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and substrate-specificity of the ketoreductase
domain†
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One of the hallmarks of iterative polyketide synthases (PKSs) is the programming mechanism which is

essential for the generation of structurally diverse polyketide products. In partially reducing iterative PKSs

(PR-PKSs), the programming mechanism is mainly dictated by the ketoreductase (KR) domain. The KR

domain contributes to the programming of PR-PKSs through selective reduction of polyketide intermedi-

ates. How the KR domain achieves the selective ketoreduction remains to be fully understood. In this

study, we found that the KR domain of the (R)-mellein-synthesizing PR-PKS SACE5532 functions as a

B-type KR domain to generate (R)-hydroxyl functionalities. Comparative studies of the KR domains of

SACE5532 and NcsB suggested that the two KR domains have distinct substrate preferences towards

simple N-acetylcysteamine thioester (SNAC) substrates. We further found that the substrate preference of

KRSACE5532 can be switched by swapping several motifs with KRNcsB, and that swapping of the same motifs

in the full length SACE5532 resulted in a reprogramming of the PKS. Together, the results advance our

understanding of the programming of iterative PR-PKSs by providing new support to the hypothesis that

the programmed ketoreduction is accomplished by differential recognition of polyketide intermediates.

Introduction

Iterative PKSs are multifunctional enzymes that assemble
structurally diverse products using a single module of catalytic
domains. The use of a single module of catalytic domains
makes the iterative PKSs mechanistically distinct from the
modular PKSs.1–3 Iterative PKSs are categorized into non-redu-
cing (NR), highly reducing (HR) and partially reducing (PR)-
PKSs according to the composition of catalytic domains and
oxidation levels of the polyketide intermediates.2,4 The best
known PR-PKSs are the bacterium or fungus-derived 6-MSAS,
NcsB and AziB, which synthesize 6-methylsalicylic acid
(6-MSA),5–8 2-hydroxyl-5-methyl-naphthoic acid (hmNPA)9,10

and 5-methyl-naphthoic acid (mNPA)11 respectively. In a recent
effort to explore the diversity of PR-PKSs, we discovered a
(R)-mellein-synthesizing PR-PKS (SACE5532) from the soil

bacterium Saccharopolyspora erythraea.12 Despite the fact that
SACE5532 shares the same domain composition and a head-
to-tail sequence homology with NcsB, AziB and 6-MSAS,
SACE5532 synthesizes (R)-mellein, an aromatized pentaketide
product that is likely to be generated by a distinct program-
ming mechanism. SACE5532 was postulated to selectively
reduce the β-keto group of the diketide and tetraketide inter-
mediates to generate hydroxyl groups at C2 and C6 positions
(Fig. 1). The ketoreduction pattern is different from those of
6-MSAS and NcsB, with 6-MSAS only reducing the triketide
intermediate and NcsB reducing the triketide and pentaketide
intermediates.12

The structural diversity of PR-PKS products arises from the
programming of the C–C bond forming and processing cataly-
tic domains, mainly through controlling carbon-chain length,
ketoreduction and cyclization pattern. The carbon-chain
length of the products is most likely to be determined by the
substrate-binding pocket of the ketosynthase (KS) domain, as
observed in other PKSs,13–15 whereas the cyclization pattern is
likely to be governed by the positions of the hydroxyl and keto
functionalities without using a product template (PT)
domain.16 While the NADPH-dependent ketoreduction is cata-
lysed by the KR domain, how the ketoreduction pattern is
determined remains to be fully understood.7,17–19 Despite the
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fact that PR-PKSs are some of the first PKSs to be discovered
and characterized,7,17–19 the function of individual catalytic
domains of PR-PKSs is difficult to dissect and much remains
to be understood. Based on our recent observation that the
ketoreductase (KR) domain of SACE5532, but not the KR
domain of NcsB, is able to reduce diketide substrates,12 we
proposed that the ketoreduction patterns of SACE5532 and
NcsB are solely governed by the KR domains through differen-
tial substrate recognition. In this study, the stereo- and sub-
strate-specificity of the KRSACE5532 domain were further probed
to yield fresh evidence supporting the hypothesis that differen-
tial substrate recognition is central for achieving the pro-
grammed ketoreduction.

