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Abstract

Polyketide synthases (PKSs) are responsible for synthesizing a myriad of natural products with
agricultural, medicinal relevance. The PKSs consist of multiple functional domains of which each
can catalyze a specified chemical reaction leading to the synthesis of polyketides. Biochemical
studies showed that protein-substrate and protein-protein interactions play crucial roles in these
complex regio-/stereo- selective biochemical processes. Recent developments on X-ray
crystallography and protein NMR techniques have allowed us to understand the biosynthetic
mechanism of these enzymes from their structures. These structural studies have facilitated the
elucidation of sequence-function relationship of PKSs and will ultimately contribute to the
prediction of product structure. This review will focus on the current knowledge of type | PKS
structures and the protein-protein interactions in this system.
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Polyketides constitute a major family of secondary metabolites that have diverse structures
and broad biological activities (Walsh, 2008; Staunton et al., 2001). As a result, polyketides
are ample sources for the development of frontline therapeutics towards different diseases
(Newman et al., 2012). Many polyketide natural products have become important drug
molecules, including human antibiotics erythromycin A and tetracycline; veterinary
antibiotic tylosin; anti-cancer agent doxorubicin; immunosuppressant rapamycin and
cholesterol-lowering drug lovastatin (Figure 1).

Notwithstanding the diversity displayed by the structures, all polyketides are assembled
from simple cellular building blocks, such as acetate, by a group of enzymes called
polyketide synthases (PKSs) (Khosla, 2009). Resembling the biosynthetic mechanism of
fatty acid synthases (FASS), polyketide biosynthesis by PKSs can be divided into three
steps: initiation, elongation and termination. Both FASs and PKSs are composed of catalytic
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domains that work in coordination to polymerize the simple building blocks (mostly in the
form of acyl-CoAs). In the initiation step, the acyl carrier protein (ACP) must first be
posttranslationally phosphopantetheinylated at the active site serine within the conserved
DSL motif by a phosphopantetheinyl transferase (PPTase). The PPTase is either encoded in
the PKS gene cluster as a dedicated enzyme, or is shared with FASs or other PKSs in the
same host (Lambalot et al., 1996). The acyl-CoA:ACP transacylase (AT) is responsible for
transferring the monomeric acyl groups, such as malonyl or methylmalonyl, from the
coenzyme A carrier to the free thiol of the phosphopantetheine (pPant) arm on the modified
(holo-) ACP. The ketosynthase (KS) catalyzes the successive decarboxylative Claisen
condensations between the growing polyketide chain and the monomeric/extender unit
supplied by ACP to elongate the nascent polyketide backbone. AT, KS and ACP are the
minimal domains required for the PKS synthesis hence are called minimal PKSs. Following
each chain extension step in which the polyketide backbone is increased in size by one
ketide, tailoring domains such as B-ketoreductase (KR), dehydratase (DH), and
enoylreductase (ER) can selectively reduce the newly formed polyketide. Whereas in FASs,
the B-keto positions are completely reduced to methylenes and yield a saturated fatty acyl
product, the tailoring domains in PKS can be used in different combinations at each -
position to yield products of different oxidation states. Also unique to PKSs, a methyl group
may be introduced at the a position of the growing chain by C-methyltransferase (MT)
domain (Hertweck, 2009). Finally, when the polyketide chain reaches the desired size, the
product can be offloaded from the PKSs via different release mechanisms, such as
hydrolysis or macrocyclization catalyzed by a thioesterase (TE) (Du et al., 2010) (Figure 2).

Based on the enzyme primary sequence, catalytic domain organization and product
structure, PKSs can be classified into three distinct types (Weissman, 2009; Hertweck,
2009): type | PKSs are large multidomain enzymes that can function either modularly or
iteratively; type 1l PKSs consist of dissociated enzymes that function iteratively, and are
typically associated with aromatic polyketides from bacteria; Types 111 PKSs contain single
KS domains that catalyze condensations between various acyl-CoAs directly without the use
of ACP domains. This classification is also supported by the phylogenetic analysis based on
the amino acid sequence of KS domains (Jenke-Kodama et al., 2005; Kroken et al., 2003).
Among the three classes of PKSs, type | PKSs have the highest complexity in their protein
structures and product diversities. These megasynthases are featured by having multiple
catalytic domains juxtaposed on a single polypeptide chain. These covalently joined
domains result in increased reaction rates and protection of labile intermediates. Depending
on whether the polyketide backbone extension is performed using distinct sets of domains
(each set contains minimal PKS domains and is referred as a module), or repeatedly on a
single set of domains, type | PKSs can be divided into two subcategories: modular (non-
iterative) and iterative PKSs (Weissman, 2009; Hertweck, 2009; Cox, 2007).

Modular type | PKSs, which are usually found in bacteria, synthesize polyketides in an
assembly line fashion: the growing polyketide chain is delivered from one module to the
next and each catalytic domain in a module is typically used only once (Meier et al., 2009).
The number of the modules present in a PKS defines the number of chain extension steps,
while the presence of KR, DH and ER domains in each module determine the degree of f-
keto reduction after each elongation (Cane et al., 1999; Fischbach et al., 2006). Therefore,
the modular nature of the PKSs and the associated structures of the polyketide products are
colinear, which can be used to predict product from PKS sequence and vice versa
(Fischbach et al., 2006). The best studied modular PKS is the 6-deoxyerythronide B
synthase (DEBS) involved in the synthesis of 6-deoxyerythronide B (6-dEB), which is the
aglycon of the antibiotic erythromycin A. In DEBS, one loading module and six extending
modules are required to process one propionate and six methylmalonyl-CoA units to
produce 6-dEB (Figure 3). The colinear feature of type | PKSs has greatly enabled the
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rational manipulation of the domains and modules towards the generation of structurally
altered products. In the case of DEBS, over fifty different macrolides have been synthesized
through the engineering of AT and B-processing domains (McDaniel et al., 1999).

Iterative type | PKSs, such as the lovastatin nonaketide synthase LNKS (or LovB) from
Aspergillus terreus, are mostly found in filamentous fungi, with some recent discoveries of
bacterial examples, including the PKSs that synthesize the polyketide core of enediynes
(Shen, 2003). Each iterative type | PKS consists of a single set of catalytic domains, which
can vary and define different extent of reductive modification in the product (Figure 4-A).
While the linear organization and the iterative use of the domains resemble those of
mammalian fatty acid synthase (mMFAS), the programming rules dictating the permutative
use of catalytic domains in iterative type | PKSs are significantly more complicated and
mysterious. In the LovB case, different combinations of MT-KR-DH-ER usage are involved
in the eight cycles of chain elongation, resulting in the generation of different $-oxidation
states of different chain length intermediates, by the same set of domains. The necessity of
such complex programming rule is evident in the product of LovB, dihydromonacolin L, in
which the decalin core is formed through the intramolecular Diels-Alder cyclization of a
precisely prepared triene at the hexaketide stage (Auclair et al., 2000; Kennedy et al., 1999;
Ma et al., 2009) (Figure 4-B). In sharp contrast, a different type | PKS in the lovastatin
pathway, LovF, which has nearly the same domain architecture as LovB, performs only a
single iteration of chain extension and tailoring to yield the 2-methylbutyrate side chain in
lovastatin (Figure 4-C) (Xie et al., 2009; Kennedy et al., 1999). The contrast in
programming rules between LovB and LovF highlights the complexity and perhaps
engineering potential of this subclass of type | PKSs.

Because of the similarity in the domain organization between mFAS and type | PKSs
(Figure 5-A), the X-ray crystal structures of mFAS have provided the first look into the
organization of the catalytic units in the multidomain type | PKS megasynthases (Maier et
al., 2008; Maier et al., 2006). Much of the finding in mFASSs can be extended to that of type
| PKSs, although significant differences are expected. While the crystal structure of an intact
module (from modular PKS) or an entire iterative PKS is not yet available, significant
structural information of individual PKS domains have been obtained in recent years. These
include the X-ray structures of excised KS-AT (Tang et al., 2006; Tang et al., 2007), KR
(Keatinge-Clay et al., 2006; Keatinge-Clay, 2007; Zheng et al., 2010; Zheng et al., 2011),
DH (Keatinge-Clay, 2008; Akey et al., 2010), KR-ER (Zheng et al., 2012) and TE (Tsai et
al., 2001; Tsai et al., 2002; Akey et al., 2006; Akey et al., 2010) domains from type |
modular PKSs. Structures of ACPs from different families of PKSs have been obtained via
high-resolution, liquid-state NMR analysis. These high resolution structures have greatly
increased our understanding of the structural biology and enzymology of the PKSs
components and domains. A number of publications have reviewed the various aspects of
structural enzymology of FASs and PKSs (Weissman et al., 2008; Tsai et al., 2009; Smith et
al., 2007; Keatinge-Clay, 2012).

1. Biochemical and structural analysis of mammalian FASs

The head-to-head model of FASs was proposed through sets of mutation complementation
experiments (Witkowski et al., 1996; Joshi et al., 1997; Joshi et al., 1998b). Inactivation
mutations can be introduced to different catalytic domains without disrupting the folding of
the domains, thereby allowing the combination of different mutant monomers to generate
homodimers and heterodimers (Witkowski et al., 1996). The ACP domains were shown to
crosstalk with the KS domain from either subunits to accomplish chain elongations in FAS
(Joshi et al., 1998Db), but could only interact with the DH domain from the same subunit
(Joshi et al., 1997; Joshi et al., 1998a). Heterodimers containing one subunit with either an
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inactive KS or AT domain, when combined with the other subunit inactivated in any one of
the other five domains, including ACP, KR, DH, ER and TE domain, retained the ability to
synthesize fatty acids(Joshi et al., 1998a). Additionally, a null mutant FAS with all seven
active site-compromised domains was capable of synthesizing fatty acid product in vitro
after pairing with a wild-type FAS subunit (Joshi et al., 2003). In the head-to-head model,
the ACP is able to interact with KS-AT from both subunits and can only interact with DH-
ER-KR-TE domains within the same subunit (Rangan et al., 2001). The model was further
supported by the cross-linking of KS and ACP via 1, 3-dibromopropanone (DBP), in which
intra-subunit linked heterodimers were recovered (Witkowski et al., 1999). The KS domains
were proposed to be positioned at the interface of the two subunits (Witkowski et al., 2004).
This is motivated by biochemical evidences that KS domains from type I and type Il FASs
are always found as dimers (Moche et al., 1999; Price et al., 2003; Witkowski et al., 2004),
and that the two subunits can be covalently crosslinked via bis-maleimido at low
concentrations (Witkowski et al., 2004). Therefore the KS domains must play a key role in
maintaining the dimeric structures of FAS, and by inference, PKSs.

