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Abstract

Acyltransferases (AT) are enzymes that catalyze the transfer of acyl group to a recep-
tor molecule. This review focuses on ATs that act on thioester-containing substrates.
Although many ATs can recognize a wide variety of substrates, sequence similarity
analysis allowed us to classify the ATs into fifteen distinct families. Each AT family is
originated from enzymes experimentally characterized to have AT activity, classified
according to sequence similarity, and confirmed with tertiary structure similarity for
families that have crystallized structures available. All the sequences and structures
of the AT families described here are present in the thioester-active enzyme (ThYme)
database. The AT sequences and structures classified into families and available in
the ThYme database could contribute to enlightening the understanding acyl transfer
to thioester-containing substrates, most commonly coenzyme A, which occur in mul-

tiple metabolic pathways, mostly with fatty acids.

KEYWORDS

1 | INTRODUCTION

Acyltransferases (AT) are enzymes that catalyze the transfer of an acyl
group from a donor molecule to a variety of biomolecules as triacylgly-
cerols, phospholipids, sphingolipids, cholesterol, acetylcholine, prenyl
moieties, bile acids, ketone bodies, heme, melatonin, glycosaminogly-
cans, glycoproteins, gangliosides, proteoglycans, and others.>? The
ATs are a part of fatty acid biosynthesis, where they are usually acti-
vated for subsequent reactions by the esterification of their carboxyl
groups with the thiol group of coenzyme A (CoA) (Figure 1). The chem-
ical structure of the thioester bond CoA-SH allows it to activate car-
boxylic acids involved in catabolic and anabolic reactions. This review
focuses on the ATs that act on thioester bonds, mostly those related
to CoA-including substrates. Some examples of reactions involving the
thioester bond CoA-SH include lipogenesis, triacylglycerol synthesis,
carnitine shuttle, synthesis of cholesterol, and protein acetylation.®
Most ATs that act on thioester-containing substrates are CoA-

transferases (E.C 2.8.3.-), which have been grouped into three classes

acyltransferases, coenzyme A, enzyme families, enzyme structures

based on their catalytic mechanism. Class | CoA-transferases utilize
the ping-pong bi-bi mechanism involving the formation of a covalent
acyl-enzyme intermediate that can acylate organic nucleophiles like
alcohols, amines, and thiols.* In this mechanism, for example, a gluta-
mate residue of a glutaconate CoA-transferase from Acidaminococcus
fermentans works as the acceptor of covalently bound intermediates.
The first partial reaction is a nucleophilic attack of the active site glu-
tamate at the CoA-thioester substrate to yield an enzyme-bound acyl-
glutamyl.>¢ Structurally, Class | enzymes belong to the NagB/RpiA/
CoA transferase-like superfamily of open o/p-proteins.

Class Il CoA-transferases catalyze a partial reaction in citrate or
citramalate lyases enzyme complexes. These lyases consist of three
subcomplexes, (1) CoA-transferase (a subunit), (2) a lyase (§ subunit),
and (3) an acyl carrier protein (ACP, y subunit). They also contain
ACP-like y subunits with 2'-(5”-phosphoribosyl)-3'-dephospho-CoA
prosthetic groups, catalytic f subunits, which promote the
retro-Claisen cleavage of citrate and citramalate, respectively. During
the lyase reaction, the CoA-transferases (EC 2.8.3.10, 2.8.3.11)
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FIGURE 1 General reactions of acyltransferases acting on
thioester-containing compounds, most commonly coenzyme

A. Table 1 lists the wide variety of R, and R, chemical functionalities
that ATs can catalyze.

catalyze the exchange of acetyl- and citryl (or citramalyl) groups on
the thiol of the prosthetic group to ensure the continuity of the cata-
lytic cycle.b™®

Class Ill CoA-transferases act in the metabolism of oxalate, carni-
tine, bile acids, toluene, and other aromatic compounds, with similar
mechanisms to Class | CoA-transferases. In contrast to the classical
ping-pong mechanism of Class | enzymes, kinetic studies of formyl-
CoA: oxalate CoA-transferases (EC 2.8.3.16) suggest that the carbox-
ylic acid of the donor acyl-CoA does not leave the enzyme complex
until the final release of the product, and an apparent reaction mecha-
nism via a ternary complex.®”?

The ability of ATs to act on a wide diversity of substrates has
attracted attention because they efficiently catalyze transacylation
reactions to produce esters, thioesters, amides, carbonates, and carba-
mates.’® AT have biotechnological applications in the synthesis of
modified lipids used in the food, cosmetics, and pharmaceutical indus-
tries.** The ATs are also used to produce biofuels from plant oils and
animal fats.'? In addition, ATs are being explored as biocatalysts in
synthesizing high-value compounds such as fragrances, and flavors.*®
The use of AT in these applications is attractive due to their broad
substrate selectivity and efficiency, making them a promising alterna-
tive to traditional chemical catalysts.'?3

The Class I, II, and Il classification of the ATs is based on their
catalytic mechanisms and does not consider any sequence or struc-
tural similarity. Due to advancements in high-throughput screening
for AT and the availability of in silico sequence-based methods for pre-
dicting acyltransferase activity, a large number of AT have been iden-
tified. Since each family is based on at least a sequence
experimentally verified to have AT function, classifying the ATs by
sequence similarity into families allows to infer the tertiary structure,
mechanisms, and catalytic residues for all members in a family, which
is useful due to large amount of protein sequences with putative AT
function that have no experimental verification.