Results and discussion

A large body of knowledge about the stereo-specificity of the
KR domains of fatty acid synthases, type II PKS and type I
modular PKSs has been accumulated.21–38 Enzymatically active
KR domains are classified into A-type and B-type according to
the stereochemistry of the β-hydroxyl group generated by
ketoreduction.26,31–35,39–41 Signature motifs of the A- or B-type
KR domains have been identified. However, because the signa-
ture motifs found in the KR domains of modular PKSs are
usually absent in the KR domains of most PR-PKSs (Fig. 2a), it
is not immediately evident from sequence analysis whether
the KR domains of PR-PKSs produce (R)- or (S)-configured

hydroxyl groups. To establish the stereo-preference of the
KRSACE5532 domain, we cloned the stand-alone KRSACE5532

domain (1170–1638 aa of SACE5532) according to newly
assigned domain boundaries12 and synthesized the two N-acetyl-
cysteamine thioester (SNAC) enantiomers 1d-(R) and 1d-(S). As
revealed by chiral HPLC analysis, incubation of the diketide
substrate acetoacetyl-SNAC (1c) with KRSACE552 and NADPH
produced 1d-(R) (Fig. 2b), suggesting that KRSACE5532 is a
B-type KR domain. Generation of the (R)-configured diketide
product is fully consistent with the (R)-configured chiral centre
in (R)-mellein. Moreover, a survey of the sequences of more
than 100 putative PR-PKSs revealed that although the signature
motif “LDD” of B-type KR domains is not strictly conserved in
most PR-PKSs, a similar motif (V/L/Y)(N/S/D/E)(D/N/S) can still
be found at the same position (Fig. 2a). Considering that the
KR domains of PR-PKSs also lack a highly conserved trypto-
phan residue found in A-type KR domains26,32,39 we propose
that 6-MSAS-like PR-PKSs contain B-type KR domains that
generate (R)-configured hydroxyl groups.

Having established the stereochemistry of the KR domains,
we next tested whether KRSACE5532 selectively reduces the

Fig. 1 Postulated selective ketoreduction in SACE5532 and NcsB.
SACE5532 reduces the keto group of the diketide and tetraketide inter-
mediates, whereas NcsB reduces the keto group of the triketide and
pentaketide intermediates. In addition to the essential ketosynthase (KS),
acyltransferase (AT) and acyl carrier protein (ACP) domains, the PR-PKSs
also contain a dehydratase-like thiohydrolase (TH) domain20 and a
ketoreductase (KR) domain.

Fig. 2 Stereo-specific ketoreduction of the KRSACE5532 domain. (a)
Partial sequence comparison of the KR domains of PR-PKSs and rep-
resentative type-A and B KR domains from modular PKSs. The motifs
containing the signature “LDD” motifs for type-B KR domains are shown
in the frame (Azi26_KR of AziB_KR: KR domain of AziB; PokM1_KR: KR
domain of PokM1; MdpB_KR: KR domain of MdpB; ChlB1_KR: KR
domain of ChlB1; Ery_KR1: KR domain of the first module of erythromy-
cin PKS; Pik_KR1: KR domain of the first module of pikromycin PKS;
Tyl_KR1: KR domain of the first module of tylosin PKS; Ery_KR2: KR
domain of the second module of erythromycin PKS; Pik_KR5: KR
domain of the fifth module of pikromycin PKS). (b) Chiral HPLC analysis
of the product from the reduction of acetoacetyl-SNAC by KRSACE5532.
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diketide (1a) and tetraketide (3a) intermediates and KRNcsB

prefers the triketide (2b) and pentaketide (4b) intermediates
(Fig. 3a). To probe the substrate preference of the KR domains,
we started by synthesizing a series of tri-, tetra- and pentake-
tide-SNAC substrates. Our effort to prepare the structurally
faithful acyl-SNAC mimics of 2b, 3a and4b was not successful
because the products were highly prone to spontaneous cycli-
zation. To circumvent the problem, we synthesized the simple
tri-, tetra- and pentaketide-SNAC substrates 2c, 3c and 4c
instead (Fig. 3b). The SNAC-substrates 2c, 3c and 4c share the
same carbon chain length with the postulated PKS intermedi-
ates 2b, 3a and 4b, but lack the hydroxyl or keto groups
beyond the β-position. In addition to KRSACE5532, KRNcsB

