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ABSTRACT: Acyltransferase domains control the extender unit recognition in
Polyketide Synthases (PKS) and thereby the side-chain diversity of the resulting
natural products. The enzyme engineering strategy presented here allows the
alteration of the acyltransferase substrate profile to enable an engineered
biosynthesis of natural product derivatives through the incorporation of a
synthetic malonic acid thioester. Experimental sequence−function correlations
combined with computational modeling revealed the origins of substrate
recognition in these PKS domains and enabled a targeted mutagenesis. We
show how a single point mutation was able to direct the incorporation of a
malonic acid building block with a non-native functional group into erythromycin.
This approach, introduced here as enzyme-directed mutasynthesis, opens a new
field of possibilities beyond the state of the art for the combination of organic
chemistry and biosynthesis toward natural product analogues.

Natural products and their derivatives are frequently used
as tools in modern biochemistry and are of high

importance in medicine for the treatment of many different
diseases. Of special relevance are polyketides, which form a
large family of natural products and are mainly isolated from
bacteria, fungi, and plants. They show diverse bioactivities and
highly complex structures and have sparked the interest of
biochemists and chemists alike.1,2 Albeit being structurally
diverse, polyketides share a common biosynthetic logic. In
bacteria, giant Type I Polyketide Synthases (PKS) play a pivotal
role in their biogenesis and share similarities with mammalian
Fatty Acid Synthases (FAS).3,4 In contrast to FAS, however,
PKS direct the formation of a diverse array of functional groups
and stereocenters.2,5,6

PKS catalyze a cascade of Claisen condensations between
enzyme-bound acyl thioesters and malonic acid thioesters that
serve as extender units of a nascent polyketide chain.7 In
optional steps further domains catalyze the stepwise reduction
of the primary β-keto thioester product to the corresponding
alcohol, olefin, or methylene group. During this reaction
cascade, the growing polyketide chain is sequentially passed on
from one catalytic enzyme domain to the next.6,8 Structural
diversity is brought about by variations in the redox pattern and
stereochemistry as well as in the choice of biosynthetic building
blocks.2,9 Considering the complexity of polyketides found in
various natural sources, redox variations are rather restrictive as

only a small number of different functional groups can be
introduced. A considerably larger diversity, ranging from plain
hydrogen over long alkyl chains to primary amines in the side
chain of the nascent polyketide, is achieved through the
incorporation of different natural malonyl extender units.2,10

As a crucial means for the engineered biosynthesis of
polyketide derivatives, generalizable strategies to influence
building block diversity in PKS are highly sought after.11−15

Current understanding of PKS enzymology suggests that the
complex process of extender unit building block selection and
incorporation is mainly controlled by acyltransferase (AT)
domains, which catalyze the malonylation of acyl carrier
proteins (ACP).6 Building block specificity within PKS can
be altered by transplanting AT domains between different
PKS.16−18 However, in many cases this domain swapping
results in nonfunctional hybrid enzymes. In particular for AT
domains, swapping has been shown to result in impaired
protein folding.19−21 A potentially more reliable alternative is
the direct engineering of innate AT domains to alter their
substrate scope by the replacement of selected amino acids
instead of whole catalytic domains.22,23 Nevertheless, the
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complexity of PKS and the lack of understanding of the
recognition of malonyl thioester building blocks by these
enzymes render the directed mutagenesis of AT domains a
formidable task, thereby leaving the search for a reliable and
versatile strategy for extender unit engineering in PKS open.24

Herein, we present a model for substrate recognition and
turnover by a generic AT domain based on a combination of
systematic enzyme mutagenesis and molecular modeling.
Analysis of the sequence−function relationship provides a
dynamic picture of the interaction between enzyme and
substrate. On the basis of these findings, we present an
enzyme-directed mutasynthesis in which enzyme mutagenesis is
used to govern the incorporation of a fully synthetic and not
biosynthetically known building block into a polyketide. By
allowing rational enzyme manipulation, this methodology
opens a whole new range of so far unexplored possibilities in
the enzyme engineering field.