The 4.5 A resolution X-ray structure of porcine FAS, which was subsequently refined to 3.2
A resolution, showed the overall structure of mFAS adopts an X-shaped organization that is
consistent with the head-to-head model (Maier et al., 2008; Maier et al., 2006; Asturias et
al., 2005). The individual catalytic domains were mapped out by fitting the density diagram
with previously-solved type Il FAS components, including FabB (KS) (Olsen et al., 2001),
FabA (DH) (Leesong et al., 1996), FabZ (DH) (Kimber et al., 2004), and FabG (KR) (Price
et al., 2001) from E. coli, FabD (MAT, malonyl-CoA:ACP transacylase) from S. coelicolor
(Keatinge-Clay et al., 2003); and a zinc-free quinone reductase (ER) from Thermus
thermophilus (Shimomura et al., 2003). Starting from the N-terminus of the mFAS, the
dimeric KS domains are located at the center of the lower body where each is connected to
the monomeric ‘leg” MAT domain (Figure 5-B and Figure 5-C). Dimeric DH, ER and
monomeric KR together form the upper body of the FAS, in which KR domains are the
‘arms’. The “chest” DH adopts a “‘double-hot-dog’ fold containing portion from core domain
of FAS. KR domain plays a central role in connecting the *shoulder’ ER and DH domains as
well as two newly identified non-enzymatic domains consisting of the rest of the core
domain. The first non-catalytic domain was named ‘pseudo-methyltransferase’ ({-MT) due
to its structural similarity toward methyltransferase family, while the second domain was
designated as “pseudo-ketoreductase’ ({-KR) resembling a truncated KR scaffold that
interacts with the KR. In the lower body, the linker region between KS and MAT adopts a
a2p3-fold (see more discussion of this region in the PKS part). The upper body and lower
body of the mFAS are barely contact with each other with a contact surface area of 230 A.
In contrast, the KS, DH and the ER domains contribute to ~5000 A2 dimer interface of the
mFAS. The linker region between the MAT and the DH domains interact with the KS
domain from the other subunit, also contributing to dimer formation.

Collectively, the dimeric mFAS clearly contains two reaction chambers, in which fatty acid
assembly could take place independently. Interestingly, the two reaction chambers appeared
to be asymmetrical: the distance between the active sites of MAT and KR domains is 15 A
shorter in the narrower chamber comparing to that in the wider chamber, suggesting that the
fatty acid synthesis in each of reaction chamber might not proceed at the same pace and
conformation changes. The anchor point of ACP was revealed at the center of the upper
portion of the reaction chambers. The ACP and TE domains were unsolved in the reported
mFAS crystal due to the inherent domain flexibility, but structures of standalone human TE
(Chakravarty et al., 2004) and rat FAS ACP (Reed et al., 2003) are available. The ¢-MT
domain is located at vicinity of ACP anchor point, confining the movement of ACP within
the region of the active sites of the catalytic domains. These structure features enable the
holo-ACP to dock at different locations and shuttle the substrate to the specific active site
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from one chamber but not active sites from the other. Considering that the upper and lower
bodies of the FAS is connected by the flexible MAT-DH linker and the limited protein-
protein interactions between the two halves, it is highly possible that the lower body of one
subunit could swivel up to 180 degrees with respects to the upper body to interact with the
ACP from the other subunit (Figure 6-A). This hypothesis is verified by the electron
microscopic analysis, in which an 80-100 degree rotation of the lower body with respects to
the upper body was clearly present in reconstructed structures. The combined X-ray and EM
structures explain the biochemical findings in mutant complementation and crosslinking
experiments. This swiveling mechanism also injects FASs with additional catalytic route
that contributes to approximately 20 % of fatty acid synthesis rate, as estimated from Jin vitro
mutant complementation (Rangan et al., 2001).

To examine the dynamics of the flexible FAS that permit the functional interactions of the
ACP with all the catalytic domains, Asturias and Smith utilized single-particle electron
microscopy (EM) to continuously capture a series of configurations of FAS dimer from
Rattus norvegicus (Brignole et al., 2009). The FAS mutant (A22) was constructed by the
removal of the 22-residue ACP-TE linker to restrict the mobility of the TE domain. When
monitored by electron microscope in the absence of substrates, both ACP and TE domains
were visible in EM reconstructions. In the presence of substrates, asymmetrical arrangement
of the upper B-processing domains was observed in both A22 and DHO mutant FASs.
Specifically, a swinging motion (up to 25 degrees) of the lower body relative to the upper
body resulted in the opening of one of the reaction chambers and closing of the other (Figure
6-B). While the open configuration of one of the chamber is required by the -process
domains to catalyze the reduction steps, the closure of the reaction chamber is proposed to
facilitate the substrate loading and condensation reactions by the KS and AT domains.
Additionally, since the TE domain is completely ‘locked” outside upon the closure of the
chamber, the chain releasing step likely happens in the open chamber.

2. Comparison between Type | PKSs and mFAS

The mammalian FASs are evolutionarily closely related to the type | iterative and modular
PKSs (Smith et al., 2008). In addition to the highly similar sequences of catalytic domains
and linear positioning of the domains (Figure 5-A), the parallel between mFAS and PKSs
can be extended to the linker regions and nonenzymatic domains -MT and y-KR. In
particular, the presence of the ¢-MT domain in mFAS and the catalytic MT domain in the
iterative fungal PKSs indicate shared evolutionary ancestor. Despite the domain similarities,
the mFAS and type | PKSs are functionally very different. In the case of modular PKSs,
each module only performs one chain elongation and one defined set of B-processing, and
the chain is passed unidirectionally down the assembly line to downstream modules. The
different substrate specificities of the domains, different combinations of KR-DH-ER
cassette, and the juxtaposition of different mFAS-like modules, all contribute to the diverse
structures that can be generated from type | PKSs. So far, no X-ray structure of an intact
PKS module has been solved, although the structures of nearly all the individual domains
have been obtained. From a structural point of view, the fascinating aspects of modular
PKSs include the spatial arrangement of different modules with respect to each other, and
how protein-protein interactions between the modules are facilitated through ACPs and
linker regions to achieve the assembly line like biosynthetic logic.

While the modular PKSs is certainly Nature’s example of “more is better” when it comes to
generating chemical diversity, the iterative type | PKSs can be considered a more compact
version in which modules of different functions are condensed into a single set of domains.
Although iterative PKSs are functionally and structurally more closely related to mFAS,
there are significant differences that make this subclass of PKS fascinating from a
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biochemical and structural perspective. Depending on the type of product, different tailoring
domains are present in the PKS. For nonreduced polyketides in which B-processing is
absent, additional domains such as product template (PT) and Claisen-like cyclase (TE/
CLC) are present to fix the regioselectivity of intramolecular cyclization reactions. For
reduced polyketides, the more familiar KR, DH, ER and MT domains can be found in the
PKS, although it is common that some domains lost their functions during evolution. The
current structural understanding of the domains from iterative type | PKSs is not as
extensive as in the modular PKS, mostly due to the difficulties in isolating functional and
soluble domains. In recent years, however, numerous structures, including that of AT (Liew
etal., 2012), PT (Crawford et al., 2009), TE/CLC (Korman et al., 2010) have been solved,
which have provided insights into how some of these distinct domains can fit into the overall
dimeric structure of the PKSs (Figure 11-C, also see detailed discussion in the section 3.4).
Another distinction between mFAS and iterative PKS is the recruitment of smaller, in trans
enzymes for product tailoring and product release. This can be exemplified in the lovastatin
biosynthesis, in which a dissociated ER enzyme (LovC) is required for enoylreduction of
three intermediates on LovB (Figure 4-B), and a dissociated acyltranferase (LovD) is
required for product release/transfer from LovF (Figure 4). From a limited number of
experiments, the interaction between the iterative PKS and these dissociated enzymes appear
to be specific. Hence understanding this unique protein-protein interaction is important for
fully decoding the programming rules of iterative PKSs.

Finally, the most intriguing differences between mFAS and iterative PKSs are undoubtedly
the ability of the tailoring domains in the reducing iterative PKSs to only function on
selected intermediates during the different cycles of chain extension, and how overall chain
length is determined. Currently, nearly no information is known regarding how the
selectivity is so precisely maintained. As a result of this cryptic selectivity, highly similar
iterative PKSs can produce drastically different products. Recent genome sequences of
different fungi species have revealed that each contains dozens of such PKSs with unknown
products, yet unlike the modular PKSs, no product can be predicted from these enzymes due
to the utter lack of understanding of their sequence-function relationships. It is expected that
crystal structures of the iterative PKS domains, including KS, KR, DH, ER, MT and ACP,
will provide significant breakthroughs needed for decoding these machineries.

