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1. Introduction

In 1996, Leesong et al. published the structure of FabA (PDB 1D:1MKA), the dehydratase—
isomerase enzyme involved in the bacterial type Il fatty acid synthase (FAS) system from E.
colil The authors described a central, long a-helix “hot dog” surrounded by a bent B-sheet
“bun” and so dubbed this the “hot dog fold” (Figure 1). Since that time, roughly 60 proteins
have been crystallized and found to have the hot dog fold.2 The core fold topology can be
described as an antiparallel B-sheet ordered 1-3-4-5-2. The long hot dog helix is located
between strands p1 and B2 (Figure 2D). Some enzymes contain additional -strands in their
“bun”.

This enzyme fold serves as a scaffold to execute a variety of reactions involving fatty acid or
polyketide thioesters and is found in enzymes of both fatty acid catabolism and anabolism as
well as in enzymes of natural product biosynthetic pathways. Every enzyme in this family
containing a single hot dog (SHD) fold dimerizes (Figure 2A and D), and two identical
active sites are found at the dimeric interface, with key residues in each active site residing
on both monomers. Depending on the enzyme and species, these homodimers (protomers)
themselves often associate into dimers of dimers or trimers of dimers. (For an excellent
review of the various oligomeric states of hot dog enzymes, see Pidugu er a/2) Some hot
dog enzymes have two hot dog motifs — thought to arise from gene duplication — and
these double hot dog (DHD) enzymes (or domains) have two SHD subdomains that are
fused together. In DHD structures, one of the active sites, which both reside at the
pseudodimeric interface, has become inactive (Figure 2B and E). The hot dog helix of the C-
terminal domain is often kinked; the one in the N-terminal domain remains linear. The
oligomeric states of these pseudodimeric enzymes also vary. There are even instances of
triple hot dog (THD) enzymes; fungal FAS dehydratase domains, for example, contain such
a fold.34 In a THD enzyme, the third hot dog region is a domain insertion between the first
and second hot dog motifs, which associate with each other in similar manner to the two
motifs of a DHD enzyme, including the bent, C-terminal helix. The added domain is highly
distorted, such that the hot dog helix is much shorter. It no longer locates within the p-sheet
bun and is instead found alongside the B-sheet (Figure 2C and F). THD enzymes also only
have a single active site at the pseudodimeric interface of the “normal” hot dog regions. The
significance of only one hot dog helix remaining linear in both DHD and THD folds will be
discussed later in this review.

The secondary structural arrangements of idealized SHD, DHD, and THD folds are
compared in the topology diagrams depicted in Figure 2D, E, and F. Because different
enzymes have extra helices and strands in addition to the core hot dog and bun shown in the
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topology diagrams, for the purposes of comparing hot dog folds, we have formulated the
following system: Core p-strands are labeled with an Arabic numeral in the same order as
they occur in the sequence. Strands found in the second subdomain of DHD folds are treated
as if they reside on an SHD with the further designation of a prime symbol. The strands of
the inserted third hot dog motif of the THDs are designated with a double prime. Any extra
strands in addition to these may be designated with an “x” followed by an Arabic numeral.
The hot dog helices of the first, second, or third motifs are labeled aHD, aHD’, aHD”,
respectively; additional helices are named by “x” followed by a capital letter. This review
will use this notation throughout.

The hot dog superfamily includes over a thousand enzymes or domains and has been divided
into at least 17 subfamilies based on primary sequence analysis — although this analysis did
not capture the majority of DHD and THD enzymes, including animal and fungal FAS
domains.® Hot dog folds are found or predicted in archaea, bacteria, and eukaryotes.
Functionally, however, the majority of the superfamily can be primarily divided into two
groups: those enzymes performing either dehydration or hydration of thioester substrates
and those performing thioester hydrolysis.

2. Dehydratase/Hydratase Group

2.1. Dehydratases: Reaction Overview and History

Dehydratase (DH) enzymes or enzyme domains (occasionally termed “dehydrases”) are
crucial to the biosynthesis of fatty acids and polyketide-derived natural products. In fatty
acid biosynthesis, a f-ketothioester intermediate is first reduced to an alcohol by a p-
ketothioester reductase (KR) to provide a p-hydroxythioester with a common absolute (£)
stereochemistry. The DH then formally removes water from the extended chain to give an a,
B-unsaturated thioester (Scheme 1), which is further reduced by an enoyl reductase (ER) to a
saturated fatty acyl thioester.6

It has been known since the late 1960s from isotopic labeling studies that removal of the a.-
hydrogen in FAS DH reactions is the rate-limiting step for this enzyme. This a-hydrogen is
also lost by proton exchange with the solvent.” Further labeling studies showed that the
pro-2Shydrogen (Hg in Scheme 1) is the one removed, making the overall reaction a syn
elimination of the (3/) hydroxyl group,8° which implies — but does not prove — a one-
base mechanism.10

The situation with polyketide synthase (PKS) DHs is more complicated. PKSs are related to
FASs and share many of the same catalytic steps; however, variations in oxidation states and
alkylations lead to a wide range of natural products.1? For example, many PKS systems bear
DHs that dehydrate methylated carbon chains, derived from propionyl-CoA starter units,
methylmalonyl-CoA extender units, or the action of methyl transferases (MeTs), which can
methylate even-numbered carbons.12 Furthermore, the end products of some PKSs contain
unsaturated main carbon chains in the cis configuration, instead of trans.13 It is known that,
unlike in the case of FAS systems where KRs produce 3R intermediates, not all PKS KRs
give hydroxy intermediates of the same relative stereochemistry,14 and it has been
hypothesized that DHSs acting on “alternative” 35 intermediates give eliminations in which
the main carbon chain becomes cis instead of trans.15 (In other cases, exogenous enzymes
are indicted.16)

In regards to alkylated DH products, bioinformatic analyses alongside experimental studies
performed on the modular PKS system picromycin synthase (PICS) had suggested that,
while these modular PKS KRs can give either L- or D-B-hydroxythioacyl branched methyl
intermediates — corresponding to non-methylated (S5)- and (/)-p-hydroxy fatty acyl
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intermediates, respectively (Figure 3) — PICS DHs seem to only work with DD-p-hydroxy-
a-methylacyl substrates, leading to trans double bonds.1” (Note that for methylated PKS
intermediates, it is generally more useful to use the relative stereochemistry indicators L and
D than absolute indicators (S) and (), because the presence or absence of methyl groups on
intermediates can change the Cahn—Ingold—Prelog priority designation of absolute
stereochemistry between stereochemically related compounds.) It may be that, when such
substrates are L-a-methylated, the DHs cannot catalyze elimination, presumably because
these substrates have no “pro-L” hydrogen to remove (Figure 3), as others have
speculated.18

Others have continued to argue that cis double bonds are, in fact, the result of some PKS
DHs. These cis bonds, however, likely derive from L-B-hydroxy substrates.1®

2.2. Hydratases: Reaction Overview and History

The (R)-specific hydratases (or, “hydrases”) perform the opposite reaction from DHs — -
addition, attack by hydroxide ion at the B position of a #rans-a.,p-unsaturated thioester
(Scheme 1). Different biological systems make use of different stereochemistries of
hydration. Ordinary length fatty acids are catabolized with (S)-specific hydratases
(crotonases), whereas polyhydroxyalkanoate (PHA) biosynthesis and peroxisomal p-
oxidation pathways of very long chain fatty acids (VLCFAS) utilize (R)-specific
hydratases.20

Both (S) and (/) addition systems react on trans double bonds to give p-hydroxythioesters
by syn addition. (S)-Hydratases are better studied than (/)-hydratases; in the former case,
the substrate rc-electrons are known to be highly polarized towards the carbonyl oxygen and
away from the electrophilic p-carbon. This polarization results from electronic fields within
the protein and does not result from substrate distortion upon binding in the active site.?1 A
similar polarization could also play a role in (R)-hydratases. As with dehydratases,
hydratases are thought to require only one catalytic residue and are argued to use concerted
mechanisms.22

2.3. DH/H Active Sites

In prokaryotic organisms, DHs and hydratases tend to be free enzymes (Type 1) or
components of giant modular synthases; in eukaryotic systems, they are domains within
large iterative synthases.