■ RESULTS AND DISCUSSION
Establishing Sequence−Function Relationships. A

number of different sequence regions in AT domains are
discussed as potential determinants of their substrate

scope.17,22,25−29 A transferable strategy for the mutagenesis-
induced acceptance of entirely artificial building blocks with
non-natural side chains could dispense with the need to
transplant AT domains. Instead, it preferably relies on a
mechanism-based mutation of few residues rather than the
swapping of long stretches of amino acids. Since accumulated
evolutionary differences would have blurred the results on the
comparatively rarely found AT domains with uncommon
substrate profiles (Supplementary Figure 2), a sequence−
function relationship study was initiated here on the widely
distributed methylmalonyl-CoA (MMCoA)-specific domains.
We anticipated to identify broadly conserved critical residues in
their sequences, which would potentially enable a transferability
of the results without the need for domain swapping.13,20,30−34

An archetypical example for MMCoA-specific AT domains is
found in 6-deoxyerythronolide B Synthase (DEBS),35,36 the key
multienzyme complex in the biosynthesis of the antibiotic
erythromycin from the Gram-positive bacterium Saccharopoly-
spora erythraea. In this PKS, all AT domains exclusively accept
MMCoA as substrate10,21 and share significant sequence
homology among each other. As model for our investigations
the final acyltransferase domain in the assembly line, AT6, was

Figure 1. Experimental sequence−function correlations. (a) Protein sequence alignments guide identification of residues that correlate with substrate
specificity of AT domains. Rap, Rapamycin PKS; Epo, Epothilon PKS; Mon, Monensin PKS. (b) Sequence-and-ligation independent cloning is used
to construct a library of 266 different expression plasmids for DEBS3 carrying defined mutations in AT6. An overview of the complete biosynthetic
pathway toward erythromycin A can be found in Supplementary Figure 1. Vector characteristics: eryAIII, gene encoding DEBS3; pactIII-actI,
promoter sequence from the Actinorhodin biosynthetic gene cluster; aprR, Apramycin resistance cassette; int phiC31, integrase from the
bacteriophage φC31. (c) LC−ESI-MS of a crude fermentation extract, showing the production of erythromycin A (1) and the desmethyl derivative
(2) by a S. erythraea AT6-variant carrying the previously described28 YAFH-hybrid motif. The chromatograms show the base peak from 2 to 10 min;
the most significant signal in the relative abundance is erythromycin A, and the desmethyl derivative elutes 0.2 min ahead of the wild-type product.
(d) Analysis of a variant carrying the analogous mutation in the YASH-fingerprint motif toward HASH. (e) LC−ESI-MS analysis of the wild-type
erythromycin-producer for comparison, showing no formation of 2. (f) Structures of erythromycin A and its biosynthetic derivative 2-
desmethylerythromyin A.
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chosen. AT6 shares high sequence homology with the
previously crystallized AT529 from the adjacent module 5 and
AT3 from module 327 and is located in the last extension
module of the PKS. This might reduce the probability of a
potentially stalled biosynthesis upon incorporation of a non-
native extender unit when being passed on to a downstream
module, thereby delivering false negative results on the AT
domain specificity. However, the terminal thioesterase domain
might still discriminate a non-native substrate. Protein sequence
analysis indicated that a relatively small number of amino acid
residues might determine the substrate specificity of AT
domains. Previous analysis of the myxobacterial Epothilon
biosynthetic gene cluster revealed two AT domains that differ
in only eight residues but possess different substrate
specificities.37 We identified in total 14 residues in DEBS
AT6 that were homologous in either the sequence or the
modeled structures to the critical positions in Epothilon PKS
AT2 and AT3 (Supplementary Figure 2).
To establish sequence−function relationships for the selected

residues, we decided to explore the sequence space using
saturation mutagenesis. This technique is often applied in the
directed evolution of biocatalytically used enzymes38−40 but has
so far not been successfully transferred to multienzyme
complexes such as PKS. Henceforth, we implemented a
saturation mutagenesis methodology adapted to the large size
and high GC-content of DEBS, which enabled the systematic
exploration of the relevance of a given position in DEBS AT6.
Importantly, the experiments were all carried out in a S.
erythraea strain carrying the complete assembly line of
erythromycin A. This significantly complicated experimentation
in comparison to the use of simplified PKS systems in
heterologous expression hosts such as E. coli.41 The use of
simplified systems, however, has been shown in the past to
potentially yield non-transferable results and was thus not
considered for our experimentation.42