(1162–1641 aa of NcsB) was cloned and shown to be enzymati-
cally active using the non-specific substrate trans-1-deca-
lone.12,22 By in vitro enzymatic assays, we found that
KRSACE5532 and KRNcsB exhibited clear preferences towards
three of the four SNAC substrates. KRSACE5532 reduced the dike-
tide substrate 1c with a kcat/KM of 2.1 M−1 s−1, in contrast to
the negligible activity for KRNcsB. In contrast, KRNcsB exhibited
higher activity than KRSACE5532 towards the triketide 2c and the
pentaketide 4c (Fig. 3b). Note that the facile reduction of 4c by

KRNcsB (2.8 × 102 M−1 s−1) favours a mechanism whereby cycli-
zation of the polyketide intermediate occurs only after the
ketoreduction. The only substrate that did not show the antici-
pated preference is the tetraketide 3c, with KRNcsB showing
moderately higher activity. Enzymatic assays of the KR activity
with full-length SACE5532 and NcsB showed similar results,
with the two KR domains exhibiting strong preference for 1c,
2c and 4c (data not shown). Despite the drawback associated
with the use of the simple SNAC substrates, the ability to
differentiate the SNAC substrates indicates that the carbon-
chain length of the polyketide intermediate is likely an impor-
tant structural factor in substrate recognition. For 3c, we
speculate that the lack of differentiation is due to the absence
of γ- and δ-hydroxyl/keto groups or the tethering phosphopan-
tetheinyl. Although it can be argued that the ACP domain may
play a role in substrate recognition and that the observed sub-
strate preferences may not reflect the reduction of ACP-teth-
ered substrates, the ACP domain does not affect substrate
specificity because the ACPSACE5532 and ACPNcsB domains are
interchangeable, which we will discuss later on. Hence,
despite the limitation of the simple SNAC substrates used in
the study, the observations suggest that the KR domains have
distinct substrate preferences.

The ketoreduction catalysed by KR domains is believed to
be assisted by a triad of Tyr, Ser and His residues.40,42 How the
ACP-tethered substrates are bound and recognized by the KR
domains is less clear. To identify the residue and regions
important for substrate recognition, we constructed a homo-
logy model for KRSACE5532 using a type-B KR structure (PDB ID:
2FR040) as the template. The structural model features a cleft
for accommodating NADPH and likely acyl substrates (Fig. 4a).
Judging from their locations, we identified all potential resi-
dues that are likely to be involved in direct binding of the acyl
substrates. The identified 51 residues are contained in four
fragments or motifs. Motif I consists of a short loop preceding
the essential catalytic residue Y1536. The region occupied by
motif I has been shown to be important for controlling the
stereochemistry of the KR domain of the PKS in hypothemycin
biosynthesis.43 Motif II consists of a potentially flexible C-
terminal motif. Motifs I and II form the walls of a narrow cleft
in which the nicotinamide moiety of NADPH and the β-keto
group of the acyl substrate are likely to be bound. Motif III
encompasses a short helix and a loop situated on the top of
motif I, whereas motif IV is located next to motif II and is
probably involved in the binding of ACP and the phosphopan-
tetheinyl moiety. We asked the question of whether the sub-
strate preference of KRSAC3352 can be altered by replacing some
of the residues from the four motifs with the corresponding
residues from KRNcsB. The corresponding residues in KRNcsB

were identified by sequence alignment and secondary struc-
ture analysis (Fig. S1†). Substrates 1c and 4c were used as
probes to report the switching of substrate preference. A
switch of substrate preference would be indicated by a loss of
activity towards 1c and a concomitant gain of activity towards
4c. The KRSACE5532 variants harbouring different number of
residue replacements were constructed using site-directed

Fig. 3 Differential recognition of polyketide substrates by KRSACE5532

and KRNcsB domains. (a) Putative polyketide intermediates for SACE5532
and NcsB. Note that only the intermediates that bear a β-keto group are
shown. The shaded keto groups are hypothesized to be reduced by the
KR domain of SACE5532 or NcsB. (b) Comparison of the efficiency of
the two KR domains in reducing the four acyl-SNAC substrates. The
assay conditions are described in ESI.†

Paper Organic & Biomolecular Chemistry

8544 | Org. Biomol. Chem., 2014, 12, 8542–8549 This journal is © The Royal Society of Chemistry 2014

Pu
bl

is
he

d 
on

 0
3 

Se
pt

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
U

ta
h 

on
 1

1/
10

/2
01

4 
01

:1
5:

32
. 

