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SUMMARY
The dehydratases (DHs) of modular polyketide synthases (PKSs) catalyze dehydrations that occur
frequently in the biosynthesis of complex polyketides, yet little is known about them structurally
or mechanistically. Here, the structure of a DH domain, isolated from the fourth module of the
erythromycin PKS, is presented at 1.85 Å resolution. As with the DH of the highly related
animalian fatty acid synthase (FAS), the DH monomer possesses a double hotdog fold. Two
symmetry mates within the crystal lattice make a contact that likely represents the DH
dimerization interface within an intact PKS. Conserved hydrophobic residues on the DH surface
indicate potential interfaces with two other PKS domains, the ketoreductase (KR) and the acyl
carrier protein (ACP). Mutation of an invariant arginine at the hypothesized ACP docking site in
the context of the erythromycin PKS resulted in decreased production of the erythromycin
precursor 6-deoxyerythronolide B. The structure elucidates how the α-hydrogen and β-hydroxyl
group of a polyketide substrate interact with the catalytic histidine and aspartic acid in the DH
active site prior to dehydration.
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INTRODUCTION
Polyketides are a diverse class of secondary metabolites, most of which possess biological
activity and many of which have become important human pharmaceuticals. Complex
polyketides, such as the antibiotic erythromycin, the immunosuppressant rapamycin, and the
anticancer agent epothilone, are assembled by modular polyketide synthases (PKSs)1–4.
Each module within these megasynthases adds a ketide unit to the growing polyketide chain.
Thus, the six modules of the well-studied erythromycin PKS cooperate in the assembly line
synthesis of the erythromycin aglycone, 6-deoxyerythronolide B (6-dEB)(Figure 1A).
Modules are composed of several enzymes: an acyltransferase (AT) that selects the organic
building blocks that are condensed with the growing polyketide chain, a ketosynthase (KS)
that controls the condensation event, a ketoreductase (KR) that reduces the β-carbonyl
formed by the condensation, a dehydratase (DH) that creates a double bond through an
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elimination reaction, and an enoylreductase (ER) that reduces this double bond to yield a
methylene group (KR, DH, and ER are referred to as β-carbon processing enzymes).
Modules also contain an acyl carrier protein (ACP) that uses an ~18 Å phosphopantetheinyl
arm to covalently shuttle the growing polyketide between the enzymes.

Recent structural advances on PKSs and fatty acid synthases (FASs) have enabled
intermediate- and high-resolution descriptions of components of these highly related
megasynthases (both FASs and PKSs can be classified as type I and type II depending on
whether component enzymes are fused within large polypeptides or contained within
separate polypeptides, respectively; type I is implied when not explicitly stated)4. The 3.1 Å
Saccharomyces cerevisiae FAS structure shows that the fungal FAS has a different overall
architecture than PKSs and animalian FASs and will not be further discussed5. The 4.5 Å
resolution structure of the porcine FAS reveals its head-to-head homodimeric architecture
and the relative locations of its domains, except for ACP and thioesterase (TE)6. The atomic
resolution details of the KS+AT didomain, KR, and ACP have been obtained from
fragments of PKS modules7–11; TEs from PKSs and the human FAS have also been
characterized12,13. High-resolution structures are necessary to determine the details of
megasynthase architecture and the catalytic mechanisms of constituent enzymes.

The atomic details of DH, the central domain of animalian FASs and most PKS modules, are
highly anticipated, as even the boundaries of animalian FAS DHs and PKS DHs have not
yet been determined. What is known about DH comes from recent structural and mutagenic
studies on the animalian FAS: DH possesses a double hotdog fold; DH makes homodimeric
contact across the twofold axis of the synthase; DH contacts KR and possibly ER; and the
segment connecting the KS+AT didomain to DH is flexible6,14.

The dehydration mechanism of animalian FAS DHs and PKS DHs is hypothesized to be
similar to that of type II FAS dehydratases, such as FabA and FabZ; however, the reactions
performed by PKS DHs are more mysterious15,16. In contrast to animalian FAS DHs, PKS
DHs often operate on acyl chains with methyl, ethyl, or methoxy α-substituents. How PKS
DHs accommodate these groups is unclear. PKS DHs can also catalyze the formation of cis-
double bonds, which indicates that the dehydrating PKS DH needs to accommodate a
product with a very different geometry than the more common trans- product17,18.