To obtain clear data on AT sequence−function correlation
with reasonable screening effort, we decided to prepare each of
the resulting 266 enzyme variants in the saturation libraries
individually with defined mutagenic oligonucleotides. The
residual erythromycin production level was taken as indicator
of general functionality of the enzyme variant; for the initial
detection of an increased substrate promiscuity of AT6 variants,
the incorporation of the endogenous malonyl-CoA (MCoA) in
the last extension module of DEBS was used, leading to 2-
desmethylerythromyin. Detection and relative quantification of
the two metabolites were accomplished by comparative LC−
ESI-MS and MS/MS (Figure 1).
The 266 individual expression plasmids were constructed

from a bacteriophage-integrase based vector backbone, enabling
comparatively rapid and reliable genetic manipulation of S.
erythraea. The PCR-based mutagenesis was accomplished
employing the recently developed SLIC-MIX protocol,43 and
the prepared plasmids were individually introduced into a S.
erythraea ΔAT6hygR variant carrying a nonfunctional copy of
DEBS3 (Figure 1 and Supporting Information sections I.3 and
I.4 for details on the hygR-cassette integration in place of the
native eryAIII gene). The identity of each mutated plasmid was
confirmed by DNA sequencing. Copies of S. erythraea NRRL
B-24071 wild type and a simultaneously prepared reconstituted
wild type based on S. erythraea ΔAT6hygR were cultivated in
parallel, serving as standards for the relative quantification of
erythromycin fermentation levels. To assess the statistical
significance of observed productivity changes, four clones of

each variant were searched for outliers, and subsequently the
averaged erythromycin productivity value was compared to 60
independent clones of the reconstituted wild type. This
determined the extent of the influence of the genetic
manipulation itself onto the productivity. The relative
quantification allowed for the identification of individual
mutations which exert a significant effect on the enzyme
activity.
LC−ESI-MS screening of the 266 AT6 variants revealed

fewer than 20% variants with a complete loss of activity (Figure
2), indicating that the targeted residues have on the average
limited impact on the structural integrity of the enzyme.

A frequently made observation in enzyme engineering
experiments is that a range of different mutations lead to
similar results, especially when saturation mutagenesis is
applied. However, in the case of AT6, out of all tested enzyme
variants, many of them carrying mutations around the active
site, only three resulted in the formation of 2-desmethylery-
thromyin (2) (Figure 1c−e). Two of these variants carried a
single mutation in the YASH fingerprint motif that is known to
correlate with MMCoA specificity in AT domains.22,26 The two
variants possess the sequences HASH and YAFH in place of the
fingerprint motif, both of them hybrids of YASH and the
analogous HAFH motif, which indicates MCoA specificity.
Additionally, the mutation Q198L resulted in very small
quantities of 2 as a fermentation byproduct.22

The influence of the mutations is highly specific; the very
similar YAYH in place of the fingerprint motif, for example,
rendered the enzyme almost completely inactive, the low
residual activity exclusively delivering the wild-type product.
Also at other positions, subtle alterations in the amino acid
residue sometimes led to drastic changes in overall activity. For
example, the exchange of Gln198 to the basic residue arginine
(Q198R) resulted in no significant alteration of fermentation
activity. However, mutation to another basic residue, lysine
(Q198K), nearly completely abolished the activity.

Role of Specific Residues for Enzymatic Activity. To
initiate a systematic interpretation of the complex experimental
findings, we constructed a homology model of the DEBS AT6