View Article Online

http://dx.doi.org/10.1039/c4ob01777c


mutagenesis and overlapping PCR methods as described in
the Experimental section.46

We first focused on the residues from motif I because of
their proximity to the active site and reported roles in substrate
recognition.43 Only four residues are different for motif I
between KRSACE5532 and KRNcsB. The two double mutants KRI2A

(T1530L, T1531S) and KRI2B (V1534A, T1535S) exhibited sig-
nificantly lower enzymatic activity than KRSACE5532, whereas
the replacement of the four residues resulted in 96% loss of
activity towards 1c (Fig. 4b). Although the replacement of indi-
vidual residues in motifs II and III did not have significant
effects, their enzymatic activity was substantially decreased
when the entire motif II or III was swapped. It is not surprising
that low enzymatic activity towards 1c was also observed for
the variants that contain two, three or all four swapped motifs.
Differential scanning fluorometry (DSF) measurements
showed that the chimeras have similar unfolding tempera-
tures, indicating that the loss of enzymatic activity was not due
to a change of protein stability (data not shown). Importantly,
when the enzymatic activity of the variants towards 4c was
measured, we noticed that the replacement of the residues
V1534 and T1535 from motif I led to a gain of enzymatic

activity towards 4c, with KRI2B showing a notable 16% activity
relative to KRNcsB. Comparable activity (∼17%) was observed
when the entire motif II was swapped (KRII). The chimera
(KRI4/II) with motifs I and II swapped exhibited further
increased enzymatic activity (24%) for 4c, whereas the replace-
ment of the residues in motif III alone or in combination with
other changes did not seem to improve the activity. The last
chimera (KRI/II/III/IV) with all four motifs swapped (a total of 51
replacements) is a reasonably efficient ketoreductase domain
that exhibited 56% activity towards 4c (Fig. 4b). A second-order
rate constant of 1.6 × 102 M−1 S−1 was obtained for KRI/II/III/IV,
compared to the rate constant of 2.8 × 102 M−1 S−1 for KRNcsB.
In conjunction with the observations that none of the single,
double or triple mutants exhibited significant activity towards
4c, the results indicate that the substrate specificity is collec-
tively determined by a large number of residues in the vicinity
of the active site. Some residues, such as the ones from motif
IV, may play indirect yet important roles by positioning sub-
strate and cofactor-binding residues. These observations seem
to suggest that evolution of new substrate specificity for the KR
domains by protein engineering may require the replacement
of more than a few residues. On an encouraging note, the
remarkable tolerance of KRSACE5532 to residue replacement
indicates that the substrate-binding pocket is highly plastic
and evolvable. Such evolvability is likely attributed to the facts
that the four motifs are composed of mainly surface-exposed
segments and that the overall stability of the protein scaffold
is mainly governed by other parts of the protein. Such de-
coupling of stability and function has been observed in other
enzymes with high adaptability and is consistent with the per-
petual need of nature to evolve KR domains with new substrate
specificity.47,48

Having shown that substrate specificity can be altered by
motif-swapping in the KRSACE5532 domain, we finally tested
how the alteration of substrate specificity affects the ketoreduc-
tion pattern and product formation in the full-length PKS. We
prepared the full PKS construct (SACE5532(KRI/II/III/IV)) with
the KR domain replaced by the KRI/II/III/IV domain. Ketoreduc-
tion assays showed that the integrated KRI/II/III/IV domain is
enzymatically active with anticipated preference for substrates
2c and 4c (data not shown). Instead of producing (R)-mellein
or hmNPA, SACE5532(KRI/II/III/IV) produced triacetic acid
lactone (TAL) and 6-MSA as the major products (Fig. 5a). In
contrast to SACE5532, the production of TAL and 6-MSA indi-
cates that the diketide intermediate is no longer reduced by
the KRI/II/III/IV domain. The production of 6-MSA suggests that
a portion of the triketide intermediate is now reduced, con-
firming that the ketoreduction pattern has indeed been altered
(Fig. 5b). The results also suggest that further optimization is
needed for the KRI/II/III/IV domain to suppress the production
of TAL that is derived from the unreduced triketide. However,
we found that further improvement by swapping the residues
situated beyond the four motifs is challenging because the
swapping often led to a loss of protein stability. It will be
crucial in the future to have the high-resolution crystal struc-
ture of KRSACE5532 or KRNcsB to guide the optimization.