3. Structures and catalytic mechanisms of PKS domains
3.1. Ketosynthase (KS)

A KS domain accepts the polyketide chain from upstream (or cognate) ACP and catalyzes
the decarboxylative Claisen condensation between the growing polyketide in the form of an
acyl-S5KS complex and an extender unit acyl-S-ACP to give an elongated product (Figure
7-B). Several KS crystal structures from type | PKS system have been solved in the context
of standalone KS-AT didomain, including DEBS KS-AT3 (Tang et al., 2007) and KS-AT5
(Tang et al., 2006). The KS forms homodimer and each monomer adopts a thiolase-like fold
with apapa topology (Figure 7-A, blue regions). The homodimeric nature of KS domains is
recognized to be crucial in maintaining the dimeric organizations of the entire FASs and
PKSs (Tang et al., 2006). The KS-KS interactions are mainly via the backbone hydrogen
bonds between two anti-parallel B-strands. A dimeric coiled-coil N-terminal peptide, which
is present exclusively in modular PKSs, offers additional contact between the two KS
monomers (Tang et al., 2006). This coiled dimer not only helps to stabilize the overall KS
structure but also acts as a docking site for the upstream module during module-module
communication (Figure 7-A, orange regions). A ~100 residue linker is found connecting the
KS and AT domains and has unique afia fold with a helices close to the KS side and the 8
strand interacting with the C-terminal a helix on the AT domain (Figure 7-A, yellow
regions). The highly conserved hydrophaobic interactions between KS and KS-AT linker, as
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well as AT and KS-AT linker are exclusively found in type | PKSs and are proposed to
anchor the relative positions of KS and AT domains. Lastly, a ~ 30 residue post-AT linker
loop has significant interactions with the KS domain through a number of hydrogen bonds
(Figure 7-A, red regions).

Analogous to the well-studied FAS KSs, the KSs from type | PKSs have the same catalytic
triad Cys-His-His, in which the cysteine is the nucleophile involved in the frans-
thioesterification reactions. The cysteine is buried in the substrate pocket and can only be
reached by pPant arm attached to the ACP domain (Tang et al., 2006). The active sites of
KS from the different crystal structures can be perfectly superimposed, indicating the
arrangement of the triad is likely optimum. The two histidine residues locate in the vicinity
of the cysteine contribute to the formation of an oxyanion hole that stabilize the tetrahedron
intermediate and presumably promote the decarboxylation of the extender unit (Figure 7-B).

While FAS KSs have higher affinity toward saturated acyl chains, the type | PKS KS
domains can exhibit varying degrees of substrate specificity. The DEBS KSs show
promiscuity toward polyketide chains ranging from diketide to decaketide, and those with
different oxidation states on the p-carbons (Khosla et al., 1999a). On the other hand, some
type | PKSs KS domains appeared to be more selective towards the functional groups
present on cognate intermediates (Khosla et al., 2007; Khosla et al., 1999a). For example,
KSs from trans-AT type | PKSs are highly specific towards the growing intermediates.
Phylogenetic analysis of those KSs allows predicting structure features on the p/y position of
their substrates without knowing information on the reductive domains in the previous
modules (Nguyen et al., 2008b). Crystal structures of KS domains show that the size and the
shape of the substrate binding pocket determine specificity. The binding channel can be
divided into a well-conserved phosphopantetheinyl binding region and a more variable acyl-
binding region (Tang et al., 2006; Tang et al., 2007). The acyl-binding pockets of FAS KSs
are mainly formed by hydrophobic residues and as a result, specific towards saturated fatty
acyl groups. In contrast, the acyl-binding regions of PKS KSs are generally amphipathic,
allowing the formation of hydrogen bond and salt bridge to stabilize the acyl intermediates
with different levels of reduction (from unreduced to completely reduced). The substrate
binding channel of type | PKS KSs are also much wider compared to that of FAS KSs,
which also contribute to the observed increased substrate tolerance.

The KS domains in PKSs have been associated with the control of polyketide chain length.
This is particularly important in the iterative PKSs, such as the iterative type I and bacterial
type Il systems. KS domain swapping experiments between two fungal iterative PKSs that
synthesize polyketides of different length have led to the biosynthesis of new polyketides of
different chain length (Zhu et al., 2007). Although the swapping experiment did not afford
products of expected sizes, the experiment nevertheless hinted that KS is at least partially
involved in controlling chain length. Direct insight into chain length control was obtained
from both mutagenesis and structural studies (Keatinge-Clay et al., 2004) on the KS-CLF
heterodimer in type Il PKSs. The chain-length factor (CLF) is a catalytically inactive
version of the KS domain and the interface of the KS-CLF dimer defines the size of the
substrate binding channel. An amphipathic polyketide binding tunnel is clearly visible,
originating from the active site cysteine to the KS-CLF interface (Figure 7-C). When larger
gatekeeping residues at the interface of the act KS-CLF were changed to smaller residues,
the mutant KS-CLF were able to synthesize longer polyketides. The opposite effect was
observed when smaller gatekeeping residues were mutated to larger ones in the fcm KS-CLF
(Tang et al., 2003). The mechanism of chain length control in both iterative type | and type
Il PKSs is based on size of the polyketide rather than the number of elongation cycles. This
is both supported by the crystal structure and through various precursor directed
biosynthesis experiments (Tang et al., 2004; Watanabe et al., 2003).
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3.2 Acyltransferase (AT)

Acyltransferase (AT) is the catalytic domain that selects and loads the extender acyl group
onto the ACP domains during the elongation cycle of FAS and PKSs. AT domains therefore
serve as the gatekeeper in building block selection and play a key role in maintaining the
fidelity of fatty acid and polyketide biosynthesis. AT domains from FASs and iterative type

I PKSs use malonyl-CoA as extender units. In comparison, AT domains from modular type |
PKSs have a much broader variation in substrate specificity. AT domains associated with
the loading of starter units have been shown to select acetyl-CoA, propionyl-CoA,
isobutyryl-CoA, crotonyl-CoA or isopentyl-CoA, etc (Liou et al., 2003; Lau et al., 2000).
Extender AT domains in PKSs have been shown to select a variety of extender units in
addition to malonyl-CoA, such as the most common propionate-derived 2 S-methylmolanyl-
CoA. The biogenesis and incorporation of different acyl-CoAs by the AT domain as a means
to introduce structural diversity into polyketides has been covered in several recent reviews
(Chan et al., 2009; Wilson et al., 2012).

In modular type | PKSs, instead of a dedicated AT domain built in within each module,
there are numerous examples of PKSs in which a disassociated frans-acting AT enzyme are
involved in the loading of the ACP domains with, in most cases, malonyl-CoA (Cheng et al.,
2003; Piel et al., 2004; Nguyen et al., 2008a; Kopp et al., 2005; Zhao et al., 2010). These
standalone AT enzymes interact with nearly all the ACPs domains in the PKS assembly line,
thereby exhibiting broader ACP substrate specificities. For example, the trans-AT enzyme
from disorazole pathway shows higher activity toward heterologous ACP domains than that
of typical cis-acting AT domains (Wong et al., 2011). The malonyl-CoA:ACP transacylase
(MAT) involved in fatty acid biosynthesis in Streptomyces, which is commonly shared by
different type Il PKSs, can also act as a #rans-AT enzyme on type | PKSs. When the cis-
acting AT domain in the sixth module of DEBSs is inactivated, MAT complemented the
otherwise stalled pathway, loaded a malonyl group onto the ACP, and led to the effective
production of 2-desmethyl-6-dEB (Kumar et al., 2003).

Over the last decade, the structures of ATs from different biosynthetic systems have been
determined, including MATSs from E. coli (Serre et al., 1995) and Strepfomyces coelicolor
(Keatinge-Clay et al., 2003), modular type | PKS ATs from DEBS (Tang et al., 2006; Tang
et al., 2007), frans-acting AT from disorazole pathway (Wong et al., 2011) and iterative type
| PKS AT from dynemicin pathway (DYN10) (Liew et al., 2012). The monomeric ATs all
share the same two-subdomain structure: a core subdomain contains o/f hydrolases-like core
with a smaller ferredoxin-like subdomain (Figure 8-A). Both c¢is- and frans-acting ATs use
the highly conserved catalytic Ser-His dyad and ping-pong bi-bi mechanism to transfer the
acyl group from CoA to the ACP domains (Ruch et al., 1973). The nucleophilicity of
catalytic serine hydroxyl group is strengthened through hydrogen bonding with the histidine,
as evidenced by the ~ 3 A distance between the Ne2 atom of the histidine and the Oy atom
of the serine (Figure 8-B) (Keatinge-Clay et al., 2003). The oxyanion hole that stabilizes the
tetrahedron intermediate is formed by the backbone amides of a glutamine from the
conserved PGQGXQ motif and a residue adjacent upstream to the catalytic serine
(Keatinge-Clay et al., 2003; Serre et al., 1995) and the exiting CoA is protonated by the
catalytic histidine. A second tetrahedral intermediate is formed when the ACP
phosphopantetheine thiol attacks the ester carbonyl. The acyl binding cleft is relatively
hydrophaobic, thus preventing the binding of water molecules and the hydrolysis of acylated
enzyme oxyesters in the absence of free thiol acceptors (Serre et al., 1995). In cases where
hydrolysis is noted, the hydrolyzed acyl group binds to the pocket non-covalently and
greatly inhibit the AT efficiency, as seen in dynemicin AT DYN10 (Liew et al., 2012).

Co-crystallization of MAT with either acetate or malonyl-CoA showed that the presence of a
positively charged side chain of the highly conserved arginine (for instance, Arg122 in S.

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xu et al.

Page 9

coelicolor MAT) can stabilize the 3-carboxylate group via a salt bridge (Keatinge-Clay et
al., 2003; Rangan et al., 1997; Serre et al., 1995). Molecular docking and bioinformatics
studies of different AT domains have led to the identification of several conserved
sequences motifs that play key roles in determining the substrate specificity. First, a motif
that is located about 30 residues upstream of the catalytic serine forms part of the substrate-
binding pocket and influences the selection between malonyl-CoA and methylmalonyl-CoA.
After analyzing over two hundred domains, Yadav and his coworkers mapped a conserved
ZTXX[AT][QE] motif to malonyl-specific ATs and [RQSED]V[DE]VVQ to
methylmalonyl-specific ATs (Z represents hydrophilic residue, while X represents
hydrophobic residue) (Yadav et al., 2003). This specificity code for AT was partially
verified in motif swapping experiment with DEBS AT4 (Reeves et al., 2001). Second, the
residue beyond the catalytic serine, which contributes to the formation of oxyanion hole, is
also sterically important in substrate binding. A branched hydrophobic residue (Leu or Val)
is present in malonyl-specific ATs, while a residue with more linear sides chain (Glu or
Met) is found in this position for methylmalonyl-specific ATs (Haydock et al., 1995). Third,
a YASH motif that includes the catalytic histidine is present exclusively in the
methylmalonyl-specific DEBS ATs (Reeves et al., 2001), while a HAFH motif is found in
malonyl-specific ATs. Lastly, in the DEBS KS-ATS5 structure, the first a helix of a-B-a loop
of the C-terminal linker region was positioned at the entrance of the substrate pocket and
was shown to be essential in determining the substrate specificity through swapping between
rapamycin AT2 and DEBS AT2 (Lau et al., 1999) (Figure 8-C).