Figure 2. Distribution of residual activity of the erythromycin
assembly line upon saturation mutagenesis at the 14 selected positions.
The fraction of enzyme variants with no significant changes in activity
is often high, correlating with the location of the residues further away
from the active site. Highly sensitive regions were chosen for
theoretical investigation as these residues apparently had a strong
impact on catalysis or potentially protein folding. Blue: number of
mutations with no significant impact on productivity levels (10−50%
of wt activity). Orange: mutations with negative impact on activity
(<10% of wt activity). Red: loss-of-function mutations in which over
several independent clones no residual erythromycin production was
detected.
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domain with its substrate MMCoA bound to the active site. So
far, no crystal structures for AT domains with bound substrate
are described, leaving the binding mode of MMCoA unclear.
The crystallized acyltransferase domains of modules 3 and 5 of
DEBS27,29 share a high sequence identity with the query
sequence (>40% of sequence identity) and therefore were
considered as suitable templates to deliver a reliable structural
model. The resulting DEBS AT6 structure was used as starting
point for docking (2S)-methylmalonyl-CoA into the proposed
active site (variants with docked (2R)-methylmalonyl-CoA
were also theoretically and experimentally investigated and will
be published elsewhere). The obtained structure was subjected
to a 30 ns molecular dynamics simulation (MD) (Figure 3).

After that, randomly selected snaphots were optimized at the
Quantum Mechanics/Molecular Mechanics (QM/MM) level.
The same methodology (MD simulations and QM/MM
optimizations) was also applied to the mutated systems. Since
MD simulations allow sampling a larger conformational space,
we focus our discussion on the MD results, which are
supported by the good agreement with the QM/MM
calculations (see Supplementary Table 7 and computational
section for details).
Analysis of the molecular interactions that were time-

conserved during the molecular dynamics simulations of the
wild-type AT6-MMCoA system allowed us to assess the quality
of the model. Importantly, our model indeed showed the
previously proposed role of the conserved His300 in activating
the catalytic Ser197 for nucleophilic attack on the substrate
thioester. Accordingly, the hydroxyl hydrogen atom of Ser197
interacts with the unprotonated nitrogen atom of His300
(H197···N300 distance is 2.13 ± 0.36 Å), and the distance
between the nucleophilic oxygen atom of Ser197 (O) and the
electrophilic carbon atom of MMCoA (C) (3.69 ± 0.34 Å,
Figure 3b) suggests the presence of a prereactive complex.
We also found that in the wild type system, the residues

Arg222, Tyr297, and Ser299 are important for substrate

positioning. Thus, Arg222 interacts frontally and not sym-
metrically with both the carboxyl oxygen atoms of MMCoA
(NH1222···O1MMCoA and NH2222···O2MMCoA distances of 2.50 ±
0.31 and 1.87 ± 0.21 Å) (Figure 3b). At the same time, Tyr297
and Ser299 also interact from above the plane defined by the
carboxylate group with the O1 and O2 oxygen atoms (Figure
3b) (OH297···O1MMCoA distance of 1.72 ± 0.14 Å and
OH299···O2MMCoA distance of 1.76 ± 0.14 Å).
Importantly, residue Gln198 interacts with the thioester

group (NH198···O3MMCoA distance of 1.98 ± 0.23 Å) and is
located 3.36 ± 0.34 Å away from the O1 atom, which also
contributes to restrict the rotation freedom of the carboxyl
group of MMCoA. Thus, Gln198 plays two roles: it promotes
the activation of the thioester group and helps to keep MMCoA
in a conformation suitable for the nucleophilic attack of Ser197.
It is noteworthy that Asn262, Gln112, His196, and Ser237

create a polar environment around the amide groups of
MMCoA while the nonpolar isopropyl moiety of MMCoA is
located in a nonpolar region formed by Pro111, Val379,
Leu380, and Ala383 (Figure 3c). Although the phosphate
region of MMCoA is exposed to the solvent, its conformational
flexibility is restricted by the interactions of Lys291 and Arg399
with the phosphate groups (Figure 3d).
Not only the wild type but also selected mutated systems

were modeled. An interesting starting point was the
comparison of the functionally neutral mutation Q198R with
the chemically similar but deleterious mutation Q198K. Our
MD simulations indicate that the difference in length and
flexibility of the lateral chain of the amino acids glutamine,
arginine, and lysine is crucial for the explanation of this
experimental observation. In the case of Q198R, the rigid lateral
chain of arginine and its side by side interaction with MMCoA
keep the malonyl-thioester in a position susceptible to be
attacked by Ser197. In the case of Q198K, the greater flexibility
of the lateral chain of lysine allows MMCoA to be positioned
on top of Lys198 at a MMCoA−Ser197 distance that prevents
the nucleophilic attack of Ser197 (Cα197···CMMCoA distance 6.12
± 0.34 Å, see Supplementary Table 7 for more details).
Another factor contributing to the forfeiture of biological
activity is that the interaction between Tyr297 and the
carboxylate group of MMCoA appears to be lost in the
Q198K variant.
Tyr297 is one of the residues in the YASH fingerprint

