10.11

To explore the selectivity of frans-AT MTs, we examined the methylation activity of excised
MT domains from three well-known #rans-AT pathways, responsible for the production of
the antimicrobial agents bacillaene, difficidin, and mupirocin (Figure 1), towards the acyl-S
NAC substrates 3-oxobutanoyl-S-NAC (1), 3-oxopentanoyl-S-NAC (2), and 3-oxohexanoyl-
SNAC (3).12-14 (Figure 2a). This is the first account of the substrate specificity and activity
of excised MT domains from frans-AT PKSs.

MATERIAL AND METHODS

S-adenosyl-methionine (Ark Pharm, Inc.) was dissolved in 300 mM sodium phosphate
buffer (pH 7.8) to a final concentration of 150 mM.

The DNA encoding DifMT1, DifMT6, DifMT13, BaeMT9, BaeMT14, MupMT1, and
MupMT3 was amplified from the difficidin and bacillaene gene clusters of Bacillus
amyloliquefaciens FZB42 and the mupirocin gene cluster of Pseudomonas fluorescens
13525 and inserted into pGAY28b, a ligation-independent cloning vector constructed from
pET28b (Table S1).1° £. coli BL21(DE3) transformed with the expression plasmid was
inoculated into LB media containing 50 mg/L kanamycin at 37 °C, grown to ODggg = 0.5,
and induced with 0.5 mM IPTG. After 18 h at 15 °C, cells were collected by centrifugation
and resuspended in lysis buffer (0.5 M NaCl, 10% (v/v) glycerol, 0.1 M HEPES, pH 7.5).
Following sonication, cell debris was removed by centrifugation (30,000 x g, 30 min). The
supernatant was poured over a column of Nickel-NTA resin (Thermoscientific), which was
then washed with 40 mL lysis buffer containing 15 mM imidazole and eluted with 5 mL
lysis buffer containing 150 mM imidazole. The eluted protein was concentrated to ~10
mg/mL in the equilibration buffer and stored at —80 °C until needed. The S-adenosyl-
homocysteine (SAH) nucleosidase Pfs was amplified from £. co/iBL21(DE3) genomic
DNA and cloned and purified as above (Table S1). Reactions were supplemented with Pfs
due to the potent inhibition of MTs by SAH.®

Compounds 1-3, 2-methyl-3-oxobutanoyl-SNAC (4), and 3-oxohexanoyl-SNAC (6) were
prepared according to reported protocols8, as was 2-methyl-3-oxopentanoyl-S-NAC (5).17

To determine MT activity reactions with substrates 1-3 (10 mM) contained 150 mM Tris-
HCI, 100 mM NaCl, 20 mM SAM, 10% (v/v) glycerol, 20 uM Pfs, and 10 uM MT in a total
volume of 200 L. Reactions were run in parallel at 25 °C for ~16 h. Standards of 4, 5, and 6
at concentrations from 250 pM to 50 mM were added directly to injection solvent and HPLC
peak areas were collected to provide standard curves for observable product formation.

To determine the linear region of MT kinetic data, reactions with substrates 1-3 (10 mM)
contained 150 mM Tris-HCI, 100 mM NaCl, 20 mM SAM, 10% (v/v) glycerol, 20 uM Pfs,
and 10 uM MT in a total volume of 200 uL and were run in parallel at 25 °C and quenched
atOh,1h,2h,3h,4h,and5 h.

J Antibiot (Tokyo). Author manuscript; available in PMC 2016 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stevens et al.

Page 3

Reactions with substrates 1-3 (100 uM, 500 pM, 1 pM, 2.5 mM, 5 mM, 10 mM, or 50 mM)
contained 150 mM Tris-HCI, 100 mM NaCl, 20 mM SAM, 10% (v/v) glycerol, 20 uM Pfs,
and 10 uM MT in a total volume of 200 uL. Reactions were run in parallel at 25 °C over a
period of 1-3 h (MupMT1+1, 1 h; MupMT1+2, 2 h; MupMT1+3, 3 h; BaeMT9+3, 2 h;
DifMT1+2, 2 h; DifMT1+3, 2 h) (Figure 2b-g). After completion, reactions were extracted
with 1 mL of ethyl acetate. The organic layer was dried /in vacuo and resuspended in
methanol for HPLC analysis. Standard curves were generated by HPLC analysis of 60 pM,
300 uM, 600 uM, 1 uM, 3 mM, and 6 mM injections of 4 and 200 UM, 1 UM, 2 mM, 5 mM,
10 mM, and 20 mM injections of 5 and 6. Reactions for each set of substrate concentrations
were performed in triplicate.

Product formation was quantified by absorbance with reverse phase HPLC resolution of
reaction mixtures stopped at a fixed time-point with 0.1 — 50 mM substrate as well as full
progress curves at 10 mM substrate (Figure S10). Global fitting of both data sets to a
reaction model using Kintek Explorer allowed determination of k.,:/Kp, values for each
enzyme/substrate pair (Table 1 and Figure S1)18-20,

HPLC analysis was performed with a tandem Waters 2707 autosampler and Waters 1525
binary HPLC pump connected to a Waters 2998 photodiode array detector using a Varian
Microsorb-MV Cqg column (250 x 4.6 mm, 5 um particle size, 100 A pore size) and mobile
phases consisting of water with 0.1% TFA (solvent A) and acetonitrile with 0.1% TFA
(solvent B) with a solvent gradient of 5%-100% B over 30 min at a flow rate of 1 mL/min.
High-resolution mass spectrometry measurements of methylated products were obtained by
chemical ionization (ESI) with a VG analytical ZAB2-E instrument. Peak integrations were
automated with a signal-to-noise cutoff of 5% peak area.

RESULTS AND DISCUSSION

Of the 7 domains cloned, all produced soluble protein with the exception of MupMT3. In
addition to several previously identified sequence motifs that distinguish between c¢is- and
trans-AT MT domains, a trans-AT MT sequence alignment revealed an additional notable
difference between these two classes of MT domain regarding their position of within the
module.?! In contrast to their ¢is-AT counterparts, frans-AT MTs are not embedded within
the KR structural subdomain but are instead usually situated immediately after the KR
domain and immediately before the ACP domain.22

In vitro assays of the excised MTs BaeMT9, DifMT1, and MupMT1 showed each to be
capable of catalyzing the methylation of substrates 1, 2, and 3 to afford 4, 5, and 6 (Figures 2
and S2-11, Table 1). These results show that, at least when separated from their assembly
lines, MTs are not highly substrate-specific. Other excised PKS enzymes [KRs, DHs, ERs
and thioesterases (TEs)] also demonstrate broad substrate specificities.20-25 The low reaction
rates of BaeMT9, DifMT1, and MupMT1 are suggestive that local substrate concentrations
within the intact assembly line are required for optimal catalytic rates. While the conversions
of 1 to 4 catalyzed by BaeMT8 and DifMT1 as well as 2 to 5 catalyzed by BaeMT9 were
observed overnight, the percent conversions within the linear region (1-3 h) were too low to
accurately report kinetic parameters using HPLC analysis (Figures S5-7). The observed
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reaction rates for MTs are lower than those of other excised processing domains (e.g., KRs,
DHs, or TEs) towards NAC-linked substrates.23-28 Although DifMT1 and BaeMT9
demonstrated substrate affinities for 2 and 3 respectively (Table 1), a significant kinetic
preference for a specific substrate was not observed from any of the investigated MTs.

The N-terminal MTs DifMT6, DifMT13, and BaeMT14 did not catalyze a detectable
amount of methylation of 1, 2, or 3. Unlike the completely embedded MTs, N-terminal MTs
may require additional components for activity, such as inclusion in their native polypeptide
or interaction with the upstream PKS polypeptide.

The presented work demonstrates that, similar to the other processing domains excised from
PKSs, excised trans-AT PKS MTs are capable of operating on thioester-bound polyketide
substrates /n vitro. These data disclose the initial investigation of the heretofore unexplored
MTs found throughout the frans-AT PKS landscape and provide insight into the catalytic
activity of the enzyme when removed from its native module. The ability of these MTs to
install methyl branches on the carbon chains of small molecule substrates makes them
particularly attractive as biocatalysts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) Canonical a-methylation catalyzed by #rans-AT PKS MTs. b) a-branches and cognate

MT domains of bacillaene, difficidin, and mupirocin.
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Figure 2.
Saturation curves for a) MupMT1 and 1 after 1 h, b) MupMT1 and 2 after 2 h, ¢) MupMT1

and 3 after 3 h, d) BaeMT9 and 3 after 2 h, e) DifMT1 and 2 after 2 h, f) DifMT1 and 3 after
2 h. Experimental data from saturation curves was globally fit to a fixed concentration time-
course for enzyme-substrate pairs (Figure S1).
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Kinetic analysis of DifMT1, MupMT1, and BaeMT9 towards N-12 acetylcysteamine substrates.

Table 1

MT substrate | keat (Min™) | Ky (MM) | Kea/Ky (MM~ mind)
MupMT1 1 26+3.7 22+7 1.2+0.3
MupMT1 2 47+ 14 48 + 24 1.0+04
MupMT1 3 46+16 32+£32 15+13
DifMT1 2 13+54 110 + 83 0.12 +0.08
DifMT1 3 12+1.9 54+3.0 22+11
BaeMT9 3 56+28 22+19 0.25+0.17
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