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ABSTRACT: The synthesis of amide bonds is one of the most frequently
performed reactions in pharmaceutical synthesis, but the requirement for
stoichiometric quantities of coupling agents and activated substrates in
established methods has prompted interest in biocatalytic alternatives. Amide
Bond Synthetases (ABSs) actively catalyze both the ATP-dependent
adenylation of carboxylic acid substrates and their subsequent amidation
using an amine nucleophile, both within the active site of the enzyme, enabling
the use of only a small excess of the amine partner. We have assessed the ability
of an ABS from Streptoalloteichus hindustanus (ShABS) to couple a range of
carboxylic acid substrates and amines to form amine products. ShABS displayed
superior activity to a previously studied ABS, McbA, and a remarkable
complementary substrate specificity that included the enantioselective
formation of a library of amides from racemic acid and amine coupling
partners. The X-ray crystallographic structure of ShABS has permitted mutational mapping of the carboxylic acid and amine binding
sites, revealing key roles for L207 and F246 in determining the enantioselectivity of the enzyme with respect to chiral acid and amine
substrates. ShABS was applied to the synthesis of pharmaceutical amides, including ilepcimide, lazabemide, trimethobenzamide, and
cinepazide, the last with 99% conversion and 95% isolated yield. These findings provide a blueprint for enabling a contemporary
pharmaceutical synthesis of one of the most significant classes of small molecule drugs using biocatalysis.
KEYWORDS: biocatalysis, amide, ATP, amide bond synthetase, ligase

■ INTRODUCTION
The synthesis of amide bonds is one of the most important
reactions in pharmaceutical synthetic chemistry1 and has been
suggested to account for up to 16% of all reactions performed
in relevant laboratories.2 Although methods of amide bond
syntheses are straightforward, they often require the activation
of the carboxylic acid prior to amide bond formation, using a
coupling reagent that is required in stoichiometric amounts.3,4

In addition to poor atom economy, many of the reagents and
methods used can be toxic or otherwise hazardous. In
recognition of these practical limitations, there has been
ongoing interest in the applications of enzymes in the synthesis
of amide bonds,5−10 as these operate in the absence of
hazardous chemical coupling agents and often in an aqueous
environment. Of the enzymes that have been investigated for
preparative amide bond formation, lipases often require the
esterification of substrate carboxylic acids prior to amide
coupling.11,12 However, in a recent example, a highly efficient
lipase SpL from Sphingomonas sp. HXN-200, which amidates
both esters and free carboxylic acids, has been reported by Li
and co-workers.13 In addition, acylases such as MsACT from
Mycobacterium smegmatis have been shown to synthesize

amides from esters and amines in aqueous media if the
amine is provided in a large excess.14,15

In addition to hydrolases, various ATP-dependent enzymes
have been studied for application in the synthesis of amides.8,9

Philpott and co-workers constructed a whole-cell system in
Escherichia coli in which ATP-dependent acyl-CoA ligases and
N-acyl transferases were coexpressed for the transformation of
acids to amides via adenylate and CoA intermediates in vivo.16

In other cases, the activation of carboxylic acids using ATP to
form intermediate adenylates in vitro, by the adenylation
domains of nonribosomal peptide synthase (NRPS) en-
zymes,17 carboxylic acid reductases (CARs),18 and others19−21

have been applied, in which the adenylate can be intercepted
by an amine nucleophile, provided in large excess, to form
amide products. In one example, the adenylation domain of a
CAR was applied to the synthesis of the antiepileptic drug

Received: November 21, 2023
Revised: December 19, 2023
Accepted: December 26, 2023
Published: January 6, 2024

Research Articlepubs.acs.org/acscatalysis

© 2024 The Authors. Published by
American Chemical Society

1021
https://doi.org/10.1021/acscatal.3c05656

ACS Catal. 2024, 14, 1021−1029

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
Y

O
R

K
 o

n 
Ja

nu
ar

y 
19

, 2
02

4 
at

 1
1:

44
:3

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingyun+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Petchey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Rowlinson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+J.+Burden"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ian+J.+S.+Fairlamb"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gideon+Grogan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gideon+Grogan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.3c05656&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c05656?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c05656?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c05656?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c05656?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c05656?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/accacs/14/2?ref=pdf
https://pubs.acs.org/toc/accacs/14/2?ref=pdf
https://pubs.acs.org/toc/accacs/14/2?ref=pdf
https://pubs.acs.org/toc/accacs/14/2?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.3c05656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


ilepcimide from 3,4-(methylenedioxy)cinnamic acid and
piperidine, although it was necessary to employ a large 100-
fold excess of amine.22 The CAR adenylation system was also
applied to the monoamidation of diamines23 and also recently
coupled to N-acyl transferases in a whole-cell system for the
synthesis of a range of amide products.24 The large excess of
amine required in examples that exploit adenylation enzymes
in vitro as the first step of amide bond formation is thought to
be required to drive the amination part of the reaction, which
is not enzyme-catalyzed but rather occurs in solution between
the adenylate and the amine partner.

