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Abstract

Metabolic engineering of polyketide synthase (PKS) pathways represents a promising approach to
natural products discovery. The dehydratase (DH) domains of PKSs, which generate an a,p-
unsaturated bond through a dehydration reaction, have been poorly studied compared to other
domains, likely due to the simple nature of the chemical reaction they catalyze and lack of a
convenient assay to measure substrate turnover. Herein we report the first steady-state kinetic
analysis of a PKS DH domain employing LC-MS/MS analysis for product quantitation. PikDH2
was selected as a model DH domain. Its substrate specificity and mechanism was interrogated
with a systematic series of synthetic triketide substrates containing a nonhydrolyzable thioether
linkage as well as by site-directed mutagenesis, evaluation of the pH dependence of catalytic
efficiency (Vmax/Km), and through kinetic characterization of a mechanism-based inhibitor. These
studies revealed PikDH2 converts d-alcohol substrates to trans-olefin products. The reaction was
reversible with equilibrium constants ranging from 1.2-2. Moreover, the enzyme activity was
robust and PikDH2 was used on a preparative scale for the chemoenzymatic synthesis of
unsaturated triketide products. PikDH2 was shown to possess remarkably strict substrate
specificity and was unable to turnover substrates epimeric at the 3, v or 8-positions. We also
demonstrated PikDH2 has a key ionizable group with a pK, of 7.0 and can be irreversibly
inactivated through covalent modification by a mechanism-based inhibitor, which provides a
foundation for future structural studies to elucidate substrate—protein interactions.

Polyketides derived from modular type | polyketide synthases (PKSs) have drawn enormous
attention and interest from chemists for decades due to their intricate structures,
stereochemical complexity and diverse pharmacological activities. Sharing the same
evolutionary history with fatty acid synthases (FASs),1 modular type | PKSs employ similar
assembly-line molecular machinery wherein the chain intermediates remain covalently
attached to acyl carrier protein (ACP) domains during biosynthesis. Unlike FASs, the
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presence of the three processing domains in PKSs: ketoreductase (KR), dehydratase (DH)
and enoylreductase (ER), are varied in each module, leading to a fully reduced, partially
reduced or unreduced segment on the polyketide chain. Owing to its assembly-line attribute
and varying combination of processing domains, PKSs have been exploited through
combinatorial biosynthesis and metabolic engineering to provide large libraries of
polyketide analogs.?

Many polyketides such as the archetypical macrolide antibiotic pikromycin, the antifungal
polyene amphotericin B, the linear polyketide discodermolide, and the mixed nonribosomal
peptide-polyketide curacin, contain one or more double bonds that serve as conformational
constraints and are essential for biological activity (Figure 1).3 The double bonds are formed
by DH domains through abstraction of the a-proton and concomitant protonation of the -
hydroxyl group of the nascent B-hydroxyacyl-ACP polyketide intermediate, resulting in loss
of one water molecule. As observed in FAS DHs, the characteristic double hotdog fold is
also found in PKS DHs to form the active site with two catalytic residues, aspartic acid and
histidine.* The olefin geometry of DH products cannot be predicted through a signature
fingerprint as in the KRs® since the active site residues appear quite similar in both cis- and
trans-olefin generating DHs.4d:6 Initial evidence suggested the geometry of a double bond
was exclusively dependent on the stereochemistry of the DH substrate, provided by the
upstream KR module wherein A-type KR products (I-alcohols) lead to cis-double bonds
while trans-olefins arise from B-type KR products (d-alcohols); although exceptions have
recently been observed.*¢:8 Post-PKS tailoring enzymes such as enoyl reductases or
isomerases can further obscure the original olefin geometry.4€:8.9