The enzymes in AT families described here are available in the
thioester-active enzyme (ThYme) database, which includes protein
and gene identifiers of all the known sequences to date for the fami-
lies in ThYme, for example, the recently updated thioesterase fami-
lies.'* ThYme database also includes links to the Protein Data Bank
(PDB) if available, and clearly labels if a sequence has experimental

work to date reported in Uniprot.*>'® The ThYme database is avail-
able at https://thyme.engr.unr.edu and has an interactive interface
that allows users to narrow down results using various fields, search
by identifier and by FASTA sequence, and perform protein BLAST
searches.

2 | METHODS

The approach used to group ATs into distinct families followed the
same protocol as performed recently with thioesterases.’* Different
sequences appear in the same family when they have ~30% of
sequence similarity or a nearly identical tertiary structure confirmed
by the spatial superimposition of their structures.

The protocol for creating a new AT family started with extracting
from the Swiss-Prot database in UniProt all the sequences with EC
2.3.1.%.2 Only reviewed sequences with the “Evidence of Protein
Level” in the description were considered. Fragments and theoretical
proteins were disregarded. These criteria resulted in ~200 sequences
experimentally confirmed to have AT activity that were subjected to a
BLAST search against the National Center for Biotechnology Informa-
tion's (NCBI) nr peptide sequence database using the protein-protein
algorithm.?” The BLAST searches were completed using a local
instance of blast-2.9.0-2 and the nr database, both downloaded from
NCBI on a Unix system. An E-value cutoff of 1 x 1077 was used to
capture as many sequences with the required similarity as possible
while minimizing the number of redundant sequences. The highest
max target sequences was used to capture all sequences within the
E-value cutoff, and the other parameters were left at default settings.

The BLAST results were compared against each other to check
for common sequences and identify the query sequences that
resulted in the lowest number of BLAST results that included all the
AT sequences that had been experimentally verified. The query
sequences of unique, non-redundant BLAST results become the rep-
resentative sequences that will originate new families from all con-
firmed acyltransferase sequences. The referenced literature in Uniport
is checked to confirm experimental acyltransferase activity. The cata-
lytic domain of each of the representative sequences, identified in

8 were used to populate each AT family with BLAST as

InterPro,*
described above.

To confirm each AT family, we obtained all the known tertiary
structures for each family from the PDB.®> To ensure that structural
comparisons were accurate, enzyme tertiary structures were reviewed
and excluded any fragments, putative proteins, or non-AT domains
from multidomain proteins.

For each family, all the monomer structures were extracted and
selected a reference structure for each family, which was used as a
pivot for superimposing other monomers in each family. To ensure
consistency in aligning the core structure and allow for uniform calcu-
lation of structural similarity, we selected the shortest monomer in
each family as the pivot. We used MultiProt*’ to superimpose all the
monomers in each family, setting OnlyRefMol to 1, Scoring to 2, and
leaving all other parameters at their default values. To measure the
structural similarity of families that contained more than one
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structure, we conducted a root mean square distance (RMSD) analysis
of the superimposed tertiary structures. We calculated the distances
between corresponding alpha carbon atoms (Ca) in the pivot and sub-
ject structures, using a cutoff distance determined by the average dis-
tance between sequential Ca atoms in the pivot structure. Any pairs
of Ca atoms that were more distant than the cutoff were not consid-
ered corresponding and were not used in the RMSD calculation. The
percentage value (P) of Ca atoms used to calculate the RMSD indi-
cates the significance of the calculation. For each family, we superim-
posed the pivot structure to all other structures, resulting in n -1
calculations, where n is the number of monomers being compared in
that family. For families where n > 2, we calculated the average RMSD
and P values (RMSD,,. and P,., respectively).

3 | RESULTS AND DISCUSSION

Based on sequence similarity, following the approach described in the
Methods, we identified fifteen acyltransferase families that act on
thioester-containing substrates. Their functions, as well as substrate
specificity and promiscuity, are discussed in Section 3.1. Their tertiary

structures, catalytic residues and mechanisms in Section 3.2.

3.1 | Acyltransferase families and their functions
AT can act in degradative and synthetic pathways. In the degradative
direction, ATs catalyze the thiolytic cleavage of ketoacyl-CoA mole-
cules. In the synthetic path, a Claisen condensation reaction is cata-
lyzed, and an acetoacetyl-CoA is synthesized from two molecules of
acetyl-CoA.?° Both forward and backward direction reactions can be
found in the AT families,?*"?* except for AT14 and AT15, which
include only enzymes that catalyze the forward reaction.