Here, the structure of DH from the fourth module of the erythromycin PKS (EryDH4; this
nomenclature describes a fragment by its PKS and module) is presented at 1.85 Å
resolution. Dimers of the EryDH4 domain are apparently formed within the crystal, although
the observed conformation is ~60° straighter than the DH dimer of the porcine FAS
structure. The monomers possess a double hotdog fold, in which the catalytic histidine is
supplied from one of the halves and the catalytic aspartic acid is supplied from the other.
The N-termini are located near the twofold axis and reveal the location of the short,
unconserved linkers that connect the KS+AT and DH domains. The DH structure does not
show any obvious surfaces that interface with KS or ER; however, surfaces comprised of
conserved hydrophobic residues indicate potential interfaces with KR and ACP.
Mutagenesis of an invariant arginine at the hypothesized ACP docking site in the context of
the erythromycin PKS resulted in reduced polyketide production. The dehydration reactions
that yield the common trans- double bond and the rare cis- double bond are discussed. A
comparison of the PKS DH domain and the animalian FAS DH domain is also presented.
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RESULTS
DH Fragment Characterization

The KS+AT and KR structures were used to predict the boundaries for DH7–10. H2362 was
chosen as the N-terminus as it immediately follows the KS+AT didomain, and G2653 was
chosen as the C-terminus as it immediately precedes the KR domain. The purified DH
fragment migrates at ~50 kDa in gel filtration studies, between the expected monomer and
dimer molecular weights (33 kDa and 66 kDa)(Supplementary Figure 1).

The natural substrate of EryDH4 is (2R,3R,4R,6R,7S,8S,9R)-3,7,9-trihydroxy-5-
oxo-2,4,6,8-tetramethylundecanoate holo-EryACP4 thioester(Figure 1A). As this substrate is
difficult to obtain, a simplified substrate, (2R,3R)-3-hydroxy-2-methylpentanoate N-
acetylcysteamine thioester, was used to assay EryDH4 for activity (an equivalent substrate
lacking the α-methyl substituent is dehydrated, albeit slowly, by the rat FAS DH)(Figure
1B)14. No dehydrated product was observed by LC/MS analysis.

Overall Structure
The EryDH4 monomer possesses a double hotdog fold(Figure 2). This fold is a variation of
the hotdog fold, which derives its name from its resemblance of a bun holding a sausage (a
curved β-sheet surrounding an α-helix). Many type II dehydratases, such as FabA and FabZ,
possess a hotdog fold and dimerize to resemble a double hotdog – a large bun holding two
sausages15,16. When an enzyme constructed from a single polypeptide folds in this manner it
is said to possess a double hotdog fold, as first observed in thioesterase II from Escherichia
coli19. Although EryDH4 has a double hotdog fold, structurally it is more similar to a type II
dehydratase dimer than a thioesterase II monomer.

The putative dimer interface observed between EryDH4 monomers in the crystal lattice
buries a surface area of 1040 Å2 per monomer (9% of the monomer surface) and is formed
by residues in the first half of the double hotdog: η1, a β-hairpin turn between β1 and β2,
residues on the exteriors of the hotdog buns, and residues surrounding η3(Figure 3). The
equivalent surface is observed to form the dimerization interface of the porcine FAS DH
dimer; however, the angle between the EryDH4 monomers is ~60° greater (the angle is
defined as the intersection of the lines connecting the midpoint of β1 and the C-terminal end
of α3 in each monomer)(Figure 3A, 3F)6. Several small residues in η1 make hydrophobic
interactions across the twofold axis(Figure 3B). These contacts are enabled through a turn
made by the nearly invariant glycine, G6 (numbering is based on the first observable
residue; to obtain correct numbering add 2,363). Situated at the β-hairpin turn between β1
and β2, P22 is positioned to fill a cavity in the opposite monomer formed by R92, H109, and
W122(Figure 3C). Also present at the interface are two chloride ions.

The pseudosymmetric halves of the DH monomer are connected by a 25-residue loop
similar to those observed in double hotdog enzymes thioesterase II and 2-enoyl-CoA
hydratase 219,20. A “WPP” motif (W144, P145, and P146) in the middle of the loop makes a
tight interaction with the body of the enzyme(Figure 3D). W144 stacks with R243, hydrogen
bonds with E188, and makes hydrophobic interactions with W179, Y186, E188, R243, and
V245; P145 and P156 make hydrophobic interactions with W179 and W186, respectively.
Regions from both halves assemble to form a structured element (distinct from the double
hotdog fold) that helps create the active site. The first half contributes β3, containing the
catalytic histidine, H44, while the second half contributes α2 and β8. These elements
combine with α3 to build the active site around the second half of the double hotdog(Figure
3E).
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The DH domain is recognizable in PKS sequences by its signature HXXXGXXXXP motif
near its N-terminal boundary, in which the catalytic histidine is invariant and both the
glycine and proline are nearly invariant(Figure 2D)21. The structure reveals that the glycine
helps makes a turn to enable the histidine and proline to make contact. The catalytic
histidine, H44, is oriented both through van der Waals contact with P53 and through a
hydrogen bond to the backbone carbonyl of L51(Figure 4A). The catalytic aspartic acid,
D206, is positioned through a hydrogen bond with the sidechain NH2 of Q210. While
glutamic acid serves as the general acid in type II dehydratases, this role is always assumed
by an aspartic acid in type I PKS DHs. The supporting glutamine, Q210 (usually substituted
by a histidine residue), is in turn anchored through a hydrogen bond to a nearly invariant
tyrosine, Y158. The second tyrosine of the GYXYGPXF motif, Y168, is positioned
immediately adjacent to the catalytic histidine and aspartic acid. L225, P226, and an
unobservable loop (P220-G223) also surround the active site. Water Wat1 is bound by the
S55 NH and the D206 side chain and may be in a special location: it is hypothesized in
FabA to be where the water removed from the acyl chain remains bound to the enzyme15.

