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Abstract Hydroxycinnamic acid amides are believed to have antioxi-
dant, antidiabetic, cytotoxic, anticancer, neuroprotective, and antiin-
flammatory properties, making them interesting target molecules for
potential applications in the food, cosmetics, and pharmaceutical in-
dustries. Here, we describe the synthesis of hydroxycinnamic acid am-
ides starting from hydroxycinnamic acid esters and the corresponding
amines by using variants of the promiscuous hydrolase/acyltransferase
from Pyrobaculum calidifontis VA1 (PestE) in water as a solvent. Up to
97% conversion within two hours at 60 °C was achieved with methyl
ferulate and tyramine as substrates. This is a promising, environmental-
ly friendly alternative strategy to established chemical synthesis routes
or enzymatic methods using lipases in nonaqueous organic solvents.

Key words acyltransferase, amides, biocatalysis, carboxylesterase, hy-
droxycinnamic amides

Hydroxycinnamic acid amides (HCAAs) are a class of
naturally occurring secondary plant metabolites with pre-
sumptive roles in plant growth, development, and senes-
cence.! In addition to their role in plants, in vivo and in vitro
studies have revealed potent antioxidant, antidiabetic, anti-
inflammatory, antimelanogenic, and cytotoxic properties,
making these compounds interesting candidates for appli-
cations in the food, cosmetics, and pharmaceutical indus-
tries.2 HCAAs are naturally synthesized by the conversion of
CoA esters of hydroxycinnamic acids and aliphatic or aro-
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matic amines into amides.? Although they occur in many
plants, direct extraction is not economically feasible due to
the small quantities available.?

Therefore, methods for the synthesis of HCAAs are neces-
sary. There is a wide range of chemical strategies for amide-
bond formation.** For large-scale applications, stoichiomet-
ric coupling reagents are commonly used. These activate
the carboxylic acid partner for the condensation reaction
with the amine. The most common methods are the forma-
tion of activated esters with carbodiimides such as 1-ethyl-
3-(3'-dimethylaminopropyl)carbodiimide (EDC) or N,N'-di-
cyclohexylcarbodiimide (DCC). Another possibility is the
formation of acid chlorides with thionyl chloride or the
preparation of mixed anhydrides by using reagents such as
pivaloyl chloride. However, these reagents are used in stoi-
chiometric amounts; moreover, some are very atom-ineffi-
cient, and many of the solvents used are not environmen-
tally friendly. Consequently, the American Chemical Society
Green Chemistry Institute Pharmaceutical Roundtable has
requested the development of more environmentally
friendly and efficient methods for amide-bond formation as
one of their top priorities.”

A more environmentally friendly approach to the syn-
thesis of amides could involve the use of enzymes. Several
enzymatic methods for amide-bond formation have been
summarized in two recent reviews.?® Enzymes that cata-
lyze this reaction can be roughly divided into two groups.
The first group consists of ATP-dependent enzymes that
use ATP to activate the carboxylic acid. Due to the cost of
ATP, these enzymes are not suitable for industrial applica-
tions. The second group consists of hydrolases, including,
for example, lipases, esterases, penicillin G acylases, and
proteases.'® Most of these enzymes still need activated car-
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boxylic acids in the form of esters, but they do not need any
cofactors, and many of them are very robust, making them
attractive candidates for industrial applications. Lipases are
the most studied enzymes for amide-bond formation. In
the absence of water, transacylation reactions are favorable,
thus promoting the aminolysis of esters, leading to amides.
Unfortunately, these reactions must be catalyzed in non-
aqueous organic solvents in the presence of molecular
sieves to prevent hydrolysis. According to the CHEM21 sol-
vent-selection guide,!' which is based on safety, health, and
environmental criteria, most solvents used in these appli-
cations are considered hazardous or highly hazardous.® For
example, the HCAAs N-trans-caffeoyltyramine and N-trans-
feruloyltyramine were previously synthesized by using the
Candida antarctica lipase B (CAL-B) in methyl tert-butyl
ether with methyl esters as acyl donors (molar ratio 1:2
with 78% and 73% conversion, respectively),'? and, in anoth-
er approach N-trans-feruloyltyramine was made by using
Lipozyme TL IM and ferulic acid as an acyl donor in acetoni-
trile as the solvent (70% conversion with a molar ratio of
1:1).13