Enzymes in families AT1, AT2, AT4, AT6, AT12, AT14, and AT15
are related to the transfer of CoA from short/medium-chain acyl mol-
ecules such as acetyl-CoA, ketoacyl-CoA, malonyl-CoA, succinyl-CoA,
butanoyl-CoA, and oxadipyl-CoA, from one carboxylic acid to
another.232>2% The families AT7, AT10, and AT13 can act on
medium-long acyl-CoA chains (Cg to Cy),?” including palmitoyl-
CoA,?® and branched-chain CoA,*’ while the families AT8, AT9, and
AT11 prefer the aromatic-CoA derivates like caffeoyl-CoA. However,
the AT8 family has some members acting on the methylation of
5-hydroxyuridine through the transportation of a carboxyl group from
S-adenosylmethionine without using an acyl-CoA as substrate.>°

Members from the same AT families were reported to exhibit
highly promiscuous substrate specificity. Some AT13 members can
react with various aliphatic and aromatic CoA molecules.>* There are
examples in the AT1 family where the same AT domain could utilize
malonate and methylmalonate units, for example, in the polyketide
synthase PKS12,3? resulting in a complex biosynthesis mechanism.

The genes and common protein names, overall function, sub-
strates, EC number, and references related to the AT activity are
described in Table 1.

Enzymes in family AT1 are primarily assigned to EC 2.3.1.39 but
contain members in EC 2.3.1.161. They transfer the malonyl residue
from malonyl-CoA to holo-ACPs and are involved in multiple path-
ways, for example, in the biosynthesis of lovastatin and antibiotic
bacillaene.®33> This family contains the acyltransferase domain in
many polyketide synthases (PKS), multifunctional enzymes that
assemble simple CoA-thioesters (acetyl-CoA, malonyl-CoA) to create
complex metabolites as mannosyl-f-1-phosphomycoketide, lovastatin,
and anthraquinones.>*343” Some members of AT1 are part of the
fatty acid synthase (FAS), found in most eukaryotic organisms. For
example, the FAS enzyme in rats has a malonyl transferase domain
and the bovine FAS enzymes include an acetyltransferase
domain. 3>

AT2 members (EC. 2.8.3.5) are involved in ketone-body metabo-
lism, transferring the CoA from either succinyl or butanoyl to acetoa-
cetate to produce acetoacetyl-CoA and succinate or butanoate.®%4°
They are distributed among bacteria and animals, with none reported
in plants to date.

The AT3 family (EC 2.8.3.-, 5.1.99.4) includes enzymes with two
distinct biological functions but with closer structural similarity. The
CoA-transferases encoded by the yfdW gene were reported to
enhance the ability of Escherichia coli MG1655 to survive under acidic
conditions using formyl-CoA to convert the oxalate into oxalyl-CoA.**
Other enzymes in this family catalyze the racemization of a-methyl-
branched CoA esters. Sequence comparisons have shown that this
enzyme is a family Ill CoA transferases member.*?

Eventually, the ATs are assembled in dimers or tetramers struc-
tures, and the catalytic domains may work synergically, promoting
either degrative and synthetic reactions in the same protein.*® The
members of AT4 and AT5 are part of dimeric or tetrameric thiolases
with low identity between each other (<15%) and were grouped in
their respective families. These complexes have distinct substrate
channeling paths and substrate preferences.** The AT4 family is
formed by N-terminal thiolases that are able to catalyze the cleavage
of short, medium, and long straight chain 3-oxoacyl-CoAs and medium
chain 3-oxoacyl-CoAs.*® The enzymes in AT5 were reported to be
related to the thiolase domain of sterol carrier protein 2/3-oxoacyl-
CoA, which are active with medium and long straight chain 3-oxoacyl-
CoAs but also with the 2-methyl-branched 3-oxoacyl-CoA and the
bile acid intermediate.*

Enzymes in the family ATé are derivates from hydroxymethylglu-
taryl-CoA synthase (HMG-CoA) (EC 2.3.3.10) and related to acetyl-
CoA conversion to mevalonate, using the acetyl-CoA as substrate.®
The members of ATé also utilize 3-chloropropionyl-CoA to catalyze
the formation of a key intermediate in cholesterogenic and ketogenic
pathways.2447

The members from the AT7 family were described using a variety
of substrates as acyl-CoA (Cg to Cyg), including myristoyl-CoA,
acetyl-CoA, iso-, and anteiso-branched chain acyl-CoA in bacterial
biosynthesis of long-chain olefins.*®4? AT7 also includes enzymes that
catalyze the condensation reaction of fatty acid synthesis by the addi-
tion of an acyl acceptor of two carbons from malonyl-ACP, which are