In Table 1 are compiled, to the best of our knowledge, all non-hypothetical enzymes in the
dehydratase/hydratase (DH/H) group for which there is structural information currently
available. Structures were superimposed by particular active site residues (not by sequence
alignment) using the Discovery Studio Suite. Because of the low sequence similarity among
the enzymes, this method results in a more meaningful comparison, as severe structural
differences far from the active site no longer play an affect in the alignment. These
superimpositions were used to generate the figures in this section and Table 2. The residues
chosen to superimpose were the critical histidine (described below) of each protein (column
3 of Table 2) and four or five residues beginning with the residue backbone hydrogen-
bonded to that histidine (column 4 of Table 2). Table 2 compares the key active site residues
for those enzymes.

2.3.1. Conserved Residues and Crystallographic Water Molecules—All known
enzymes in this group contain a fully conserved catalytic histidine residue (Table 2) located
before the start of the central “hot dog” helix (aHD). In the bacterial DH enzymes,123-33
which are all SHD enzymes, this residue has a rare cis peptide bond (Figure 4A and B);
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whereas, both the eukaryotic DHs34:34-36 and the hydratases29-37-39 contain the common
trans bond (Figure 4C and Figure 5). This histidine is polarized by hydrogen bonding to the
backbone carbonyl oxygen of a residue located downstream (taken in this review to mean in
the C-terminal direction; e.g., FabA Val76A, Figure 4A). Owing to this polarization by a
hydrogen-bond acceptor, the histidine is deprotonated at Ne, and in fact, it has been shown
to remain deprotonated even at pH 5.40 For DH enzymes and domains, this histidine is
theorized to deprotonate the substrate a-carbon, initiating the net elimination of water to
give a double bond.! r-Stacking with nearby aromatic rings is almost always observed for
this histidine, but the residues involved vary (e.g., Phe71A in FabA vs. His53A in PhAJ).

A highly conserved glycine residue (e.g., FabA Gly79A, Figure 4A; Table 2) is found three
(or, in one known case, four) residues downstream of the above-mentioned histidine-
polarizing residue, at the N-terminal end of aHD. The placement of this residue at the tip of
the main helix results in extra polarity from the helical dipole moment, and its amide
hydrogen has been implicated in the mechanisms as contributing to the polarization of the
thioester carbonyl. Multiple crystal structures show a captured chloride ion bound to this
amide hydrogen (Figure 4B), confirming the electropositive nature of this region. In other
structures, a water molecule occupies the space of the chloride ion; in such structures, this
water will be referenced as W1.

The residue immediately downstream of this conserved glycine or its substitute (and still
located at the electropositive end of aHD) is involved in hydrogen bonding to a water
molecule (W2). W2 always hydrogen bonds with the chloride or water (W1) bound to the
conserved glycine or its substitute but also has other hydrogen bonding partners, depending
on the enzyme. W2 is present in every dehydratase/hydratase structure of high enough
resolution to model water molecules (Figure 4A and B and Figure 5B, and C), except in
cases where a competitive inhibitor is bound.

A third water molecule (W3) is often observed hydrogen-bonded to the catalytic histidine
and/or one or two other residues in the active site. In one of the FabZ structures
(PDB#126B), an oxygen atom of the buffer cacodylic acid (dimethylarsenic acid) occupies
this space instead.24

The remainder of the active site residues in the DH/H group fall into two different
arrangements, as revealed by superimposition of the active sites. “Arrangement A” (named
for FabA, the first enzyme found with this arrangement) is shared by most of the DH
structures and is shown in Figure 4. “Arrangement J” (for PhaJ, the first with this
arrangement) is utilized by both hydratases and DHs found in the fungi and mycobacteria
and is shown in Figure 5.

2.3.2. Active Site Arrangement A—In Arrangement A, there is a conserved aspartate or
glutamate residue in the active site (FabA Asp84B; Table 2), located on the opposite hot dog
helix aHD’. Mutation of this residue abolishes activity. It was first implicated as a catalytic
acid by Leesong et al., when they published their FabA structure with a bound inhibitor.1
They proposed that Asp84 of FabA protonates the leaving hydroxide to water, a mechanistic
proposal that will be discussed further below. One of the oxygen atoms of this carboxylate
residue is within hydrogen bonding distance of W2. The other oxygen is bound to yet
another water molecule, W3, the one within hydrogen bonding distance to the catalytic
histidine.

Arrangement A contains another conserved residue (also on aHD") — a glutamine,
histidine, or arginine residue (FabA GIn88B; Table 2), which is thought to anchor the
aforementioned carboxylate residue in the proper orientation for catalysis via a hydrogen
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bond (Figure 4). Finally, a less conserved residue is often found in Arrangement A that can
hydrogen bond to W3, along with the catalytic histidine and the aspartate/glutamate.
Although this residue is absent in FabA, in Fabz, the standard bacterial FAS DH, this
residue is another histidine (His23B, Figure 4B; Table 2) located on loop axA’-Bx1’; in
animal FAS and modular PKS DHs, this role is fulfilled by a tyrosine (Tyr1003, Figure 4C).

2.3.3. Active Site Arrangement J—The first hydratase structures, which exemplify
active site Arrangement J, were published in 2003,2041.42 and it was observed that the active
sites differed from those of the DH structures known at that time. Like Arrangement A,
Arrangement J also contains a key aspartate residue (e.g. PhaJ Asp31A, Figure 5B; Table 2),
yet it falls in a different location (five residues upstream of the catalytic histidine instead of
on aHD") and does not superimpose with the aspartate/glutamate found in Arrangement A.
This aspartate still hydrogen bonds to W3, but from a different oxygen atom than seen in
Arrangement A. Depending on the enzyme, the aspartate also bonds to a seryl hydroxyl
group (from Ser62B in PhaJ) or W4, a part of a complex water network, as observed in the
Mfe2p-H2 domain (Figure 5C).

The replacement of serine by a water in a larger network, such as in the Mfe2p-H2 domain,
may occur to accommodate longer chain-length substrates. PhaJ is involved in
polyhydroxyalkanoate (PHA) biosynthesis and accepts short chain thioesters, such as
butenoyl- and hexenoyl-CoAs. The peroxisomal p-oxidation hydratases like Mfe2p-H2, on
the other hand, require room for chains longer than 20 carbons in length. The serine residue
or W4 hydrogen bonds to W2.

Two residues downstream from the aspartate in Arrangement J lies a conserved asparagine
residue (Asn33A in PhaJ, Figure 5B; Table 2). While falling in a different location in the
primary sequence, spatially this residue is positioned near His23B in HpFabZ and Tyr1003
in animal FAS DH. Likewisg, it hydrogen bonds to W3.

Interestingly, although sequentially in entirely different regions of their respective enzymes,
several specific atoms of the key residues of the two active site arrangements do nearly
superimpose. A) One of the side chain oxygens of the key aspartate/glutamate residue of
Arrangement A superimposes with an aspartate O8 of Arrangement J. B) The second side
chain oxygen of the aspartate/glutamate residue in Arrangement A superimposes with O~y of
Ser62 in PhaJ and W4 in the other enzymes with Arrangement J. C) When present, the third
residues bound to W3 (His23B in HpFabZ vs. Asn33A in PhaJ) superimpose (Figure 6).

2.4. Mechanism of Hydration and Dehydration

Thus, although the active sites appear different at first, they present the same spatial
arrangement of heteroatoms to perform the same chemistry. The discovery that fungal® and
mycobacterial*3 FAS DHs have Arrangement J confirms that active site rearrangement
alone cannot predict whether an enzyme will function as a DH or hydratase.
Mechanistically, this should come as no surprise, since hydration is the microscopic reverse
of dehydration. In fact, at least in some cases, the driving force for dehydration reactions is
the presence of an ER downstream in the biosynthetic pathway to saturate the double bond
and draw this equilibrium reaction in the synthetic direction.#4:45

3-Decynoyl-A-acetylcysteamine (1, Figure 7C) is the prototypical mechanism-based
(“suicide™) inhibitor, and for a long time it has been utilized in the inactivation of enzymes
containing catalytic histidine residues.#® Scheme 2 outlines the mechanism of inactivation,
where for the classical inhibitor 1, R is a hexyl group, Z represents a heteroatom capable of
hydrogen bonding, and NAC is N-acetylcysteamine. The catalytic histidine deprotonates at
the a-carbon to give an enolate stabilized by the protein oxyanion hole, which then collapses
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to an allene with the proton returned from the histidinium. This reactive allene thioester is
now attacked nucleophilically by the same catalytic histidine, which leads initially to the
B,y-alkenoyl covalent adduct with the (£) configuration as shown. Tautomerization to one
of the isomers of the more thermodynamically stable a,p-alkenoyl adducts slowly occurs,
most likely catalyzed by solvent.4

Leesong et al., in the original hot dog structure paper, also obtained a structure of the adduct
of 1 bound in the active site of FabA. Based on the orientation of the plane of the double
bond and carbonyl (Figure 7A), they proposed that W2 represented the leaving water from
the dehydration. Furthermore, they proposed that Asp84 protonates the leaving hydroxide as
water and that His70, acting as base, abstracts the a-proton. There are a number of problems
with this suggestion, however. First, upon reacting covalently with the inhibitor, His70 has
rotated 180° and broken its hydrogen bond with the backbone carbonyl of Val76 (Figure
7A). Thus, the active site of FabA is severely distorted from its natural conformation,
making an argument for catalysis based on structure difficult. Perhaps most importantly, this
acid-base mechanism also conflicts with the earlier works referenced above that strongly
suggest a one-base mechanism.8-10 Despite these factors, most DH structural papers
published to date continue to assume that the aspartate/glutamate residue is acting as a
catalytic acid and not some other role and that W2 is the “stored” water of dehydration.