sequence. Mutation Y297H leads to a variant that retains the
native catalytic activity on top of delivering 2-desmethylery-
thromyin (2) (Figure 1). The mutation appears to result in
MMCoA being positioned over the plane defined by the
guanidinium group of the lateral chain of Arg222. It is worth
remarking that in all other systems studied here MMCoA is
placed under this plane. The over the plane positioning of
MMCoA is an exceptional behavior related to the partial loss of
polarity in the Y297H binding pocket region close to the
thioester region of MMCoA. The O197···CMMCoA distance of
4.34 ± 0.44 Å and the Cα197···CMMCoA distance of 6.48 ± 0.36
Å also reflect the different positioning of MMCoA in Y297H
with respect to the wild type (Figure 3b, Supplementary Figure
8 and Supplementary Table 7). Since here the Cα197···CMMCoA
distance is even larger than in Q198K the question of why this
mutant still shows biological activity (unlike Q198K) arises.
This can be understood in terms of the different susceptibilities
of both systems to be involved in molecular interactions that
restrain the mobility of MMCoA after activation of Ser297.
Although in Y297H the smaller size of histidine with respect to

Figure 3. Molecular interactions between MMCoA and the binding
pocket of AT6. (a) Residues interacting with MMCoA highlighted by
polarity: green, polar; magenta, nonpolar; blue, basic. (b) Interactions
in the thioester region. (c) Interactions in the isopropyl region. (d)
Interactions in the phosphate region.
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tyrosine results in larger MMCoA−Ser197 distances, the
absence of secondary strong interactions with a charged
amino acid (unlike in Q198K) results in MMCoA being
more flexible and therefore able to approach Ser197 for the
nucleophilic attack once the activation has taken place.
Ser299 is also part of the YASH fingerprint motif and was

subjected to saturation mutagenesis. The selected variants
S299V, S299F, and S299Y were modeled as variants with
significantly different experimentally determined properties.
S299V experimentally leads to the wild-type product, S299F to
the production of 2-desmethylerythromyin, and the closely
related S299Y to a loss-of-function variant. In the MD
simulations we found a correlation between the loss of activity
and the size of the amino acid side chain. The larger size of the
phenylalanine and tyrosine side chains with respect to serine
results in the lateral chain of the catalytic His300 being pushed
away from the binding pocket with the consequent weakening
of the His300−Ser197 interaction (Supplementary Table 7).
Thus, in these enzyme variants the activation of the catalytic

Ser197 probably takes place in a less efficient fashion through
the carboxylate group of MMCoA itself, which is a weaker
activating group than His300. The bigger size of the amino acid
in position 299 pushes down MMCoA and Gln198 can no
longer interact with the thioester group of the substrate as it
does in the wild type. Thereby, all three mutations appear to
have a non-favorable effect on the interactions that activate
both the substrate thioester and the catalytic Ser197 (Figure 3
and Supplementary Table 7). The S299Y mutation, however,
causes a complete disruption of the interaction pattern between
the binding pocket and MMCoA. Almost all key interactions
are lost so that MMCoA is free to move inside the binding
pocket, which becomes wider and unstructured (Supplemen-
tary Figure 9), potentially leading to a largely misfolded
enzyme.
A particularly interesting case is the mutation S299F, which

was found to lower the substrate specificity of the protein in a
similar fashion as Y297H (Figure 1d). The MD simulations of
S299F show that the benzyl group of the phenylalanine is able
to rotate (Figure 4). This rotation partially reduces the space
available to accommodate MMCoA inside the binding pocket,
thereby resulting in erythromycin and 2-desmethylerythromyin
as fermentation products. MD simulations with the non-native
MCoA substrate inside the S299F variant show that in the
absence of the methyl group, the phenyl ring is placed outside
the binding pocket, allowing for a better positioning of MCoA
(Figure 4b and Supplementary Table 7).
Enzyme-Directed Mutasynthesis. A major objective of