encoded by the FabH gene.®®°!
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TABLE 1 Acyltransferase families, gene and enzyme names, functions, and substrate preference.
Substrate preference
Family  Enzyme names (gene names) Most common AT function of AT function Ref.
AT1 Polyketide biosynthesis malonyl CoA-  Transfer of malonyl from malonyl- Malonyl-CoA Chopra et al.%%; Chen et al.??
acyl carrier protein (ACP) CoAto an ACP
transacylase (Bae)
Mycoketide-CoA synthase (pks12)
AT2 Succinyl-CoA:3-ketoacid CoA Transfers CoA from succinate to Succinyl-CoA Fischer et al.%%; Zhang et al.*°
transferase (SCOT) acetoacetate
Acetoacetyl CoA:acetate/butyrate: Transfers CoA from acetoacetyl-CoA Butanoyl-CoA
CoA transferase (ctf) to acetate, butyrate, and
propionate
AT3 CoA-transferase formyl-CoA:oxalate Conversion of acetyl-CoA and Acyl-CoA Mullins et al.?®
oxalate to oxalyl-CoA and acetate Acetyl-CoA
CoA-transferase (FCOCT) Formyl-CoA
AT4 Acetoacetyl CoA thiolase (Acat) Condensation of two acetyl-CoA Acetoacetyl-CoA Antonenkov et al.**; Nguyen
CoA transferase (ipdAB) molecules into acetoacetyl-CoA et al.”; Crowe et al.??
3-Oxoacyl-CoA thiolase
AT5 Acetoacetyl CoA thiolase (Acat) Condensation of two acetyl-CoA Acetoacetyl-CoA Antonenkov et al.*>; Nguyen
Co transferase (ipdAB) molecules into acetoacetyl-CoA et al.”; Crowe et al.??
3-Oxoacyl-CoA thiolase
AT6 3-Hydroxy-3-methylglutaryl CoA Condensation of acetyl-CoA with Acetyl-CoA Sutherlin et al.*¢
synthase (mvas) acetoacetyl-CoA to form
3-hydroxy-3-methylglutaryl-CoA
AT7 Acyl-CoA:acyl-CoA alkyltransferase Catalyzes the condensation reaction Acyl-CoA (C8to C16)  Frias et al.*”; Deckert et al.”®
3-Oxoacyl-[acyl-carrier-protein] of fatty acid by the addition of two Mpyristoyl-CoA
synthase 3 carbons from malonyl-ACP to an
acyl acceptor
AT8 Caffeoyl CoA O-methyltransferase Methylation of caffeoyl-CoA Caffeoyl-CoA Rhu et al.%% Kilgore et al.*%;
(CCoAOMT) Alazizi et al.>®
5-Hydroxyuridine methyltransferase Methylation of 5-hydroxyuridine 5-Methoxyuridine
(TrmR)
AT9 Coniferyl alcohol acyltransferase Acetylation of coniferyl alcohol Acetyl CoA Dexter et al.>%; Sassa et al.”*
(phCFAT)
Fatty acid Elongas (ELOV) Addition of two carbons to long- and Palmitoyl CoA
very long-chain fatty acids
AT10 Acyltransferase PapA3 (papA3) Transfer of palmitoyl groups to Palmitoyl-CoA Hatzios et al.??
glucose Docosanoyl-CoA
AT11 Bile acid-CoA:amino acid N- Conjugation of bile acid with amino Cholyl-CoA Sfakianos et al.”®
acyltransferase (hBAT) acids glycine or taurine
AT12 Succinyl-CoA:acetate CoA Convert acetate to acetyl-CoA and Succinyl-CoA Mullins et al.°
transferase (AarC) succinate
AT13 Chalcone synthase (CHS1) Release free CoA from coumaroyl- 4-Coumaroyl-CoA Gobel et al.?%; Katsuyama
CoA and malonyl-CoA during the 3-Oxoadipyl-CoA etal.®®
synthesis of chalcones derivates
AT14 3-Oxoadipate CoA-transferase Transfer of CoA from succinate to 3-Oxoadipyl-CoA Jacob et al.¢®
3-oxoadipate
AT15 3-Oxoadipate CoA-transferase Transfer of CoA from succinate to 3-Oxoadipyl-CoA Jacob et al.®®

3-oxoadipate
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The family AT8 has methyl transferases (EC 2.1.1.-) related to the

methylation of caffeoyl-CoA in the biosynthesis of lignin monomers,

thioester acyl transferases that have been characterized in animals
and bacteria, catalyzing the methylation of 5-hydroxyuridine to form

flavonols, and flavones. However, some members of AT8 act on non- 5-methoxyuridine. Those enzymes are described as nucleotide-
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specific methyltransferase complexed with the cognate tRNA
substrate.30-°2>3

The members of AT9 (E.C 2.3.1.-) can act as anthocyanin acyl-
transferases (AATs) or coniferyl alcohol derivates and are related to
the synthesis of long chain fatty acids.>* This family also includes
enzymes classified as BAHD-AT,>> which produce small volatile
esters, modified anthocyanins, as well as constitutive defense com-
pounds, and phytoalexins.>® In plants, these enzymes catalyze the acyl
transfer from acyl-CoA to the glycosyl moiety of anthocyanins, thus
playing an essential role in flower coloration and secondary
metabolism.>”

Family AT10 includes enzymes from gene Pap that utilize
palmitoyl-CoA as the preferred substrate in the biosynthesis of polya-
cyltrealose, a glycolipid linked to mycobacterial pathogenesis, for
example, in Mycobacterium tuberculosis.?’