In 2004, Koski et al. co-crystallized the product (/)-3-hydroxydecanoyl-CoA (2, Figure 7C)
within the active site of a mutated eukaryotic hydratase 2 domain (Mfe2p-H2) and found an
entirely different arrangement of the cocrystal compared to that found in FabA.3” The
carbonyl of the product was rotated about 90° relative to its location in the FabA inhibitor
structure and was pointing between W2 and Gly831 at the end of aHD — a typical
oxyanion hole arrangement. This orientation also placed the hydroxyl group of the product
within H-bonding distance to the key histidine and superimposable with W3 in the other apo
structures (Figure 7B). While FabA and Mfe2p-H2 have different active site arrangements,
as described above, W2 and W3 are in the same locations in both arrangement types (Figure
6). This would seem to indicate that W3, rather than W2, is the “stored” water molecule. It
also indicates that an acid/base mechanism is not in fact in play but that histidine acts as
both base and acid (as histidinium) or that a concerted syn addition occurs, both of which
agree with previous biochemical and stereochemical experiments on this class of

enzymes 8948

Thus, Koski et al. proposed the mechanism outlined in Scheme 3.37 The substrate is
polarized by the effect of the N-terminal end of aHD, particularly through hydrogen
bonding to a glycine backbone amide and a water molecule (W2). This polarization activates
C-3 for nucleophilic attack. The histidine deprotonates the attacking water, which is further
positioned by two other residues. This conjugate attack leads to an enolate, which collapses
back and is reprotonated at C-2 by the histidinium from the same side, resulting in syn
addition. Alternatively, the entire sequence may be concerted, involving a five-membered
transition state. The same mechanism in reverse would occur in the DH enzymes and
domains. The differences between the two active sites have little effect on the mechanistic
analysis here, as only the histidine, aHD glycine, and W2 are directly involved; the other
residues seem only necessary for positioning of the substrate and W3.

As was mentioned above, some modular PKS DHs result in cis double bonds at the C2
position. There have been five crystal structures published for modular PKS DHs to date,
one of the erythromycin biosynthetic pathway PKS 6-deoxyerythronolide synthase
(DEBS)!8 and the four DHs from curacin A biosynthesis (CurF, CurH, CurJ, and CurK).34
Curacin A contains a cis double bond, but it is still unknown whether it is the CurF or CurH
DH that installs this cis bond. While some of the residues differ slightly (Table 2), there
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seem to be no significant active site changes among the four Cur DH structures. Likewise,
among the modular PKS DH sequences known, no differences have been found to suggest
active site residues have moved for cis DHs in other systems. As has already been discussed,
it has been suggested that the stereochemistry of the p-hydroxyl group determines the
stereochemistry of the double bond formed within the DH — that is, that the double bond
stereochemistry is ultimately determined by the KRs — and this seems a fair hypothesis
(Figure 8).151849 |n contrast, Akey et al. attempted to model an alternative mechanism in
their Cur crystal structures; however, their models were made with the constraint that the
substrate hydroxyl form a hydrogen bond to the key aspartate, /7.e. on the assumption that the
earlier Leesong ef al. mechanism is correct. Akey et al. explain that their models predict
removal of different a-hydrogens for trans or cis products. If so, the pro-2 R hydrogen would
lead to the cis product and require a net ant/elimination. Labeling studies with (5)-3-
hydroxythioesters, therefore, may be able to distinguish between the Leesong mechanism
and the Koski mechanism, which predicts pro-25hydrogen removal and syr elimination in
both cases.

However, not all PKS products with cis double bonds derive from KR domains predicted to
give (5)-3-hydroxythioesters. In at least one such case, the DHs from modules 2 and 3 in the
borrelidin PKS system have been shown to produce trans double bonds from (~)-3-
hydroxythioesters, even though the final product is cis at the double bond formed by
BorDH3.12 This report provides further evidence that hot dog DHs only perform syn
eliminations and that some other mechanism for isomerization (such as a downstream
enzyme, as proposed for hypothemycin biosynthesis®?) to the cis double bond must occur if
the KR provides the usual D-B-hydroxylated starting material.

2.5. Dual-Function Dehydratases

The first hot dog enzyme crystallized, FabA, also functions as an isomerase, catalyzing the
allylic rearrangement of the dehydrated product frans-2-decenoyl-ACP (3) to cis-3-
decenoyl-ACP (4) as part of the anaerobic pathway to install unsaturation into fatty acids
(Scheme 4). Schwab and Klassen showed that the pro-4R hydrogen is removed in the
reaction to form the resonance-stabilized anion. Reprotonation at the s/ face of C-2 affords
4. Once again, this is indicative of a single-base mechanism and not an acid-base
mechanism.>! Notably, it can be observed from the crystal structures (Figure 7) that the
catalytic histidine should be able to reach the pro-4 R proton but not the pro-4S proton. This
mechanism is outlined in Scheme 4. An acid—base mechanism would require Asp84 to
deprotonate the pro-4 R hydrogen, yet the structures show Asp84 closer to the pro-4 S proton.

It is an obvious conundrum that FabA performs isomerization while FabZ does not. Kimber
et al. investigated this issue by a series of “residue swapping” experiments involving D84E
FabA and E68D FabZ. The variant of FabA still retained the ability to perform both
reactions; the FabZ mutant retained its ability to perform dehydration but did not gain the
ability to perform the isomerization. They achieved similar results with P29H FabA/H13P
FabZ and C80V FabA/V59C FabZ residue swaps. Therefore, they argued that the shape of
the alkyl-binding region in FabZ disallows the cis conformation allowed in FabA (Figure
9).23 It is of note that FabA shows optimal activity for 10-carbon acyl substrates, whereas
FabZ functions efficiently on a wide range of substrate lengths up to sixteen carbons.

It is possible that some PKS DHs are actually a-epimerases for a-substituted p-keto
substrates;18 however, it is probably too early to propose a mechanism for such a reaction,
lacking further experimental data. Thus far, enzymes in the DH/H group seem capable of
performing exclusively suprafacial reactions, yet epimerization is an antarafacial event.
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3. Thioesterase Group

3.1. Reaction Overview and Comparisons

Two years after the first hot dog structure was published, Benning et a/. solved the structure
of the second hot dog fold enzyme and the first member of the hot dog thioesterase (TE)
group.52 Thioesterases, in general, catalyze the hydrolysis of thioesters to carboxylic acids
(Scheme 5) and are widespread in biosynthetic pathways. They function on fatty acid or
polyketide acyl thioesters, as well as on benzyl and phenylacetyl thioesters and the peptidyl
thioesters of NRPSs.

The majority of thioesterases are members of the a/p hydrolase family and are typically
found at the C-terminus as domains of a much larger NRPS or type | FAS or PKS enzyme.
a/p Hydrolase family thioesterases contain the classic catalytic triad of nucleophile—
histidine—aspartate and often perform macrocyclizations instead of or in addition to
hydrolysis.>3 In contrast, the vast majority of hot dog fold thioesterases differ in that they
are found as free (Type I1) thioesterases. Also, hot dog thioesterases neither utilize the
classic catalytic triad nor (with one known exception) have the catalytic histidine of the hot
dog DH/H group. In fact, the polarization effect of the hot dog helix may be the only active
site feature of the DH/H group that carries over to the hot dog thioesterases (Figure 10).
Many of the hot dog TEs discovered to date contain the conserved glycine residue at the tip
of aHD, and the backbone amide of this residue, glycine or not, is similarly implicated in
most of the proposed mechanisms as functioning as one part of the oxyanion hole.

