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ABSTRACT: Acyltransferase (AT) domains of modular
polyketide synthases exercise tight control over the choice
of α-carboxyacyl-CoA substrates, but the mechanistic basis
for this specificity is unknown. We show that whereas the
specificity for the electrophilic malonyl or methylmalonyl
component is primarily expressed in the first half-reaction
(formation of the acyl−enzyme intermediate), the second
half-reaction shows comparable specificity for the acyl
carrier protein that carries the nucleophilic pantetheine
arm. We also show that currently used approaches for
engineering AT domain specificity work mainly by
degrading specificity for the natural substrate rather than
by enhancing specificity for alternative substrates.

The broad spectrum of medicinal properties of polyketide
natural products is a result of their structural diversity.

Many polyketides are produced in an assembly line fashion by
multimodular polyketide synthases (PKSs) through repeated
decarboxylative condensations of simple subunits derived from
α-carboxyacyl-coenzyme A (CoA) building blocks. The
acyltransferase (AT) domain is responsible for selection of an
appropriate building block in each chain elongation cycle,
typically a malonyl- or methylmalonyl-CoA that is transferred to
a dedicated acyl carrier protein (ACP) domain found within the
same module. The ketosynthase (KS) domain then catalyzes
chain elongation between the growing polyketide chain and the
ACP-bound extender unit.
Because the structural diversity of polyketides is strongly

influenced by extender unit choices made by AT domains, these
enzymes have been obvious targets for engineering of novel
polyketides. Nearly all AT domains involved in polyketide chain
elongation have high specificity for their cognate malonyl- or
methylmalonyl-CoA substrate.1 The biochemical basis for this
strict specificity is not well understood. Previous efforts to
engineer PKSs that regiospecifically incorporate unnatural
extender units have focused on the swapping of entire AT
domains,2−5 often at the expense of essential protein−protein
interactions that are required for kinetically efficient polyketide
chain elongation.6 The structural basis for these problems is
evident when one examines the X-ray crystal structures of
[KS][AT] fragments of PKS modules, which reveal extensive
protein−protein interfaces between the AT domain and other
portions of the module, including the highly structured linker
region between the KS and AT domains.7,8

A more conservative and increasingly popular approach to the
engineering of AT specificity involves targeted mutagenesis of
the active site or adjacent residues. Although previous attempts at
such site-directed mutagenesis have shown altered product
profiles in vivo,9,10 the strategy has not been generalized, and the
causes for frequently decreased titers of altered polyketides are
poorly understood. We therefore sought to clarify the
mechanistic basis for the malonyl- or methylmalonyl-CoA and
the holo-ACP specificity of modular AT domains.
Loading of the electrophilic (methyl)malonyl group and the

subsequent transfer to the ACP occur by a ping-pong bi-bi
mechanism involving the formation of an acyl−enzyme
intermediate that is then subject to nucleophilic attack by the
thiol residue of the pantetheinyl side chain of the ACP11

(Scheme 1 and Figure S2 of the Supporting Information). The
specific steps in this catalytic mechanism at which specificity for
the electrophilic extender unit and the nucleophilic ACP is
controlled have not been identified. Two important questions
also remain unanswered. How do the (methyl)malonyl-CoA and
ACP substrates contribute individually to overall AT specificity,
and what role does competing hydrolytic off-loading of the α-
carboxyacyl-CoA substrate play in the determination of AT
substrate specificity? These questions have been difficult to
answer because of the challenges of analyzing the rapid kinetics of
AT domain-catalyzed reactions independent of the activities of
the remainder of the modular PKS.
We present here results obtained using a continuous, coupled

enzymatic assay to examine steady-state AT kinetics. AT-
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Scheme 1. Ping-Pong Mechanism of the AT-Catalyzed
Transacylation of a (Methyl)malonyl-CoA (XCoA) Substrate
to a (Methyl)malonyl-ACP (X-ACP)a