AT11 includes animal enzymes from gene BAAT that catalyze the
conjugation of bile acids with the amino acids glycine or taurine using
cholyl-CoA as substrate.>® The enzymes in AT11 are structurally simi-
lar TE2 thioesterases with the gene Acot that contribute to hydrolyz-
ing acyl-CoAs to the free fatty acid and CoASH.>®

Members of the family AT12 include the succinyl-CoA:acetate
CoA transferase (EC 2.8.3.18). These enzymes are associated with
acetic acid resistance in Acetobacter aceti, which utilizes succinyl-CoA
to convert toxic acetate to acetyl-CoA and succinate.®® Roseburia sp.,
a human gut bacterium, plays a crucial role in butyrate formation in
the human colon using the butyryl-CoA as substrate.?®

Enzymes in the family AT13 are mostly found in plants and are
related to PKS, a multienzyme complex highly homologous to FAS.28
The members of this family were experimentally described in the bio-
synthesis of xanthones (Hypericum androsaemum), curcuminoid (Cur-
cuma longa), olivetolic acid (Cannabis sativa), vancomycin, and
teicoplanin antibiotics (Amycolatopsis orientalis). Enzymes in AT13 are
promiscuous, active on a large variety of substrates. For example, they
can use long-chain aliphatic acyl-CoA (Ci, to Cyg), feruloyl-CoA,
aromatic-CoA (feruloyl-CoA, benzoyl-CoA), and short chain-CoA (mal-
onyl-CoA, butyryl-CoA).3161-65

AT14 and AT15 respectively include the subunit A and subunit B
from 3-oxoadipate CoA-transferase (EC 2.8.3.6) found in Pseudomo-
nas sp. Subunits A and B do not have enough sequence similarity to
be grouped in the same family. Those subunits work synergically
to produce acetyl-CoA and succinyl-CoA from 3-oxoadipyl-CoA.%¢
The transferase reaction for these families was found to be reversible:

the addition of succinate to the assay mixture brought about a

decrease in the 3-oxoadipyl-CoA-Mg?* complex.?® Some AT15
enzymes appear in the pathway for glutamate fermentation in
A. fermentans.®

In addition to the AT function that enzymes in AT families cata-
lyze, some have a wide substrate specificity and/or catalyze different
functions. High-throughput screening of AT and an in silico sequence-
based method for predicting acyltransferase activity provided access
to many promiscuous AT. As examples, a human glutathione transfer-
ase with the native substrate 2-cyano-1,3-dimethyl-1-nitroso-
guanidine has azathioprine as an alternative substrate; or an acyl CoA
transferase (YgfH) from E. coli transfers the CoA group from succinyl-
CoA to succinate, but can also use acetate or butyrate as alternative
acceptors. 1067767

Some members in the AT families identified in this work were also
identified in a different enzyme group due either to the multiple sub-
strates or the similarity in their structures (Table 2), confirming the
promiscuous behavior of AT enzymes. Some members from families
AT1, AT7, and AT13 have a ketoacyl synthase activity reported and
have enough structural similarity to be also a member of ketoacyl fam-
ilies presented in ThYme.”® A similar situation was observed for mem-
bers from families AT11 and AT12, with thioesterase activity also
present in thioester families.

This discussion (Section 3.1, Table 1) highlights the main functions
and substrate specificities of the enzymes in each AT family that have
been experimentally verified. However, each family contains signifi-
cantly many more sequences that have not been experimentally char-
acterized, which are available in the ThYme database. The
classification of these uncharacterized sequences into AT families,
with each family based on experimentally verified sequences, allows
the selection of sequences likely have a desired function or substrate
selectivity from a particular AT family and species.

3.2 | Acyltransferase families and their structures,
catalytic residues, and mechanisms

The structural similarity of each AT family was confirmed by the
superimposition of their respective tertiary structures that were
experimentally resolved and available in the PDB. Table 3 reports the
predominant structural domain for each family (confirmed by Pfam
and InterPro), as well as the RMSD,,, P.ve Values (see Methods), and
a list of the PDB structures that were superimposed. The structural

similarity is shown by RMSD,,. values <1.03 A and P, values of

TABLE 2 Acyltransferase families that have sequences overlapping with other enzyme families.