A promising greener alternative involves the so-called
promiscuous hydrolases/acyltransferases. Usually, hydro-
lases prefer hydrolysis with water over acyl transfer in bulk
water; however, some promiscuous acyltransferases can
catalyze acylation in aqueous solution." Land et al.!®
showed that a promiscuous hydrolase/acyltransferase from
Mycobacterium smegmatis (MsAcT), which had previously
been shown to catalyze the synthesis of esters, is able to
synthesize amides. They used MsAcT in an amine transami-
nase/acyltransferase cascade for the formation of amides
from the corresponding aldehydes and ketones in aqueous
solution. This enzyme was further studied by Contente et
al.,’® who demonstrated a synthesis of simple amides by us-
ing vinyl acetate or ethyl acetate and, more recently, the
synthesis of more structurally complex molecules, such as
vanillamides, in water.!” We had discovered that EstCE1, a
member of the Family VIII carboxylesterases, is another
promiscuous hydrolase/acyltransferase that catalyzes am-
ide condensation. By a synthesis of the antidepressant mo-
clobemide, we showed that the catalytic potential of EstCE1
extends beyond structurally simple amides.' In that study,
we used a promiscuous hydrolase/acyltransferase from Py-
robaculum calidifontis VA1 (PestE). This enzyme was origi-
nally discovered by Hotta et al. as an extremely stable car-
boxylesterase from a hyperthermophilic archaeon.' Its ac-
yltransferase activity for the synthesis of esters was
discovered by Miiller et al.2° and further improved by en-
zyme engineering for the acetylation of monoterpene alco-
hols?! and hydroxytyrosol.2

Here, we describe the ability of PestE to synthesize hy-
droxycinnamic acid amides in aqueous solution. In an ini-
tial screening using ultra-high-pressure liquid chromatog-
raphy (UHPLC) analysis, multiple promiscuous hydro-
lases/acyltransferases were studied for amide-bond

formation with tyramine and vinyl ferulate as substrates.?3
Of all the candidates, PestE showed the highest N-trans-
feruloyltyramine formation, which is why we chose this en-
zyme for further optimization to increase the efficiency of
the reaction. In this case, a more efficient reaction means
that the ratio of aminolysis (attack by the nucleophile tyra-
mine) increases relative to the hydrolysis of the acyl donor
vinyl ferulate (attack by the nucleophile water). As already
observed by Land et al., the pH has an influence on the effi-
ciency of the reaction.!> They determined a pH optimum of
11 for MsAcT and speculated about a connection with the
protonation status of the amine benzylamine (pK, = 9.34).
Therefore, the optimal pH for the synthesis of N-trans-feru-
loyltyramine from vinyl ferulate and tyramine was deter-
mined. Given that tyramine has a pK, value of 9.22 for the
amine,?* which is comparable to that of benzylamine, and
the optimal pH of PestE for the hydrolysis of p-nitrophenyl
caproate was determined to be pH 7, the range between pH
7 and pH 11 was investigated. To select the most suitable
buffer system, primary alcohols and primary amines were
avoided, as they are potential nucleophiles and could unin-
tentionally influence the reaction. For this reason, potassi-
um phosphate buffer was used from pH 7 to 8, N-cyclohex-
yl-2-aminoethanesulfonic acid (CHES) buffer from pH 8.5 to
10, and N-cyclohexyl-3-aminopropanesulfonic acid (CAPS)
buffer from pH 10 to 11 (reaction conditions: 5 mM tyra-
mine, 5 mM vinyl ferulate, 0.21 mg/ml PestE wild-type and
PestE_I208A_L209F_N288A, 25 °C).%> As expected, the reac-
tion appeared to be strongly pH-dependent. At pH 7 or 7.5,
marginal conversions were detected, and, starting from pH
8, N-trans-feruloyltyramine was formed, with an optimum
pH of 10.5 (Figure 1). At pH 7, mostly ferulic acid is formed
by hydrolysis of the substrate, vinyl ferulate, by water. This
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Figure 1 pH-profile of PestE_I208A_L209F_N288A and PestE wild-
type for the synthesis of N-trans-feruloyltyramine. Reaction conditions:
enzyme (0.21 mg/mL), vinyl ferulate (5 mM), tyramine (5 mM), buffer
(178 mM), 25 °C. Conversions were determined by UHPLC and repre-
sent the mean of three independent experiments with the standard de-
viations displayed.
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could be explained by the fact that tyramine is mainly pro-
tonated at pH 7 and is not available as a nucleophile for the
aminolysis reaction. Measurements were taken at various
time points. The conversions were determined after the
acyl donor had been consumed either by aminolysis or hy-
drolysis. Even after prolonged incubation, no amidase activ-
ity was detected. A control with the buffer instead of the
enzyme was performed to exclude chemical background re-
actions as a cause of the amide formation. After a compara-
ble incubation time to that with PestE, a conversion of 1%
was measured with the vinyl ester as the substrate. In con-
trast, wild-type PestE gave 14% conversion (reaction condi-
tions: 5 mM tyramine, 5 mM vinyl ferulate, CHES buffer, pH
10, 25 °(C),% indicating that the reaction is catalyzed by the
enzyme, despite the background activity.