3.3 Ketoreductase (KR)

Ketoreductases (KRs) in PKSs and FASs stereospecifically reduce the carbonyl group of the
[-ketoacyl-ACP intermediates. They belong to the short-chain dehydrogenase/reductases
(SDR) family, which are well known to be NAD(P)*/NAD(P)H dependent oxidoreductases.
All of the reported KRs contain at least one highly conserved Rossmann fold, which is
composed of a central, 6 or 7 strands 3-sheet flanked with 3 or 4 a-helices on each side. This
structural moiety creates a characteristic groove that binds the NADPH cofactor (Kavanagh
et al., 2008). KR can be a standalone protein (type I1) or a built-in domain in type | PKSs.
Depending on the stereochemistry (D/L) on the OH-bearing p-carbon in the product, a type I
KR can be classified as either an “A-type” (for L- configuration) or a “B-type” KR (for D-
configuration) (Keatinge-Clay, 2007). When the substrate is an a-substituted p-ketoacyl
intermediate, some KR may catalyze epimerization on the a-carbon before the ketoreduction
(Valenzano et al., 2009; Keatinge-Clay, 2007). Based on the configuration on the accepted
a-carbon, the A- and B-type KRs can be further classified into A1, A2, B1 and B2: those
reducing an unepimerized 2R substrate are denoted with a “1” and those accept an
epimerized 25 substrate are denoted with a “2”. Reduction-incompetent KRs are called C
type: C1-type for KRs that lack both the catalytic tyrosine residue and NADPH binding
motif; C2-type for KRs that present the complete catalytic triad but miss the NADPH
binding motif. A protocol was developed to assign substituent stereochemistry accordingly
by combining the KR fingerprints with the presence of other reductive domains (Keatinge-
Clay, 2007). Four type | KR domain crystal structures have been reported, including one A-
type KR (Amphotericin KR2 (Zheng et al., 2010)), two B-type KRs (DEBS KR1 (Keatinge-
Clay et al., 2006) and tylosin KR1 (Keatinge-Clay, 2007)) and one C2-type KR (pikromycin
KR3 (Zheng et al., 2011)).

Type | PKS KRs show pseudodimeric structures comprise two SDR subdomains: a
structural subdomain followed by a catalytic subdomain in sequence. In modules that
contain the ER domain, sequence for ER domain is inserted into those of the structural and
catalytic subdomains. The NADPH binding site is missing in the structural subdomain and
the catalytic subdomain is stabilized by the structural subdomain (exemplified by DEBS
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KR1, Figure 9-A). The conserved Ser-Tyr-Lys triad in the catalytic subdomain is
responsible for activation of the target -carbonyl group on the substrate and to stabilize the
resulting oxyanion after the hydride addition (Cane, 2010) (Figure 9-C). Usually an inserted
“lid” consists of a helix and a loop helps to form the substrate binding pocket. Variations in
residues between different KR types have been found to dictate stereochemical outcome. In
B-type KR, an “LDD” motif is located in the loop that precedes the active site (Figure 9-A),
while a tryptophan is found in at a key position between catalytic serine and tyrosine in an
A-type KR. These features result to two alternative substrate entry modes for A-type and B-
type KRs. In A-type KRs, the phosphopantetheinyl arm slips into the active site from the
groove behind the lid helix, while in B-type KRs, that entry mode is prevented because of
the LDD motif. Instead, the substrate enters the active site from the opposite side relative to
the lid (Figure 9-B). The different positioning of the substrate lead to the hydride from the
NADPH attacking from different prochiral faces of the thioester carbonyl and generating
different ketoreduction stereochemistry.

Based on sequences comparison, KRs from iterative PKSs should share similar two-
subdomain structure as modular type | KRs. One would expect that since a single KR is
utilized during the different iterations of chain elongation, all the -carbonyls that are
reduced by KR would display the same stereochemistry. Interesting, careful stereochemistry
analysis of the hypothemycin PKS Hpm8 shows that the KR domain can switch the
stereoselectivity when processing substrates of different lengths (Figure 9-D). Mutations of
A- and B-type KR “fingerprint residues” in Hpom8 did not alter the differential
stereoselectivity, which indicates additional structural features are necessary to direct
substrate binding mode. Through swapping sequences with another iterative type | PKS
(Rdc5), Zhou et al. pointed out that the f5a5a6a motif should be the determinant region that
modulates this novel substrate-tuned stereoselectivity (Zhou et al., 2012).

3.4 Dehydratase (DH) and DH-Like Domains

The PKS dehydratase domain (DH) catalyze reversible dehydration reactions on the f3-
hydroxyl-acyl intermediate bound to the ACP, resulting in an a,p-unsaturated acyl-ACP
intermediate in either the cisor trans configuration. The downstream reactions catalyzed by
ER, KS or TE will pull the equilibrium toward the direction of dehydration. Both the mFAS
and PKS DHs are hypothesized to have been evolved from a common type Il dehydratase
ancestor through gene duplication and fusion (Akey et al., 2010; Keatinge-Clay, 2008). Up
to date, X-ray structures of five DH domains from modular PKS have been reported,
including DEBS DH4 (Keatinge-Clay, 2008) and the four DHs from curacin A biosynthetic
pathway (Akey et al., 2010). As shown in the reported structures, the DH domains exist as a
dimer, with each monomer itself forms a pseudodimer of two “*hot-dog” folds, resulting in a
“double hot-dog” fold. Each “hot-dog” fold composes of a “sausage-like” long helix
wrapped around by a “bun” that consists of a curved B-sheet (Figure 10-A, sausages are in
red and yellow, buns are in blue and green). The ““catalytic dyad’’ active site in each
monomer is located at a tunnel formed between the A~ and C-terminal “hot-dog” folds,
comprising of a histidine from the first “hot-dog” fold, and an aspartate from the other
(Figure 10-A, both residues are shown as sticks). Dimerization may not be necessary for
catalysis as the complete active site is formed without participation from the other monomer,
which is supported by the functional mFAS DH monomers (Smith et al., 2003). In the
reported crystals, the substrate tunnel in DH is covered by a flexible region formed by less
ordered elements. Specific protein-protein interaction with ACP domains may be necessary
for opening of the cover and delivery of the substrate.

The dehydration proceeds through deprotonation of the a-carbon by the histidine and
abstraction of B-hydroxyl by the aspartic acid. The configuration of the double bond formed
is determined mainly by the chirality of the -hydroxyl group following ketoreduction by the
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KR domain in the same module. Products of A-type KRs are dehydrated to ¢/s- (or 2)
double-bond products and B-type products to frans- (or £) double-bonds. The critical
constraint that results in this specificity is that the substrate a-hydrogen and B-hydroxyl
groups need to be adjacent to the prepositioned histidine and aspartic acid, respectively,
while within the confines of the substrate tunnel. /n vitro biochemistry assays have shown
that all of the (£)-2-ene-acyl-ACP products in modular PKSs share a common syn
dehydration mechanism (Guo et al., 2010; Valenzano et al., 2010) (Figure 10-B).

In contrast to the highly similar structures for PKS and mFAS DH monomers, the
corresponding dimeric structures are notably different in the angle formed by the two
monomers. All reported PKS DH dimers have similar flat contour but the mFAS DH dimer
is V-shaped (Keatinge-Clay, 2008; Akey et al., 2010; Maier et al., 2008) (Figure 10-C and
10-D). The PKS DH dimer interface is formed by complementary contacts mainly between
the residues on the f strands of A-terminal hot-dog folds in each monomer. The interface
area accounts only for 4%—6% of the total monomer surface area, which is similar to that at
the mFAS DH dimer interface. The elongated DH dimer seems to be common in modular
PKSs because the hydrophobic residues involved in dimerization are conserved. Such
conformations in the PKS DH dimers may be a requirement in spatially assembling multiple
modules of PKSs, and suggests that the multi-domain architecture of the reducing portion of
modular PKSs (Top portion in 3D structure) should be different from that of the mFAS. (See
the discussion in ER section)

DH-like double hot-dog fold is also found in the reported structure of product template
domain (PT) (Figure 11-A) from a fungal iterative, nonreducing PKS (PksA) involved in
aflatoxin biosynthesis (Crawford et al., 2009). Phylogenetic analysis (Kroken et al., 2003)
suggests that iterative nonreducing PKSs are evolved from ancient reducing PKSs.
Combining this with the fact that the PksA PT was found to be dimeric both in the crystal
and in solution, and has a double “hot-dog” fold like the DH domain, it is reasonable to infer
that PTs are evolved from the DH and are located at the positions of DH domains in the
three dimensional structure (Figure 11-C). PTs catalyze regio-specific aldol cyclization of
the unreduced poly-p-ketoacyl:ACP intermediate synthesized by the iterative PKS. The PT
domain of PksA catalyzes stepwise first- and second-ring cyclizations to yield the ACP-
tethered bicyclic intermediate (Crawford et al., 2008). A deep pocket that can accommodate
the phosphopantetheinyl tethered intermediate chain is found in PksA PT crystal. The pocket
can be divided into three regions: a pPant-binding region close to the surface, a cyclization
chamber that can accommodate the bicyclic product core and a hexyl moiety binding site
sitting in the innermost part of the pocket that is specific for the hexanoyl starter unit (Figure
11-B). Notably, a ‘wet’ side of the cyclization chamber, which contains a network of
crystallographic water molecules and nearby hydrophilic residues, is proposed to keep C9 in
the substrate in the electrophilic keto tautomeric form for the intramolecular aldol
cyclizations (Crawford et al., 2009). The catalytic dyad, located at the surface of the
cyclization chamber, is also composed of a histidine and an aspartate from two different
“hot-dog” folds like in the DH domain. The catalytic histidine acts as base to deprotonate
the methylene and generates the nucleophile. The aspartate is involved in polarizing the
catalytic histidine, instead of helping removing a hydroxyl as in DH domain. PT domains of
different cyclization regioselectivity have been functionally characterized and can be
grouped phylogenetically (Li et al., 2010). It is expected that the active site geometry will
dictate the positioning of the unreduced polyketide chain with respect to the histidine
residue, which can then lead to different cyclization patterns.