AT family Other activity reported or similar structures
AT1 Ketoacyl synthase family KS3

AT7 Ketoacyl synthase family KS1

AT11 Thioesterase family TE2

AT12 Thioesterase family TE1

AT13 Ketoacyl synthase family KS4

Example sequence UniProt identifier Ref.
AOA2H3CTKO and QOCF73
DOMCQ4 and 067185
Q8N9LY, Q8BGGY, and 055137
P52043, P32316, and P83773
Q9AU09 and BOFYK7

Engels et al.””; Huang et al.”®
Deckert et al.”%; Hu et al.””
Hunt et al.>?; Huhtinen et al.”®
Haller et al.?%; Lee et al.”®

Zheng et al.*%°
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(Continued)

TABLE 3

Pave

RMSD,
(A)

Structures in the PDB

(%)
5

Fold/domain

Family

1BI5, 1BQ6, 1CGK, 1CGZ, 1CHW, 1CML, 1D6F, 1D6H, 1D6I, 1EEO, 1186, 1188, 1189, 1I18B, 1JWX, 1QLV, 1TED, 1TEE,

1.6

1.02

Chalcone and stilbene synthases/AMP-

AT13

1U0M, 1U0U, 1U0V, 1UOW, 1XES, 1XET, 1Z1E, 1Z1F, 2D3M, 2D51, 2D52, 2P0U, 3A5Q, 3A5R, 3A5S, 3ALE, 3AWJ,
3AWK, 3E1H, 3EUO, 3EUQ, 3EUT, 30IT, 30V2, 30V3, 3TSY, 3VS8, 3VS9, 3WD7, 3WD8, 3WXY, 3WXZ, 3WYO,
4BON, 4WUM, 4YJY, 5UC5, 5UCO, 5W8Q, 5WC4, 5WX3, 5WX4, 5WX5, 5WX6, 5WX7, 5YPT, 6CQB, 6DX7, 6DX8,
6DX9, 6DXA, 6DXC, 6DXE, 6DXF, 6GW3, 6J1M, 6J1N, 6L5U, 6L61, 6L73, 6L78, 6L7), 60P5, 7BUR, 7BUS, 7CBF,

7CCT, 7D41, 7DTQ, 7FFA, 7FFC, 7FFG, 7FFH, 7FFI, 7SGY, 7W6G

binding enzyme

CoA transferase

AT14

CoA transferase

AT15

>62%, which confirms that enzymes within a family have nearly iden-
tical tertiary structures, despite a wide variety of substrate specific-
ities and enzymatic activity for AT families. This is shown in Figure 2,
which has two AT2 enzymes superimposed, a succinyl-
CoA:3-ketoacid CoA transferase (3CDK) from Bacillus subtilis and a
Drosophila melanogaster succinyl-CoA:3-ketoacid-CoA transferase
(SCOT) (4KGB) AT2 enzyme.

An advantage of classifying enzymes into families is that one can
make not only structural inferences, but also mechanistic ones. To
demonstrate, the catalytic and binding residues of B. subtilis succinyl-
CoA:3-ketoacid CoA transferase (3CDK) were predicted from the
known catalytic and binding residues of the D. melanogaster SCOT
(4KGB) AT2 enzyme (Figure 2), through structure superimposition and
spatial correspondence of the residues. The crystal structure of the
B. subtilis AT2 enzyme was known; however, no experiments were
performed to identify the catalytic residues. Similarly, the three cata-
lytic residues (Cys-His-Cys) of a human acetoacetyl-CoA thiolase
(1WL4)"* were used to predict the catalytic Cys-His-Cys residues in
an acetyl-CoA acetyltransferase from Bacillus anthracis (3556), as
shown in Figure 3.

In AT1, the Saccharomyces cerevisiae AT domain (2UV8) was
described from a fungal fatty acid synthase (FAS 1) complex, located in
the inner face of the barrel, close to the reaction chamber, facing the
ACP domain, formed by heterododecamer in an asfis configuration.”?
AT1 enzymes also include the methyltransferase domain in FAS Il
M. tuberculosis (2QC3),”® as well as enzymes with reversible reactions
specific for malonyl-CoA described for Staphylococcus aureus and
Streptococcus pneumoniae.”* For malonyl CoA-ACP transacylase, the
acyl groups are provided by the action of three free-standing AT in a
two-step mechanism. First, malonyl-CoA is bound, and the malonyl
moiety is transferred to the catalytic serine with CoA released. Sec-
ond, ACP binds, and the malonyl moiety is transferred to the terminal
sulfhydryl of the ACP prosthetic group through the catalytic serine
and nearby histidine serving as the catalytic dyad.”* AT1 also includes
a FAS enzyme from Homo sapiens (2JFD) that is able to transfer acetyl
and malonyl chains and has two subdomains. The large subdomain
exhibits the typical a/f hydrolase fold with a multi-stranded parallel
B-sheet surrounded by a-helices. The smaller domain is represented
by a multi-stranded antiparallel B-sheet packed against two distal
a-helices. The active site is located in the cleft between the two sub-
domains and is composed of residues of His, Ser, and Arg.”>

The transfer of a CoA moiety from succinate to acetoacetate by a
transferase from D. melanogaster in the AT2 family (4KGB) is catalyzed
by a dimeric succinate-CoA transferase that preserves an o/p/a motif
with a central seven-stranded f-sheet. In its reaction mechanism, CoA
is covalently bound to the active site by a Glu residue.*® Mass spec-
trometric analysis revealed the dimeric enzyme could use a ping-pong
mechanism where half of the subunits are catalytically superfluous for
the second half reaction, and only one of the subunits transfers the
CoA moiety to a carboxylic acid acceptor.”®

The structure and catalytic mechanism of enzymes in AT3 can be
described by a formyl-CoA transferase from Oxalobacter formigenes
(2VJK). The 2VJK structure contains a covalent B-aspartyl-CoA
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FIGURE 2 AT2: The likely catalytic residues of a succinyl-CoA:3-ketoacid coenzyme A transferase (PDB 3CDK A and B chain) from Bacillus
subtilis (pink) were predicted based on known residues (PDB 4KGB B chain, blue) from Drosophila melanogaster. The superposed Glu340 of 4KGB,
known to be the conserved glutamate residue in the active site, was used to predict the Glu47 from 3CDK, and the other residues in stick

representation were described for the CoA-binding site.