Steady-state kinetic analysis using simple diffusible N-acetylcysteamine (NAC) thioester
precursors, successfully employed to interrogate the substrate specificity of other PKS
domains and modules, 10 has thus far been ineffective for studying isolated DH domains.
This is likely due to the extremely low activity of the excised DH domains, which
necessitates overnight incubations to generate sufficient product for detection. Moreover, the
simple nature and ready reversibility of the dehydration reaction cannot be easily monitored
by conventional radio-TLC or spectrophotometric assays. Cane and co-workers have also
shown, at least in one example, that a NAC thioester substrate was not properly delivered to
a DH active site resulting in reversal of diastere-ospecificity.¢ This result highlights the
potential importance of the ACP for chaperoning the polyketide intermediate for proper
recognition and processing by DHs. Despite these aforementioned challenges, significant
progress has been made in PKS functional characterization using NAC and ACP-bound
substrates, which has provided useful insight into the substrate specificity and compelling
evidence that (E)-unsaturated polyketide intermediates involve a stereospecific syn-
elimination.#€:8.11 To further advance our understanding of DH domains, we report herein
the first detailed steady-state kinetic characterization of an individual DH domain through
monitoring reaction progress by liquid chromatography-tandem mass spectrometry (LC-MS/
MS). The substrate specificity was studied with a systematic series of synthetic triketide
analogs to probe the impact of both vicinal and distal stereochemistry and through
mutagenesis of active-site residues. The ability to monitor reaction progress also permitted
the study of pH dependence on catalytic activity and kinetic characterization of a
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mechanism-based irreversible inhibitor designed to facilitate co-crystallization and
elucidation of substrate-protein interactions.

The pikromycin biosynthetic pathway is one of the most well-explored type | PKSs and has
served as a model system for fundamental investigations of PKS catalysis.10d-f.12 \we
selected the DH domain from pikromycin PKS module 2 (PikDH2) for our studies since it is
responsible for the trans-olefin in pikromycin (Figure 1) and Cane et al. revealed that the
cryptic p-hydroxy stereochemistry of the triketide substrate possesses the d-
configuration.19%13 We predicted a larger, multi-domain portion of the PKS would create a
more native context for in vitro analysis.13 The region of pikAl encoding the PikKR2-DH?2
didomain comprising residues 3579-4365 was cloned into a pMCSG7 expression vector and
the resulting protein was overexpressed and purified using standard methods (Supporting
Information). Substrate mimics 1a and 2a for PikDH2 are based on its natural substrate
(Figure 2).13 While maintaining the same stereochemistry on the triketide moiety, they
possess two major modifications compared to the natural substrate including replacement of
the ACP-phosphopantetheinyl arm with N-acetylcysteamine (NAC) and insertion of one or
two methylene spacers between the carbonyl and sulfur atom to avoid undesired,
intramolecular lactonization while not significantly perturbing the pK, of the a-protons.14
These two modifications were tolerated by PikKR2, instilling confidence the downstream
DH would accept these substrates.13 Overnight incubation of substrates 1a and 2a with
PikKR2-DH2 didomain in relatively large scale generated the corresponding enzymatic
products 3 and 4, respectively, in slightly more than 50 isolated yield (Scheme S4). The
structures of 3 and 4 were unambiguously confirmed by NMR spectroscopy and exhibited
diagnostic 13C chemical shifts at 150 and 130 ppm and a 3J coupling of 16 Hz for the
vinyl protons. These results are consistent with the empirical rule that d-alcohols provide
trans-olefins.

Additionally, we investigated the reason for incomplete reaction. Since most FAS DHs
conduct the reverse hydration reactions, enones 3 and 4 were incubated with PikKR2-DH2
to test the reversibility of the enzymatic reaction. We observed PikKR2-DH2
stereoselectively converted 3 and 4 exclusively to their hydrated products 1a and 2a,
respectively, whose identities were confirmed by LC-MS/MS with authentic synthetic
standards (Figure S2-S3). When equilibrium was reached, the ratio of 1a to 3 was 1:1.2 and
the ratio of 2a to 4 was 1:2, slightly favoring the dehydration products in both cases. In the
biosynthetic pathway, this equilibrium is pushed towards dehydration, driven by
downstream module activities.