aTransacylation requires holo-ACP, which contains the nucleophilic
phosphopantetheine prosthetic group. Nonproductive partitioning of
the acyl−enzyme intermediate by competing hydrolysis is shown in
the top branch of the mechanism (see Scheme S2 of the Supporting
Information for a detailed kinetic model).
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catalyzed release of free coenzyme A (CoASH) is coupled to the
formation of reduced nicotinamide adenine dinucleotide in the
CoASH-dependent α-ketoglutarate dehydrogenase-catalyzed
conversion of α-ketoglutarate to succinyl-CoA, thereby allowing
continuous and sensitive fluorometric monitoring of AT activity
(Scheme S1 of the Supporting Information).12 Importantly, this
assay allows accurate monitoring of reaction mixtures containing
submicromolar enzyme concentrations and low micromolar
concentrations of the (methyl)malonyl-CoA and ACP cosub-
strates under multiple-turnover conditions. The assay signal was
dependent on the presence of both the AT protein and its α-
carboxyacyl-CoA substrate, and no activity was observed without
all components of the coupled reaction mixture (Figure S1 of the
Supporting Information). To the best of our knowledge, this
represents the first use of a continuous assay to examine the
kinetics of the reaction catalyzed by an AT domain derived from
an assembly line PKS. To validate the analytical method, we have
performed an in-depth analysis of a representative AT domain
from module 3 of the 6-deoxyerythronolide B synthase (DEBS).
This domain has previously been structurally characterized
(Protein Data Bank entry 2QO3)8 and can be expressed as a
stand-alone protein. The AT3 protein utilized here includes the
KS-AT linker but does not include the post-AT linker.13

Previous studies have highlighted the prevalence of AT-
mediated substrate hydrolysis and suggested its potential role in
determining the specificity of the AT for its natural malonyl or
methylmalonyl-CoA substrate.14 We therefore sought to
quantify the kinetic parameters for AT3-mediated hydrolysis of
its native substrate, methylmalonyl-CoA (MMCoA), as well as
several nonnative acyl-CoA substrates in the absence of the holo-
ACP cosubstrate (Figure 1). Interestingly, the observed rates of
hydrolysis, as measured by kcat/Km, were approximately 200-fold
higher for the native MMCoA substrate than for both malonyl-
CoA (MCoA) and propionyl-CoA (PCoA), implying that
substrate discrimination by AT3 is exercised in the formation
of the acyl−enzyme intermediate, rather than by selective
hydrolytic cleavage of incorrectly acylated protein.
The α-carboxyacyl-CoA specificity of DEBS AT3 during

transacylation to ACP3, as measured by the relative values of kcat/

Km, is also approximately 30-fold higher for MMCoA than for
MCoA (Figure 2). This is expected, as the value of kcat/Km is not
influenced by the ACP-dependent rate of breakdown of the
acyl−enzyme intermediate in the simple model of the ping-pong
reaction. On the other hand, the kcat for transacylation of
MMCoA to its cognate holo-ACP exceeds that of hydrolysis by at
least 1−2 orders of magnitude. Because the presence of the holo-
ACP will not affect the rate of formation of the methylmalonyl
(or malonyl)-enzyme, the observed increase in the rate of
formation of CoASH indicates that during transacylation the
major determinant of kcat must be the rate of formation of the
acyl−enzyme intermediate. By contrast, the major influence on
the much slower kcat for hydrolysis is the hydrolytic cleavage of
this acyl−enzyme intermediate (see the Supporting Information
for the detailed kinetic model).
Incorporation of a polyketide extender unit is also highly

dependent on the interaction of the AT domain with its cognate
ACP. As seen in Figure 3, DEBS AT3 prefers its cognate ACP3
by a factor of 25 in kcat/Km over the ACP from module 6. This
highlights the need for proper protein−protein interactions
during the second half-reaction of AT-catalyzed transacylation
and is directly reminiscent of KS−ACP interactions that are
important during both chain translocation15 and chain
elongation.16

Figure 1. Hydrolysis of acyl-CoA substrates by DEBS AT3. Kinetic
parameters were measured by varying acyl-CoA concentrations in the
absence of a holo-ACP cosubstrate. In one case, the inactive apo-ACP
surrogate was used to examine the influence of protein−protein
interactions on hydrolysis rate (see text for details). N.D., not
determined.