3.2. TE Active Sites

Like in the case of the DH/H group, multiple active site arrangements occur, and in fact,
bioinformatic studies indicate more subfamilies of hot dog thioesterases than of
dehydratases/hydratases.2 Listed in Table 3 are, to the best of our knowledge, all non-
hypothetical enzymes in the thioesterase group for which there is currently structural
information available. Laid out in Table 4 is a comparison of key active site residues for
those enzymes. As previously performed for the DH/H group, structures were superimposed
by residue (not sequence alignment) using the Discovery Studio Suite, and these
superimpositions were used to generate the figures in this section and Table 4. The residues
chosen to superimpose varied depending on the enzymes being compared, but this selection
of residues always included the residues found at the positive end of aHD.

3.2.1. 4HBT-l and -II: The Prototypical Hot Dog TE Active Site Arrangements—
As stated above, the first hot dog thioesterase crystal structure was published in 1998 by the
Dunaway-Mariano and Holden groups.®2 The enzyme was Pseudomonas sp. strain CBS-3 4-
hydroxybenzoyl-CoA thioesterase (4HBT-1), involved in the unusual degradation pathway
of 4-chlorobenzoate. Mutation experiments have revealed Asp17A to be the catalytic residue
(Figure 11A).5455 This aspartate is located near the same relative location in space as the
catalytic histidine in the DHs/hydratases, on loop p1-aHD. This loop is shorter in the
majority of hot dog thioesterases than in the DH/H group (Figure 10). On the opposite side
of the active site, in the middle of hot dog helix aHD” from the other monomer, Asp32B
was found to play a role in substrate binding, through the intermediacy of two bridging
water molecules (Figure 11A).%6 This group has also obtained structures of 4HBT-I with
two inhibitors bound and a D17N mutant with substrate. From these structures and thorough
kinetic and labeling studies, they have made a strong case for an acyl enzyme anhydride
intermediate (Scheme 6A), which, while not common, is not unprecedented.>*>7 In these
structures, the substrate/inhibitor carbonyl is hydrogen bonded to the backbone amide N-H
bond of Tyr24A, located at the positive end of aHD and corresponding to the conserved
glycine of the DH/H group. Raman spectroscopic studies, however, reveal only moderate
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changes in substrate C=0 polarization in the enzyme relative to spectra in buffer, implying
that carbonyl polarization alone does not drive catalytic efficiency for this particular
enzyme.® In related structures, W1 often substitutes for the substrate thioester carbonyl, as
in the DH/H group (Figure 10).

The same research group published a set of structures for another 4-hydroxybenzoyl-CoA
TE, from Arthrobacter sp. strain SU,%8 termed 4HBT-I1. While both 4HBT enzymes are
involved in the same degradation pathway and act on exactly the same substrate,
surprisingly, the catalytic residue (Glu73B) was found on the opposite side of the active site.
This glutamate residue occupies the corresponding position in the primary sequence where
Asp32B resides in 4HBT-I; however, the orientations of helix aHD’ relative to helix aHD
differ between the two enzymes, being more parallel in 4HBT-I1I. This global structure
change pulls Glu73B in 4HBT-II far closer to the thioester carbonyl site than Asp32B is in
4HBT-I (Figure 11).

Furthermore, the residue corresponding to Aspl7A in 4HTB-I has been replaced by a
glutamine (GIn58A) in 4HBT-II (Figure 11, Table 4). In addition to the apo enzyme,
structures with two inhibitors and the products were also published for 4HBT-II. As with
4HBT-I, the electrophilic carbonyls of the bound structures were hydrogen bonded to the N-
terminal end of aHD, in this case to a glycine (Gly65A) as with the DH/H group. In one of
the 4HBT-II structures, GIn58A is also in close proximity to the sulfur atom of the leaving
thiol.

In both enzymes, the structure of loop f1-aHD is identical, and residues Asp17A (4HBT-I)
and GIn58A (4HBT-II) are held in place by backbone interactions with the amides two and
four residues upstream (Figure 11).

The oligomeric states of the two enzymes differ (Table 3), as do the adenine-binding sites;
however, the pantetheinyl-binding sites of the two enzymes are very similar. The carbonyl
oxygen of the amide connecting the pantothenic acid and cysteamine portions of the cofactor
is positioned roughly between two crystallographic waters, W2 and W3, which sit in a
relatively hydrophobic environment. W2 is held in place by three hydrogen bonds (Figure
11, Table 4). The first is to the backbone carbonyl two residues upstream from the polarized
helix residue — that is, Val22A and Val63A for 4HBT-I and I, respectively. The second
bonding partner for W2 is located on loop p2—3 from the backbone amide N-H bond of
Ala72A and Val104A, respectively. The third is to the tyrosine hydroxyl located three
residues downstream from the polarized helix residue — that is, Tyr27A and Tyr68A for
4HBT-I and 11, respectively. W3 hydrogen bonds to the carbonyl oxygen of Val110A and
Cys137A, respectively, on strand g5 (Figure 11, Table 4). In related structures without
substrates, inhibitors, or products cocrystalized, W4 often substitutes for the pantetheinyl
carbonyl, (e.g., as in Figure 12B and Figure 13C). The amide N-H of the cysteamine moiety
of pantetheine hydrogen bonds to the carbonyl of 11e61B and Gly93B in 4HBT-I and II,
respectively (Figure 11, Table 4). Similarly, W5 often substitutes for this cysteaminyl amide
nitrogen, (as in Figure 12B and Figure 13C). All these residues/waters structurally
superimpose among the related enzymes. (Figure 11, Figure 12, and Figure 13).

While, as just described, the pantetheine arm and the reactive carbonyl are positioned
similarly by both 4HBT enzymes, the other residues in the active site direct the rest of the
substrate to orient differently. This, together with the alternate positions of Asp32B (4HBT-
1) and Glu73B (4HBT-II), implies that the hydrolysis reaction occurs on a different face of
the substrate in each enzyme — the s/face for 4HBT-1 and the re face for 4HBT-I1 (Scheme
7).
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Since the discovery of the two 4HBTS, the majority of hot dog fold TEs have been found
similar to one or the other of these “prototypical” enzymes. Those TEs with an active site
comparable to 4HBT-I can be termed “Arrangement ¥, after Pseudomonas AHBT. The
other arrangement can be called “Arrangement R”, after Arthrobacter AHBT (4HBT-II).

3.2.2. Active Site Arrangement WY—The structure of YbgC from H. pylorP® shows that
it has an active site extremely similar to 4HBT-1 (Figure 12). HpYbgC acts on long-chain
acyl-CoAs, whereas H. influenza YbgC prefers short-chain fatty acyl groups,®0 but neither
hydrolyzes a benzoyl substrate as does 4HBT-I. Even so, the catalytic machinery among the
enzymes is shared, with the only notable change being a conservative replacement with
Glu26B in YbgC for Asp32B in 4HBT-I (Table 4). Another difference between the two
enzymes is that there appear to be two members for the oxyanion hole in YbgC — the
backbone amide of His18A and the imidazole side chain of the same residue — whereas
4HBT-I seems only to rely on the backbone amide of Tyr24A (Figure 12). Within this
proposed oxyanion hole sits W1, the water molecule thought to mimic the carbonyl oxygen
of the substrate, as described previously.

In addition to YbgC, several other enzymes — such as the gentisyl-CoA TE from B.
halodurans C-125%1 and the benzoyl-CoA TE from A. evansif? — show high sequence
similarity to 4HBT-1 and likely contain an Arrangement ¥ active site. While bioinformatic
studies have placed the enzyme HP0496 from the Tol-Pal system into a different subfamily
from 4HBT-1,2° it is expected to share at Arrangement ¥ as well, being a YbgC homolog.

3.2.3. Active Site Arrangement R—Arrangement R (Figure 13, Table 3) currently
contains a larger number of structures for which papers have been published. With only one
exception, all enzymes with this arrangement have a motif (Q/
N)XXXXXDPGGXXXXXX(D/E), where @ is an aromatic amino acid and the underlined
glycine is the one acting in the oxyanion hole.