The requirement for large excesses of amine in these
reactions has prompted investigations into the ATP-dependent
amide bond synthetase (ABS) class of enzymes, also members
of the larger ANL (acyl-CoA synthetase−non-ribosomal
peptide synthase−luciferase) family of adenylase enzymes,25

as these catalyze both the formation of the adenylate and the
amidation reaction within one active site of the enzyme
(Scheme 1) and require only one or low equivalents of the
amine as a coupling partner.

ABSs catalyze the formation of intermediates in the
biosynthesis of the secondary metabolites coumermycin

Scheme 1. (a) Activity of Amide Bond Synthetases (ABSs); (b) Products of ABS-Catalyzed Reactions in the Formation of
Amides in Biosynthetic Pathways toward Coumermycin (1), Novobiocin (2), Coronatine (3), and Marinacarboline (4)

Table 1. Amide Coupling of a Series of β-Carboline Acids 5−9 with Amine Partners a−d Catalyzed by Either McbA or ShABSa

aNumbers refer to conversions in % measured by HPLC after 24 h incubation. Reactions were carried out with 0.4 mM β-carboline acids, 0.6 mM
amine (1.5 equiv), 0.8 mM ATP (2 equiv), 2 U mL−1 inorganic phosphatase (IPase), and 1 mg mL−1 ABS in 50 mM NaPi buffer, pH 7.5 at 37 °C
with orbital shaking at 800 r.p.m.
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(CouL, intermediate 1, Scheme 1) novobiocin (NovL,
intermediate 2, Scheme 1),26 coumermycin (CouL),27

clorobiocin (CloL),28 and simocyclinone D8 (SimL).29,30

Further ABSs from coronatine biosynthesis in Pseudomonas
syringae,31 such as PsCfaL, have recently been applied to the
synthesis of amino acid-coupled products (Scheme 1).32

McbA, first described by Ji and co-workers,33 is an ABS from
the marine actinomycete Marinactinospora thermotolerans that
catalyzes the coupling of a β-carboline acid and 2-phenylethyl-
amine to form amide 4 (Scheme 1) as part of the biosynthetic
pathway toward the marinacarboline antibiotics. In previous
work, we showed that McbA could be applied to the coupling
of a wide range of amine and carboxylic acid partners.34 In
terms of carboxylic acid specificity, we determined that this
property extended to derivatives of the native carboxylic acid
substrate with substitutions proximal to the pyridyl nitrogen,
ranging from -H to benzoyl, but also to simpler bicyclic and
monocyclic acids, including benzoic acid, with 2-phenylethyl-
amine supplied in only 1.5 mol equiv amounts.34 The structure
of McbA in complex with the native carboxylic acid 5 (Table 1
and Scheme 2) and AMP was determined.34 In common with
other adenylases,25 McbA features a larger N-terminal domain
coupled to a C-terminal “cap” domain. The structure revealed
two conformations: the first, McbAAd, superimposed well with
adenylases that were determined in the “adenylation”
conformation, such as 4-chlorobenzoyl-CoA ligase
(4CBCL),35,36 organized for the adenylation reaction; the

second McbAAm, superimposed well with 4CBCL in its
“thiolation” conformation, the second half-reaction in
4CBCL,36 in which a rotation of approximately 140° of the
cap domain permits access of the nucleophile�the amine in
McbA�for the amidation half of the reaction.