3.5 Enoylreductase (ER)

The enoyl-acyl carrier protein reductases (ERS) catalyze the reduction of an enoyl-ACP to
an a, B-saturated acyl-ACP. Different from KRs, ERs use the 4-pro-R hydride instead of 4-
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pro-S hydride of NADPH for enoylreduction (Yin et al., 2001; Ames et al., 2012).
Compared to other type | PKS domains, ER has the least structural and functional
information. Very recently, structures of ER from both the modular (¢/s) and iterative (frans)
PKSs were reported, including SpnER2 (solved in the form of ER-KR didomain) from
spinosyn PKS module 2 (Zheng et al., 2012) and the frans-acting ER LovC involved in
lovastatin biosynthesis(Ames et al., 2012). SpnER2 reduces a tetraketide, while LovC
interacts with LovB (containing a null ER) and selectively reduces the tetra-, penta-, and
heptaketides intermediates (Kennedy et al., 1999; Ma et al., 2009). Like the ER domain in
mMFAS, PKS ERs also belong to Medium-chain dehydrogenases/reductases (MDR)
superfamily (Nordling et al., 2002), which typically comprise of two subdomains: a C-
terminal Rossmann-fold NADPH binding subdomain and a catalytic N-terminal substrate-
binding subdomain (Figure 12-A and Figure 12-C). The NADPH binding site is located in a
cleft between the two subdomains. In the LovC-crotonoyl-CoA complex, the four-carbon
crotonoyl group extends into a hydrophobic putative substrate-binding pocket that is
adjacent to the nicotinamide ring of the bound NADP*. In contrast to most enzymes in the
MDR family that form homodimers, both SpnER2 and LovC were shown to exist as
monomers. The monomeric form of LovC was rationalized by the presence of additional
loop (~10 residues) in the region between the catalytic and cofactor-binding domains.
Computer modeling shows that the extended loop prevents homodimer formation because of
significant steric clash with the modeled dimeric partner. This additional loop in LovC is
conserved among other frans-acting ERs that are found in fungal iterative type | PKSs. The
monomeric form of these ER may be required for interaction with the ACP partners in the
PKSs. Indeed, gel-filtration interaction study indicates that LovC forms a complex with the
LovB. A docking simulation using a homology model of LovB ACP and the solved structure
of LovC suggests that a positively charged surface patch adjacent to the active site of LovC
may be required for LovB-LovC interactions (Figure 12-D).

Our current understanding of enoylreduction process is that a hydride is transferred from
NADPH to the -carbon of the substrate, followed by protonation of the a-carbon by either a
general acid or solvent. Structural guided mutagenesis studies on both SpnER2 and LovC
show that a conserved lysine (K422 in SpnER2 and K54 in LovC) is critical for the enoyl
reduction activity. Compared to other positions, mutations to this lysine lowers the activity
more significantly, which agrees with the recent mutational study on the ER domain from
module 13 of rapamycin PKS (RAPS), which also concluded that no single residue alone
serves as oxyanion hole or Brgnsted acid (Kwan et al., 2010). Tyr241 in SpnER2, located at
the opposite side of the conserved lysine in the active site cleft, is proposed to protonate the
a-carbon following hydride addition to generate the S configuration on the product. /n vivo
mutagenesis shows that changing the corresponding tyrosine to valine in DEBS ER4
switches the product stereochemistry at the a-position from Sto R (Kwan et al., 2008).
Upon mutation of the tyrosine, the aforementioned lysine is proposed carry out an additional
function in protonating the a-carbon from the opposite side and generates the R
configuration.

Crystallization of Spn(ER-KR)2 also allowed investigation of the ER-KR interface in
modular type | PKS, which is larger than that observed for mFAS. ER-KR contacts are
mostly found between the nonconserved hydrophilic residues in the catalytic subdomain of
SpnKR2 and those in the substrate-binding subdomain of SpnER2. The linkers that connect
ER and two KR subdomains help mediate this interface. The C-terminal end of the insertion
loop is shorter than that in mFAS, leading to the observed differences in ER-KR orientation.
Divergent evolution of multimodular PKSs and mFASs based on the monomeric state of
SpnER?2 is proposed (Zheng et al., 2012). In the multimodular PKSs, the monomeric ER is
necessary to enable sufficient flexibility of the ACP domain in the same module to interact
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with both the intramodular domains and the downstream, dimeric catalytic domain (either
KS or TE) (Figure 12-B).

3.6 Thioesterase (TE)

Like in mFAS, thioesterase (TE) in PKS system is involved in the product release. PKS TEs
can break ACP thioester linkage by catalyzing cyclization or hydrolysis of the acyl
substrate. Two types of TEs with distinct structures are found in PKSs: a/f hydrolase-fold
TEs and “hot-dog” fold TEs. The o/ hydrolase-fold TEs can be cis-acting domains located
at end of the modular PKS assembly line or at the C-terminus of the iterative PKS (type I
TESs), or dissociated enzymes responsible for the hydrolytic release of stalled, aberrantly
loaded chains on PKSs (types Il TES). They facilitate covalent catalysis in which the acyl
chain is first transferred to the active site serine, generating an acyl-O-TE intermediate.
Inter- or intramolecular nucleophilic attack on the carbonyl of acyl-O-TE oxyester then
releases the product from these TEs (Figure 13-E). In contrast, “hot-dog” fold TEs feature a
five-stranded anti-parallel B-sheet wrapping around a long a-helix and several shorter
helices (Figure 14-A) and utilize a different catalytic mechanism to cleave the thioester
bond, in which no covalent enzyme-substrate intermediate is formed (Figure 14-C). To date,
numerous TE structures have been reported, including type | TEs from modular PKSs DEBS
(Tsai et al., 2001), pikromycin PKS (Akey et al., 2006; Tsai et al., 2002; Giraldes et al.,
2006), tautomycetin PKS (Scaglione et al., 2010) and curacin A PKS (Gehret et al., 2011);
from the iterative norsolorinic acid synthase (Korman et al., 2010); type Il TE from the
pathways of rifamycin (Claxton et al., 2009); “hot-dog” fold TEs from the biosynthetic
pathways of the enediynes calicheamicin (Kotaka et al., 2009) and dynemicin (Liew et al.,
2010).

Whereas TE from the mFAS (Chakravarty et al., 2004) is monomeric, all type | TEs from
modular PKSs have been crystalized as dimers. The active-site triad (Ser-His-Asp/Glu) and
most of the important secondary structure features of a/B-hydrolases are conserved among
the four available structures. The a/B-hydrolase core contains a central seven-stranded [3-
sheet connected by a-helices, with 2 antiparallel to the remaining strands. The
characteristic aD helix between 36 and B7 in the a/B-hydrolase family is replaced by a less-
conserved, subdomain that functions as a “lid”. The substrate binding region is formed
between the a/B hydrolase core and the lid subdomain (Figure 13-A and Figure 13-C).
Depending on orientation of the lid subdomain with respect to the core, TE can adopt either
a closed or open conformation with respect to bulk solvent. The DEBS, pikromycin and
tautomycetin TEs are partially closed and the dimer interface is formed through hydrophobic
interaction between helices in the lid subdomain. A long substrate channel is visible in the
structure and spans the entire width of the protein, with the active site triad located at the
center of the channel (Figure 13-B). The acyl substrate is delivered into the active site serine
from one end of the channel by the upstream ACP and is exported from the other end at the
completion of the reaction. The different residues that form the substrate channel in the four
TEs, mostly on the interior side of the lid subdomain, account for the highly variable
channel shape and the substrate specificities. In the macrolactone forming DEBS and
pikromycin TEs, the wide channel can accommodate the acyl chain in a cyclized
conformation, while in the hydrolytic tautomycetin TE, a narrower and more constricted
channel favoring a linear product is found. The size of the substrate channel can be affected
by pH and increases upon increasing pH in DEBS and pikromycin TEs (Tsai et al., 2002).
Curacin TE is an example of an open-conformation TE. This domain can catalyze multiple
reactions including the combination of hydrolysis, elimination of sulfate group and
decarboxylation to generate alkene products from B-sulfated acyl-ACP substrates (Gehret et
al., 2011).
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Type 1l TEs remove incorrect acyl chains from carrier domains. This is to ensure no stalling
of the PKS function occurs due to incorrectly loaded or tailoring moieties. Disruption of
type Il TE usually results in a significant decrease in product yield. Type Il TEs also show
the a/f hydrolase fold similar to that of type | TEs (Figure 13-C). In the reported crystal
structure of rifamycin TE, several forms with different conformations of the lid were
captured. The flexibility is caused by a “lid loop” that is 16 residues long. Movement of the
lid helices and the flexible lid loop affects the size and shape of the substrate chamber,
which allows the TE to bind a variety of different substrates. The interior surface of the
substrate chamber is hydrophilic, which explains the board substrate specificity towards
charged and uncharged substrates, short-or medium-chain length, or branched acy! thioesters
(Figure 13-D). The slightly positive charged surface surrounding the phosphopantetheine
entrance is involved in the protein-protein interactions with ACP.

