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Enzymatic amide bond formation: synthesis of
aminooxo-acids through a Mycobacterium
smegmatis acyltransferase†
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A highly-productive strategy based on the use of an acyltransferase

from Mycobacterium smegmatis (MsAcT), for the preparation of

aminooxo-acids in water was developed. 1 M-scale biotransform-

ations were carried out with excellent yields (68–94%) and rapid

reactions (0.5–5 h) starting from anilines and a range of different

anhydrides. The high substrate-to-catalyst ratio (Msubstrate/Mcatalyst:

25 000), enzymatic stability (one month without any activity loss),

and excellent protein purification yields (130 mg from 2 g of wet

cell paste) made this process a green and cost-efficient approach,

which was successfully applied for the preparation of a key inter-

mediate of SAHA synthesis.

One of the most important reactions in organic chemistry is
the formation of amide bond, which is widely found in many
natural compounds, agrochemicals and pharmaceuticals.1–4

Amides are typically synthesized through condensation reac-
tions between amines and carboxylic acids in the presence of
an in situ prepared activating agent,5 while other synthetic
strategies include the oxidative amidation of alcohols or alde-
hydes.5 Conventional procedures are characterized by poor
atom economy and are usually carried out in organic solvents,
requiring a dry environment to avoid reverse hydrolysis reac-
tions. For these reasons, the development of more sustainable
and green synthetic strategies for amide bond formation has
become a top challenge for scientists in recent years.6

Within the field of biocatalysis, condensation reactions in
organic media are usually catalyzed by lipases7 (e.g., CAL B
from Candida antarctica), while enzymatic amide syntheses in
water mainly rely on penicillin acylases, predominantly
applied in the preparation of β-lactam antibiotics,8,9 or acyl-
transferases with promiscuous activity, such as the one from
Pseudomonas protegens, presenting a narrow substrate scope

and prolonged reaction times for the obtainment of the
desired product (24 h).10 Many esterases belonging to the bac-
terial hormone-sensitive lipase (bHSL) family have shown pro-
miscuous acyltransferase activity. However, product hydrolysis
and low transfer efficiency, requiring critical and careful reac-
tion optimization, have been a major drawback for their appli-
cation on a preparative scale.11 A better biocatalyst with
similar behaviour is represented by EstCE1, a family VIII car-
boxylesterase with a strong preference for the water amidation
and carbamoylation of aromatic compounds.12 Its crystal
structure was recently solved and the amino acid motif impor-
tant for promiscuous acyltransferase activity finally eluci-
dated.13 With the aim of developing green chemistry
approaches for amide synthesis, an acyltransferase from
Mycobacterium smegmatis (MsAcT), has been exploited both in
buffer and solvent media, in batch or in continuous mode,
starting from primary amines and reactive short-chain
esters.14–18 A further process implementation was obtained by
its evolution through rational design (MsAcT S11C), unlocking
the possibility of synthesizing tertiary amides.19 MsAcT, which
was initially characterized for its capability to perform trans-
esterification reactions in water,20–22 demonstrated a remark-
able activity even at high substrate concentrations (up to 0.5
M).16,23,24 Although vinyl esters have shown superior reactivity
as acyl donors with respect to ethyl ones,14,16,21 their procure-
ment remains a concern with just a few commercially available
and at high costs. Furthermore their synthesis is based on Pd-
catalysis and harsh reaction conditions (i.e., anhydrous THF,
high temperature), which are not considered environmentally-
friendly.15,17,18 To the best of our knowledge, no biocatalytic
reactions or green processes for the preparation of vinyl esters
have been reported to date. Within this framework, and con-
sidering the broad substrate scope of MsAcT, a rapid and
robust enzymatic approach for the preparation of amides start-
ing from amines and various anhydrides has been developed.
Anhydrides not only are commercially available on a large
variety, but they are also low-cost reagents. In addition, the
new MsAcT-mediated synthetic strategy gave access to a range
of different aminooxo-acids in water.
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To increase the appeal of this procedure suberanilic acid, a
key intermediate for the preparation of SAHA (i.e., suberoylani-
lide hydroxamic acid), a potent inhibitor of histone deacety-
lases (HDACs),25 was synthesized in one single step, at high
substrate loading and short reaction time, further increasing
the potential of this enzyme in condensation reactions in
water environment.

To monitor the MsAcT stability overtime, its activity was
assayed (see ESI†) each week after its purification. No loss in
the enzymatic performance was observed after 4 weeks of
evaluation, storing the pure MsAcT at 4 °C in phosphate buffer
(0.1 M pH 8.0). Optimization of the reaction parameters was
firstly carried out using aniline (1a) and succinic anhydride
(2a) (Table 1).

Different substrate concentrations (0.1–1 M) were tested.
The formation of 3a (i.e., 4-anilino-4-oxobutanoic acid) was
obtained with excellent conversion (90%) and short reaction
time (1 h) using 1 M aniline, 1 eq. anhydride and 1 mg mL−1

MsAcT (see ESI†).
The substrate scope was further evaluated employing

aniline (1a) in the presence of various anhydrides (2b–2m), the
results are summarized in Table 1. The optimized reaction
conditions have been applied.