Fig. 4 Identification of the regions in KRSACE5532 that govern substrate
specificity. (a) Coloured are the four motifs that are likely to govern sub-
strate specificity. The α-carbon of the residues from the motifs I–IV that
are different between KRSACE5532 and KRNcsB are represented by the
balls. NADPH is shown as sticks. The active site is indicated by the aster-
isk. (b) Enzymatic activities of the chimeric KR towards substrates 1c and
4c in relation to KRSACE5532 and KRNcsB. The chimeras were derived from
KRSACE5532. The residues that are replaced in the mutants are listed in
Table S5.† The assay conditions are described in ESI.†
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Meanwhile, the absence of the hexaketide product hmNPA
for SACE5532(KRI/II/III/IV) indicates that further extension of the
carbon chain is hindered, most likely because the tetraketide
intermediate is not recognized by the KSSACE5532 domain.15

The release of 6-MSA by the THSACE5532 domain also seems to
suggest that the TH domain is able to tolerate some degree of
structural change in the product. It should be noted that we
did not observe the production of 6-MSA by SACE5532(KRNcsB),
a chimera generated by replacing the KR domain with KRNcsB.
One plausible reason for the complete lack of 6-MSA is the
alteration of the quaternary PKS structure and dynamics
caused by the disruption of TH-KR domain interface. We also
found that the replacement of the ACP domain by ACPNcsB did
not affect the ketoreduction pattern and production of
mellein, indicating that the ACP domain is not involved in
differential substrate recognition. The result is consistent with
recent studies which showed that the ACP domains of iterative

PKSs are interchangeable. Given the modest decrease in
mellein production, the ACP domain is likely to play a simple
role enhancing the efficiency of intermediate shuttling
through electrostatic-guided docking.49–54 And lastly, we found
that the SACE5532(TH–KRNcsB) construct generated by swap-
ping the TH-KR didomain produced 6-MSA and a negligible
amount of TAL. The didomain-swapping result not only con-
firms that the KR domain controls the ketoreduction pattern
but also indicates that the TH-KR domain interface is impor-
tant for the function of PR-PKSs.

In summary, we have established that the KR domain of the
mellein-synthesizing SACE5532, and likely other PR-PKSs,
functions as a B-type KR domain to generate (R)-hydroxyl func-
tionalities. We showed that the KR domains of SACE5532 and
NcsB have distinct substrate preferences towards simple SNAC
substrates. We found that a KRSACE5532 variant that contains
motifs grafted from KRNcsB exhibited altered substrate speci-
ficity and can cause a reprogramming of the full length PKS.
The motif-swapping results also demonstrate the plasticity of
the KR active site and the potential of reprogramming the
PKSs by motif-grafting. In contrast to the domain-swapping
method55–59 that often disrupts domain–domain interface and
causes a loss of function, the motif-swapping or grafting
method may hold some advantages for PKS engineering. The
observations lend further support to the hypothesis that the
KR domain of PR-PKSs achieves programmed ketoreduction by
differential recognition of polyketide intermediates. Further
work, such as the determination of the crystal structures of
enzyme–substrate complexes, will be required to fully establish
the molecular basis of the substrate preferences exhibited by
the KR domains.

Experimental section
Molecular cloning and DNA manipulation

The cloning of KRSACE5532 and KRNcsB domains was described
previously.12 The single, double and quadruple mutants were
generated by PCR using KAPAHiFi™ DNA polymerase with the
primers listed in Table S2.† The templates used for the double
and quadruple mutants were pET-KRSACE5532 and the syn-
thesized double mutant pET-KRSACE5532 KRI2A respectively.
Similarly, mutations were introduced into other expression
plasmids such as pET-KRII to yield KRI2A/II. The PCR con-
ditions used for site-directed mutagenesis are: denaturing at
95 °C for 5 minutes, 30 cycles at 98 °C for 50 seconds, gradient
annealing temperatures (60–85 °C) for 50 seconds, 72 °C for
5 minutes, and 10 minutes at 72 °C. To construct the
KRSACE5532 variants that contain the motifs from KRNcsB (e.g.
KRIII and KRI4/II/III), an overlapping PCR reaction was per-
formed. The three-step PCR reaction eventually generated DNA
fragments which were subsequently used for ligation into the
expression vector pET28(b)+. For the PCR reactions, specific
primers with 15 bases of overlapping sequences were used
(Table S3†). Briefly, the first round of PCR used the forward
primer A containing the NdeI restriction site and the reverse