In the case of prototypical member 4HBT-II, Asn96B, located on the “bun” (on B2”),
appears to act with Glu73B as part of a dyad (Figure 13A). In the product-containing crystal
structure of this enzyme, the carboxylate oxygen is hydrogen bonded to catalytic Glu73B,
Thr77B, and Gly93B, and this could be the location for the attacking water if 4AHBT-II
utilizes a general base mechanism (Scheme 6B, Scheme 7). Mutation of Thr77 to alanine
resulted in a three-fold reduction in A, with no reduction in K82 Finally, recent Raman
spectroscopy studies suggest that 4HBT-I1 holds the substrate thioester group in a syn
gauche orientation, which weakens the thioester bond.5

EntH (also called YbdB) is a type |1 thioesterase involved in a “proofreading” capacity for
the NRPS-utilizing biosynthesis of enterobactin.8566 EntH reacts with hydroxybenzoyl
groups bound to peptidyl-carrier proteins, as opposed to coenzyme A, but apart from that, it
appears structurally very similar to 4HBT-II, except for the following notable changes: the
tyrosine bound to W2 has been replaced by a serine (Ser58A, Figure 13, Table 4) and
Asn96B, (which hydrogen bonds to the catalytic glutamate in 4HBT-I1,) by Leu85B.57
Interestingly, without a corresponding asparagine, the catalytic glutamate in this case
(Glué3B) now receives assistance from His89A on B2 (Figure 13B). It turns out that the
catalytic residue in Arrangement R usually acts in concert with at least a second residue but
that that residue is not structurally conserved. Unfortunately, the resolution of the EntH
structure limits determination to a relatively small number of water molecules; W2 is
present, but W1, W3, W4, and W5 are not. In the EntH structure, GIn48A is also in a
different conformation, being displaced by a water (Figure 13B), but one can assume that
this is an artifact from crystallization. EntH also includes Ser67B, corresponding to Thr77B
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in 4HBT-11 (Figure 13, Table 4). An S67A mutation reduced activity by 140-fold.8” 4HBT-
I1 Thr77 and EntH Ser67 may assist in positioning a nucleophilic water molecule.

An example of an enzyme with this arrangement where the catalytic residue may act without
a polarizing interaction is Paal, which is involved in the phenylacetate degradation pathway.
Structures for Paal have been solved for the enzymes from both 7. thermophilus®8 and E.
coli®? In the former case, structures with either CoA or hexanoyl-CoA were also solved.
Modest changes from GIn58A and Glu73B (4HBT-II) to Asn33A and Asp48B (TtPaal),
respectively, are present (Figure 13C, Table 4), but the catalytic mechanism is proposed to
be the same,®9 except that no other residue is within 3.5 A of the side chain of the catalytic
aspartate (Figure 13C). In the Paal structures, W2 has also lost one of its three binding
partners with the replacement of tyrosine by a nonpolar residue (Table 4), yet W2 is still
present in the structures, as are W1, W3, W4, and W5, implying the same binding site for
the pantetheine moiety as well as the same oxyanion hole. W1 also hydrogen bonds with
Asn33A (Figure 13C), which suggests that the asparagine/glutamine at this position in
Arrangement R may function as the other half of the oxyanion hole for these enzymes. In
one of the structures, a glycerol molecule sits within the active site (Figure 13C). One of its
terminal hydroxyls is bound between W1 and catalytic Asp48B, in a similar position as the
carboxylate oxygen of the product of 4HBT-II (Figure 12A), lending support to a general
base mechanism (Scheme 6B).

The other enzymes found with this arrangement act on aliphatic acyl-CoAs. Human
thioesterase superfamily member 2 (THEM2) has been shown to hydrolyze medium-to-
long—chain fatty acids, although its role is not entirely known. The Dunaway-Mariano group
has published two structures of this enzyme.63.70 Like Paal, THEM2 makes use of an
asparagine and an aspartate (Figure 13D, Table 4). In place of tyrosine, THEMZ2 uses
Thr60A to hydrogen bond to W2 indirectly through another water molecule (Figure 13D) —
which might also occur in the case of EntH, which has a serine at this position (Figure 13B).
Hydrogen-bonded to catalytic Asp65B is His134B, which is in turn hydrogen bonded to the
backbone carbonyl of Asp85B, both of which are located on the “bun” (Figure 13D). The
Cheng et al. structure’® fortuitously has a captured sulfate ion, which may mimic the
tetrahedral intermediate. One of the oxygens of the sulfate points into the oxyanion hole to
interact with Asn50A and Gly57A. A second sulfate oxygen hydrogen bonds with both
catalytic Asp65B and the side chain of Ser83A (Figure 13D), which also is partly
responsible for pantetheine binding through its carbonyl. The S83A mutation lowers k.4 by
ten-fold. In the Cao er al. structure®3, there is a water molecule found here. Again, this is
where the nucleophilic water is thought to be positioned for re face attack. The third oxygen
(pointing vertically in Figure 13D) substitutes for where the sulfur atom would reside in the
intermediate of the reaction, leaving the fourth to point in the direction of the phenylacetyl
group of the natural substrate. This structure, then, further adds support to a general base
mechanism for this active site arrangement (Scheme 6B).

H. influenza YciA,"172 C. jejuni Cj0915,73 and mouse acyl-CoA thioesterase 7 (Acot7)747°
are related enzymes acting on acyl-CoAs and containing Arrangement R. YCiA is shown in
Figure 13E along with the byproduct coenzyme A. YciA is unique in binding to CoA more
tightly than to its substrates, and the crystal structure shows the sulfur atom of CoA
interacting with the carbonyl of Lys71A, a feature not present in other Arrangement R
enzymes. The cysteamine moiety amide, however, still binds in the same way as in the other
enzymes. The catalytic residue is Asp44B. Interestingly, it appears involved in two
hydrogen bonds, one to each oxygen of the side chain, from Thr61B and Gly37A — neither
of which is a basic residue.
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Acot7 is interesting in that it has a double hot dog fold. For Acot7, it is a tyrosine (Tyr290)
that hydrogen bonds with catalytic Asp213.

Another DHD acyl-CoA thioesterase, £. colithioesterase 11 (TE-II), or TesB, was the first
double hot dog enzyme of any kind discovered.”® It has a distinct B1-aHD loop from other
members with Arrangement ¥ or R, such that the conserved asparagine/glutamine residue
has no structural equivalent in TE-II (Figure 13F, Table 4). The N-terminal helix region,
pantetheine-binding region, and catalytic aspartate (Asp204), however, are structurally
conserved. The partner for Asp204 is GIn278, found on the “bun”. GIn278 is also hydrogen
bonded to Thr228. Thr228 corresponds to Ser83A of THEM2 (Table 4), and, as in THEM2,
it is found in the structure to bind to the supposed nucleophilic water along with Asp204.
Site-directed mutagenesis has confirmed the importance of residues Asp204, GIn278, and
Thr228 to TE-1I catalysis.”®

3.2.4. Other Active Site Arrangements—Until recently, it was thought that all hot dog
fold thioesterases fell into the two arrangements described above; however, more active site
arrangements have been discovered — and with them further mechanistic proposals.

In 2010, two separate groups released a large collection of structures of S. cattleyaFIK, a TE
involved in the detoxification pathway of fluoroacetyl-CoA.”7:7® While the residues of
subunit B superimpose well with Arrangement R, subunit A is very dissimilar (Figure 14A).
Loop B1-aHD has a modified structure, and it contains neither the aspartate of Arrangement
¥ nor the glutamine/asparagine of Arrangement R, instead having a valine (Val23A) at that
site. The oxyanion still appears to be at the tip of the hot dog, but it is neither an aromatic
residue (as in Arrangement V) nor a glycine (as in Arrangement R), being instead a
threonine (Thr42A). W2 is still present, but W3 is not, and indeed, the pantetheine portion of
the substrate seems to bind somewhat differently in structures where it is present. In this
arrangement, Glu50B (corresponding to Glu73B of 4HBT-II) does not appear to act as
catalytic base and instead seems involved in some other, as of yet undetermined, function.
Instead a new triad is present of water—-His76 A-Thr42A. Thus, Thr42A has a dual function;
its side chain hydroxyl group acts as catalytic nucleophile (Scheme 6C), while its backbone
amide helps stabilize the oxyanion. Great effort has gone into the attempt to determine how
FIK can have such a strong preference for fluoroacetyl-CoA over acetyl-CoA. Gly69B,
(which in the other enzymes would have served as the binding site for the pantetheinyl
amide nitrogen through its carbonyl,) and Arg120B are thought to interact with the polar C—
F bond.