Unlike typical hot-dog fold TEs that utilize acyl-CoA substrates (Dillon et al., 2004),
enediyne hot-dog fold TEs release polyketide products from the ACPs. Important residues
for ester bond activation and oxyanion intermediate stabilization in other hot-dog fold TEs
are missing in enediyne hot-dog fold TEs, which suggests a different catalytic mechanism.
Actually these enediyne TEs, including the characterized CalE7 and DynE7, form a new
TEBC subfamily (Liew et al., 2010) among the hot-dog fold TEs (Dillon et al., 2004). They
show as tetramers in solution and in reported crystal structures (Figure 14-A). Contacts
within the primary dimer create an L-shaped substrate binding channel, comprising of a
hydrophilic outer phosphopantetheinyl binding channel and a hydrophobic inner polyene
binding channel (Figure 14-B). Mutagenesis study (Kotaka et al., 2009) shows that the
presence of a highly conserved arginine residue in the central helix is essential to the
catalyzed decarboxylic hydrolysis and may function as an oxyanion hole (Figure 14-C).

Some C-terminal TE domains of nonreducing iterative PKSs from fungi catalyze the
regioselective Claisen condensation using thioester carbonyl as the electrophile and release
of the aromatic polyketide, and hence are also referred to as TE/CLC domain (Fujii et al.,
2001). In the absence of the TE/CLC domain, the polyketide intermediate can be released in
as a-pyrone shunt products by nucleophilic attack from an enolate oxygen (Crawford et al.,
2008; Fujii et al., 2001; Ma et al., 2008). The monomeric TE/CLC domain from the
norsolorinic acid PKS, PksA, shares similar a/B-hydrolase fold with the typical modular
PKS TEs (Korman et al., 2010). The substrate-binding region is similarly located between
the core and the lid, and contains hydrophobic residues for binding of the aromatic substrate.
A loop region in the lid is highly flexible, and is proposed to be the entrance to the binding
pocket (Figure 15-A). Once delivered, the polyketide acyl intermediate is transesterified
from the pPant arm of the ACP to the active site serine. After release of the freed ACP, the
lid can close and the diketo portion of the substrate can rotate into a conformation that
favors enolate formation and subsequent attack on the carbonyl of the oxyester (Figure 15-
B). Therefore, ACP-TE/CLC protein-protein interaction and reorganization of the TE/CLC
pocket are prerequisites for substrate delivery and product formation. In support to this
proposed interaction, NMR titration experiments have shown interaction between analogous
region of the NRPS TE domain and the peptidyl carrier protein partner (Koglin et al., 2008;
Frueh et al., 2008).

3.7 Acyl carrier proteins (ACPs)

Acyl carrier protein (ACP) is a small (~80-100 residues) non-catalytic domain that tethers
the growing polyketide and building block on the pPant arm. The posttranslational
modification that transforms apo ACP domains into its #o/o form is catalyzed by a
phosphopantetheinyl transferase (PPTase), such as sfp from Bacillus subtillis (Quadri et al.,
1998). Using the 20A pPant arm, the ACP delivers substrates to the different catalytic
domains during PKS catalysis. To facilitate the assortment of protein-protein interactions,
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ACP binds to the specific enzyme partners through different structural features on the small
protein. Therefore, obtaining the structures of ACPs and decoding the residues that are
responsible for the different (and orthogonal) interactions is the key in understanding PKS
function. This is especially important in type | PKSs, in which fine-tuned KS:ACP
interactions play key roles in conferring the unidirectional substrate transfer of modular
PKSs (Kapur et al., 2010; Kapur et al., 2012), and controlling the permutation of tailoring
domain functions in iterative PKSs. Due to the inherent flexibility of the ACP domains and
the adjacent linker regions, ACPs are typically absent in the crystallographic snapshots of
intact megasynthases. However, the solution structures of ACPs have been obtained via
solution-phase NMR spectroscopy. To date, several solution structures of ACPs have been
characterized, including: DEBS ACP2 (Alekseyev et al., 2007), Aofo and gpo DEBS ACP6
(Tran et al., 2010), calicheamicin ACP (Lim et al., 2011), curacin ACP, (Busche et al.,
2012), apo- (Crump et al., 1997), holo- (Evans et al., 2008), derivatized forms (Evans et al.,
2009; Haushalter et al., 2011) of actinorhodin ACP, frenolicin #o/o-ACP (Li et al., 2003),
oxytetracycline apo-ACP (Findlow et al., 2003) and norsolorinic PKS Ao/o-ACP (Wattana-
amorn et al., 2010).

Despite the overall low sequence similarity among ACPs from different PKSs, nearly all
ACPs exhibit a similar right-handed twisted bundle consisting of three a-helices (helix I,
helix 11 and helix V) connected by two loops. In some structures an additional short helix
(helix I11) is found in the second loop depends on its helix-loop equilibrium conformations
(Sharma et al., 2006; Cantu et al., 2012). The longer helix-I is positioned anti-parallel to
helix 11 and helix IV, while helix I and helix IV are arranged at a small angle relative to each
other (Figure 16-A). The overall helical bundle is stabilized via inter-helical hydrophobic
interactions. The well-conserved “DSL” motif containing the active serine is located at the
N-terminus of helix Il, which is identified as the universal protein-protein ‘recognition helix’
(Zhang et al., 2003; Weissman et al., 2006; Tsai et al., 2009). This recognition helix is
featured by a large number of negatively charged residues and is demonstrated by
mutagenesis studies to play a crucial role for ACPs to communicate with other catalytic
domains (Chen et al., 2006).

Type 1l PKS ACPs sequester bound acyl chains within an internal cavity (Zornetzer et al.,
2006; Upadhyay et al., 2009; Roujeinikova et al., 2002; Evans et al., 2009), which was
proposed to protect reactive intermediates from unintended intramolecular cyclization and
bulk solvent. Actinorhodin ACP (actACP) represents the first PKS component in which the
three dimensional structure is determined, and is the most thoroughly studied ACP. NMR
studies identified the possible interactions between the tethered substrate and ACP. The
holo-form of the ACP exhibits detectable conformational changes compared to the guo-
ACP, with helix 1l moving closer to helix Il. Leu43 on helix Il was reported to interact with
the pantothenate methyls on the pPant arm. This conformational change is used to account
for the dissociation of the ACP-PPTase complex (Evans et al., 2008), in which the ACP and
PPTase mainly interact along helix Il (Weissman et al., 2006). Structures of several short-
chain acyl actACPs were determined. Development of nonhydrolyzable thioether or
pantetheinamide analogues of the thioester acylACPs substrate is necessary for some
substrates because of spontaneous hydrolysis in water. High-resolution NMR structures
revealed dramatic conformational changes of actACP when nonpolar acyl chains including
butyryl, hexanoyl, and octanoyl are attached (Evans et al., 2009). Binding cavity within the
ACP is created by the movement of helix Il (Figure 16-B). Although the resulting cleft
formed between helix 11 and helix 111 is sufficiently deep, the acyl chains still occupy only
the front portion to keep the thioester part availability for other enzymes. Another study
probed the interaction between act ACP and the tethered substrate (Haushalter et al., 2011),
using chemoenzymatically synthesized emodic-act ACP (Haushalter et al., 2008; La Clair et
al., 2004; Worthington et al., 2006a). The emodyl moiety was used to mimic the late-stage
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polyaromatic intermediates in the actinorhodin pathway. Although the 3D structure of
emodic-act ACP was not solved, comparison of NMR signals between Ao/o- and emodic-act
ACP allowed identification of interacting residues, which are also located near the acyl
binding cavity between helix Il and helix I11.

In contrast to type Il PKS ACPs, ACPs from type | PKSs are unable to sequester the
hydrophobic chains in an acyl binding cavity (Wattana-amorn et al., 2010; Lim et al., 2011,
Busche et al., 2012). Usually no conformation changes of type | PKS ACP are observed
when acylated with polyketide chains. The type | PKS ACPs contain relatively fewer
negative charges on the “recognition helix” compared to the freestanding type 11 PKS ACPs.
Only very weak interactions between the relatively more hydrophobic surface and the
polyketide chain have been observed in a few cases (Lim et al., 2011). The lack of substrate
binding in type | PKS ACP is consistent with similar observation with the type | rat FAS
ACP (Ploskon et al., 2008). The absence of a protective role in type | PKS ACP has been
attributed to these ACPs are less exposed to solvent due to crowding from adjacent domains;
as well as the expected higher efficiency of substrate delivery in type | PKSs.

4. Protein-Protein interactions involving ACP

During each cycle for polyketide extension, the ACP is involved in all of the catalytic steps,
including extender-unit loading by AT, chain elongation and translocation by the KS,
reductive modifications by KR, DH, ER and/or other domains. For the multidomain type |
PKSs, the mobility and flexibility of the ACP domain facilitates the shuttling of substrates to
and between all the different active sites. The binding of ACP with other functional domains
are either modulated by the recognition of the acyl substrates or a specific region on the
ACP or both. However, these dynamic domain-domain interactions have to be weak and
transient to ensure efficient product synthesis. Studying the determinants for efficient
transport or delivery of carrier protein-tethered substrates is essential for understanding the
complex catalytic process on PKSs.

Because of its transient nature, detailed insights into ACP based interactions are less likely
to come from single crystallographic snapshot of intact multidomain enzymes. Currently,
several approaches are involved to study the ACP-centered protein-protein interactions,
including computer simulation of docking models based on reported structures, mutagenesis
followed by biochemical assays and solution-phase NMR spectroscopy to probe the
dynamic behaviors. ACP centered protein-protein interaction in type | modular PKSs are
focused in the following discussion.

4.1. KS-ACP interactions

In type | modular PKS, KS shows broad polyketide substrate specificity (Khosla et al.,
1999b) and KS-ACP protein-protein interactions play an important role in both catalytic
steps involving KS. The chain elongation step involves intramodular KS-ACP interactions
(KSh-ACPy) in which the KS catalyzes the decarboxylative condensation and transfers the
extended polyketide product to the ACP within the same module. The chain translocation
step involves intermodular KS-ACP interactions (ACP,.1-KSp,), in which the KS is acylated
with the polyketide intermediate from the ACP of the previous module prior to the
elongation step. The polyketide chain transfer in type | modular PKS is unidirectional: from
the upstream ACP,,_1 to KS, during the chain translocation and then to ACP}, during the
chain elongation. Specific ACP,-KS,, interactions prevent the back transfer of elongated
polyketide between the pair. This duel substrate specificity of the KS in the two separate
catalytic events is clearly supported by in vitro assays using dissected minimal PKS domains
from the DEBS PKS (Gokhale et al., 1999; Tsuji et al., 2001; Wu et al., 2002; Chen et al.,
2006).
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Recent mechanistic investigations discovered that the docking sites on ACP for intermodular
chain translocation and intramodular chain elongation are located at separate regions in the
ACP domain. Loop | of the ACP domain is involved in the KS,-ACP}, recognition during
the chain elongation step (Kapur et al., 2010), while the first ten residues of helix I are
responsible for controlling the ACP,,.1-KS,, interactions during the chain translocation step
(Kapur et al., 2012) (Figure 17). The orthogonal recognition regions were identified from
separate kinetic assays that measure the rate of elongation (Chen et al., 2006) or back-
transfer reaction (Wu et al., 2001) using dissected DEBS KS-AT didomain and a large series
of chimeric DEBS ACPs created from swapping secondary structural elements between
ACPs.

In a molecular docking model that models protein-protein interaction during chain
elongation, homology structure of ACP5 is docked into a deep cleft defined by KS5, KS5-
ATS5 linker and AT5S from the same polypeptide strand (Kapur et al., 2010). Interestingly, no
significant contact is found between ACP5 and KS5 domain from the other subunit. Two
regions of KS5-AT5 linker were identified to interact electrostatically with residues 44 and
45 in loop | of ACP5. Mutation of these two ACP residues led to 90% reduction in chain
elongation activity.

The molecular basis for intermodular chain transfer were explained by another docking
study using the homology structure of DEBS ACP4 and the crystal structure of KS5-AT5
(Kapur et al., 2012). ACP4 was found to dock in the same cleft that ACP5 docks, but the
position and orientation of the ACPs are very different. The position of ACP4 in the docking
model is consistent with the NMR structure of the dimeric complex formed between DEBS2
C-terminal (downstream to ACP4) and DEBS3 N-terminal linker domains (Broadhurst et al.,
2003). The ACP4 interacts with KS5-AT5 linker mainly by electrostatic interaction between
E23 on ACP4 helix | and R551 on KS5-ATS5 linker. This proposed interaction site between
ACP, 1 and KSy, is supported by the NMR titration experiments using labeled ACP2 and
unlabeled KS3-AT3, in which IH-1°N HSQC signals for some residues in helix |
disappeared in the presence of the KS3-AT3 didomain (Charkoudian et al., 2011).

This dual mode of binding by two ACPs on the same KS to achieve unidirectional chain
transfer can be extended to other type | modular PKS systems because these motifs
discussed above are highly conserved as revealed by the primary sequence alignments
(Kapur et al., 2010). In iterative PKSs, the main difference is that the ACP can dock to both
elongation and transfer sites. Indeed, constructing of a mutant DEBS ACP that contains both
ACP,.1 and ACP,, recognition features reprogrammed the non-iterative DEBS module 3 to
catalyze two successive rounds of chain elongation (Kapur et al., 2012).

4.2. AT-ACP interactions

The AT domains in PKSs not only need to select the correct extender unit acyl CoA, but
must also recognize the cognate ACP in the acyl transfer reaction. For example, the
interaction between type Il FAS ApMCAT and HpACP is moderate with a binding affinity
of Kp=4.31 x107> M (Zhang et al., 2007). Biochemical analysis also indicated that ATs
from modular PKSs show moderate preference (10-20:1) toward their cognate ACPs
compared to noncogate ACPs (Wong et al., 2010). Deletion of KS-AT linker or post-AT
linker results in lower AT activity and ACP specificity, which suggests that these linkers
play important roles in catalysis and ACP recognition (Wong et al., 2010).

Molecular docking studies using DEBS ACP3-AT3 (Wong et al., 2010) and dynemicin PKS
ACP-AT (Liew et al., 2012) showed that the ACP is docked in the cleft between KS-AT
linker and the a/B hydrolases-like core (larger subdomain of AT), and is from the side
accessible to the AT active site. In the dynemicin ACP-AT complex, the fully extended
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pPant arm points toward the AT active site, and the ACP-AT interface is mainly formed
through electrostatic interactions in two regions: the first is between a region close to the
DSL motif on ACP and the entrance of the substrate tunnel on the AT larger subdomain; the
second is between loops I, 11 of ACP and the KS-AT linker. Salt bridges formed between the
two domains contribute to a majority of the contacts. Some of salt- bridge forming residues
(Arg, Asp and Glu) are conserved among AT and ACP sequences. The importance of these
sites was confirmed by alanine-scanning mutagenesis using the frans-acting disorazole
ACP1. The AT showed 50% decreased transacylation activity towards disorazole ACP1
when Asp45 is mutated into an alanine (Wong et al., 2011).

4.3. KR-ACP Interactions

Detailed biochemical studies using standalone KRs from DEBS modules 1, 2 and 6 have
shown that KRs are highly specific toward the -ketoacyl substrates and portions of the
pPant arm, but are more tolerant toward the ACP carrier (Chen et al., 2007; Siskos et al.,
2005). The molecular docking model of DEBS-KR1 and its cognate diketide acyl-ACP was
built up in a stepwise fashion: first an 4p0-ACP/KR complex is generated from the crystal
structure of DEBS-KR1 and a homology model of 4p0-ACP1 based on solution structure of
DEBS ACP2; then the pPant arm is attached to the ACP1; finally the 25-methyl-3-
oxopentanoy! substrate is appended to the pPant arm (Anand et al., 2012). In the final
docking model, the acyl unit and the pPant arm were immaobilized in the shallow cavity of
KR1 through hydrophilic and hydrophobic interactions. An arginine and phenylalanine on
KR1 interact with the aspartate and leucine, respectively, in the conserved “DSL” moiety of
ACP1. In another docking model, a homology model of amphotericin ACP2 was generated
from solution structure of DEBS ACP2 and was docked onto the A-type KR2 (Zheng et al.,
2010). The active site of ACP is found facing the KR catalytic groove in an orientation that
favors formation of the L-B-hydroxyl product. Protein-protein interactions are found in two
regions: between the ACP2 helix Il and the KR4 catalytic groove; and between the ACP2
loop Il and the KR lid helix. A pair of hydrophobic interaction is found between the valine
immediately following the catalytic serine in ACP2 and a conserved leucine at the C-
terminal end of a4 in the KR structural subdomain. A salt bridge is also found in this model
between a conserved ACP2 helix 11 arginine and an aspartate at the C-terminal end of a4.
Similar docking model between ACP and KR is observed using the B-type tylosin KR1. In
this model, the pPant-bound substrate enters from the opposite side of the active site groove
to result in opposite stereospecific reduction.

4.4. DH-ACP interactions

The crystal structure of DEBS DH4 revealed several conserved hydrophobic residues that
can interact with the cognate ACP4. Comparing to type Il FAS DH, the ACP docking region
on DEBS-DH4 is only slightly positive charged (Keatinge-Clay, 2008; Anand et al., 2012).
As shown in FAS DH-ACP complex (Kimber et al., 2004; Zhang et al., 2001), a highly
conserved phenylalanine and arginine pair near the DH active site entrance can interact with
the leucine and aspartate residues, respectively, in the conserved “DSL” motif of ACP. This
key role of the arginine was confirmed by the mutagenesis study, in which mutation of this
residue to aspartic acid in DH4 significantly decreased the catalytic efficiency of DEBS PKS
(Keatinge-Clay, 2008). The acyl-ACP4/DH complex, which was built stepwise from the
apo-ACP/DH complex, also confirmed role of Phe-Arg pair in ACP docking, and showed
details of substrate binding. The entire pentaketide acyl substrate and a portion of the pPant
arm enter the deep cavity of the DH domain (Anand et al., 2012).

4.5. TE-ACP Interactions

A type | TE usually shows broad specificities towards the acyl substrates (Sharma et al.,
2007; Weissman et al., 1998; Aggarwal et al., 1995), while interacts with ACP domains
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weakly. In DEBS, ACP6 in the last module is jointed to the TE domains through a linker of
eleven residues. The interactions between ACP6 and TE were studied using /n vitro
biochemical assays and solution NMR (Tran et al., 2008; Tran et al., 2010). The covalent
linkage between the ACP6 and DEBSTE has been shown to be highly important for efficient
catalysis, as separating the two domains into standalone proteins significantly reduced the
activity of the TE domain (Tran et al., 2008). This result hinted that protein-protein
interactions between the two domains may be minimal. This was further supported by
titration of TE into an ACP6 solution in a solution NMR study. Similar results were also
observed in a titration experiment using the calicheamicin ACP and TE domains. Therefore,
for most TE domains, only the acyl substrate and part of the pPant arm is required for TE
recognition, while the identity of the ACP substrate is not critical (Tran et al., 2010; Lim et
al., 2011). This has been widely used in construction of hybrid and nonnatural type | PKS
assembly lines, in which the TE domain can be placed after different ACP domains to
facilitate product release or cyclization (Bedford et al., 1996). In addition, the TE has been
shown to catalyze hydrolysis or cyclization reaction using acyl substrates attached as N-
acetylcysteamine thioesters (Wang et al., 2009). Iterative type | PKS TEs have also been
found to be broadly specific towards acyl substrates, while not requiring an ACP partner for
catalysis. This is demonstrated in using the Gibberella zeae PKS13TE domain (Zhou et al.,
2008) as a biocatalytic tool in the release of dihydromonacolin L from the iterative PKS
LovB (Ma et al., 2009).

4.6. Halogenase-ACP Interactions

In the modular PKS CurA involved in the biosynthesis of curacin A, a set of three ACPs
(ACP-ACP|-ACPy,) are found in tandem. The three ACPs are highly identical in sequence
and function synergistically with each other (Busche et al., 2012; Busche et al., 2009). This
module also contains a nonheme Fe2*/a-ketoglutarate-dependent halogenase domain, of
which the crystal structure was reported previously (Khare et al., 2010). The ACP-
halogenase interaction in CurA is specific, as the y-chlorination only occurs when the acyl
substrate is loaded on cognate ACP,. The protein-protein interactions between ACP, and the
halogenase domain was investigated using solution NMR spectroscopy (Busche et al.,
2012). Similar to all type I modular ACPs, ACP, adopts the four-helix fold and the 3-
hydroxyl-3-methyl-glutaryl substrate is only weakly bound to the surface of ACP,. The
interactions between ACP, and the halogenase is also weak, as titration of the halogenase
into ACP, solution did not result in any notable chemical shift perturbations in the NMR
signals. Mutagenesis study of the non-conserved, solvent exposed residues on ACP led to
the identification of several residues that have the strongest impact on chlorination
efficiency, which included an asparagine and an isoleucine on helix 11 and an alanine on
helix 111. These residues form a surface patch surrounding the ACP; pPant arm attachment
site, thereby providing specific contacts for halogenase-ACP, recognition (Busche et al.,
2012).

Summary and perspective

Recent development on X-ray crystallography, electron microscopic analysis and NMR
techniques has promoted significant advancement in our understanding of the structural and
mechanism basis of multidomain PKSs. Almost all the modular PKS catalytic domains, both
as standalone domains and as multi-domain fragments have solved three-dimensional
structures, which have provided detailed information on the mechanism of catalysis and
possible interactions with neighboring domains. However, the detailed information
regarding many domain-domain interactions are still unknown. Crystallization of a complete
module of modular PKS, or an intact iterative type | PKS will be extremely informative
towards complete understanding of these nanomachines and is the next grand challenge in
this field. To date, most studies of protein-protein interaction involving ACPs are still based
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on molecular docking between reported crystal structures or homology structures. Because
of the dynamic nature of such protein-protein interactions during polyketide biosynthesis, it
is difficult for X-ray crystallography to capture the weak or transient interactions. Recently,
researchers are pursuing a strategy to install mechanism-based crosslinkers onto the pPant
arm of the ACP and covalently capture these proteins in action (Meier et al., 2010;
Worthington et al., 2010; Worthington et al., 2006b; Kapur et al., 2008). Using similar
linkers, X-ray structure that captured the TE-PCP (peptidyl carrier protein) interactions in
the related nonribosomal peptide synthetase was recently reported (Liu et al., 2011). The
PCP-TE didomain from E. colienterobactin synthetase was captured in the crystal structure
where the PCP domain forms extensive hydrophobic interactions with the TE domain. The
substrate bound pPant moiety fits in a channel leading to the TE catalytic triad, which
provides detailed insight into how the pPant arm of Ao/o carrier protein interacts with its
partner enzyme to stabilize domain/domain interactions. Such tools will also be highly
useful for the PKS system. In parallel, development of new NMR techniques, such as
paramagnetic relaxation enhancement (Wang et al., 2012), for investigating transient
processes will also be highly beneficial.
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Structural overview of mammalian FAS. (A) Comparison of the linear organizations of
mMFAS and type | PKSs. (B) The crystal structure of mFAS with a resolution of 3.2 A. PDB
code: 2VZ9 (C) Cartoon representation of the mFAS organization with predicted ACP-TE
domains. 215x157mm (300 x 300 DPI).
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Schematic configurations adopted by mFAS to position catalytic domains into the proximity
of ACP domain for domain-domain interactions. (A) A full 1800 swiveling of lower body
relative to the upper body permits the ACP to crosstalk with KS-AT domains from both
subunits. (B) a 250 rotation of the lower body against the upper body leads to the two states
of the reaction chambers-open and closed. 215x157mm (300 x 300 DPI).

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2014 March 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Xu et al.

B

Page 36

His_ _N N._His His _N N.__His
W7 QL
A;’ﬁl.)r)R > ACP&% >
s / - N
I H H—N\ ,H‘ H—N\
Cys u Cys’ N

His N._His
|

N
W&

o o (o]
ACP-S'u\)LR < ACP-S’ R

Figure7.

Selected PKS KS structures. (A) KS-AT dimer from DEBS module 5. Orange: dimeric N-
terminal coiled-coil peptide; Blue: KS domain; Yellow: KS-AT linker; Green: AT domain;
Red: post AT linker. PDB code: 2HG4. (B) Mechanism of KS catalyzed chain elongation.
(C) KS-CLF heterodimer. Blue: KS domain; Green: CLF domain; Orange: grasping loop;
The reactive cysteine, Cys169, and a gating residue that regulates chain length, Phel16', are
shown in sticks to the ~17-A polyketide tunnel. PDB code: 1TQY. 215x164mm (300 x 300
DPI).
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Figure 8.
Selected AT structures and typical catalytic mechanism. (A) Structure of ATDYN10 from

dynemicin pathway. KS-AT linker (gray), a/f hydrolases-like core (Blue) and ferrodoxin-
like smaller subdomain (Red). The catalytic His-Ser dyad is shown as sticks. PDB code:
4AMP. (B) Residues and region important to substrate binding or selection in DEBS AT5:
catalytic dyad are shown as spheres; the arginine stabilizes the substrate 3-carboxylate group
is shown as sticks; important region that defines the substrate specificity are labeled in
magentas. PDB code: 2HGA4. (C) catalytic mechanism of AT. 215x188mm (300 x 300 DPI).
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Selected KR structures and typical catalytic mechanism. (A) DEBS KR1 with cofactor
binding, catalytic triads are shown as sticks. Blue: structural subdomain; Green: catalytic
subdomain; Orange: “LDD” moiety shown as sticks. Magenta: Lid helix and loop. PDB
code: 2FRO. (B) Different paths of entrance result in the different product stereochemistries
in A and B type KRs. The presence of orange DLL loop in B-type KR will prevent substrate
from entering behind the magenta lid. (C) Mechanism of KR catalyzed reduction. (D)
Substrate-tuned stereoselectivity in Hom8KR. 215x176mm (300 x 300 DPI).
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Figure 10.
Selected DH structures and typical catalytic mechanism. (A) Double hot-dog structure in

DEBS DH4. The catalytic histidine and aspartate (shown as sticks) are provided from two
different monomers. PDB code:3EL6. (B) A typical catalytic mechanism of DH domain. (C)
An extended DH dimer conformation exemplified by DEBS DH4. PDB code:3ELG6. (D) “V”
shaped DH dimer in mFAS. PDB code: 2VZ9. 215x127mm (300 x 300 DPI).
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Figure 11.
The crystal structure of the PT domain from PksA. (A) Ribbon representation of the PT

dimer showing the double hot dog (DHD) fold. PDB code: 3HRR. (B) Surface
representation of the PT monomer substrate pocket. The product analogue HC8 is co-
crystallized and is shown as sticks (C) Predicted domain organization of PksA. 215x147mm
(300 x 300 DPI).
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The crystal structures of the ER domains. (A) structure of Spn(KR+ER)2 didomain with
cofactor (as spheres) binding. PDB code: 3SLK. (B) Proposed schematic of a module in a
multimodular PKS. (C) Structure of LovC. Brown: substrate binding subdomain; palegreen:
catalytic subdomain. PDB code: 3B70. (D) surface charge on LovC and predicted docking
region with LovB ACP. Bound NADP is shown in sticks. 215x143mm (300 x 300 DPI).
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Figure 13.

Selected structures of a/p-hydrolases TE domains in PKS system. Lid region are shown in
red and catalytic residues are shown in magentas. (A) structure of pikromycin TE (type I).
PDB code: 1IMNQ. (B) surface representation of pikromycin TE dimer. (C) structure of
Rifamycin TE (Type I1). PDB code: 3FLA. (D) a surface representation of rifamycin TE. (E)
Catalytic mechanism of a/B-hydrolases TE (Hydrolysis vs. macrocyclization). 215x190mm
(300 x 300 DPI).
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Figure 14.

Selected structures of hot-dog fold TE domains in PKS system. (A) hot-dog fold dynemicin
TE DynE7 tetramer structures (“sausages” are in red). PDB code: 2XEM. (B) Surface
representation of DynE7 tetramer and the L-shaped substrate binding channel in orange box.
(C) Mechanism of decarboxylative hydrolysis in hot-dog fold TEs. 215x152mm (300 x 300
DPI).
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A

Figure 15.

Structure and mechanism of TE/CLC domain. (A) Surface representation of closed PksA
TE. Red: lid region; Magentas: catalytic residues. PDB code: 3ILS. (B) Mechanism of TE
catalyzed Claisen condensation. 215x163mm (300 x 300 DPI).
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Figure 16.

Selected structures of PKS ACPs. (A) Ribbon representation and electrostatic potential
surface of selected ACPs. PDB codes: act ACP: 2K0X; oct ACP: 1NQ4; PksA ACP: 2KR5;
CalE8 ACP: 2L9F. (B) Type Il ACP sequesters the hydrophobic polyketide chains.
Comparison of different forms of act ACP. PDB codes: apo: 2K0Y; holo: 2K0X; butyryl:
2KG9; octanoyl: 2KGC. 215x180mm (300 x 300 DPI).
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Figure 17.

Structure features of DEBS ACP2. PDB code: 2JU2. (A) Ribbon structure of DEBS ACP2,
helix I in blue, helix Il in red, helix IV in orange, loops in gray. (B) Regions in DEBS ACP2
that involved in ACP-KS/AT interactions. Docking interface for chain translocation is
shown in blue; Docking interface for chain elongation is shown in Orange and key residues
at position 44, 45 are shown in red; The rest of the protein is shown in gray. 215x103mm
(300 x 300 DPI).
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