this study was to devise a strategy for the engineered

incorporation of non-natural, ideally fully synthetic, malonates
into polyketide biosynthesis as an extension to the hardly
predictable classical mutasynthesis approach.24 Accordingly, the
whole AT6 variant library was recultivated in the presence of 2-
propargylmalonyl-SNAC (3) (Figure 5), a building block that

would introduce an easily modifiable functional group into the
natural product, provided that one of the AT6 variants could
accept it as substrate. However, none of the test fermentations
showed the formation of the sought-after 2-propargylerythro-
mycin (4) to a significant extent. Further analysis of the MD
and QM/MM structures of AT6-MMCoA pointed out a
residue that did not appear in the sequence alignment studies
to be critical for substrate selection. In the modeled structures,
however, the largely conserved Val295 (Figure 6, see

Figure 4. Incorporation of non-native malonates into polyketide biosynthesis. (a) S299F variant with bound MMCoA. (b) The same variant with
bound MCoA. Relevant conformational changes are highlighted.

Figure 5. Scheme for the formation of compound 4 by feeding the
synthetic malonate 3 to a mutated strain of S. erythraea and TIC of an
LC−ESI-MS analysis of the crude 2-propargylerythromycin (4), as
obtained in the enzyme-directed mutasynthesis approach upon feeding
the S. erythraea mutant DEBS AT6-V295A with compound 3 in the
growth medium. The chromatogram reveals the co-fermentation of
wild-type product 1 in lower quantities than in the reconstituted wild
type with a slight retention time difference, indicating that the
substrate scope is partially shifted. Interestingly, the post-PKS
processing of the primary product 6-deoxyerythronolide B via a series
of glycosylations and hydroxylations proceeds in the same fashion for
the polyketide derivative.
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Supplementary Figure 2 for alignment) seemed to constrain the
size of the malonate side chain, preventing more spacious
polyketide building blocks from incorporation.

We thus devised mutations at position 295 with a lower
sterical hindrance toward position 2 of the enzyme-bound
malonate. Screening a mini-library of three variants in
fermentations in the presence of 2-propargylmalonyl-SNAC
via LC−ESI-MS revealed that variant V295L gives only wild-
type product and variant V295G is non-functional. V295A
variant, however, was found to incorporate the artificial building
block to yield 2-propargylerythromycin A as revealed by HRMS
and MS/MS-analysis (Figure 5 and Supplementary Table 6,
section II). The new fermentation product is a mixture of the
wild-type erythromycin and its propargylated derivative and is
not yet produced in synthetically useful quantities, but this
experiment clearly points out that a single well targeted point
mutation in a PKS multienzyme complex of ∼1,800 kDa can
trigger the incorporation of an entirely non-natural building
block, indicating that an enzyme-guided mutasynthesis can
indeed be feasible.
Mutagenesis of PKS domains for this purpose, however, has

to rely not only on sequence comparison for the identification
of mutagenesis sites but should take the experimental and
theoretical analysis of enzyme−substrate interaction into
account. Importantly, no accumulation of biosynthetic
intermediates from post-PKS processing was found. This
indicates a sufficient substrate flexibility of the glycosyltrans-
ferases and monooxygenases that elaborate the primary DEBS
product polyketide 6-deoxyerthronolide D toward erythromy-
cin A. With this new strategy at hand, the portfolio of functional
groups in polyketides can be significantly expanded, providing
opportunities for the targeted semisynthesis of further
derivatives.
Conclusion. Engineering of Polyketide Synthase has yielded

hundreds of new polyketide derivatives in recent years.
However, the lack of transferable strategies for the predictable
engineering of these giant enzymes provides formidable
challenges to modern enzymology. Especially, the swapping
of domains or modules between individual PKS has proven to
be conceptually and experimentally highly demanding and
often unpredictable.
Recently, the systematic use of point mutations instead of

domain swappings to diversify a complex polyketide has been
shown to provide access to a library of new bioactive
compounds with a high degree of predictability.44 Of particular
importance in PKS engineering are ways to alter the building