The broad carboxylic acid specificity of McbA appeared to
be attributable to a large hydrophobic active site, in which few
specific interactions with functional groups on the acid
substrate were in evidence. It was also noted that H207 in
4CBCL, thought to have a role in catalysis in that enzyme,35,36

was replaced by an aspartate residue D201 in McbA. Mutation
of D201 to alanine resulted in a variant of low activity, and this
result, with modeling studies, suggested that this residue may
have a role in the activation of the incoming amine nucleophile
for the amidation reaction.37 This study also determined that
the amine specificity of McbA extended beyond substrates
related to 2-phenylethylamine, to include amines ranging from
methylamine to benzylamine, and that, consequently, McbA
could be applied to the multimilligram synthesis of
pharmaceutically relevant amides including the monoamine
oxidase A inhibitor moclobemide.37 The synthetic potential of
wild-type McbA prompted us to investigate the activity of
related ABS enzymes in order to unearth improved and wider-
ranging activities for biocatalytic amidation. In this report, we
describe the activity and specificity of an ABS from
Streptoalloteichus hindustanus (ShABS), with a broader,
complementary substrate spectrum to that of McbA that

Scheme 2. Substrate Screening of ShABSa

a(a): Amine a was used for carboxylic acid substrate screening; (b) Acid 5 was used for amine substrate screening. For chiral substrates, racemic
compounds were applied in reactions. Reactions were carried out with 0.4 mM β-carboline acids, 0.6 mM amine (1.5 equiv), 0.8 mM ATP (2
equiv), 2 U mL−1 inorganic phosphatase (IPase), and 1 mg mL−1 ABS in 50 mM NaPi buffer, pH 7.5 at 37 °C with orbital shaking at 800 r.p.m.
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includes enantioselective behavior toward an expanded range
of acid and amine partners in amidation reactions. Determi-
nation of the X-ray crystal structure of ShABS has also
permitted an investigation of the molecular determinants of
enantioselectivity in the active site for each partner, shedding
new light on the specificity within this potentially valuable class
of enzymes.

■ RESULTS AND DISCUSSION
A search of available databases using the McbA sequence as the
model determined that there were only a handful of
homologous sequences that displayed above 50% sequence
identity with McbA. These included hypothetical “AMP-
binding proteins” from Actinoalloteichus cyanogriseus (AcABS;
GenBank accession number: WP_051713392.1; 54% sequence
identity with McbA), which has recently been studied by
Zhang and co-workers,38 and S. hindustanus (ShABS;
WP_073481158.1; 51%). Compared to other families of ABS
enzymes, ShABS (Figure S1) displayed 34% sequence identity
with NovL and 24% with PsCfaL (Figure S2). A phylogenetic
tree clearly revealed that ShABS-family ABSs were of a distinct

subfamily compared to NovL-type and CfaL-type enzymes
(Figure S3).

The gene encoding ShABS (Figure S4) was cloned and
expressed in E. coli BL21 (DE3) in LB medium using a pET-
28a(+) vector. Purification using nickel affinity and size
exclusion chromatography yielded ShABS with a molecular
weight of approximately 54 kDa (Figure S5a,b) that appeared
to be monomeric in solution, according to gel filtration results.
The activity was initially tested against the McbA native β-
carboline acid substrate 5 and 1.5 equiv of phenylethylamine a,
with the addition of 2 equiv of ATP (Table 1). HPLC analysis
confirmed >99% conversion in 24 h to the amide product 4,
the same product observed with both McbA and also AcABS
reported by Zhang and co-workers.38 The confirmed activity of
ShABS prompted us to challenge the enzyme with a small
library of modified β-carboline acid substrates 5−9 and amines
a−d that had been tested previously with McbA (Table 1).34

The most notable differences between McbA and ShABS
activity were observed for aminations of substrate 5, 6, and 8
with 1-phenylethylamine c and 4-phenylbutan-2-amine d, for
which ShABS gave high conversions, whereas McbA gave

Figure 1. (a) Superimposition of ShABS structures in the adenylation conformation (ShABSAd; adenylation domain in orange and cap domain in
blue) in complex with AMP-CPP (carbon atoms in green) and the apo- open conformation (ShABSopen; adenylation domain in light orange and
cap domain in light blue). The rotation of the cap domain is indicated by the arrow; (b) electron density for AMP-CPP in the ShABSAd active site.
Electron density corresponds to the 2Fo−Fc (blue) and Fo−Fc (green) omit maps at levels of 1σ and 3σ, respectively, obtained prior to inclusion of
the ligand in refinement; (c) superimposition of active sites of McbAAd (carbon atoms in white) in complex with 5 and AMP-CPP and ShABSAd
(carbon atoms in orange, AMP-CPP removed); only amino acid residues that differ between the enzymes are shown. (d) Amine binding tunnel of
ShABS from a model of ShABSAm (carbon atoms in purple) created using McbAAm (pink) as a model.
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negligible or low values. In addition, ShABS gave higher
conversions for the acid substrate 9, with an H in the 1-
position of the β-carboline ring, with all four amines, where
again McbA gave no conversion.