—
H. sapiens, Cys383
\_\- : @
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“. p—

v

B anthrac:s, His347
g

FIGURE 3 ATS5: The likely catalytic residues of an acetyl-CoA acyltransferase (PDB 3SS6) from Bacillus anthracis (pink) were predicted based
on known residues from a Homo sapiens acetoacyl-CoA thiolase (PDB 1WL4). The superposed catalytic Cys92, His353, and Cys383 residues of

1WL4 were used to predict the 3556 catalytic residues.

thioester, changing the conformation in the active sites of the dimer.
A glycine loop binds the formate molecule released during the formyl-
CoA catalysis, and a GIn residue prevents the intermediates from early
hydrolysis.””

AT4 enzymes are homodimeric thiolases with two domains in the
core of the structures folded into a mixed five-stranded sheet with
the central layer pointed toward the active site. A 3-ketoacyl-CoA
thiolase enzyme from S. cerevisiae (1PXT) shows the active site with a
shallow pocket, shaped by two highly conserved Cys and His residues
at the floor of the pocket. Those subunits interact themselves by
hydrophobic contacts, hydrogen bonds, and salt bridges.”®

The general fold for AT5 enzymes, for example in a 3-ketoacyl-
CoA thiolase-like protein enzyme from Leishmania mexicana (3ZBG),
consists of three domains: the N-terminal domain, the C-terminal
domain, and the loop domain. The N- and C- domains have the B/a/-
B/a/p/a/B/Pp topology and have the catalytic residues. The function of
the loop domain is to orient the CoA moiety through the binding
pocket. The active site is located in the interface of the subunits and

is formed by residues from each subunit, and is relatively polar. Two

Cys and one His are usually involved in the catalytic reaction. One
Cys acts as a nucleophile and the other as an acid/base. The His helps
the Cys activation and increase its nucleophilicity.2%4*

The description of reaction mechanisms of enzymes in AT6 is
based on HMG-CoA synthases and is similar to the mechanism in
thiolases. The HMG-CoA synthase reaction consists of the irreversible
condensation of acetyl-CoA with acetoacetyl-CoA to produce HMG-
CoA. The acetyl group is transferred from the CoA thioester to a Cys
residue forming acetylcysteine, then the acetylcysteine reduces CoA,
and the acetoacetyl-CoA binds in the enzyme. Next, acetylcysteine is
activated by proton removal, leading to the Claisen condensation,
resulting in a free HMG-CoA.”?€° The structures from family ATé, as
shown in a HMG-CoA synthase enzyme from S. aureus (1TXT), consist
of an N-terminal thiolase-like domain with mixed o-f secondary struc-
tural elements dominated by two p-sheets that envelop the two cen-
tral a-helices forming the active site loop that contains the Cys
residue related to the condensation reaction. The C-terminal domain
is a structural feature of the HMG-CoA synthases with no experimen-

tally confirmed function, but could be associated with the enzyme
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location in the cell or post-translational activity. Beyond the Cys cata-
lytic residue, Asp and Phe also contribute to the catalytic pocket in
this enzyme.”*#°

The dimeric crystal structures (3ROW and 3523) from Xanthomo-
nas campestris OleA are in family AT7. Each monomer contains an
active site and uses the ping-pong mechanism to covalently bind the
long-chain alkyl substrate to a Cys residue. The active site Cys is a
conserved residue, and an active site Glu likely promotes the Claisen
condensation.®? The tertiary structure for the members of this family
is similar to the tertiary structure of KS1 ketoacyl synthases,”® sup-
porting the promiscuous catalytic activity of these enzymes.

The AT8 enzyme structure (1SUI) of an O-methyltransferase from
Medicago sativa, which is involved in the biosynthesis of hydroxycin-
namic acid derivatives, can methylate the C; position of a lignin
monomer and is a bivalent cation dependent enzyme.8? The catalytic
domain exhibits an o/p Rossmann fold, with Lys and Arg residues act-
ing in the orientation of the substrate. The phenolic moiety of the
substrate is sequestered by aromatic residues (Tyr and Trp), and Met,
Asp, and Asn complete the substrate binding pocket. A divalent
cation, such as Ca?*, Mg?*, or Zn?*, was observed in the active site
chelated by Thr, Glu, and Asp and revealed to have a critical role in
enzyme activity.8% Three residues (Thr, Glu, and Asp) in the O-
methyltransferase from M. sativa (1SUI) were used to predict that, in
the human cathecol-O-methyltransferase (2AVD), three similar resi-
dues (Thr, GIn, and Asp) appear in the same spatial positions but with
a different Thr side chain orientation (same orientation for Glu-Gin
and Asp-Asp), which suggests that the human enzyme may not che-
late 2% ions for the catalytic reaction (Figure 4). However, the differ-
ent Thr side chain orientation could also result from the fact the 1SUI
was crystallized with Ca?" while 2AVD was not.