The next step was to investigate variants of PestE that
had previously been developed in our group (Figure
2).212226 The PestE variant I208A_L209F_N288A showed the
highest conversion of 57% (reaction conditions: 5 mM tyra-
mine, 5 mM vinyl ferulate, CHES buffer, pH 10, 25 °C),* so
further experiments were conducted with this variant,
which had already shown the highest conversion for the
acetylation of hydroxytyrosol.?? Because vinyl esters violate
many principles of green chemistry, the methyl ester and
ethyl ester were also investigated and these showed similar
conversions (63% and 58%, respectively).2> The conversions
are also comparable to those in previously published ap-
proaches using lipases in organic solvents.'?'3 In the case of
these esters, no background reaction was detected when
the buffer was used as a control. Ferulic acid was studied
under the same reaction conditions, but there was no indi-
cation that a reaction was occurring. The disadvantage of
these esters is that they are not as reactive as the vinyl es-
ter; consequently, the reaction times were prolonged (90%
conversion with the vinyl ester after 2 h at 25 °C compared
with 13% at 20 °C or 32% at 30 °C with the methyl ester).

To accelerate the reaction, the temperature profile was
determined by measuring the conversions of PestE wild-
type and PestE_I208A_L209F_N288A with the methyl ester
as substrate after two hours at temperatures between 20
and 90 °C (Figure 3) (reaction conditions: 5 mM tyramine,
10 mM methyl ferulate, CHES buffer, pH 10).2°> After two
hours, the highest conversion for the wild-type enzyme
was achieved at 90 °C but, for the best variant
PestE_I208A_L209F_N288A, this occurred at 60 °C. Lower
conversions at higher temperatures indicated a slower reac-
tion. The optimum temperature of 90 °C for the wild-type
enzyme corresponds to that for the highest activity of the
wild-type enzyme in the hydrolysis of p-nitrophenyl
caproate, which had been previously determined.'® An in-
crease in the molar ratio of methyl ferulate to tyramine to
2:1 yielded a conversion of 97% at 60 °C (Figure 3).

In the reaction mixture, 5% (v/v) acetonitrile as a water-
miscible cosolvent was used. According to the CHEM21 sol-
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Figure 2 Synthesis of N-trans-feruloyltyramine with PestE variants. Re-
action conditions: PestE (0.21 mg/mL), vinyl ferulate (5 mM), tyramine
(5 mM), CHES buffer (pH 10; 178 mM), 25 °C. Conversions were deter-
mined by UHPLC and represent the mean of three independent experi-
ments with the standard deviations displayed.
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Figure 3 Temperature profile of PestE_I208A_L209F_N288A and PestE
wild-type for the synthesis of N-trans-feruloyltyramine. Conversions
measured after incubation for 2 h. Reaction conditions: enzyme (0.21
mg/mL), methyl ferulate (10 mM), tyramine (5 mM), CHES buffer (pH
10; 178 mM). Conversions were determined by UHPLC and represent
the mean of three independent experiments with the standard devia-
tions displayed.

vent-selection guide, acetonitrile is classified as ‘problemat-
ic’."! Unfortunately, most of the recommended water-misci-
ble solvents are primary alcohols or esters, which, as nucle-
ophiles or acyl donors, might affect the reaction. For
example, ethanol is not a suitable cosolvent for this reac-
tion, as it lowered the conversion from 63% to 47% when us-
ing methyl ferulate and tyramine in a molar ratio of 1:1.25
However, at lower substrate concentrations, a cosolvent
might not be necessary. Other hydroxycinnamic acids and
amines are also acceptable substrates for PestE. For exam-
ple, the methyl esters of coumaric acid and caffeic acid were

Synlett 2024, 35, A-E
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Table 1 Reactions studied with PestE_I208A_L209F_N288A?

Letter

Acyl donor Amine Product Conversion® (%)

vinyl ferulate tyramine N-trans-feruloyltyramine 57

methyl ferulate tyramine N-trans-feruloyltyramine 63

ethyl ferulate tyramine N-trans-feruloyltyramine 58

methyl caffeate® tyramine N-trans-caffeoyltyramine 54

methyl coumarate tyramine N-trans-coumaroyltyramine (TLC)

methyl ferulate tryptamine N-trans-feruloyltryptamine (TLC)

methyl ferulate octopamine N-trans-feruloyloctopamine (TLG; trace)

3 Reaction conditions: PestE_I208A_L209F_N288A (0.21 mg/mL), acyl donor (5 mM), amine (5 mM), CHES buffer (pH 10; 178 mM), 25 °C.

b Determined by UHPLC.
¢ With ascorbic acid (50 mM).

studied as alternative acyl donors. However, the methyl es-
ter of caffeic acid oxidizes very rapidly at pH 10 and 70 °C,
as indicated by a brown coloring of the solution, preventing
product formation. