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Vinylogous chain branching catalysed by a dedicated
polyketide synthase module
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Bacteria use modular polyketide synthases (PKSs) to assemble com-
plex polyketides, many of which are leads for the development of
clinical drugs, in particular anti-infectives and anti-tumoral agents'.
Because these multifarious compounds are notoriously difficult to
synthesize, they are usually produced by microbial fermentation.
During the past two decades, an impressive body of knowledge on
modular PKSs>* has been gathered that not only provides detailed
insight into the biosynthetic pathways but also allows the rational
engineering of enzymatic processing lines to yield structural analo-
gues®. Notably, a hallmark of all PKS modules studied so far is the
head-to-tail fusion of acyl and malonyl building blocks, which leads to
linear backbones. Yet, structural diversity is limited by this uniform
assembly mode. Here we demonstrate a new type of PKS module from
the endofungal bacterium Burkholderia rhizoxinica that catalyses a
Michael-type acetyl addition to generate a branch in the carbon chain.
In vitro reconstitution of the entire PKS module, X-ray structures of a
ketosynthase-branching didomain and mutagenesis experiments
revealed a crucial role of the ketosynthase domain in branching the
carbon chain. We present a trapped intermediary state in which acyl
carrier protein and ketosynthase are covalently linked by the branched
polyketide and suggest a new mechanism for chain alkylation, which is
functionally distinct from terpenoid-like p-branching. For the rice
seedling blight toxin rhizoxin, one of the strongest known anti-mitotic
agents, the non-canonical polyketide modification is indispensable for
phytotoxic and anti-tumoral activities. We propose that the formation
of related pharmacophoric groups follows the same general scheme
and infer a unifying vinylogous branching reaction for PKS modules
with a ketosynthase-branching-acyl-carrier-protein architecture. This
study unveils the structure and function of a new PKS module that
broadens the biosynthetic scope of polyketide biosynthesis and sets the
stage for rationally creating structural diversity.

In light of the highly diverse architectures of polyketide metabolites, it
is surprising to learn that their carbon backbones are produced by rather
basic enzymatic mechanisms that are reminiscent of fatty acid biosyn-
thesis®’”. The minimal requirement is an acyl carrier protein (ACP) that
serves as an anchor for the growing chain, an acyl transferase (AT) that
loads activated malonyl building blocks onto the ACP and a keto-
synthase (KS) that catalyses the head-to-tail carbon bond formation
between the malonyl and acyl units tethered to the KS and ACP.
Ketoreductase, dehydratase and enoyl reductase domains may optionally
be involved in processing the B-keto group that results from the KS-
mediated Claisen condensation®. Apart from the number of chain pro-
pagations and the degree of B-keto processing, alkyl side chains largely
contribute to polyketide diversity. Alkyl substituents at o-positions to a
former carbonyl residue may result from the incorporation of substi-
tuted malonyl units or a-methylation®. Furthermore, terpenoid-like
alkylations at B-positions have been observed in various polyketide
pathways, in which a set of freestanding enzymes act in trans to modify
the B-keto group in analogy to mevalonate biosynthesis® (Fig. 1c).

Such polyketide chain branches may play a key part in the biological
activity of polyketides. A particularly noteworthy example is rhizoxin
(1b), the phytotoxin produced in a rare fungal-bacterial symbiosis of
the rice seedling blight fungus Rhizopus microsporus and its endofungal
bacterium B. rhizoxinica'®"'. Owing to its efficient binding to B-tubulin
subunits, rhizoxin congeners represent some of the strongest anti-mitotic
agents known and are considered as promising anti-tumoral agents'*.
Yet, structure-activity relationships and modelling studies have revealed
that the anti-mitotic activity of the molecule crucially depends on the
short (C2) carbon chain that branches off from the macrolide ring at
C6 (refs 13-15). The formation of this pharmacophoric residue could
not be rationalized by any biosynthetic precedence as genes for terpenoid-
like B-alkylation were absent in the bacterial genome'*"”. Analysis of
the gene cluster coding for the rhizoxin D1 (1a) polyketide synthase'®
(Fig. 1a and Supplementary Fig. 1) and structural elucidation of pre-
maturely released pathway intermediates strongly suggested that the
B-branch is introduced by a Michael addition of a C2 unit to an o,p-
unsaturated thioester'” (Fig. 1b).

Bioinformatic analyses and in vivo dissection of the rhizoxin pathway
indicated that an unusual PKS module located on RhiE would have a
role in the chain-branching event". The designated module consists of
a typical KS domain, an ACP domain and a cryptic branching (‘B’)
domain in between, which does not show any homology to known
enzyme domains. To determine the essential components for polyketide
chain branching and to gain insight into the reaction mechanism, we
fully reconstituted the PKS module in vitro. Reaching this goal was
challenging because it afforded a variety of pure, functional and, in part,
post-translationally modified proteins as well as the appropriate sub-
strates (Fig. 2A and Supplementary Information). In short, we hetero-
logously produced tagged ketosynthase-branching (KS-B) didomain
(RhiE") of the branching module, the requisite ACP from the same
module (Fig. 2B), which was transformed into its holo form by an
endogenous phosphopantetheine transferase (PPTase) encoded in the
B. rhizoxinica genome'” (Fig. 2C), and the trans-acting AT (RhiG) for
loading malonyl units onto the ACP. The module was split into KS-B
and ACP domains to allow for flexible substrate loading and for analysis
of ACP-bound products. To provide a substrate for the enzyme assay,
we synthesized N-acetylcysteamine (SNAC) thioester 2, a truncated
surrogate of the polyketide intermediate produced upstream of the
branching module. The enzymatic chain branching reaction was per-
formed in vitro by mixing the His-tagged KS-B didomain (His-KS-B),
His-tagged holo-ACP (His-ACP), His-tagged AT (AT-His), malonyl-
CoA, and the synthetic surrogate substrate 2. By matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) analysis of the
ACP adduct (3) we detected a new compound attached to the ACP
with the expected molecular mass. Product formation was confirmed by
liquid chromatography-mass spectrometry (LC-MS) analysis of the
product (Fig. 2D) liberated by the PPant ejection method™. To confirm
unequivocally the identity of the lactone (4), we synthesized a synthetic
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Figure 1 | Model of rhizoxin biosynthesis and chain branching

mechanisms. a, Type I PKS for assembly of the rhizoxin backbone and structure
of rhizoxin D1 (1a) (the box designates residue R, in b). ACP, acyl carrier protein;
AT, acyl transferase; B, branching domain; DH, dehydratase; KR, ketoreductase;

reference and compared it with the hydrolysed enzyme product (4) by
high-resolution LC-MS (HRMS). Notably, the enzyme reaction per-
formed with heat-inactivated His-KS-B did not yield any product
(Fig. 2E), thus proving the catalytic activity of the PKS module.

To gain deeper insight into this unusual reaction we studied the struc-
ture of the non-canonical PKS module. For improved protein stability
we generated a truncated version of His-KS-B (RhiE*), which crystal-
lized and led to a structural model of the KS-B module at 2.14 A
resolution (Fig. 3 and Supplementary Table 1). The KS-B module is a
dimeric protein and folds into three domains (Fig. 3a and Supplemen-
tary Fig. 3). The KS domain shows a typical thiolase fold*' and is flanked
by a small linker region. A long linker runs across the entire KS-B RhiE
module (Fig. 3a) and connects the N-terminal domains with the B
domain. The B domain itself shares no noteworthy sequence homology
(sequence identity is below 15%) to any known PKS domains described
so far, but features a double hot dog (DHD) fold that is present in
dehydratase domains®. A structural comparison (Supplementary Fig. 4)
revealed highest structural homology to the product template domain
(dehydratase-fold domain) of a fungal PKS* (Supplementary Table 2).

Binding of the substrate mimic 2 to the KS was confirmed by LC-MS.
Moreover, X-ray crystallography revealed positive electron density in one
chain next to the catalytic cysteine of the active site of the KS (Fig. 3¢),
thus suggesting that the KS domain is involved in the branching reaction.

To clarify the role of the KS domain in the branching reaction we
intended to study the KS domain as a standalone enzyme. However,
despite various efforts it was not possible to obtain a catalytically active
KS domain outside the module. Thus, as an alternative, we inspected
the active site of the KS domain and generated point mutations of the
catalytic triad (Cys-His-His) in the intact KS-B didomain (Supple-
mentary Fig. 5). Specifically, we replaced the cysteine with serine and
alanine, and mutated each of the two histidines into alanine. Notably,
none of the mutants showed any chain branching activity in the estab-
lished assay. This finding provided clear evidence that the intact active
site of the KS is crucial for the B-branching reaction.