The structure of enzymes in AT9 are similar to that of BAHD
AT. The structure of a shikimate O-hydroxycinnamoy! transferase
from Arabidopsis thaliana (5KJS) consists of two pseudo-symmetric
N-terminal and C-terminal domains connected by a long loop. The
arrangement comprises a f-sheet core flanked by o-helices with
the active site in the interface of the two domains, with a His

residue between them®* A mechanism was described for a
hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyltransferase from
A. thaliana where His153 acts as a general base that deprotonates the
5-hydroxyl of the acyl acceptor substrate shikimate, priming it for
nucleophilic attack on the carbonyl carbon of the acyl donor p-cou-
maroyl-CoA.8%

The only structure available to date in family AT10 (6AEF), a PKS
associate enzyme from M. tuberculosis, shows an unconventional pres-
ence of a zinc finger motif in the N-terminal region, but still presents a
classical CoA-dependent acyltransferase fold with a large p sheet
flanked by a-helices. The N-terminal subdomain also shows seven
mixed-type beta strands, parallel and antiparallel, whereas the
C-terminal subdomain contains six mixed beta strands.

AT11 has a single crystallized structure (3K2l) from Homo sapiens;
however, there is no accompanying literature to describe it. Still, the
putative catalytic triad Cys-Asp-His was identified from a human bile
acid-CoA:amino acid N-acyltransferase by site-direct mutagenesis.”®
The triad Gly-Ser-Gly was assigned for ACOT enzymes in mice, also
present in the thioesterase family TE2, with the Ser acting as the
nucleophile.>?

The AT12 crystal structure 20AS monomer, of an acetyl-CoA
hydrolase/transferase enzyme from Shewanella oneidensis, is com-
posed of the pseudo-two-fold axis in non-similar N- and C- terminal
domains, forming a funnel-shaped active site cleft. The residues Phe,
Thr, Ala, Phe, Leu, and Val form the catalytic hydrophobic pocket. This
composition and spatial orientation isolate the catalytic nucleophilic
glutamate at the bottom of the cleft, allowing the near-ideal angle for
the attack as the thioester oxygen with the CoA-derivates.®”

The tertiary structures of chalcone and stilbene synthases from
family AT13 are homologous to the thiolase-like superfamily, and the
overall fold for this family resembles the homodimeric f-ketoacyl
synthase Il and thiolases. The active site for CoA is formed by the con-
served residues of Cys, Phe, His, Asn, and leads to the decarboxylation
and condensation reaction. The Cys acts as nucleophile in polyketide
formation while the Phe orients the substrate to the active site pocket
during the elongation process of the polyketide intermediate.?®

//A\\\‘

FIGURE 4 ATS8: The putative ion chelating residues of a cathecol-O-methyltransferase (PDB 2AVD) from Homo sapiens (pink) were predicted
based on residues from a Medicago sativa caffeoyl CoA 3-O-methyltransferase (PDB 1SUI) known to chelate 2" ions involved in the catalytic

reaction.
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The families AT14 and AT15 have no known resolved tertiary
structures. The AT families described here are mapped to the previ-
ous, mechanistic-based Class I, II, 1l classification: AT1, AT2, AT9, and
AT13 families to Class I; AT3 and AT5 to Class Il; and AT11, AT14,
and AT15 families to Class Ill. The other AT families do not have their
mechanisms resolved in such detail to be able to assign them to
Class I, I, or 111

This discussion (Section 3.2, Table 3, and Figures 2-4) highlights
the structures and mechanisms of the enzymes in each AT family that
have been experimentally verified. Since structures are very well con-
served in each family, and since each family contains significantly
many more sequences that have not been experimentally character-
ized, the classification of uncharacterized sequences into AT families
enables the selection of sequences with a desired mechanism or
structure from a particular AT family and species. Further, the known
structures in each family are reliable templates to predict the three

dimensional structure of any sequence in the same family.

4 | CONCLUSIONS

All acyl transferases active on thioester-containing substrates, mostly
commonly CoA, were classified into fifteen distinct families. Families
were established based on sequence similarity and confirmed with
tertiary structure superimposition. Each family is based on at least one
enzyme experimentally verified to be an acyltransferase. This classifi-
cation allows to infer the structure, function, catalytic residues, and
mechanisms of AT enzymes that have not experimentally character-
ized. This is of particular importance to the AT enzymes due to their
broad substrate specify and promiscuous catalytic activity. All the
sequences and structures of the AT families, including external links
to protein and gene repositories, are available to the public in the
ThYme database (https://thyme.engr.unr.edu).
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