Figure 2. Acyl-CoA-limited transacylation by DEBS AT3 with its
cognate holo-ACP.

Figure 3. ACP-limited transacylation by DEBS AT3 with its cognate
holo-ACP and DEBS holo-ACP6.
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To determine whether AT−ACP interactions also influence
competing hydrolysis and transacylation, we examined the
kinetics of AT3-mediated hydrolysis in the presence of the
inactive apo form of ACP3 (Figure 1). The observed steady-state
rate of hydrolysis of MMCoA was not significantly perturbed by
the presence of this protein, implying that the highly evolved
protein−protein interactions between an AT and its cognate
ACP exclusively benefit the rate at which the extender unit is
transferred to the phosphopantetheinyl arm of the ACP.
To gain further insight into the AT3-catalyzed reaction, we

examined two mutants, Q652L and the Y751H/S753F double
mutant (2QO3 numbering). All three of these residues are
virtually invariant in MMCoA specific AT domains.9 Mutation of
these residues in DEBS AT4 has allowed incorporation of a
MCoA extender unit and production of the predicted 6-
desmethyl-6-dEB analogue in vivo.9 The effects of these
mutations on the rates of either acyl−enzyme intermediate
formation or net transacylation are unknown. Unexpectedly,
variants of DEBS AT3 harboring these mutations have drastically
(>100-fold) attenuated values of kcat for both hydrolysis and
transacylation with either substrate, MMCoA or MCoA (Table
1). The rates of hydrolysis and transacylation with both

substrates are similar to the rates of the corresponding reactions
with wild-type AT3 in the presence of MCoA. Thus, the loss of
substrate specificity appears to be caused by a drastic decrease in
catalytic power as a result of the mutations, rather than any
enhanced preference for the unnatural MCoA substrate.
Assuming that DEBS AT3 is representative of other AT

domains from assembly line PKSs, there are several important
implications. First, in the presence of physiologically relevant
(low micromolar) concentrations of the cognate MMCoA
substrate, AT-catalyzed hydrolysis is unlikely to be a significant
process in a native PKS module. Second, while the observed
MMCoA specificity of an AT domain is expressed in the first half-
reaction (the formation of the acyl enzyme), the second half-
reaction also exhibits specificity for the nature of the ACP
domain that carries the nucleophilic pantetheine side chain.
Third, AT domains in PKSs have evolved to keenly discriminate
between closely related ACP domains, as evidenced by
significant discrimination between two ACP domains from the
same PKS assembly line. Finally, it is evident that current active
site engineering approaches for altering α-carboxyacyl-CoA
specificity have serious shortcomings in that at best they suppress
the catalytic specificity for the natural substrate. Future AT

domain engineering should take into consideration the
importance of AT−ACP interactions as well as the effects of
mutagenesis on the relative rates of hydrolysis and transacylation.
The conceptual and methodological advances presented in this
report provide a fundamentally new starting point for the protein
engineer who seeks to understand and manipulate the structural
determinants of AT substrate specificity.
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Table 1. Rates of Transacylation and Hydrolysis by DEBS
AT3 and Mutant AT Domainsa

AT domain substrate
v/[E]o for

transacylation (min−1)
v/[E]o for

hydrolysis (min−1)

DEBS AT3 MMCoA 30 2
DEBS AT3-
Q652L

MMCoA 0.2 0.1

DEBS AT3-
Y751H/S753F

MMCoA <0.1 <0.1

DEBS AT3 MCoA 0.9 0.8
DEBS AT3-
Q652L

MCoA <0.1 <0.1

DEBS AT3-
Y751H/S753F

MCoA <0.1 <0.2

aRates were measured in the presence of 150 μM α-carboxyacyl-CoA
substrate. Transacylation reactions were conducted in the presence of
100 μM DEBS holo-ACP3.
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