Two closely related enzymes involved in enediyne biosynthesis were crystallized in 200979
and 2010.80 CalE7 and DynE?7 are thioesterases thought to act in a proofreading fashion.
Both enzymes act on acyl-carrier-protein—bound substrates instead of CoA-bound ones.
Subunit A of these enzymes superimposes well with Arrangement V. The oxyanion residue
is also aromatic, as in Arrangement V. The aspartate in loop p1-aHD, however, is replaced
by an asparagine (Asn17A in DynE7, Figure 14B), as in Arrangement R (Table 4). W2 is
bound to a tyrosine (Tyr27A in DynE7, Figure 14B) as in both 4HBTs. However, the
conserved aspartate/glutamate in subunit B of the other thioesterases is replaced by a glycine
(Table 4). Instead, three residues downstream, an arginine (Arg35B in DynE?7) is present
(Figure 14B). This arginine has been shown to be crucial for catalytic activity in each of
these enzymes. The authors of the papers argue for its function as an oxyanion stabilizer
based on computer modeling studies and the rationale that arginine does not have the proper
predicted pH in its environment to act as catalytic base. However, they are the only authors
not to invoke the polarized hot dog helix in their mechanism. Furthermore, if the
pantetheine-binding site is the same as is usual, as appears to be the case, this implies that
the thioester carbonyl would be delivered to the same locale. In the apo structure of DynE7,
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W1 is present and in the usual location of the oxyanion hole between Phe24A and Asnl7A;
in the product structure, on the other hand, while W1 is indeed still present, Asn17A has
twisted out of its usual hydrogen bonds with loop B1-aHD (Figure 14B). Without an
obvious base or nucleophile, they suggest hydroxide from the solvent may perform
hydrolysis (Scheme 6D), since higher pH favors product formation,”® but they concede that
more research is needed to find the answer.

Interpretation of the crystal data is further complicated by the fact that the cocrystal,
trans-3,5,7,9,11,13-pentadecahexaen-2-one (5), arises not as the result of a thioester
hydrolysis alone but of hydrolysis followed by decarboxylation. CalE7 and DynE7 may each
perform a dual function of thioesterase/decarboxylase (Scheme 8). Whether the second
reaction is catalyzed or spontaneous is not known.

A fifth active site arrangement is found in the enzyme fatty acyl-CoA thioesterase (FcoT,
Rv0098) from M. tuberculosis.81-82 Like TE-II, FcoT, a long-chain fatty acid TE, has a p1-
aHD region that does not superimpose with the common loop found in the TE group. On
this loop region is Tyr66A, which was found necessary for catalysis. Two other tyrosines
thought to be involved in catalysis are found on subunit B, Tyr33B and Tyr87B (Figure
14C). These residues may be involved in the activation of water as a nucleophile (akin to
Scheme 6B but with a phenol or phenolate acting as base in place of the carboxylate). The
N-terminal helix residue for this enzyme is uniquely an alanine (Ala75A, Table 4), and W1
is not present. The initial crystal structure included dodecenoate, but the carboxylate is not
near the site of the usual oxyanion hole. If this is an accurate picture of substrate binding, it
would appear that the usual oxyanion hole has shifted, yet one might still argue that
polarization of aHD still plays a key role via the water network from Val76A. W2 and W3
are absent, but this may simply be an issue of poor resolution (2.3 A). On the other hand, the
backbone carbonyl that usually binds W3 is also absent, so perhaps even pantetheine-
binding differs in this enzyme. As in the enediyne enzymes, the conserved glutamate/
aspartate of subunit B is absent, replaced by Asn83B (Table 4), which does not seem to play
an important role.

A homology model of DHD plant acyl-ACP thioesterase FatB from Arabidopsis thaliana
suggests a sixth active site arrangement,83 but further evidence is needed to confirm this.

Finally, in 2010, Moriguchi et al. showed that what was thought by homology to be a DH
domain within an iterative PKS 6-methylsalicylic acid synthase (MSAS) in actuality
functions as the first example of an internal TE domain.84 No structure has yet been solved
of this domain, but sequence analysis may suggest an active site arrangement similar to DH/
H Arrangement A but with slight differences. For one, the hot dog glycine has been replaced
by alanine (Ala982), as in the curacin PKS DHs (Table 2). There is also no glutamine or
histidine four residues downstream from the key aspartate/glutamate; instead, a tryptophan
is found at that position (Trp1133). One can easily imagine a mechanism in which histidine
could act as general base (akin to Scheme 6B but with an imidazole acting as base in place
of the carboxylate) with the conserved oxyanion hole, but more work remains to confirm
this hypothesis.

Thus, unlike the case of the hot dog fold dehydratases/hydratases, where the two differing
active site arrangements seem to share the same mechanism, all five observed arrangements
for the hot dog thioesterases — and two postulated ones — seem to have distinct
mechanisms from each other, yet they all benefit from the polarization of aHD to
universally stabilize the transition state and reaction intermediates.
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4. Hot Dog Enzymes with Other Functions

There have been numerous other enzymes within the hot dog family for which function has
not yet been assigned, only one example being the enzyme Rv0216 from M. tuberculosis.
Similar to how the internal TE within MSAS mentioned above was at first thought to be a
DH, Rv0216 appeared from sequence comparisons to be a DHD hydratase; however, it was
found to be inactive with crotonyl-CoA. The enzyme has been crystallized and its structure
determined, yet its function still remains unknown.8 Residues in Rv0216 corresponding to
catalytic Asp808 and Asn810 in C. tropicalis MFE-2 hydratase 2 domain (Figure 5C) are
Asn232 and Ala234. However, the histidine of the hydratases remains conserved, as does
the orientation of aHD.

FapR is a regulatory protein involved in lipid biosynthesis by repressing DNA transcription
of several genes involved in fatty acid production. Excellent work by Schujman, et al. has
shown that binding of malonyl-CoA by B. subtilis FapR triggers a conformational change in
the protein that causes it to no longer bind to DNA and inhibit transcription. FapR was found
to consist of an N-terminal DNA-binding region, an a-helical linker region, and a C-
terminal hot dog domain. The dimerization of the SHD domain forms the core of the
functional protein. In the absence of malonyl-CoA, the a-helical linkers from each monomer
also dimerize, and this brings the N-terminal domains close together for DNA binding. The
two malonyl-CoA-binding sites are at the SHD dimer interface, and the sites share many
similarities with Arrangement R of hot dog thioesterases and also make use of a similar
binding mode for the pantetheinyl portion of CoA. However, the conserved asparagine/
glutamine of loop B1-aHD is replaced by Phe99A and the catalytic aspartate/glutamate by
Asnl115B. Crystal structures (Figure 15) show that Asn115B binds to the thioester carbonyl,
and a salt bridge between Arg106 and the malonyl carboxylate may trigger loop
conformational changes that drive the a-helical linkers away from each other, preventing
DNA binding and leading ultimately to fatty acid anabolism in the presence of excess
malonyl-CoA within the cell.86 In FapR, aHD does not polarize the thioester carbonyl;
instead, its positive character serves as a binding region for the malonyl carboxylate.

Not all hot dog proteins were predicted to have this fold before their structures were
determined. Cj0977 from food pathogen Campylobacter jejuniwas known to be a virulence
protein, but its function was unknown. Upon structural determination, it was discovered to
be a homodimeric SHD protein with some similarities to FapR, including sharing an
asparagine (Asn79) with that protein, but lacking the typical thioesterase residues. The
binding site for the pantetheinyl group, however, does appear to be the same as in the
thioesterases. Some mutations within the predicted binding pocket (Q83A and F70A) have
eliminated virulence. The current hypothesis is that the C-terminal region of Cj0977
undergoes a structural change upon binding of some unknown acyl-CoA substrate, which
allows the protein to bind to some other unknown protein in the virulence pathway, perhaps
one involved in regulation.8’

Another surprising addition to the hot dog family is the “product template” (PT) domain88
from the nonreducing iterative PKS (NR-PKS) of the aflatoxin biosynthetic pathway, which
was found to have a DHD fold. The PT domain is responsible for two consecutive carbon—
carbon cyclizations by intramolecular aldol condensations between C4 and C9 and between
C2 and C11 of a 20-carbon linear polyketide substrate (Scheme 9). At first, the active site
appeared similar to DH Arrangement A, having the conserved histidine, aspartate, and
glutamine. W2 is also still present. On closer examination, however, significant differences
were observed. As mentioned above, in both dehydratases and hydratases, the histidine is
polarized by hydrogen bonding to the backbone carbonyl oxygen of a residue located
downstream on the same loop. In PksA PT, the histidine (His1345) instead has rotated, and
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its polarization derives from a different source, a hydrogen bond to the conserved aspartate
(Asp1543), meaning it functions as part of a true dyad. Perhaps more surprising is that the
conserved glycine of the entire DH/H group is a proline (Pro1355), which eliminates the
possibility of PksA PT sharing the same oxyanion hole with the DHs and hydratases. A
complicated water network, still polarized by aHD, is proposed to serve as the new
oxyanion hole for the reaction (Figure 16). The altered orientation of His1345 initially
positions the basic nitrogen toward C4 for the first reaction, instead of C2, as in the case of
the DHs and hydratases, while carbonyl 9 occupies the oxyanion hole. After first ring
cyclization, the substrate must reorient so that the same catalytic machinery can operate on
C2 and carbonyl 11 for the second cyclization.89

Not all PT domains from NR-PKSs perform the same cyclizations. Homologous PT domains
from other systems are known to initially close rings between C2 and C7 or between C6 and
C11.%0 How different PTs direct different cyclization patterns is currently not known.