block specificity in the polyketide assembly line. By reporting
the first systematic exploration of sequence−function correla-
tions in the context of a whole Polyketide Synthase, we show
that saturation mutagenesis can be used for analyzing and
manipulating catalytic PKS domains in the framework of a
medium-throughput fermentation screening system. Analysis of
the screening results depends on careful comparison with
reference cultures and enables the generation of clear data on
activity changes in these large enzymes. Importantly, it was
shown that the minimally invasive approach to PKS muta-
genesis via site-directed mutagenesis does not typically lead to
deleterious effects on the overall protein, thereby enabling not
only a deeper understanding of PKS enzymology but also more
targeted engineering of the enzymatic machinery.
The experimental data, in full agreement with theoretical

findings on a model of methylmalonyl-CoA placed in an
acyltransferase domain, support the previous hypothesis on the
catalytic mechanism in PKS AT domains and provide a clear
picture of the molecular interactions between substrate and
enzyme that lead to product formation in these complex
enzymes. The model was used to predict the effect of a point
mutation in the DEBS AT6 domain toward the incorporation
of a non-natural building block into the hallmark antibiotic
erythromycin.
Thus, we can conclude that in addition to reporting here the

sequence−function- correlation of a Polyketide Synthase
Acyltransferase domain, theoretical investigations based on a
large experimental data set enabled the design of Polyketide
Synthase point mutations that led to the incorporation of an
entirely non-natural building block into a reduced polyketide.
This extents the current state of the art, in which typically
naturally occurring extender units are transferred from one
biosynthetic pathway to another through either domain
swapping or site-directed mutagenesis and will potentially
pave the way toward an extensive elaboration of polyketides
through a combination of organic synthesis and engineered
fermentation.

■ METHODS
PKS Mutagenesis. For the purpose of mutagenesis, a φC31-

bacteriophage-based integrative vector45 for the expression of mutated
DEBS3 in the native erythromycin producer S. erythraea was
employed. EryAIII-AT6 mutants were constructed via overlap-
extension PCR and introduced into the vector using sequence-and-
ligation-independent cloning (SLIC-MIX).43 Identity of all plasmids
was confirmed by DNA sequencing. Detailed protocols can be found
in the Supporting Information (pages 4−14).

Fermentation Experiments and Analytics. Plasmids encoding
for mutated DEBS3-AT6 were introduced via conjugative plasmid
transfer from E. coli ET12567/pUZ8002 into S. erythraea ΔAT6hygR
carrying a nonfunctional copy of eryAIII. Four independent clones
from each resulting mutant were cultivated in 24-well plates employing
the Duetz fermentation system,46 using S. erythraea NRRL-B-24071
and S. erythraea ΔAT6hygR carrying a nonmutated DEBS3-expression
construct as controls in parallel fermentations. For feeding studies
cultures were supplemented with 10 mM freshly synthesized 2-
propargylmalonyl-SNAC. Fermentation results were analyzed by LC−
ESI-MS from ethyl acetate extracts of the fermentation broth. Precise
protocols and example chromatograms can be found in the Supporting
Information (pages 15−22).

Computer Simulations. The homology modeling of the
acyltransferase domain of the sixth module of 6-deoxyerythronolide
synthase (DEBS-AT6) was performed using the I-Tasser server.47 The
resulting DEBS-AT6 model was used as starting point for docking the
(2S)-methylmalonyl-CoA (MMCoA) substrate into AT6 using the

Figure 6. Position of Val295 and the opposite Met235, acting together
in constraining the choice of the substituent at position 2 of the
enzyme-bound malonic acid thioester.
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Schrödinger Suite.48 The best resulting model was selected on the
basis of the predicted free binding energy and the conservation of key
interactions that support the specificity of the enzyme.27 Next, the
models for the wild type protein and selected mutants were solvated
with a box of water of 80 × 105 × 85 Å dimensions, and the system’s
charge was neutralized using the VMD 1.9 software.49 After that,
molecular dynamics simulations (MD) were performed with the
NAMD 2.7 program using the CHARMM22 force field and the TIP3P
water model.50−52 Quantum Mechanics/Molecular Mechanics (QM/
MM) optimizations of three snapshots from the MD simulations were
performed with the program ChemShell v3.453 at the BP86-D2/
SVP//CHARMM level of theory.54−56 More computational details are
reported in the Supporting Information (pages 23 and 24).
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