The broader substrate specificity of ShABS for β-carboline
acids prompted a survey of a wider spectrum of carboxylic acid
substrates, ranging from simple benzoic acid 10 to chiral
Profen derivatives such as 14 and larger substrates such as 2-
naphthoic acid 16 (Scheme 2a). Reactions were monitored
using HPLC with products identified by comparison with
synthesized amide products as standards (SI Section 3). Simple
acids such as benzoic acid 10 were coupled rapidly, with >99%
conversion to amide products within 1 h, while McbA gave
only 24 and 43% conversions, respectively, after 24 h. 3,4,5-
Trimethoxybenzoic acid 11 gave 46% conversion after 1 h.
Chiral acids with a methyl group in the benzylic position such
as α-methylbenzoic acid 13 and Profen 14 were consumed
more slowly, although incubation times of 24 h resulted in
conversions of 18 and 13%, respectively. In addition, trans-
cinnamic acid 15 was efficiently converted to amide 15a with
>99% conversion after 24 h.

Following the acid screen, ShABS was then challenged with
a series of amines using β-carboline 5 as the acid partner.
(Scheme 2b). As with McbA, ShABS exhibited substantial
activity with amines other than phenylethylamine a; chiral
amines 1-phenylethylamine c, 4-phenylbutan-2-amine d, and 2-
amino octane e were coupled to 5 with 41, 37, and 27%
conversion, respectively, after 1 h. Even larger chiral amines
such as 1-(2-naphthyl)ethylamine f and 1-(1-naphthyl)-
ethylamine g gave 72 and 71% conversion to amide products
after 1 h. The less nucleophilic anilines were less well
transformed, with aniline i and 4-ethyl aniline j only giving
conversions of 5 and 58% after 24 h.

In order to explore the basis for the broader substrate
specificity of ShABS, the three-dimensional structure was
determined by using X-ray crystallography (SI Section 4). As
crystals of wild-type ShABS were initially not forthcoming, two
mutants, K492A and K492H, of a lysine residue K492
implicated in interacting with ATP were prepared and
subjected to crystallization trials, in an attempt to obtain a
structure. Although no crystals were obtained in the presence
of ATP or AMP and acid substrate, the inclusion of the
noncleavable ATP analogue α,β-methylene adenosine 5′-
triphosphate (AMP-CPP) was successful in giving diffracting
crystals of ShABS K492H in the P21 space group, from which
were obtained data sets that were refined to 2.01 (Data set #1)
and 2.57 Ångstrom (Data set #2) resolution, the second of
which contained density for AMP-CPP in the active site. This
structure of ShABS (ShABSAd Figure 1a) featured two
molecules in the asymmetric unit cell, each of which
corresponded to the “adenylation” conformation of McbA,
with an rmsd between the two enzymes of 1.50 Å over 469 C-α
atoms. Later, an additional structure of ShABS was also
obtained from crystallization of the wild-type enzyme in space
group P6322 (Data set #3), which had been cocrystallized with
the amide product 10a. This ShABS structure (ShABSopen)
displayed a rotation, as determined using the Dyndom server,39

of the cap domain of 81° in the opposite direction to the
rotation observed between McbAAd and McbAAm, to expose
the active site completely. Although no electron density for a
ligand was observed, as the enzyme in these experiments had
been complexed with the amide product, we speculate that this

conformation may be representative of an exit protein-product
complex assumed by ShABS following product release.

In the structure of ShABSAd obtained from Data set #1,
following the building of the protein and water atoms, residual
density in the omit maps was clearly visible, and this could be
successfully modeled and refined as α,β-methylene adenosine
5′-triphosphate (AMP-CPP, Figure 1b).

Superimposition of ShABSAd and McbAAd permitted the
positioning of the acid substrate 5 within the active site and a
consequent analysis of probable active site interactions (Figure
1c).

The major differences in active site residues between the
ShABSAd and McbAAd acid binding sites were W307 (ShABS)
for F301 (McbA), W214 for C209, R175 for H170, C299 for
N293, and S302 for T296. The presence of the two tryptophan
residues is most likely to account for the differences in acid
specificity between McbA and ShABS. The substitution of
F301 for W307 changes the active site environment at C1 of
the β-carboline acid and perhaps accounts for the improved
activity of ShABS for substrates modified at C1, especially 9,
where the acyl group is replaced by a proton. W214 also
increases the hydrophobicity of the binding pocket, replacing
Cys and also displacing E210 (E205) from the active site. It is
also conceivable that, while the two Trp residues decrease the
pocket size, they may also push the acid substrate toward ATP
and the amine pocket, with potential effects on each half-
reaction.

Although a structure of ShABS in the amination
conformation (‘ShABSAm’) was not determined, a homology
model could be constructed using the SWISS-MODEL
server40 with the structure of McbAAm as a template (SI
Section 4.2). In the amine binding tunnel identified in
McbAAm,

37 residues were much more conserved in ShABS
than in the acid binding pocket. These residues included
ShABS V84 (T80 McbA); I202 (I197); P203 (P198); L207
(L202); F246 (F241); W251 (W246); E408 (E400); Y410
(Y402); and V473 (L464). This suggests that there must be
little discrimination of amine binding between the enzymes in
the amine tunnel. The observed experimental differences in
amine specificity therefore probably arise as a result of
constraints on interactions of the amine with the adenylate
intermediate. This is supported by several results in the acid
and amine screens in Table 1. For example, the ShABS-
catalyzed coupling of acid 5 and chiral amines c and d, with
conversions of >99% in each case, suggests that these amines
are bound efficiently by the enzyme. Equally, the coupling of
substrate 7, with the larger benzoyl group in the 1-position,
proceeds to 96% conversion with amine a, suggesting that 7 is
a good acid substrate. However, the attempts to combine acid
7 with amines c or d give only low conversions of 2 and 18%,
respectively, suggesting that it is the constraints imposed by
the binding of the adenylate of 7 that result in this case,
specifically the inability to efficiently bind and transform those
amines.

Following our observation that McbA would discriminate
enantiomers of amine d in the coupling reaction with 5,34 we
investigated the enantioselective properties of ShABS with
both acid and amine substrates. When challenged with racemic
acid substrates 12, 13, and 14 and 1-phenylethylamine a,
ShABS exhibited enantioselectivity, giving (R)- amide products
with enantiomeric excess (ee) values of 40, 32, and 83% at
reaction conversions of 18, 13, and 43% respectively (Table 2;
chiral HPLC chromatograms are shown in SI Section 8).
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Moreover, when using acid 5 and a range of chiral amines c−h,
we determined that ShABS indeed exhibited enantiodiscrimi-
nation of these amines with ee values ranging from 21% at 59%
conversion for amide 5e using an aliphatic chiral amine to 74
and 67% ee for amides 5c and 5h at reaction conversions of 43
and 44%, respectively (Table 2).

Using the structure of ShABS as a guide, a mutational
analysis was then performed, with a view to mapping the active
site of ShABS with respect to the enantioselectivity of the
enzyme, the first such study performed for an ABS. First,
mutations were made within the carboxylic acid binding
pocket. Residues R175, C183, L207, E210, W214, F246, C299,

S302, Q303, and W307 were all mutated to alanine
individually. ShABS muteins were expressed and purified as
for the wild-type enzyme and assayed with 0.4 mM racemic
acid 12 and 0.6 mM 2-phenylethylamine a as the amine
partner. Reactions were arrested midway through conversion
so as to maximize the opportunity to measure the
enantioselectivity (Figure 2a). Mutation of R175, F246, and
W307 to alanine resulted in inactive mutants. R175 and F246
do not appear to have a significant role in substrate binding,
although W307 is one of the crucial active site residues
interacting with the acid substrate, as described above.

Conversions for other muteins were largely between 10 and
35%, and the ees were mostly within ±10% of the 82% (43%
conversion) observed with the wild-type. Of these, C183A and
Q303A gave 88 and 92% ee at 23 and 18% conversion,
respectively. However, for L207A, ee was markedly reduced,
with only 37% ee observed for the amide product at 5%
conversion.

A model of the favored product (R)-12a in the active site of
ShABS (Figure 2c), created using Autodock Vina,42 suggests
that L207 would indeed be close to the chiral methyl group of
12, disfavoring the binding of the nonpreferred (S)-enantiomer
of the acid.

Mutations in the amine binding tunnel of ShABS were
performed to give variants with additional residues V84, I202,
203, W251, E408, Y410, and V473 mutated to alanine
individually. Each was expressed, purified, and assayed with
the native β−carboline acid 5 and racemic 1-phenylethylamine
c in addition to muteins L207A and F246A already prepared
(Figure 2b). Conversion was again poor for F246A, but also

Table 2. Enantioselective Amide Couplings Catalyzed by
ShABSa

acid amine conversion (%) amide product amide ee (%) E*
12 a 43 (R)-12a 82 19
13 a 18 (R)-13a 40 n.d.**
14 a 13 (R)-14a 34 n.d.**
5 g 56 (S)-5g 43 4
5 d 22 (S)-5d 24 n.d.**
5 e 59 (S)-5e 21 2
5 c 43 (R)-5c 74 12
5 h 44 (R)-5h 67 8
5 f 37 (R)-5f 28 2

aReactions were carried out in the same conditions as Table 1, except
that 0.1 mg mL−1 ShABS was used for the production of 5g−5h. *E =
ln[(1 − c)(1 + ee(P))]/ ln[(1 − c)(1 − ee(P))];41 ** not
determined, as it recommended that E values only be determined
when conversion is >30%.

Figure 2. (a) Activities and product ees of wild-type ShABS and mutants in the carboxylic acid substrate binding pocket for the coupling of rac-12
and amine a; (b) activities and product ees of wild-type ShABS and mutants in the amine substrate binding pocket for the coupling of acid 5 and
rac-c. (c) Docking of the favored product enantiomer (R)-12a (carbon atoms in purple) in the active site of ShABS; (d) docking of the favored
product enantiomer (R)-5c (carbon atoms in pink) in the active site of ShABS.
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I202A. Other mutants gave broadly similar conversions to the
WT (43%), and ee values were again within ±10% of the WT
(74% ee), with the exception of F246A, with a low ee of 19%
even at low conversion (2%), and also L207A, for which
enantioselectivity was inverted, giving in this case the (S)-
amide with 50% ee. Docking of the preferred product
enantiomer (R)-5c (Figure 2d) again suggested that L207
would be situated near the chiral methyl group, again
potentially disfavoring the binding of the (S)-amine for
amide coupling in the wild-type.

The broader substrate specificity of ShABS was exploited in
the synthesis of selected key pharmaceutical targets from
commercially available carboxylic acid and amine precursors.
Several pharmaceutical amides with scaffolds close to the
substrate scope of ShABS were selected as targets (Table S5),
with the most successful reactions being performed with acids
18 to 20 and 11 and amines l−o that yield the pharmaceutical
products cinepazide 18l, ilepcimide 19m, trimethobenzamide
11n, and lazabemide 20o (Scheme 3). Using 5 mM acid
substrate, 2 equiv of amine substrate, and ShABS at 2 mg
mL−1, conversions of 98, 56, 52, and 29% were observed after
48 h (Figure S7). The synthesis of cinepazide was performed
on a scale using 50 mg (0.21 mmol) of carboxylic acid 18, 10
mM amine I, and 10 mM ATP, giving 99% conversion and an
isolated yield of 95%. The scale-up results demonstrate the
feasibility and promise of the biocatalytic synthetic method-
ology for a challenging tertiary amide product.

■ CONCLUSIONS
The synthesis of amides presents sustainability issues that may,
in part, be addressed by the use of enzymes. The catalytic
activity of amide bond synthetases has great potential as part of
the toolbox for enzymatic synthesis, especially as they are

active in aqueous medium, only require stoichiometric
amounts of coupling partners, and can also couple carboxylic
acids and amines directly, complementing the activity of
hydrolytic enzymes such as lipases. Mutational studies of the
kind presented here illustrate that the potential exists to alter
both substrate specificity and enantioselectivity of the enzymes
with respect to both carboxylic acid and amine coupling
partners. Future engineering experiments will focus on further
expansion of catalytic scope but also stability with respect to
process considerations, including the intensification of
substrate loading and also cofactor recycling.

■ EXPERIMENTAL SECTION

For full details of experimental procedures, see the Supporting
Information.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.3c05656.

Gene and amino acid sequences; cloning, expression,
and purification of enzymes; site-directed mutagenesis;
synthesis of product standards; crystallization of
enzymes, data collection, and refinement tables;
molecular docking; details of biotransformations with
chromatographic analysis, including chiral analysis of
relevant products; and NMR spectra (PDF)

Scheme 3. Pharmaceutical Amides Synthesized by ShABSa

aReactions were carried out with 5 mM carboxylic acids, 10 mM amine (2 equiv), 10 mM ATP (2 equiv), 2 U mL−1 IPase, and 2 mg mL−1 ABS in
50 mM NaPi buffer, pH 7.5 at 37 °C with orbital shaking at 800 r.p.m for 48 h.
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