Also of interest is the unique dimerization of the PT domain. In mammalian type | FAS
systems, the dimerization of the DH domains makes up the central core of the “modifying
portion” of the megasynthase.3® In similar manner, the DH domains of modular PKSs and
the PT domains of NR-PKSs likewise are thought to act as part of the core for these systems.
However, the dimerization interfaces of these domains differ substantially; mammalian FAS
and modular PKS DHs can be considered variations of side-by-side dimers, whereas the PTs
are head-to-head dimers. More importantly, the attachment points for the linkers do not
match. In the FAS and modular PKS DHs, the N-terminal linkers meet together near the
dimer interface and lead to the “condensing portion” of the enzyme. The C-terminal linkers
extend from the other side of the DH in opposite directions. In PksA PT, it is the C-terminal
ends that are together at the dimer interface, whereas, the N-termini extend in opposite
directions from the sides of the domain (Figure 17). Thus, it seems that, despite obvious
structural similarity among their domains, the core architecture of the various FAS and PKS
megasynthases may well differ.

5. Summary and Outlook

The hot dog fold has proven a versatile scaffold for reactions involving thioester substrates.
In nearly every case, part of the enzyme secondary structure — a linear hot dog helix — is
responsible for polarizing a carbonyl and/or stabilizing an oxyanion formed in the course of
the reaction. Since the 1970s, it has been known that a-helixes bear a considerable dipole
moment.?1 Because the dipoles of each amino acid residue in the helix are nearly parallel to
the helix axis, the dipoles are almost additive; a 10-residue helix may thus bear a dipole
moment of greater than 30 Debye (D). Moreover, this calculation ignores the effect of
further polarization from hydrogen bonding within the helix.92:93 It is estimated that this
dipole confers the effect of between 0.5 and 0.75 of a isolated charge to each end of the
helix. Helices of seven residues (two turns) generate an electric field with a potential of 0.5
V at a distance of 5 A from the end of the helix, which would supply a binding energy
contribution of ~12 kcal/mol to a bound ion of opposite charge at that distance. It is no
surprise then, to find that helices have evolved to function in a catalytic manner as in the hot
dog fold. It may also be noted that in the DHD enzymes, the helix no longer being used for
catalysis is “bent” or shortened, which would disrupt or weaken its strong dipole moment, as
it is no longer needed to generate an electric potential in a vestigial active site.

Within the hot dog superfamily are found excellent examples of both convergent and
divergent evolution. In the case of the dehydratase/hydratase group, two distinct active site
arrangements of amino acids have convergently evolved to perform a reaction in the forward
or reverse direction from a spatially identical arrangement of heteroatoms in space. In the
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case of the thioesterase group, at least five varying active site arrangements have diverged to
accommodate thioester hydrolysis of a wide range of substrate types. Not being limited to
these reaction types, the list of hot dog proteins with novel functions — be they
isomerizations, regulatory functions, or ring closings — continues to grow.
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90°

Figure 1. TheHot Dog Fold

(A) E. colidehydratase—isomerase (Fab A, PDB#1MKA) in green with the hot dog helix
(aHD) viewed head-on and colored purple. A “bun” of B-sheet wraps around aHD. (B)
FabA rotated around the x axis 90° to look down on the length of the “hot dog”.
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Figure 2. Three Types of Hot Dog Folds

(A) The FabA dimer as an example of a single hot dog (SHD) enzyme. FabA contains two
active sites that reside at the dimer interface (red circles). (B) C. tropicalis MFE-2 hydratase
2 domain (PDB#1PN4), an example of a double hot dog (DHD) fold, at the same scale and
orientation as in A. One of the hot dog helices (shown in blue) is distorted. DHD enzymes
and domains only have a single active site, and it resides at the pseudodimer interface (red
circle). (C) 7. lanuginosus DH domain (PDB#2UVA), a fungal type | domain, as an
example of a triple hot dog (THD) fold. The left image is at the same scale and orientation
as A and B; the right image has been rotated 90° to show how the middle hot dog motif is
“behind” the other two. The hot dog helices are colored in orange, and the active site is
indicated with a red circle. (D), (E), and (F) Topology diagrams for the core SHD, DHD,
and THD folds, respectively, utilizing the naming convention introduced in the text.
(Topology diagrams generated with TopDraw: Bond, C.S. Bioinformatics 2003, 19, 311.)

Chem Rev. Author manuscript; available in PMC 2014 March 13.



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

1duosnuey JoyIny vd-HIN

Labonte and Townsend Page 23

Me——H H—FMG
H——OH H——OH
R R

NP Ox S

Me——H H—D—Me
HO——H HO——H
R R

Figure 3. Fischer Projections of Potential DH Substrates

Only D- -METHYLATED compounds (right column) are thought to be substrates for hot
dog fold DHs. Of these, L- -HYDROXYLATED compounds (bottom right) are postulated
to lead to cis products.
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Figure 4. Dehydratase Active Site Arrangement A

Potential hydrogen bonds are shown with grey lines, red spheres represent resolved water
molecules, and residues are shown as sticks and colored by element. The beginnings of the
hot dog helices are shown with faint line ribbons. The images are drawn to scale and
superimposable. (A) The active site of £. coliFabA (PDB#1MKB), an example of an SHD
DH, in green. (B) The active site of H. pylori FabZ (PDB#2GLL), another SHD DH, in
orange. The green sphere represents a chloride ion. (C) The active site of S. scrofa (porcine)
FAS DH domain (PDB#2VZ8), a DHD DH, in dark cyan. The crystal structure for this
enzyme did not include resolved water molecules.
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Figure 5. Dehydratase/Hydratase Active Site Arrangement J

Potential hydrogen bonds are shown with grey lines, red spheres represent water molecules,
and residues are shown as sticks and colored by element. The beginnings of the hot dog
helices are shown with faint line ribbons. The images are drawn to scale and
superimposable. (A) The active site of 7. lanuginosus FAS DH domain (PDB#2UVA), an
example of a THD DH, in blue. The crystal structure for this enzyme did not include waters.
(B) The active site of A. caviae Phal (PDB#11Q6), an SHD hydratase, in maroon. (C) The
active site of C. tropicalis Mfe2p hydratase domain (PDB#1PN2), a DHD DH, in olive.
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Figure 6. Active Site Comparison

(A) A stereo view of the superimposition of DH/H active site Arrangement A (orange,

Page 26

HpFabZz) with active site Arrangement J (purple, PhaJ). Structurally conserved waters W1,
W2, and W3 are labeled. (B) A two-dimensional representation of active site Arrangements
A and J. As described in the text, key heteroatoms (shown in bold) in each of the active site
arrangements superimpose, as can be observed in (A). In FabA, the leftmost imidazole ring
is absent; in animal FAS DH, it is replaced by a phenol. In fungal FAS DHs and MFE2
hydratases, the seryl hydroxyl is substituted with a water molecule.
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Figure7. Cocrystal Comparison of FabA and Mfe2p hydratase domain

Potential hydrogen bonds are shown with grey lines, red spheres represent water molecules,
and residues are shown as sticks and colored by element. The beginnings of the hot dog
helices are shown with faint line ribbons. The images are drawn to scale and
superimposable. (A) The active site of £. coliFabA (PDB#1MKA\) in green, including the
covalent adduct resulting from addition of mechanism-based inhibitor 3-decynoyl-N-
acetylcysteamine (1) shown in black. Note that the adduct has distorted the orientation of
catalytic His70A relative to the orientation seen in Figure 4A. (B) The active site of a
H813Q mutant of C. tropicalis Mfe2p hydratase domain (PDB#1PN4) in olive, including the
product (A)-3-hydroxydecanoyl-CoA (2) shown in black. Some of the CoA portion of the
product has not been drawn for the purpose of figure clarity. (C) The structures of
compounds 1 and 2.
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Figure 8. Proposed Binding Modes L eading to Either Transor Cis Double Bonds