Fig. 5 Domain swapping between SACE5532 and NcsB resulted in the
alteration of the ketoreduction pattern. (a) Product analysis by HPLC.
Reaction conditions are described in the Experimental section and
described elsewhere.44,45 (b) Postulated mechanism for the formation of
observed products.
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primer B containing the replacement motif sequences. The
second round of PCR generated the DNA fragment consisting
of the replacement motif with the remaining C-terminal
sequences. The forward primer that contains the replacement
motif sequences and the reverse primer that contains an XhoI
restriction site were utilized in the second round of PCR. The
PCR conditions are: denaturing at 95 °C for 5 minutes, 30
cycles at 98 °C for 50 seconds, gradient annealing tempera-
tures (50–75 °C) for 50 seconds, and 72 °C for 1 minute, and
7 minutes at 72 °C. The products of the first and second PCR
were gel-purified separately. The third round of PCR employed
70 ng each of PCR products as templates with the forward
primer A and the reverse primer D (see Table S3†). The 1.5 kb
PCR product was gel-purified and digested with NdeI and XhoI
restriction enzymes. The digested DNA fragment was gel-puri-
fied and ligated into pET28b(+). The resulted plasmid was
then transformed into the Top10 competent cells and later
into Rosetta (DE3) cells for protein expression. The genes that
encode the KRSACE5532 variants KRII and KRI/II/III/IV were
obtained from GenScript Corporation (NJ, USA) with the DNA
sequence optimized for protein expression in E. coli. The
genes were provided as pUC57-based plasmids with NdeI and
XhoI restriction sites added to the N- and C-termini and sub-
cloned into pET28b(+).

To construct the full length SACE5532(KRI/II/III/IV), Gibson
Assembly™ Cloning kit (New England BioLabs) was used.
Using this technique, various DNA fragments and the vector
backbone were assembled using overlapping primers that
include 15–25 nucleotide overlapping sequences and 15–25
nucleotide gene-specific sequences (Table S4†). The PCR-
amplified DNA fragments and the linearized vector pET28(b)+
were incubated with the Gibson assembly master mix at 50 °C
for 45 minutes. This Gibson-assembled mixture was sub-
sequently transformed into NEB 5α competent cells according
to the manufacturer’s instructions.

To construct the ACP domain swapping variant SACE5532
(ACPNcsB), the plasmids pUC57-NcsB and PUC57-SACE5532
were digested with ClaI and XhoI. The 498 bp ACPNcsB frag-
ment was ligated into the linearized PUC57-SACE5532 plasmid
to yield PUC57-SACE5532(ACPNcsB). The 5.2 kb PKS gene was
digested and ligated into the expression vector pET28b(+) to
generate pET-SACE5532(ACPNcsB). Similarly, to replace the
TH-KR di-domain of SACE5532 (900–1638 aa) with that of
NcsB (886–1641 aa), the plasmid pET-SACE5532(TH-KRNcsB)
was generated. To replace the KR domain of SACE5532
(1170–1638 aa) with that of NcsB (1162–1641 aa), the
KRSACE5532 DNA region was replaced by the corresponding
DNA sequence from NcsB gene to yield the plasmid
pET-SACE5532(KRNcsB).