Next, we investigated the role of the B domain in chain branching. We
noted that the histidine-aspartate dyad, a hallmark of typical dehydratase
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KS, ketosynthase. b, Possible course of chain-branching reaction highlighting two
different lactonization routes. ¢, Isoprenoid-like B-branching reaction catalysed
by trans-acting enzymes. ECH, enoyl-CoA hydratase/crotonase; HCS,
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) synthase.

domains, is altered in the B domain of RhiE. Notably, point mutation of
the conserved aspartate residue amino acid in the B domain (Asp3876Ala
mutant) did not affect the branching activity. Furthermore, we hetero-
logously produced a freestanding, soluble B domain. In the absence of the
KS domain, however, no branching activity was observed, indicating that
this domain alone is not sufficient to catalyse the Michael addition.

There are several possible routes to the enzyme-mediated course of the
vinylogous attack and lactone formation. In principle, the é-lactone ring
could be formed by installing the C-C bond before esterification, or vice
versa. Furthermore, in the more likely case of an initial C-C bond
formation, the -hydroxyl group (at C5) of the thioester intermediate
could potentially attack the C1 carbonyl bound to the KS (Fig. 1b, route i)
or the carbonyl of the added malonyl unit bound to the ACP (Fig. 1b,
route ii). The course of the reaction has implications for the resulting
polyketide chain because the C2 unit introduced by the branching mod-
ule would be found in either the polyketide backbone or the side chain.

To solve this riddle we performed stable isotope labelling experiments
in vitro. After addition of '*C-labelled malonyl-CoA to the enzyme
mixture and the synthetic surrogate, the product (4) was analysed by
HRMS. MS/MS fragmentation, however, did not reveal the site of iso-
tope incorporation (4) because fragments with the same molecular
formula can arise from different parts of the symmetric substructure.
To overcome this limitation we pursued an NMR analysis of the labelled
reaction product still tethered to the entire ACP domain. After perform-
ing the enzyme assay, the ACP domain was purified and subjected to
NMR measurements. By this approach we observed two strong NMR
signals that correspond to the C1 and C2 positions of the thioester
bound to the ACP (Fig. 4a). To confirm unequivocally the structure
of the ACP-bound product, we synthesized the corresponding SNAC
thioester and verified the identity of the chemical shifts. Consequently,
the carbons of the malonyl unit added by the branching module are
found in the linear polyketide chain, whereas the C1 and C2 carbons of
the precursor molecule constitute the side chain (Fig. 4a).

This reaction scheme is quite intriguing as it suggests an unpreced-
ented model in which a polyketide intermediate would be covalently
tethered to both the KS and the ACP (Fig. 4b). To test this model we
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Figure 2 | In vitro reconstitution of the chain
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designed an experiment that allows trapping the proposed intermediary
state. We reasoned that a substrate analogue lacking the hydroxyl moiety
(5) would still undergo the Michael addition of the ACP-bound nucleo-
phile, but the subsequent lactonization of the thioester would be pre-
vented. For this purpose we synthesized the deoxy variant (5) and
performed the multi-enzyme assay as described above. SDS-gel electro-
phoresis of the reaction mixture revealed a band that corresponds to the
size of KS-B and ACP. Notably, this band is absent in an assay using 2,
where only the band for KS-B can be detected (Fig. 4c). Analysis of this
band by tryptic mass fingerprinting revealed the presence of the ACP in
the top band, whereas it was missing in the bottom band and the
negative control (Supplementary Fig. 7). We repeated this assay with
the point-mutated KS mutants and found that protein cross-linking does
not take place in the Cys3227Ala, Cys3227Ser and His3404Ala KS
mutants, once again confirming the crucial role of a catalytically intact
KS domain. It is interesting to note that the His3364Ala mutant retains
weak activity for vinylogous addition using deoxy variant 5, whereas it
cannot catalyse lactonization when surrogate 2 is used (see above). Taken
together, the KS clearly has a key role in forming an enolate for the
vinylogous addition to the unsaturated thioester. Chain propagation is
only possible by lactonization involving the &-hydroxy group of the
resulting intermediate and the C1 carbonyl, and CI and C2 of the former
linear chain constitute the side chain. It is generally conceivable that the
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unusual B domain assists in the formation of the d-lactone ring.
However, an interaction of the B domain with the KS-ACP-linked inter-
mediate is rather unlikely given the large distance between the active site
cavities of the KS and B domains (Fig. 3). Because mutation of the
conserved Asp residue resulted in an enzyme species that is still able
to catalyse the vinylogous branching reaction, one may conclude that the
B domain seems to have a rather structural role in the module.

A vast number of modular PKS systems have been investigated at
the molecular and biochemical levels. Yet, in all studied examples PKS
modules catalyse the head-to-tail fusion of acyl and malonyl units, thus
invariably yielding a linear polyketide chain®. Our results show, for the
first time, direct evidence for a vinylogous addition of a malonyl build-
ing block to a polyketide chain, which results in chain branching
(Fig. 4b). This non-canonical branching reaction is catalysed by a novel
type of module consisting of KS, B and ACP domains, as shown by the
successful in vitro reconstitution of the entire module and transforma-
tion of a substrate mimic. As a proof of concept, we used NMR analysis
of an ACP-bound, branched reaction product to complement mass
spectrometry and MALDI analyses. The results reported here will have
broad implications for the field of polyketide biosynthesis. First, we
unveil a novel role for a ketosynthase in polyketide biosynthesis****. As
point mutations and the chemical cross-linking reaction revealed, a
catalytically active KS domain is indispensable for the vinylogous
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Figure 3 | Domain structures of branching module (RhiE*). a, Overall
structure of the dimeric RhiE module, coloured by its domain organization.
Two-fold axis is indicated by a black line. Domain active sites are highlighted
by yellow (KS) and red (B) spheres. b, Active centre of KS domain in
superposition to its structural most related protein (PDB code 2HG4).

addition of the malonyl unit. In light of the countless known KS domains
that uniformly produce linear carbon chains, our finding is a showcase
for a substantially different KS-mediated reaction channel. It should also
be highlighted that the crystal structure of the KS-B didomain features
the first structure of a KS domain from the growing class of trans-AT
modular PKS*. We reason that the three-dimensional structural data
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Unbiased electron density (2F, — F.) shown at a contour level of 1.0 in cyan.
The substrate was modelled into the cavity on the basis of electron density
(not included in coordinates of RhiE). ¢, Comparison of the active site of the B
domain with a dehydratase domain of 6-deoxyerythonolide B synthase
(PDB code 3HRR).

provide new structural insight into the functioning of these important
assembly lines. Notably, homologues of the KS-B didomains are encoded
in gene clusters for the biosynthesis of various antibiotics featuring
cycloheximide-like glutarimide substructures, such as migrastatin®” and
9-methylstreptimidone®, in which vinylogous additions by amides (in
lieu of hydroxyl) have been suggested but not experimentally proven.

Figure 4 | Model of enzyme

mechanism for Michael addition

and lactone formation based on

NMR and SDS-PAGE analyses.

a, NMR spectrum of the *C-labelled
° product (derived from "*C-labelled
malonate) still tethered to the ACP.
TMS, tetramethylsilane.
b, SDS-PAGE analysis of the chain
branching-assay using deoxy
analogue 5, trapping the
intermediary covalent adduct
between the KS-B and the ACP
domains, which results in a band
shift. (For gel-band analysis by
tryptic fingerprinting see
Supplementary Information.) In
addition to the wild-type KS, the
reaction was repeated using several
KS mutants. In the assay using
substrate mimic 2 the adduct forms
only transiently and cannot be
visualized on the gel (negative
control). ¢, Model of the chain
branching reaction inferred from
experimental data.
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We propose that the mechanism for glutarimide formation in these
and related pathways follows the same general scheme unveiled in this
study and infer a unifying mechanism for chain vinylogous branching
in PKS modules with a KS-B-ACP architecture. Undoubtedly, polyke-
tide chain branching represents a means to expand the structural space
of polyketide metabolites. Because the d-lactone moiety in rhizoxin"
and the glutarimide substructures in cycloheximide-type antibiotics
represent crucial pharmacophoric residues, it is interesting to learn
that functionally divergent KS domains have evolved in modular PKS
to grant access to these non-canonical traits. The branching module is
an important addition to the enzymatic toolbox of polyketide synthases.
It is conceivable that this unusual module could be implanted into other
modular PKS to expand the range of naturally polyketide metabolites
and to generate analogues of therapeutics that are not readily accessible
by synthetic methods. Our findings not only illustrate a novel enzymatic
modification that broadens the scope of modular assembly lines, but
also create new opportunities for rationally engineering novel polyketide
structures.

METHODS SUMMARY

All recombinant protein species were heterologously expressed in Escherichia coli
and subsequently purified in a two-step approach by using affinity and anion
exchange chromatography. The protein purity and identity were confirmed by
MALDI-TOF/TOF (UltrafleXtreme, Bruker). The pure protein species were used
for in vitro reconstruction of the enzymatic reaction by co-incubation with syn-
thetic substrate surrogates. Their authenticity was confirmed by NMR (Bruker
Avance IIT with cryo probe) as well as the synthetic reference compounds. The
resultant ACP species were analysed by MALDI and liquid chromatography/
electrospray ionization mass spectrometry (LC-ESI-MS) (LTQ, ThermoFisher).
The RhiE* protein was crystallized by sitting drop vapour diffusion, and its struc-
ture was determined by molecular replacement.