Syn elimination of an (R)-3-hydroxyacyl-ACP (left) occurs by removal of the pro-25
hydrogen and results in a trans double bond. Syn elimination of an (S5)-3-hydroxyacyl-S-
ACP (right) by removal of the pro-2Shydrogen is expected to result in a cis double bond. In
both cases, the hydroxyl group is held in place by interactions with tyrosine and aspartate
residues. (The side chains shown are those found in DEBS DH.)
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Figure 9. Comparison of Active Site Tunnels Between FabA and FabZ

The enzyme backbones are drawn with solid ribbons, the catalytic histidines are shown with
scaled balls and sticks. (A) Fab A (PDB#1MKA), the dehydratase—isomerase, in green with
the active site volume indicated by a faint pink cloud. (B) P. aeruginosa Fab Z
(PDB#1U1Z2), the standard dehydratase, in orange with the active site volume indicated by a
faint blue cloud. Note the shorter binding tunnel in FabA and the slight difference in the
angle of the two tunnels (indicated with dashed lines), hypothesized to allow for C-3 cis
double bond formation in FabA.
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Figure 10. Comparison Between Hot Dog Dehydratase/Hydratase and Thioester ase Active Sites
Potential hydrogen bonds are shown with grey lines, red spheres represent water molecules,
and residues are shown as sticks and colored by element. The beginnings of the hot dog
helices are shown with faint line ribbons. The images are drawn to scale and
superimposable. Below each structural image is a two-dimensional representation of each
active site with conserved features in bold. (A) The active site of £. coli FabA
(PDB#1MKB), an example of the dehydratase/hydratase group. The side chains of residues
71 through 74 and 76 are not shown for the purpose of figure clarity. (B) The active site of
7. thermophilus HB8 Paal (PDB#1WLU), an example of the thioesterase group. The side
chains of residues 34 and 35 are not shown for the purpose of figure clarity. Note the major
difference in the p1-aHD loop between the two enzymes. Note also the conservation of W1
and the conserved glycine residue to which it binds.
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Figure 11. The Active Sites of the Two Hydr oxybenzoyl-CoA Thioester ases

(A) 4HBT-1 (PDB#1L09) shown in orange. The structure includes inhibitor 4-
hydroxyphenacyl-CoA shown in black. (B) 4HBT-Il (PDB#1Q4S) shown in yellow. The
structure includes the products 4-hydroxybenzoate and coenzyme A shown in black. For
both (A) and (B) only the N-acetylcysteamine portion of CoA has been drawn and side
chains of some residues, particularly of residues involved in loop p1-aHD, are not shown
for the purpose of figure clarity. Below each structural image is a two-dimensional
representation of selected residues of each active site.
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Figure 12. Hot Dog Thioester ase Active Site Arrangement ¥

Potential hydrogen bonds are shown with grey lines, red spheres represent water molecules,
and residues are shown as sticks and colored by element. Hot dog helices are shown with
faint line ribbons. The images are drawn to scale and superimposable. The side chains of
some residues, particularly of residues involved in loop p1-aHD, are not shown for the
purpose of figure clarity. (A) The active site of Pseudomonas sp. strain CBS-3 4-HBT-I
(PDB#1L09), an example of an SHD TE, in orange, including inhibitor 4-hydroxyphenacyl-
CoA shown in black. Only the N-acetylcysteamine portion of CoA has been drawn for the
purpose of figure clarity. (B) The active site of H. py/roi YbgCF (PDB#2PZH), another
SHD TE, in red.
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Figure 13. Hot Dog Thioester ase Active Site Arrangement R

Potential hydrogen bonds are shown with grey lines, red spheres represent water molecules,
and residues are shown as sticks and colored by element. Hot dog helices are shown with
faint line ribbons. The images are drawn to scale and superimposable. The side chains of
some residues, particularly of residues involved in loop p1-aHD, are not shown for the
purpose of figure clarity. (A) The active site of Arthrobacter sp. strain SU 4-HBT
(PDB#1Q4S), an example of an SHD TE, in yellow, including the products 4-
hydroxybenzoate and coenzyme A shown in black. Only the N-acetylcysteamine portion of
CoA has been drawn for the purpose of figure clarity. (B) The active site of £. coli EntH
(PDB#1VH9), another SHD TE, in light green. (C) The active site of 7. thermophilus HB8
(PDB#1J1Y), another SHD TE, in blue-green, including a glycerol molecule in black. (D)
The active site of H. sapiens THEM2 (PDB#2F0X), another SHD TE, in green, including a
sulfate ion. (E) The active site of H. influenzae YciA (PDB#3BJK), another SHD TE, in
cyan, including the product coenzyme A shown in black. Only the N-acetylcysteamine
portion of CoA has been drawn for the purpose of figure clarity. (F) The active site of £.
coli TE-11, also known as TesB (PDB#1C8U), an example of a DHD TE, in blue. Note the
bent second helix typical of DHD enzymes.
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Figure 14. Further Hot Dog Thioester ase Active Site Arrangements
(A) The active site of S. cattleya FIK (PDB#3KVU), an example of an SHD TE, in plum,

including acetyl-CoA shown in black. Only the N-acetylcysteamine portion of CoA has been
drawn for the purpose of figure clarity. (B) The active site of M. chernisa DynE7
(PDB#2XEM), another SHD TE, in magenta, including the proposed product

trans-3,5,7,9,11,13-pentadecahexaen-2-one (5) shown in black. (C) The active site of M.
tuberculosis FcoT (PDB#2PFC), another SHD TE, in purple, including the product #rans-
dodecenoate shown in black.
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Figure 15. FapR

(A) The “thioesterase-like” domain of B. subtilis FabR in the apo form (PDB#2F41) in pale
blue with the aHDs colored in pale yellow. Key active site residues are shown as sticks and
colored by element. (B) The a-helical linker and “thioesterase-like” domains of FapR with
malonyl-CoA (shown in black) bound. Regions colored in red are those that were unordered
in the apo form. Potential hydrogen bonds are shown with grey lines.
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GIn88B

Figure 16. Comparison Between Hot Dog Dehydratase/Hydratase and PT Domain Active Sites
Potential hydrogen bonds are shown with grey lines, red spheres represent water molecules,
and residues are shown as sticks and colored by element. The beginnings of the hot dog
helices are shown with faint line ribbons. The images are drawn to scale and
superimposable. (A) The active site of £. coliFabA (PDB#1MKB), an example of the
dehydratase/hydratase group. The side chain of residues 76 is not shown for the purpose of
figure clarity. (B) The active site of A. parasiticus PksA PT domain (PDB#3HRR). The side
chain of residue 1351 is not shown for the purpose of figure clarity. Note the different
polarization of histidine and the replacement of glycine with proline at the N-terminal end of
the hot dog helix.
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B

Figure 17. Comparison of Dimerization M odes Among M egasynthase Core Domains

Solid ribbon representations of the core domains from three distinct classes of megasynthase
with termini indicated and active site volumes from one monomer shown with a light blue
cloud. The images are drawn to scale and superimposable at the monomers with the active
site volume shown. (A) L. majuscule CurK DH domain (PDB#3KG9), an example of a
modular PKS core, showing a side-by-side dimeric arrangement. (This domain is given the
oligomeric state designation of DdhC in Table 1.) (B) S. scrofa FAS DH domain
(PDB#2VZ8), an example of a mammalian type | FAS core, showing a tilted side-by-side
dimeric arrangement. (This domain is given the oligomeric state designation of DdhD in
Table 1.) (C) A. parasiticus PksA PT domain (PDB#3HRQ), an example of a nonreducing
IPKS core, showing a unique head-to-head dimeric arrangement. (This domain is given the
oligomeric state designation of DdhE in Table 1.)
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Scheme 1.
The Reactions Catalyzed by Dehydratases and Hydratases.
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Scheme 2.

Mechanism-Based Inhibition by 3-Decynoyl-N-Acetylcysteamine.
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Scheme 3.
Proposed Mechanism of (R)-Specific Hydratases.

Chem Rev. Author manuscript; available in PMC 2014 March 13.

Page 40



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

1duosnuey JoyIny vd-HIN

Labonte and Townsend

Scheme 4.
The Allylic Isomerization Reaction of FabA.
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Scheme 5.
The Reaction Catalyzed by Thioesterases.
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Scheme 6.
Some Proposed Mechanisms of Thioesterases.
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Sivs. Re Attack in 4-Hydroxybenzoyl-CoA Thioesterases.
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Scheme 8.
Hydrolysis and Decarboxylation Leading to Compound 5.
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Scheme 9.
Reaction Catalyzed by the PksA “Product Template” Domain (R = C5H11).
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