Recombinant protein expression and purification

For the stand-alone KR domains, the plasmids pET-KRSACE5532

and pET-KRNcsB were transformed into E. coli Rosetta (DE3)
competent cells. The cells were plated on LB medium sup-
plemented with 50 μg ml−1 kanamycin. A single colony was
used to inoculate the LB medium supplemented with 50 μg

ml−1 kanamycin. The culture was kept in a shaking incubator
overnight at 37 °C at 180 rpm. An 8 ml aliquot was transferred
to 800 ml of LB medium supplemented with 50 μg ml−1 kana-
mycin. The culture was kept at 37 °C at 200 rpm till the OD600

reached ∼0.6 (∼3 hours) before it was cooled down to 16 °C
and induced with 0.2 mM IPTG. After incubation at 16 °C for
an additional ∼20 hours at 160 rpm, the cells were harvested.
The cell pellet was re-suspended in the lysis buffer (50 mM
NaH2PO4 (pH 8.0), 300 mM NaCl, 20 mM imidazole, and 10%
(v/v) glycerol) and lysed by sonication for 10 minutes. After
centrifugation at 20 000 rpm for 30 minutes at 4 °C, the super-
natant was filtered using a 0.45 μm membrane and loaded
onto a Ni-NTA column. The column was washed using the lysis
buffer and wash buffer supplemented with 10, 50 and 200 mM
of imidazole before the protein was eluted out with the elution
buffer containing 500 mM imidazole. Proteins were desalted
and exchanged into the Tris buffer (50 mM Tris-HCl (pH 8.0),
150 mM NaCl, and 10% (v/v) glycerol) using the PD10 desalt-
ing column. The protein was concentrated, flash frozen in
liquid nitrogen, and stored in −80 °C freezer.

The expression and purification of SACE5532 were
described previously12 and the expression and purification of
NcsB and chimeric PKS proteins were carried out using a
similar procedure. By co-transformation, the PKSs were co-
expressed with the 4′-phosphopantetheinyl transferase Sfp to
facilitate the phosphopantetheinylation of the ACP domain.

Synthesis of SNAC substrates

The synthesis of acetoacetyl-SNAC (1c) was described pre-
viously.12 The synthetic method for 1d(S) and 1d(R) was
adopted from a previously reported procedure and the struc-
tures of the products were established by MS and NMR spec-
troscopy.60 For the synthesis of 2c, 3c and 4c, a 0.5 M solution
of Meldrum’s acid (1 eq.) in CH2Cl2 was prepared in a round
bottomed flask at room temperature. Pyridine (2 eq.) and
DMAP (20 mol%) were added and the reaction was stirred for
10 minutes at room temperature. The reaction was cooled to
0 °C, 1 eq. of the desired acid chloride was added slowly, and
the reaction was warmed to room temperature and stirred over-
night. The reaction was washed with 0.1 M HCl and then with
water. The organic layers were dried over Na2SO4, filtered, and
the solvent was removed. After workup of the reaction, the
product was purified by flash column chromatography
(7 : 1 hexanes–ethyl acetate) to give the synthetic intermediates
2ca, 3ca and 4ca (ESI Scheme 1†). This material was then
refluxed in toluene (0.5 M) with 1 eq. of N-acetylcysteamine for
three hours. The reaction was cooled and the solvent was
removed in vacuo. The product was purified by flash column
chromatography using 1 : 1 CH2Cl2 : ethyl acetate to give 2c, 3c
and 4c.

3-Oxohexanoyl-SNAC (2c). 1H NMR (CDCl3, 400 MHz): δ 6.07
(br, 1H), 3.67 (s, 2H), 3.41–3.46 (m, 2H), 3.05–3.09 (m, 2H),
2.50 (t, J = 7.2 Hz, 2H), 1.95 (s, 3H), 1.56–1.65 (m, 2H),
0.89–0.95 (m, 3H); 13C NMR (CDCl3, 100 MHz): δ 202.2, 192.4,
170.5, 99.3, 57.2, 39.2, 29.2, 23.1, 16.9, 13.5; HRMS (ESI) m/z
[M + Na]+ calcd for C10H17NO3SNa 254.0827, found 254.0831.
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3-Oxooctanoyl-SNAC (3c). 1H NMR (CDCl3, 400 MHz): δ 6.07
(br, 1H), 3.68 (s, 2H), 3.42–3.46 (m, 2H), 3.05–3.09 (m, 2H),
2.51 (t, J = 7.2 Hz, 2H), 1.96 (s, 3H), 1.54–1.61 (m, 2H),
1.25–1.31 (m, 4H), 0.87–0.89 (m, 3H); 13C NMR (CDCl3,
100 MHz): δ 202.4, 192.4, 170.5, 99.1, 57.2, 39.2, 31.1, 29.2,
23.2, 23.1, 22.4, 13.9; HRMS (ESI) m/z [M + Na]+ calcd for
C12H21NO3SNa 282.1140, found 282.1143.