To interrogate the stereospecificity of PikDH2, we altered the B-stereocenter of substrates 1a
and 2a as well as every stereogenic center in 2a through chemical synthesis (Scheme S1-S3)
resulting in substrate stereoisomers 1b and 2b—e (Table 1).13 As LC-MS/MS showed high
sensitivity and selectivity for detection of KR products,13 we continued using this technique
to examine the formation of DH products by their unique fragmentation patterns and/or
retention times. Initial velocity was linear up to 40 min with 10 uM PikKR2-DH2 didomain
(Figure S4), thus we chose an end-point quench after 15 min incubation for our kinetic
studies. The kinetic parameters of all substrates were obtained by fitting the saturation
curves to the Michaelis-Menten equation (Table 1). Substrates 1a and 2a, maintaining the
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native stereochemistry, were accepted and processed rapidly by the enzyme. The Ky, (6.9
1.7 mM and 5.7 + 1.4 mM) and kg values (0.67 +0.11 min~1 and 1.28 + 0.19 min~1) were
comparable, suggesting the methylene spacer does not adversly impact active site binding
and catalysis. Substrate 1b and 2b, epimeric at the p-position were not processed. This strict
substrate specificity has been similarly observed with other DHs.4€:82.110 Tg inspect the
sensitivity of PikDH2 to changes in distal stereochemistry, we next investigated substrates
2¢ and 2d, epimeric at the y- and 8-position as well as 2e wherein both the y- and 6-positions
are inverted. Enzymatic products of 2c—e were not detected by LC-MS/MS, indicating an
unprecedented degree of discrimination of these distal stereocenters. Moreover, racemic
diketide 5, similar to widely used diketide substrates to study other DHs,*¢:82 was
unexpectedly not converted to the corresponding dehydration product.

To study the chemical mechanism of PikDH2, the pH dependence of catalytic efficiency
(Vmax/Km) with substrate 2a was obtained from pH 6.6 to 9.0. The hyperbolic curve
implicates at least one key ionizable group responsible for binding and catalysis (from either
the free enzyme or the free substrate)1® with a pK, value of 7.0 + 0.1 (Figure 3A). The
protonation of this ionizable group at low pH values abolished the enzyme activity. The pK,
values for the two hydroxyl groups of substrate 2a are expected to be ~14-16. Thus we
expect the observed ionizable group is a general base in the enzyme, presumably the
conserved histidine residue (His3611), which abstracts the a-proton. An aspartic acid
residue protonates the p-hydroxyl group to facilitate the loss of a water molecule (Figure
3B).4 The slightly perturbed pK, of 7.0 for the catalytic histidine, compared to pK, of 6.0 for
the free amino acid, indicates the influence of adjacent residues to form a slightly negatively
charged cavity.16

In order to understand the basis for the remarkable selectivity of PikDH2 we next aligned
the amino acid sequence of PikDH2 with other DHs of known 3D structure.*¢~¢ Two
catalytic residues, the histidine (His3611) in an HXXGXXXP motif and the aspartic acid
(Asp3800) in an HPALLD motif, are also found in PikDH2. However, the tyrosine in a YGP
motif (observed in most DHSs), whose role was proposed to assist the protonation of the 8-
hydroxyl group,8 is absent in this DH. Instead, a phenylalanine (Phe3746, FGP motif) is
located only 3.8 A from the catalytic histidine in a PikDH2 homology model (Figure S7),
suggesting that this residue could impact substrate binding at the active site. The F3746L
point mutant was generated and tested with substrate surrogate 2a to verify this possibility.
The specificity constant dropped to 1/40 of the wild type, indicating the important role this
phenylalanine plays for substrate binding (Table 2). Another phenylalanine, residue 3750,
conserved in most DHs, is also near the catalytic residues (3.2 A from the aspartic acid) in
the homology model. Mutants F3750Y and F3750L had similar Ky, values to the wild type,
but 15-30-fold decreased kg4 values, demonstrating that change of Phe3750 hampers the
catalytic activity of PikDH2. We hypothesize that the two phenylalanine residues (F3746
and F3750) may shape a hydrophobic pocket at the active site to position the substrate as
well as maintain the catalytically active state.