The anhydrides corresponding to the entries 1–11, Table 1
provided the corresponding aminooxo-acids 3 in high yields
(68–94%) and short reaction times (0.5–3 h). No reaction was
observed only when NO2-phthalic anhydrides (entries 12 and
13, Table 1) were employed as donors, probably due to the
steric hindrance, and the presence of a strong EWG (i.e.,
electron-withdrawing group). Among the non-symmetrical
anhydrides (entries 5, 6 and 8, Table 1) 2e and 2h furnished
the desired products with anhydride opening from the less
hindered portion. Interestingly, a mixture of closed and open
compounds was observed for 2f (entry 6, Table 1). 2i was the
only anhydride giving cyclic 4i as the single product (entry 9,
Table 1) as previously reported in the literature.26 Notably,
previous attempts to produce these aminooxo-acids starting
from aniline and anhydrides were performed in organic sol-
vents (e.g., diethyl ether, toluene, acetonitrile, dichloro-
methane), using high or very low temperatures (e.g., 90 °C or
5 °C) in the presence of strong bases or expensive
catalysts.26–29

Subsequently, various anilines (1b–q) keeping constant suc-
cinic anhydride 2a were assayed (Table 2).

Aniline substitution with EDG (i.e., electron-donor groups)
such as methyl or methoxy moieties did not affect the enzy-
matic performance, providing the corresponding compounds
5b–i in high yields (84–95%) and short reaction times (1–3 h)
(entries 1–8, Table 2). Similar results were obtained with
chloro-anilines (entries 9–11, Table 2). As previously described
for NO2-substituted phthalic anhydrides, when a strong EWG
was introduced to the substrates (entries 12–14, Table 2), no
biotransformation was observed even at prolonged reaction
times (48 h). The replacement of the phenyl ring with the
naphthyl one (1p) (entry 15, Table 2) was well tolerated by
MsAcT. Finally, the bulkier amine 4-(1,2,2-triphenylvinyl)

Table 1 Probing the substrate scope of MsAcT

Entry Anhydride Product
Yielda (%)
Timeb (h)

1 90
1

2 88
0.5

3 80
1

4 76
2

5 94
2

6 74
3

7 77
2

8 69
3

9 93
3

10 68
3

11 83
2

12 —
48
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aniline (1q) furnished compound 5q in excellent yield (93%)
in 5 h (entry 16, Table 2).

Although the developed strategy clearly shows the versatility
of MsAcT, giving an easy and sustainable access to a wide set
of aminooxo-acids, the real leap in its application is the prepa-
ration of SAHA intermediate in a green and highly-productive
way (3n, Fig. 1).

Vorinostat, the commercial name of SAHA, belongs to the
histone deacetylase inhibitors (HDI). Presenting a broad spec-
trum of epigenetic activities, it is considered a potent anti-
cancer agent, especially for tumour relapses. Compound 3n is
a key intermediate for the preparation of SAHA and its deriva-
tives, which are under investigation to ameliorate the phar-
macokinetic profile, tolerability or for the treatment of
different diseases such as human leishmaniasis, among
others.30–32 3n here prepared in water environment, was
obtained in excellent yield and reaction time (90%, 1 h) and

Table 1 (Contd.)

Entry Anhydride Product
Yielda (%)
Timeb (h)

13 —
48

Reactions conditions: 1 M substrates, 1 mg mL−1 enzyme (120 U mL−1;
0.00004 M), 25 °C in phosphate buffer (0.1 M, pH 8.0); substrate-to-
catalyst ratio 25 000. To increase the substrate solubility 10% DMSO
was employed as cosolvent. a Isolated yield. b Time corresponding to
the maximum yield. No reaction was observed by adding the substrates
in the same reaction conditions without the catalyst.

Table 2 MsAcT-mediate reaction with anilines and 2a

Entry Aniline R1 R2 R3 R4 R5 Pa
Yieldb (%)
Timec (h)

1 1b Me H H H H 5b 94
1

2 1c H Me H H H 5c 93
1

3 1d H H Me H H 5d 94
1

4 1e Me H Me H Me 5e 90
1.5

5 1f OMe H H H H 5f 84
2

6 1g H H OMe H H 5g 85
2

7 1h H OMe H OMe H 5h 87
3

8 1i H OMe OMe H H 5i 85
3

9 1j Cl H H H H 5j 82
2

10 1k H Cl H H H 5k 83
2

11 1l H H Cl H H 5l 85
2

12 1m NO2 H H H H — —
48

13 1n H NO2 H H H — —
48

14 1o H H NO2 H H — —
48

15 1p Phenyl H H H 5p 88
5

16 1q H H H H 5q 93
5

Reactions conditions: 1 M substrates, 1 mg mL−1 enzyme (120 U mL−1; 0.00004 M), 25 °C in phosphate buffer (0.1 M, pH 8.0); substrate-to-cata-
lyst ratio 25 000. To increase the substrate solubility 10% DMSO was employed as cosolvent. a P: Product. b Isolated yield. c Time corresponding to
the maximum yield. No reaction was observed by adding the substrates in the same reaction conditions without the catalyst.
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easily purified by an acid work-up and recrystallization from
MeOH.

In conclusion, the high substrate loading (1 M), and yields
(68–94%), together with the rapid reactions (0.5–5 h) described
in this work for the preparation of a range of aminooxo-acids
starting from anilines and anhydrides, has completely over-
come the perception about biocatalysis ineffectiveness when
compared with traditional synthesis. The efficiency and versati-
lity of MsAcT catalyst, here employed as pure enzyme, are note-
worthy. Although protein purification is usually considered a
time-, energy- and cost-consuming technique, the catalyst
stability (more than one month without activity losses)
together with the high purification yields, allowed for just one
purification cycle, dramatically decreasing the overall process-
related costs and making this strategy further appealing from
an economic perspective.

The remarkably highly-productive system here described
can compete with conventional methods for the amide pro-
duction at preparative scale. Finally, the intermediate for the
synthesis of SAHA and its derivatives was efficiently prepared
in water, demonstrating the high potential of MsAcT of catalyz-
ing condensation reactions in a sustainable manner.
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