3-Oxodecanoyl-SNAC (4c). 1H NMR (CDCl3, 400 MHz): δ 6.07
(br, 1H), 3.65 (s, 2H), 3.41–3.46 (m, 2H), 3.05–3.09 (m, 2H),
2.51 (t, J = 7.2 Hz, 2H), 1.96 (s, 3H), 1.56–1.65 (m, 2H),
1.20–1.30 (m, 8H), 0.89–0.95 (m, 3H); 13C NMR (CDCl3,
100 MHz): δ 202.4, 192.4, 170.5, 99.1, 57.2, 39.2, 31.6, 31.5,
29.2, 29.0, 28.9, 23.4, 22.6, 14.0; HRMS (ESI) m/z [M + Na]+

calcd for C14H25NO3SNa 310.1453, found 310.1451.

Enzymatic assays

The assays of the ketoreductase activity were conducted using
a Shimadzu UV-Vis 1650 spectrophotometer following the pro-
cedures described previously.44,45 The assays were performed
in 100 mM HEPES buffer (pH 8.5) in a total volume of 200 μl
containing the following components: 1 mg ml−1 ketoreduc-
tase, 1 mM 1c and 2c or 0.1 mM 3c and 4c substrate. The reac-
tion mixtures were incubated at 25 °C and the reaction was
initiated by adding NADPH solution (0.25 mM). The progress
of the reaction was followed by monitoring at 341 nm wave-
length continuously. Initial velocity (V0) values were obtained
from the slopes of the progress curve and the extinction coeffi-
cient of NADPH. The values of V0 at five different substrate
concentrations were used for the measurement of the second-
order rate constant kcat/KM.

For the determination of the stereo-selectivity of the
KRSACE5532 domain, a total of 800 μl reaction mixture of 2 mM
substrate 1c, 0.3 mM NADPH and 3.5 mg KRSACE5532 in
100 mM HEPES buffer (pH 8.5) was incubated at 26 °C for
80 minutes. The reaction mixture was then supplemented with
30 μl of NADPH (10 mM) and incubated at 26 °C for
80 minutes. The reaction was quenched with 80 μl of 1.2 mM
HCl and the solution was vortexed to remove the enzyme. The
reaction mixture was extracted twice with equal volumes of ethyl
acetate. The mixture was spun at 14 800 rpm for 15 min and the
organic layer was separated and subjected to chiral HPLC analy-
sis. The two (R) and (S)-configured standards and the reaction
extract were dissolved in 100 µl isopropanol. The samples were
analysed using normal phase HPLC equipped with a Chiralpak
IA® column (150 × 4.60 mm) (Chiral Technologies). The HPLC
conditions were: linear gradient; hexane to isopropanol ratio
(v/v) of 90 to 10; 30 °C; 1 ml min−1 flow rate (254 nm).

The enzymatic assays for the wild type PKSs were performed
following the procedure described previously.44,61 To test the
enzymatic activity of the chimeric PKSs, a reaction mixture
containing 3 μl of MgCl2 (1 M), 1 μl of acetyl-CoA (100 mM),
100 μl of co-purified PKS/Sfp (15 mg ml−1), 3 μl of malonyl-
CoA (100 mM), 5 μl of NADPH (10 mM) and 88 μl of reaction
buffer (50 mM Tris (pH 8.0), 150 mM NaCl and 10% (v/v) gly-
cerol) was incubated at room temperature. A UV-Vis spectro-
photometer was used to follow the depletion of NADPH at

340 nm wavelength typically for two hours. At the end of the
reaction, the reaction was stopped by quenching with 20 μl of
1.2 M HCl and the solution was vortexed to precipitate the
enzyme. The reaction mixture was extracted twice with an
equal volume of ethyl acetate. The mixture was spun at
14 800 rpm for 15 min and the organic layer was separated and
subjected to HPLC analysis. The conditions for HPLC analysis
are similar to the ones described previously.44,45,61

Construction of a structural model for KRSACE5532

The structural model of KRSACE5532 was constructed using the
first KR domain of erythromycin synthase DEBS (PDB ID:
2FR0) as the template40,62 and the software Rosetta Suite.63,64

Energy minimization was subsequently performed using the
Rosetta protein design.
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