Full methods for the protein production, assays, protein structure analysis,
mutant construction, detailed synthetic procedures and physicochemical char-
acterization of new compounds including NMR are available in the Methods.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

General methods and procedures. MALDI-TOF/TOF measurements were exe-
cuted with a Bruker UltrafleXtreme device. High-resolution masses were deter-
mined using an Exactive mass spectrometer (Thermo Scientific). Protein mass
measurement by liquid chromatography/electrospray ionization mass spectro-
metry (LC-ESI-MS) was accomplished using a ThermoFinnigan Surveyor LC-
machine connected to a LTQ velos MS instrument operating with an ESI source.
Semi-preparative HPLC was performed on a 1260 Infinity System (Agilent
Technologies) equipped with a Zorbax Eclipse XDB-C8 column, 9.5 X 250 mm,
particle size: 5 um (Agilent Technologies). All solvents for analytical and semi-
preparative HPLC measurements were obtained commercially at least in gradient
grade and were filtered before use. To avoid microbial growth 0.1% formic acid
was added to water used for analytical and preparative HPLC. NMR measure-
ments were executed on a Bruker Avance III with cryo probe at resonance fre-
quencies of 600 and 150 MHz for 'H and '>C measurements, respectively. Infrared
spectra were recorded on an FT/IR-4100 ATR spectrometer (Jasco). Chemicals
were purchased at Sigma-Aldrich and buffer components at Roth.

Cloning procedures. PKS-associated genes were amplified from genomic DNA
of B. rhizoxinica using Pfu-polymerase (Fermentas) with the following primer
pairs (used restriction sites are in bold): PPTase-EcoRI-fw (5'-GCTAGCGAATTC
ATGACCGAGGACGCGACACACATTACG-3"), PPTase-HindIII-rv (5'-GCT
AGCAAGCTTACCCGAAGCTGCGGAGGCAATCAAC-3"), ACP-Ncol-fw (5'-
CCATGGAAAGCAGGAGGCTAAGCCG-3"), ACP-HindIII-rv (5'-AAGCTTG
ACGGAGCTCGAATTCAC-3'), RhiG-SphI-fw (5'-GCATGCATGCCGTACCT
CTGCGAAG-3"), RhiG-SphI-rv (5'-GCATGCAAACAGGAGTTGACGCGGCT
CGG-3'), RhiE*-BamHI-fw (5'-GGATCCTCCGGTGAGCGCGTCGAG-3") and
RhiE*-EcoRI-rv (5'-GAATTCGGCCATTTCCTATGTCCCAGTCAGTAAGG-3").
The resulting PCR products were cloned into the pCR-Blunt II-TOPO vector
(Invitrogen) and subcloned into pHis8-3 (ref. 30) and, in the case of the PPTase
gene into pMAL-C2X (NEB), or in the case of RhiG into pQE70. This strategy
yielded pSU3, pTB37, pTB39 and pTB57 containing the genes encoding PPTase,
ACP, AT (RhiG) and KS-B (RhiE*), respectively. To coexpress the PPTase and ACP
genes, pTB37 and pSU3 were restricted with EcoRI and HindlIII, and the resulting
839-base-pair (bp) fragment of pSU3 was ligated next to the terminator site of pTB37
to generate pTB40. To warrant expression of both genes, a second ribosome-binding
site (RBS) was inserted via two homologous primers. The RBS-1 (5'-P-AATT
GAAGGAGATAT-3’) and RBS-2 (5'-P-AATTATATCTCCTTC-3") (EcoRI site
underlined, RBS in bold) primers were annealed together and inserted into EcoRI-
restricted pTB40, resulting in pTB41. For production of the standalone B domain
(3822-4133, GenBank entry CBW?75249.1), the gene region encoding the B domain
was amplified by RhiE-B-BamHI-fw (5'-GGATCCTCGATCGTCAATCCGCTGA
TG-3) and RhiE-B-EcoRI-1v (5'-GAATTCGGCCATTTCCTATGTCCCAGTCAG
TAAGG-3'). The resulting PCR-product was ligated into pHis, yielding in pTB56.
Finally, all expression plasmids were introduced into Escherichia coli BL21 (NEB),
and, in the case of pTB39, into E. coli M15 (Quiagen).