Polyketide Substrate Modeled in the Active Site
As a mimic of polyketide substrates dehydrated by DHs, (2R,3R)-2-methyl-3-
hydroxypentanoate N-acetylcysteamine thioester was modeled into the active site using the
program Coot (the stereochemistries at the α- and β-positions are representative of
substrates that are dehydrated to yield a trans- double bond)(Figure 1B, 4B, 4C)22,10,23,24.
The α-hydrogen was positioned adjacent to the His44 Nε2, and the β-hydroxyl group was
positioned adjacent to the D206 carboxylic acid, as close as possible to the location of Wat1
in the structure. The thioester carbonyl was also positioned to hydrogen bond to the
backbone NH of G54. Thus, the orientation of the modeled substrate is similar to the
covalently-trapped substrate in the FabA:3-decynoyl-N-acetylcysteamine complex15.

DH Interfaces and Connections
The porcine FAS structure reveals that DH is centrally located within the synthase and may
contact the KS+AT didomain, KR, and ER(Figure 5A)6. The interaction between DH and
KR appears to be one of the largest. To obtain a more detailed model of the potential PKS
DH/KR interface, a PKS DH (the EryDH4 monomer) and a PKS KR (EryKR1; PDB Code:
2FR0) were superposed onto the equivalent domains within the porcine FAS structure using
Coot(Figure 5B).

To better detail the interactions a PKS DH makes with both the KR domain and the KS+AT
didomain within a module, a sequence alignment was assembled of the N- and C-terminal
ends of PKS DHs(Supplementary Figure 2). To identify PKS DH residues that may interact
with ER, a sequence alignment was assembled comparing DHs from modules containing an
ER with DHs from modules not containing an ER(Supplementary Figure 3).

Within a PKS, DH interacts with ACP during the presentation of the polyketide substrate to
the DH active site. Two surface residues, F227 and R275, are nearly invariant across all
PKS DH types and are located near the active site entrance in analogous positions to
residues in type II dehydratases hypothesized to contact acyl carrier proteins(Figure 3E)16.
In the structure of the type II FAS acyl carrier protein synthase : acyl carrier protein
complex, two of the most important contacts are made between a phenylalanine and an
arginine on the surface of the acyl carrier protein synthase with a leucine and aspartate in the
acyl carrier protein “DSL” motif25. Positively charged patches near active sites of type II
FAS enzymes have been correlated with acyl carrier protein docking sites26. The surface
near the EryDH4 active site is slightly positively charged, while the remainder of the
EryDH4 dimer is negatively charged (the average isoelectric point of PKS DHs is 4.8).
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Mutational Analysis of the Putative ACP-Docking Site
The importance of the nearly invariant R275 was examined by site-directed mutagenesis in
the context of the erythromycin PKS. R275 was mutated to an aspartate, and the engineered
erythromycin PKS was expressed in E. coli K207-3, a strain that carries the inducible genes
for the surfactin phosphopantetheinyl transferase and enzymes that synthesize
methylmalonyl-CoA from propionate supplied to the media27. 6-dEB was produced by the
mutated PKS at reduced titer (~15%) compared to the native PKS. No hydrated 6-dEB
analog was detected by LC/MS analysis(Figure 6, Supplemental Figure 4).

Comparing DHs
Sequence alignments were constructed of PKS DHs comparing DHs that dehydrate
substrates containing various α-substituents, DHs that are hypothesized to form a cis-double
bond, and DHs that are apparently nonfunctional(Supplementary Figure 5, 6). Significant
differences in active site residues are only observed in the nonfunctional DHs. Each of the
nonfunctional DHs possesses significant alterations to one or more of the HXXXGXXXXP,
GYXYGPXF, LPFXW, and DXXX(Q/H) motifs.

To determine what differences exist between animalian FAS DHs and PKS DHs, sequences
from representative domains were compared (Supplementary Figure 7). A satisfactory
alignment could not be made between these DHs. Instead, they were aligned separately and
then compared. The regions between the N-terminal boundary and the DXXX(Q/H) motif
are similar; however, the FAS DH C-terminal boundary is difficult to identify. Based on the
anticipated C-terminal boundary of DH (from a size comparison with the PKS DH) and the
most likely location of the N-terminal boundary of the KR structural subdomain (β1), there
are ~150 unassigned residues between DH and the KR structural subdomain in mammalian
FASs.

DISCUSSION
Structure

In contrast to homodimeric type II dehydratases, which have two equivalent active sites,
type I DHs only possess one active site per double hotdog. As type I enzymes are
hypothesized to have evolved from type II enzymes, type I DHs may have arisen from an
ancestral gene duplication of a type II dehydratase with one of the active sites subsequently
being lost, a recurring theme in PKS enzymes (i.e. ketosynthase and chain length factor in
type II PKSs; the catalytic and structural subdomains of KR)9,28. The DH dimerization
interface is formed exclusively by the first half of the double hotdog fold, while the active
site is formed by both halves. Dimerization may not be necessary for catalysis as DHs in
FAS monomers are functional29.

The EryDH4 dimer observed in the crystal lattice is ~60° straighter than the porcine FAS
DH dimer(Figure 3A, 3F, 5A)6. Given their evolutionary relationship, it is unlikely that PKS
and animalian FAS β-carbon processing enzymes make fundamentally different interactions
across the twofold axis of these synthases3. The PKS DH dimer may bend similar to the
animalian FAS DH dimer when all β-carbon processing enzymes are present within a
module. If the modeled PKS DH/KR interface is accurate, the straight DH dimer
conformation would prevent ER dimerization. Thus, the DH dimer may be capable of a
hinge motion, and the bent conformation may be stabilized through dimerization of ER. The
DH dimer in PKS modules containing only DH and KR may not be as conformationally
restricted.
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While it is challenging to compare animalian FAS DHs with PKS DHs, it does appear that
mammalian FASs possess an additional ~150 residue region between DH and the KR
structural subdomain. Intriguingly, this region is predicted by the program Phyre to be
primarily α-helical and contains two invariant cysteines30. Insect FASs apparently do not
share this region and may be more similar to PKSs, although it is difficult to identify β1 of
the KR structural subdomain within these FASs.

Domain Interactions
The N-termini of the observed EryDH4 dimer help reveal how DHs connect to the KS+AT
didomain(Figure 5, Supplementary Figure 2). They are adjacent to the dimer interface, and a
mere four residues in EryMod4 connect them to the KS+AT didomain (i.e. the post-AT
segment). These residues are unconserved and often include prolines, possibly indicating
they are unstructured. In the porcine FAS structure this connection (the “waist”) was
observed to be flexible and may provide degrees of freedom for the β-carbon processing
enzymes and ACP relative to the KS+AT didomain so ACP can access the active sites of the
synthase6. The C-termini of the Ery(KS+AT)5 dimer are separated by ~15 Å7, while the N-
termini in the EryDH4 dimer are separated by ~10 Å. If the C-termini of the KS+AT
didomain and the N-termini of the DH dimer are located approximately where they are
located in the crystal structures, the connection between the KS+AT didomain and the β-
carbon processing enzymes may resemble a “loose swing” more than a “swivel.” It remains
to be determined how restricted the β-carbon processing enzymes are relative to the KS+AT
didomain; however, the orientation of the KS+AT didomain relative to the DH dimer in the
porcine FAS structure is similar to the orientation obtained by modeling the C-termini of the
PKS KS+AT didomain adjacent to the N-termini of the PKS DH dimer.

Nearly all modules that contain DH also contain KR. The animalian FAS DH/KR interaction
has been observed at 4.5 Å resolution in the porcine FAS and is likely to be similar in PKSs
(Figure 5B)6. KRs from modules containing DHs possess several conserved residues that
may contribute to the PKS DH/KR interface9. A conserved αB histidine and a conserved
αG aspartate (KR nomenclature9) may be well-positioned on the KR surface to contact the
10–15 residue segment connecting DH to KR. The KR lid also possesses several conserved
residues that may contact DH. The DH surface expected to contact KR based on the porcine
FAS structure is concave and exposes hydrophobic residues such as I152 and L214. The ~15
residues spanning from R275 to β1 of KR may be structured in the presence of KR and also
contribute to the PKS DH/KR interface. The EryDH4 dimer does not reveal any obvious
surfaces that might interface with ER. A sequence comparison of DHs from modules
containing ER with DHs from modules not containing ER also does not reveal any
conserved residues that may participate in an ER interaction(Supplementary Figure 3).

A few surface residues are conserved between DHs from all types of modules and are
clustered in the analogous location to residues in type II dehydratases hypothesized to
interact with acyl carrier protein(Supplementary Figure 5)26,16. In particular, a highly
conserved phenylalanine (F227) is located near the active site entrance adjacent to several
smaller, semi-conserved hydrophobic residues(Figure 3E). A nearly invariant arginine
(R275) is also adjacent to the active site and may form a salt-bridge with the conserved
aspartate of the ACP “DSL” motif. Interestingly, the phenylalanine and arginine are not
conserved in nonfunctional DHs, which suggests that ACP does not dock on
them(Supplementary Figure 6).

Mutagenesis
That the isolated EryDH4 domain did not dehydrate (2R,3R)-3-hydroxy-2-methylpentanoate
N-acetylcysteamine thioester at millimolar concentrations raised the question whether
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EryDH4 isolated from the erythromycin PKS is functional. As DH from monomeric FAS
and the truncated FAS construct KS+AT+DH were shown to be functional, it is anticipated
that isolated EryDH4 display some level of activity. Perhaps the isolated EryDH4 domain
does not bind (2R,3R)-3-hydroxy-2-methylpentanoate N-acetylcysteamine thioester with
sufficient affinity for the dehydration reaction to proceed(Figure 1B). A large component of
the binding energy of the natural substrate, (2R,3R,4R,6R,7S,8S,9R)-3,7,9-trihydroxy-5-
oxo-2,4,6,8-tetramethylundecanoate holo-EryACP4 thioester, may come from EryACP4.
Indeed, in the related FAS, ACP-bound acyl chains proved better substrates for the FAS DH
than the corresponding pantetheinyl-bound acyl chains14. If EryACP4 docks to EryDH4
through conserved surfaces residues such as F227 and R275, then mutating these residues
could compromise the dehydration reaction. The “R275D” erythromycin PKS produced
significantly less 6-dEB than the unmutated erythromycin PKS(Figure 6, Supplementary
Figure 4). Thus, R275 may help build the EryACP4 docking site. Other residues that might
be involved in ACP-docking, such as F227, should also be assayed.

Dehydration Mechanism
The catalytic residues of PKS DHs are similar to those of related dehydratases. The type II
FAS dehydratase FabZ is hypothesized to catalyze dehydration via the catalytic histidine
abstracting the α-proton and the catalytic glutamic acid donating a proton to the β-hydroxyl
group16. Hydrogen and water are anticipated to leave from Cα and Cβ, respectively (from
the same side of the bound acyl chain), as electrons from the Cα-H bond migrate to form the
Cα-Cβ trans- double bond. H44 and D206 likely catalyze a similar reaction in EryDH4 by
directly interacting with the α-hydrogen and β-hydroxyl group, to form a trans- double bond
in the polyketide intermediate(Figure 1, 4C). The stereochemistries of the α-proton and β-
hydroxyl group that are normally removed from the polyketide intermediate are equivalent
to the analogous intermediate in fatty acid biosynthesis(Figure 4E)23.

When the polyketide substrate has entered the active site so that the α-hydrogen is adjacent
to the H44 Nε2, the β-hydroxyl group may be able to eject Wat1 from its position at the N-
terminal end of α1, but due to geometric constraints it cannot occupy the former position of
Wat1(Figure 4B). The positive dipole of α1 may attract the oxygen of the β-hydroxyl group
and polarize the Cβ-O bond. This may help the β-hydroxyl group to leave the polyketide
during the formation of the double bond.

The highly conserved leucine L225 is well-positioned in the active site to clamp the
substrate through hydrophobic interactions during catalysis(Figure 4B). This residue may
contact the α-substituent to some extent - when the native polyketide substrate contains an
α-ethyl substituent, it is sometimes replaced by a methionine(Supplementary Figure 5). The
nearly invariant P226 is also positioned to make hydrophobic interactions with the
polyketide substrate. The second tyrosine of the GYXYGPXF motif, Y168, is rarely
substituted by phenylalanine, indicating that the tyrosine hydroxyl group is serving a
function. In the structure, it is bound by a water molecule that is also coordinated by the
catalytic aspartic acid, D206(Figure 4A). Perhaps this interaction helps order the active site
in the absence of a polyketide substrate.

Where the equilibrium lies between hydrated and dehydrated polyketide intermediates is
unclear; however, hydrated fatty acid intermediates have been demonstrated to be
thermodynamically favored over dehydrated fatty acid intermediates31,32. Dehydration is the
final β-carbon processing event in many modules before the polyketide is accepted by the
downstream KS or TE. Thus, ER is not required by PKSs to pull the reaction forward, as is
apparently the case in FASs. In fact, when EryER4 was knocked out through site-directed
mutagenesis in the erythromycin PKS, it was the dehydrated intermediate from EryMod4
that transferred to EryKS533. Perhaps the rate of transesterification to the active site of a
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downstream KS or TE can be correlated with the hydrophobicity of the polyketide
intermediate proximal to the thioester bond. Thus, the equilibrium may be towards the
hydrated polyketide, analogous to fatty acid synthesis, and a downstream KS or TE may pull
the dehydrated polyketide forward.

PKS DHs, unlike FAS DHs, often dehydrate acyl chains possessing methyl, ethyl, or
methoxy α-substituents. These polyketide intermediates are reduced by B1-type KRs and,
less frequently, by A1-type KRs10. In both cases, the α-substituent of the resulting
intermediate possesses “R” stereochemistry; if the α-substituent possessed “S”
stereochemistry, the α-hydrogen would be inaccessible to the catalytic histidine (quotes are
placed around R and S, as the convention used to label chiral centers in polyketides can
deviate from the RS system: when discussing chirality at the α-position, the α-substituent is
given the lowest priority after the hydrogen: when discussing chirality at the β-position, the
γ-position is given the lowest priority after the hydrogen)(Figure 4B). The active site
residues of DHs that dehydrate α-substituent-containing substrates are not significantly
different from DHs that dehydrate substrates without α-substituents(Supplementary Figure
5). Thus, α-substituents may not need to be recognized by DHs.

Cis- Dehydration
The stereochemistry of the β-hydroxyl group of a polyketide substrate may be the primary
determinant for whether a cis- or a trans- double bond will form34. When an A-type KR
accompanies DH, a polyketide containing a β-hydroxyl group possessing “S”
stereochemistry is presented to DH. For the “S” hydroxyl group to be bound by D206, the
chain must rotate ~120° about the Cα-Cβ bond relative to the more common substrate
orientation(Figure 4). Due to the chain configuration, an elimination reaction would then
result in the formation of a cis- double bond. Adequate space for this conformation of the
substrate, as well as the cis-dehydrated product, needs to exist within DHs that catalyze cis-
dehydration.

Few PKS DHs hypothesized to catalyze the formation of a cis- double bond have been
sequenced (PhoDH1, PhoDH2, and RifDH10 are the best examples)17,18. The polyketide
vacidin A contains two adjacent cis- double bonds; however, the sequence of its PKS has
not been published35. Candicidin may possess analogous adjacent cis- double bonds (the
modules that would create these double bonds contain A-type KRs)36,37. A comparison of
these “cis-” DHs to “trans-” DHs does not reveal any obvious differences in the active sites
(Supplemental Figure 5).

Some PKS DHs may be epimerases (e.g. AscDH2, AscDH4, MyxDH2, RapDH3, RapDH6,
RifDH6, and RifDH7). These DHs could use the conserved catalytic histidine to abstract the
α-proton of an α-substituted, β-keto intermediate to form an enol that can tautomerize to the
epimerized polyketide, similar to the mechanism proposed for epimerizing KRs10. Six out of
seven of these DHs have a mutation to the leucine or proline of the LPFXW motif at the
active site (the exception is AscDH4, in which the catalytic aspartic acid is replaced by a
valine)(Supplementary Figure 5).

Polyketide Structure Prediction and Engineering
Predicting the structure of a polyketide based on the sequence of its PKS has traditionally
been complicated by a lack of knowledge of DHs. Differences in DH activity can now be
related through the EryDH4 structure to differences in DH sequences detected in sequence
alignments. To predict whether a DH is nonfunctional, the catalytic motifs that build the
active site should be analyzed for alterations (made apparent by a sequence alignment with
functional DHs as in Supplementary Figure 6). To predict if a DH might epimerize, the
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LPFXW motif should be examined for mutations. To predict rare cis-double bond
formation, the KR with which the DH cooperates should be checked for the absence of the
“LDD” motif34,38,10.

One of the most direct ways of engineering new polyketides is through knocking out the
function of enzymes within a PKS33,39. The only reported success in knocking out a DH
while retaining a functional PKS was accomplished in PikDH2 by mutating the catalytic
histidine to a phenylalanine40. The equivalent mutation was attempted within EryDH4 in the
context of the erythromycin PKS; however, no polyketide was produced41. This has been
attributed to the specificity of EryKS5 for its natural substrate. In general, the substrate
specificities of KSs are quite broad and knocking out DHs within a PKS is a promising
strategy to generate libraries of novel polyketides.

MATERIALS AND METHODS
Cloning, Expression, and Purification

The DNA encoding the DH fragment was cloned from a synthetic version of eryAII (Kosan
Biosciences) using primers 5′-GCAGATATACATATGCACCGCCCAGCAGAT
GTTAGC-3′ and 5′-GTGGTGCTCGAGTCACCCGCGCGGTTCCGGTTGTTC-3′42. The
DNA was digested with NdeI and XhoI and ligated into pET28b (Novagen). E. coli
BL21(DE3) was transformed with this plasmid and grown in LB at 37°C until A600=0.4 at
which time protein expression was induced with 1 mM IPTG and the temperature was
decreased to 15°C. After 16 h the cells were collected and resuspended in lysis buffer (30
mM Tris pH 7.4, 500 mM NaCl) and sonicated. The lysate was collected and poured
through a column filled with Ni-NTA resin (Qiagen). After washing the resin twice with 15
mM imidazole in lysis buffer, the DH fragment was eluted with 150 mM imidazole in lysis
buffer. The protein was concentrated and injected onto a Superdex 200 gel filtration column
equilibrated with 10 mM Tris pH 7.4, 150 mM NaCl. The protein (yield >20 mg/L media,
purity >99% by SDS-PAGE/Coomassie) was collected and concentrated to 10 mg/mL.

Gel Filtration
A Superdex 200 gel filtration column was equilibrated with 10 mM Tris pH 7.4, 150 mM
NaCl and injected with 0.2 mL samples. The DH fragment was compared to known
standards (Gel Filtration Standard; Biorad Laboratories). Dextran blue 2000 and tyrosine
were used to determine Vo and Vt, respectively. Kav = (Ve−Vo)/(Vt−Vo), where Ve is the
volume at which the protein elutes.

Assay for EryDH4 Activity
Milligram quantities of (2R,3R)-3-hydroxy-2-methylpentanoate N-acetylcysteamine
thioester were produced as described previously through a preparative scale synthesis using
(2RS)-3-oxo-2-methylpentanoate N-acetylcysteamine thioester, NADPH, and TylKR110.
(2R,3R)-3-hydroxy-2-methylpentanoate N-acetylcysteamine thioester (0.1, 1, or 10 mM)
was incubated with EryDH4 (1, 10, or 100 μM) in 10 mM Tris (pH 6.5 or 7.5), NaCl (10,
100, or 200 mM) at either 21 or 37°C for one day. The reactions were extracted with ethyl
acetate, and the dried extract was analyzed by LC/MS using a C18 reverse phase column
with a 0–30% acetonitrile/water (0.1% TFA) gradient.

Crystallization and Structure Determination
Crystals were obtained in one week by hanging drop vapor diffusion at 21°C with a 2.15 M
ammonium sulfate, 100 mM sodium cacodylate pH 6.4 crystallization condition using 2 μL
protein : 1 μL crystallization condition. The concentration of ammonium sulfate was high
enough that no cryoprotectant was required.
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Data were collected at the Advanced Light Source Beamline 8.3.1 and reduced with
HKL200043. Every protein with a hotdog or double hotdog fold in the RCSB Database was
used as a molecular replacement search model using Phaser; however, no solution was
obtained44. Thus, crystals were soaked for 1 minute in 2.15 M ammonium sulfate, 1 M
sodium bromide, 100 mM sodium cacodylate prior to collecting data at the bromine K
edge45. The program PHENIX located 9 bromine sites and automatically built ~90% of the
protein model46. The final model was constructed using a native dataset through several
rounds of refinement using Coot and CNS(Table 1)24,47.

The twofold axis of the apparent DH dimer is equivalent to the twofold axis of the
spacegroup (P43212). Three regions of the constructed DH fragment were unobservable in
the electron density maps: 1) the N-terminal histidine tag and H2362-A2365, (2) the C-
terminal residues S2641-G2653, and 3) the loop P2582-G2585.

Sequence Alignments
Most PKS sequences were obtained from the PKSDB database48. Sequence alignments were
assembled with the program ClustalX using default parameters49.

Engineering the “R275D” Erythromycin PKS Mutant
The SacI-NotI fragment from KOS207-4 (a plasmid containing a synthetic version of
DEBS2 obtained from Kosan Biosciences) was ligated into pUC18. QuickChange was
performed using primers 5′-GTTGATTCTCTTGTGGTCGACTCAACTGGTG
AGAAATG-3′ and 5′-
CATTTCTCACCAGTTGAGTCGACCACAAGAGAATCAAC-3′50. The NdeI-EcoRI
fragment encoding DEBS2 from KOS207-4 was ligated into pUC18. The SacI-NotI
fragment from the site-directed mutagenesis was ligated into this plasmid, which was also
digested with SacI and NotI. Finally, the NdeI-EcoRI fragment was ligated with the NdeI-
EcoRI backbone of KOS207-4.

Erythomycin PKS Assay
K207-3 cells transformed with plasmids encoding natural versions of DEBS1 and DEBS3
were transformed with plasmids encoding either DEBS2 (KOS207-4) or engineered
“R275D” DEBS2 (plasmids were obtained from Kosan Biosciences)50. These cells were
grown in 500 mL M9 minimal media (4 g/L glucose, 6 g/L Na2HPO4, 3 g/L KH2PO4, 1 g/L
NH4Cl, 0.5 g/L NaCl, 1 mM MgSO4, 0.1 mM CaCl2) containing 20 mg/L kanamycin, 10
mg/L tetracycline, 20 mg/L streptomycin, and 1 mM β-alanine at 37 °C until A600= 0.4
when 50 mM glutamate, 50 mM succinate, and 5 mM propionate (pH 7.0) and 1 mM IPTG
were supplied to the media and the temperature was reduced to 21 °C. Cells were spun down
after 2 days. The supernatant was acidified to pH 1.5 with sulfuric acid, and polyketides
were extracted with ethyl acetate, dried with MgSO4, and concentrated. The extract was
resuspended in 50% ACN (0.1% TFA) and analyzed via LC/MS using a C18 reverse phase
column with a 0–100% acetonitrile/water (0.1% TFA) gradient. Side-by-side (unmutated
and mutated PKS) assays were repeated in triplicate; representative traces are displayed in
Figure 6.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ACP acyl carrier protein

AT acyltransferase

CoA coenzyme A

DH dehydratase

ER enoylreductase

FAS fatty acid synthase

KR ketoreductase

KS ketosynthase

PKS polyketide synthase

TE thioesterase

Amp Amphotericin

Asc Ascomycin

Ave Avermectin

Can Candicidin

Con Concanamycin

Epo Epothilone

Ery Erythromycin

Mer Meridamycin

Myx Myxalamide

Nid Niddamycin

Nys Nystatin

Pim Pimaricin

Plm Phoslactomycin

Rap Rapamycin

Rif Rifamycin

Sor Soraphen

Spi Spinosad

Tyl Tylosin
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Figure 1.
The Erythromycin PKS DH. A) Three polypeptides, DEBS1-3, contain the six modules of
the erythromycin PKS, which synthesize 6-deoxyerythronolide B (6-dEB) from one
molecule of propionyl-CoA and six molecules of (2S)-methylmalonyl-CoA in assembly line
fashion. The dehydratase, EryDH4, catalyzes the only dehydration reaction in the synthesis
to yield an intermediate containing a trans- double bond. B) Isolated from DEBS2, EryDH4
did not dehydrate the synthetic substrate mimic, (2R,3R)-2-methyl-3-hydroxypentanoate N-
acetylcysteamine thioester.
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Figure 2.
DH Structure. A) The EryDH4 dimer (one monomer is colored green for clarity) observed in
the crystal lattice, showing the location the dimer interface along the twofold axis. The
catalytic histidine of one monomer is represented in sticks. B) Schematic of the DH double
hotdog fold (α-helices are the sausages and the β-sheet is the bun). Together, α2, β3, and β8
comprise a structural element that harbors the catalytic histidine. C) Stereodiagram of an
EryDH4 monomer indicating elements of secondary structure. The protein is colored from
N-terminus to C-terminus (blue to red). The catalytic histidine is represented in sticks. D)
Important DH residues. Hallmark DH motifs, such as HXXXGXXXXP, are underlined in
red. The catalytic histidine and aspartic acid are marked by red asterisks. Supporting active
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site residues are marked by red circles. Regions supporting dimerization are underlined in
blue. An unobserved loop is underlined in gray. The “WPP” motif and interacting residues
are marked by green rectangles. Residues hypothesized to contact ACP are marked by
purple triangles. Residues indicated by “TT” help form β-turns.
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Figure 3.
DH Features. A) Stereodiagram of the observed EryDH4 dimer. The N-termini are located
adjacent to the dimer interface. The active site is marked with an asterisk. Regions
highlighted in subsequent panels are indicated by boxes. B) The dimer interface near the N-
termini is mediated by η1 through hydrophobic contacts across the twofold axis. G6 is
nearly invariant. C) A cavity at the dimer interface is filled by P22′. D) The “WPP” motif
helps guide the 25-residue loop between β7 and α2 that connects the halves of the double
hotdog. E) The last observable DH residue, R275, is invariant and may help form an ACP
docking site, along with the highly conserved surface residue F227. A loop adjacent to the
active site (P220-G223) is invisible in the electron density maps. F) The DH dimer
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configuration observed in the porcine FAS structure is bent ~60° relative to the observed
EryDH4 dimer.
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Figure 4.
The DH Reaction. A) Stereodiagram of the 1.85 Å resolution 2Fo−Fc electron density map
at the active site (contoured at 1.4 σ). The catalytic histidine, H44, and the catalytic aspartic
acid, D206, are oriented by the L51 backbone carbonyl and the Q210 side chain,
respectively. B) A diketide substrate mimic is modeled in the active site so that its α-
hydrogen and β-hydroxyl groups are adjacent to H44 and D206, respectively. The β-
hydroxyl group may partially replace Wat1 and be attracted towards the backbone NH of
S55. C) Putative mechanism for the most common elimination, which yields a trans- double
bond. In cis-dehydration (e.g. RifDH10) the β-hydroxyl group may remain in the same
position; however, the R1 acyl chain and the β-hydrogen would be swapped.
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Figure 5.
Domain Interfaces. A) Stereodiagram of the porcine FAS structure (obtained by Ban and
coworkers by fitting the observed 4.5 Å resolution electron density map with solved type II
enzymes)6. The structure indicates DH may contact KS, KR, and ER, and that DH
monomers make contact across the twofold axis. B) PKS DH and KR domains (EryDH4 and
EryKR1) were superposed on the equivalent porcine FAS domains to yield a more detailed
model of the DH/KR interface. When ER is present, it inserts into the “ER loop” and makes
contact across the twofold axis. The C-terminus of the DH fragment is ~10 Å from the N-
terminus of the KR fragment. ACP is connected to the C-terminus of KR and would need to
move to present polyketide intermediates to both active sites, which are separated by ~30 Å.
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Figure 6.
Decreased 6-dEB Production by “R275D” Erythromycin PKS. LC/MS traces of media
extracts from E. coli K207-3 expressing either the erythromycin PKS or the erythromycin
PKS containing a point mutation at the hypothesized EryDH4 ACP-docking site.
Polyketides are detected via ion count mode. Peaks representing 6-dEB (marked by
asterisks) yield the anticipated 6-dEB fragmentation pattern (Supplementary Figure 4).
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Table 1

Crystallographic Data and Refinement Statistics. Statistics in parentheses refer to the highest resolution shell
(1.85–1.92 Å).

Native Bromide Derivative

Data collection

Wavelength (Å) 1.1159 0.9200

Space group P43212 P43212

Cell dimensions

 a, b, c (Å) 67.0, 67.0, 186.2 67.5, 67.5, 186.3

Resolution (Å) 50–1.85 50–2.60

Rmerge 0.076 (0.659) 0.131(0.459)

I/σ(I) 42.5 (2.5) 31.8 (4.7)

Completeness (%) 100 (100) 99.9 (99.9)

Redundancy 14.0 (14.2) 10.8 (9.9)

Refinement

Resolution (Å) 50–1.85

No. reflections 37,089

Rwork/Rfree 0.197/0.227

No. atoms

 Protein 1,990

 Water 247

 Chloride 1

B-factors (Å2)

 Protein 31

 Water 42

 Chloride 30

R.m.s. deviations

 Bond lengths (Å) 0.019

 Bond angles (°) 1.8
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