Co-crystallography of PKSs is particularly challenging since substrate affinity is often low
due to the intramolecular nature of substrate presentation. With the hope of aiding structural
studies and potentially allowing visualization of protein interfaces between ACP and DH
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domains,” we set out to screen for a suitable PikDH2 suicide substrate that would
covalently react within the enzyme active site. 3-Decynoyl-N-acetylcysteamine (6)
developed by Bloch was the first described mechanism-based inhibitor for any enzyme,
which coincidentally inactivates FAS DHs.18 Burkart and co-workers recently developed
second-generation DH probes with improved chemical stability and demonstrated these
could inactivate functionally and structurally related PKS DHs.1” Therefore, we evaluated
the ability of 6 to irreversibly inhibit PikDH2 using our discontinuous assay monitoring the
dehydration of substrate 2a by LC-MS/MS. Compound 6 was shown to exhibit time-
dependent inhibition and the kinetic constants for inactivation were determined using the
Kitz-Wilson method.1® The kinetic parameters K; and kjpact Were 156 + 34 uM and 0.36 =
0.06 min~1 (Figure 4B and 4C). Enzyme activity could not be recovered by dialysis and
substrate protected PikDH2 from inactivation. Consequently, we expect 6 covalently labels
PikDH2 in analogy to FAS DHs through abstraction of an a-proton by the catalytic histidine
residue of the enzyme to form a reactive allene via propargylic rearrangement, which
subsequently undergoes nucleophilic attack by the catalytic histidine (Figure 4A).20

In summary, we have performed the first steady-state kinetic analysis of a PKS DH domain
by using LC-MS/MS analysis for product quantitation. PikDH2 was found to process only
d-alcohols to furnish trans-olefin products. The enzyme showed an unforeseen extremely
high stereospecificity at the -, y- and 5-positions of the substrate, potentially revealing a
challenge for future metabolic engineering efforts. The pH dependence of k.o+/Ky identified
a general base with a pK; of 7.0 critical for substrate binding and catalysis, which we assign
to histidine (His3611). Mutagenesis and kinetic studies uncovered a critical hydrophobic
region shaped by two phenylalanine residues that is essential for substrate binding as well as
catalytic activity and suggest the tyrosine in a YGP motif (observed in most DHS)
implicated in DH catalysis is not required for activity. In the search for a co-crystallography
candidate for PikDH2, we demonstrated that an alkyne-based probe irreversibly modified
this non-iterative type | PKS DH. These studies provide a foundation for future efforts
aimed to uncover the protein-substrate interactions that govern binding and catalysis. Our
findings further reinforce the utility of diffusible NAC substrate mimics containing a ketone
isostere in place of the labile thioester for studying intrinsically unstable PKS chain
intermediates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of pikromycin, amphotericin B, discodermolide and curacin A.
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Figure 2.
Rational design of PikDH2 substrate mimics 1a, 2a and their enzymatic products 3, 4.
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A) pH dependence of logVmax/Km. B) Mechanism and key residues involved in the

dehydration reaction.
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Figure 4.
A) Mechanism of DH domain inactivation by 3-decynoyl-N-acetylcysteamine (6). B) Time

course of the inactivation of PikDH2 with 10 to 40 uM 6. Symbols represent the mean +
S.D. from duplicate experiments. C) Kitz and Wilson plot!® of the inhibition data (1/kyps VS.

1[1]).
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Structures of substrate analogs la—b, 2a—e, 5 and their steady state kinetic parameters.
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No. Substrate Structure Km (MM)  Keae (MiNTY) Keadd Ky (Min~tMT1)
- -
- -
NACS : -
la 69+17 0.67£0.11 98 + 39
1b >8 <0.01 <1
2a NACS 57+14 1.28%0.19 225 + 88
<0.01 <1

2b NACS >8
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Table 2

Kinetic parameters of PikDH2 mutants.

Mutants Ky (MM)  Kege (MIin™Y)  Keat/ Ky (Min™IM7Y)

Wild 5714 1.28+0.19 225+ 88
F3746L > 40 N/A 52+0.3
F3750Y 41+14 0.086+0.013 21+9
F3750L  7.1+2.6 0.046+0.011 6.5+3.9
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