For production of the standalone KS domain two different constructs were

designed. First, the region 3152-3661 (GenBank entry CBW75249.1) of the pro-
tein sequence was expressed by insertion of a stop codon into pBU191 (RhiE" in
pHis8-3) using the primer pair (stop codon is highlighted in bold) RhiE-
A3662STOP-fw  (5'-ACCCAGAGCCATAGGACAGCGCCGGACAAATC-3")
and RhiE-A3662STOP-rv (5'-GATTTGTCCGGCGCTGTCCTATGGCTCTGG
GT-3'), resulting in pTB49. Second, RhiE-KS with the KS-to-B linker region was
expressed from 3152-3837 (GenBank entry CBW75249.1) by insertion of a stop
codon into pBU191 using the primer pair (stop codon highlighted in bold ) RhiE-
A3838STOP-fw (5'-ATCCACTGGTGGCATAGAACTGCTCGACTC-3') and
RhiE-A3838STOP-1v (5'-GAGTCGAGCAGTTCTATGCCACCAGTGGAT-3"),
resulting in pTB50.
Protein production. Transformants containing pTB39 were cultivated in LB
medium at 27 °C. Immediately after reaching Agonm 0f 0.3-0.5, protein express-
ion was induced by addition of 1 mM isopropyl-p-p-thiogalactopyranoside
(IPTG), and cultivation was continued for 15 h.

E. coli transformants containing pSU3, pTB37, pTB41 or pTB57 were cultivated
as follows. A 300-ml fermentation broth was inoculated with 30 ml of a pre-culture
(Agoonm = 1.6). After overnight growth, the glucose concentration reached the
lower limit and was maintained by addition of 500 mgml ™" glucose solution in
a growth rate dependent dosage profile*'. At Agponm = 50, the protein production
was induced by the addition of IPTG to a final concentration of 1 mM. After an
additional cultivation of 4 h, the cells were collected by centrifugation at 15,900g
(Beckman Coulter) at 4 °C for 20 min. The supernatant was removed and the
resultant cell pellet was stored at —20 °C.

Protein purification. The histidine-tagged recombinant apo/holo-ACP, RhiG
and KS-B (RhiE"/RhiE*) were purified by similar protocols. In brief, after three
cycles of cell disruption for 3 min using a MS73 sonotrode (Bandelin) at 15-20%
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power the protein lysate (0.1-0.2g cell pellet per ml buffer) was dissolved in
20 mM Tris buffer, pH 7.5, supplemented with 200 mM NaCl and 50 mM imida-
zole. The sample was centrifuged, passed through a 0.45-pm filter (Millipore) and
loaded onto a 5-ml Protino Ni-NTA column (Macherey-Nagel) connected to an
FPLC machine (Akta Explorer, Amersham Biosciences). Bound proteins were
eluted using a 20 mM Tris buffer, pH 7.5, supplemented with 200 mM NaCl and
500 mM imidazole. The resultant fractions were pooled, diluted (1:3) with 20 mM
Tris buffer, pH 7.5, and directly loaded onto a 5-ml HiTrap Q HP column (GE
Healthcare). Using a gradient of 30 column volumes (0-100%) of a 20 mM Tris
buffer, pH 7.5, containing 1 M NaCl the proteins were eluted in this anion-
exchange step in a single fraction. Freshly prepared proteins were concentrated
using Amicon Ultra-10k or 3-k filters (Millipore) and stored at 4 °C until use or, in
case of long-term storage, supplemented with 50% glycerol and frozen at —80 °C.
Protein purity and identity of the recombinant proteins was checked by MALDI-
TOF/TOF and by PAGE ona 10% SDS gel, or, in case of the ACP, ona 12% SDS gel
(Fig. 2B).

In vitro phosphopantetheinylation of the ACP. In a 100-pl reaction scale 10 pM
apo-ACP were incubated together with 0.2 uM PPTase and 0.25 uM coenzyme A
buffered in 100 mM Tris, pH 7.5, containing 12.5 mM MgCl, and 2.5 mM dithio-
threitol. Conversion of apo- to holo-ACP was monitored by MALDI-TOF. The
final recovery of the holo-ACP was accomplished by a Ni-NTA column step as
described above.

MALDI-TOF/TOF measurements. The MALDI-TOF machine was operated in
the positive reflector mode. For control of the biosynthetic reaction acting on the
ACP the following settings were used. In the range of 5,000-15,000 Da, 5,000
spectra were recorded with a sampling rate of 1 giga-sample per second using
flexControl 3.3 at a laser intensity of 50-90%. Calibration was performed using
the protein calibration standard I (Bruker), and subsequent data evaluation was
executed in flexAnalysis 3.3. Samples were prepared by mixing of 2 pl sample with
2ul of 100 uM 2',5'-dihydroxyacetophenone (contains 2.5pM diammonium
hydrogen citrate) and spotted onto an anchor chip 800/384 T F target (Bruker).

LC-ESI-MS measurements. To analyse malonylated ACP and acylated
RhiE" (RhiE"-Ac) a LC-ESI-MS equipped with a ZORBAX 300SB-CN column
(4.6 X 250 mm, 5 pum) was used. The sample components were separated within a
gradient of 30-98% solvent B (solvent A: 0.1% HCOOH in water, solvent B: 0.1%
HCOOH in acetonitrile) in 26 min with a flow rate of 0.6 mlmin~'. The MS-
device was used in the positive mode setting.

In vitro reconstitution of the branching reaction. In a 20 mM Tris-buffered
(pH 7.0) 40-pl-scale reaction, 3 uM of KS-B was incubated with 166 uM ACP,
0.2 pM RhiG, 730 pM malonyl-CoA and 100 uM (R, S)-(E)-S-(2-acetamidoethyl)
5-hydroxyhex-2-enethioate (2) at 23 °C with shaking at 400 r.p.m. in a thermo-
mixer (Eppendorf). Analysis of the product formation on the ACP was carried out
by MALDI-TOF/TOF as described above.

For mass spectrometry analyses the reaction was terminated by addition of
200 pl ethyl acetate, vortexing and centrifuging. The top organic phase was recov-
ered by pipetting and the volatile ethyl acetate was removed by an upstream flow
with nitrogen gas. The resulting pellet was resolved in 60 pl methanol and sub-
jected to HRMS analysis (Exactive).

To decipher the exact reaction mechanism for lactone formation the enzyme
assay was performed with '>C-malonyl-CoA in analogy to the procedure described
above. However, the reaction conditions needed to be adjusted to warrant stability
of the branched reaction product bound to the ACP. Therefore, in this special case,
the RhiG enzyme was omitted, as we found that the RhiE ACP domain can be
malonylated in vitro in the absence of the trans-acting acyltransferase RhiG, albeit
with a slower production rate. Furthermore, the holo-ACP concentration was
increased to produce larger amounts of labelled ACP species. In detail, in a
20 mM Tris buffered (pH 7.0) 900-pl-scale reaction, 8 uM of KS-B was incubated
with 440 uM ACP, 1.2mM malonyl-CoA and 1.2mM (R,S)-(E)-S-(2-acetami-
doethyl)5-hydroxyhex-2-enethioate (2) at 23 °C with shaking at 400 r.p.m. for
48h in a thermomixer (Eppendorf). The resulting product (3) was subsequently
purified by size-exclusion chromatography using a HiLoad 16/60 Superdex 200
column (Amersham Bioscience). During the full process the formation and quality
of product (3) was controlled and analysed by MALDI-TOF. Finally, (3) was
subjected to NMR measurements with an external reference tube containing
tetramethylsilane (TMS).

Mutagenesis of KS-B. RhiE” mutants were generated using the QuikChange IT XL
Site-Directed Mutagenesis Kit (Stratagene) and pTB57 as the template. The fol-
lowing primer pairs were used to create the corresponding mutants (mutated
triplet is highlighted in bold characters). RhiE-C3228S-fw (5'-TCGATACCAT
GTCCTCGTCGTCCTCGACCTGTA-3"), RhiE-C3228S-rv (5'-TACAGGTCGA
GGACGACGAGGACATGGTATCGA-3'), RhiE-C3228A-fw (5'-TATCGATA
CCATGGCCTCGTCGTCCTCGACCTGTA-3'), RhiE-C3228A-rv (5'-TACAG
GTCGAGGACGACGAGGCCATGGTATCGATA-3'), RhiE-H3364A-fw (5'-C
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CTATATCGAGGGCGCTGGCTCTGGCACCAAGC-3'), RhiE-H3364A-1v (5'-
GCTTGGTGCCAGAGCCAGCGCCCTCGATATAGG-3'), RhiE-H3404A-fw (5'-
ATCAAGTCGAATATCGGCGCCCTATTGGCGGCTTCGG-3'), RhiE-H3404A-rv
(5'-CCGAAGCCGCCAATAGGGCGCCGATATTCGACTTGAT-3'), RhiE-Y3697F-fw
(5"-CTGCTGGATTACGTCTTCAGTGGACGG-5'), RhiE-Y3697F-1v (5'-CCG
TCCACTGAAGACGTAATCCAGCAG-3'), RhiE-D3876A-fw (5'-CCTCGCG
ACGACCATTGCTAAAGCGCTCTACTTG-3") and RhiE-D3876A-rv (5'-CAA
GTAGAGCGCTTTAGCAATGGTCGTCGCGAGG-3').

Crystallization and structure determination. Initially, we crystallized the native
RhiE” protein including residues 3152-4179 and determined its structure (data
not shown). Therefore, we performed crystal screening by sitting drop vapour
diffusion at 4 °C and 20 °C using a Freedom Evo system (Tecan) resulting in
several crystallization conditions. After several rounds of optimization, plate-like
crystals were obtained in crystallization buffer I (15% (w/v) PEG 3350, 190 mM
sodium malonate, pH 7.0) by streak seeding. These crystals are of space group P2,
(a=12578A,b=14528 A, c = 131.48 A, f§ = 97.43°) containing two dimers in
the asymmetric unit and had a diffraction limit of 2.7 A. To evaluate potential
structure models as templates for molecular replacement using PHASER™, the
protein sequence was analysed with HHPred”. A CHAINSAW?* and manually
modified model of the KS3 domain of module 3 of the 6-deoxyerythronolide B
synthase® was used as search model. After molecular replacement four-fold NCS-
averaging was applied using RESOLVE?. The model was improved and completed
with several cycles of model building with COOT* and refinement using
REFMACS (ref. 38). The final model comprises three domains, a KS domain, a
KS-to-B linker domain, and the B domain (Supplementary Fig. 3), but lacks the
first 59 amino acids. Therefore, we decided to use a shorter construct comprising
residues 3211-4133 in our follow-up experiments.

RhiE* acylation for substrate cocrystallization. To visualize the polyketide sub-
strate bound to RhiE*, the RhiE* protein fraction eluted from the anion-exchange
column (see above) was supplemented with SNAC derivative 2. In detail, to 5 ml of
the pure protein solution (5 mgml™"), 70 ul of 2 (20 mg m1 ™", dissolved in meth-
anol) were added, resulting in a 25-fold excess of the polyketide substrate. After 1 h
incubation at 23 °C around 80% of the enzyme molecules were acylated (RhiE*-
Ac) as shown by LC-ESI-MS (see above). The acylated protein was subsequently
concentrated for size-exclusion chromatography using a Superdex $200/16/60
column equilibrated with SEC-buffer (150 mM NaCl, 20 mM HEPES, pH 7.5).
X-ray structure determination of RhiE¥. The truncated and acylated protein was
crystallized at 20 °C by mixing the protein solution (5.4 mgml™") in a 1:1 ratio with
crystallization buffer II (400nl, 20% (w/v) PEG 2000 MME, 100mM Tris/HCI,
pH8.5, 100mM trismethylamine) and placed over the reservoir solution (100 pl
crystallization buffer IT). Plate-like crystals grew in six weeks to a final size of approxi-
mately 200 X 100 X 20 pm”. Cryo protection was achieved by transferring the crystal
into the crystallization buffer I containing glycerol (20% (v/v)) and trismethylamine
(200 mM) before flash freezing in liquid nitrogen. The data set of KS-B was recorded
at beamline X06DA at the Swiss Light Source in Villigen, Switzerland. Data indexing,

integration and scaling were performed with XDS and XSCALE™. Crystals of RhiE*-
Ac are of the same space group P2, with slightly different cell dimensions of
a=12551A, b=144.13 A, c=131.30 A, f =96.65°, and diffracted up to 2.14 A
resolution. A rigid body refinement and simulated annealing using PHENIX* was
used for phasing. The model was completed through several cycles of manual building
with COOT, followed by refinement with REFMAC5. Water molecules were placed
using COOT:Find_waters. The final refinement step involved TLS parameterization"!
using 1 TLS group per protomer. The geometry of the final model was analysed with
MOLPROBITY®. Final data statistics are summarized in Supplementary Table 1.
Figures were generated using PYMOL®.

Accession codes. The coordinates and structure factor amplitudes for RhiE* were
deposited in the PDB database under accession code 4KC5.

Chemical synthesis and characterization of chemical entities. See Supplementary
Information.
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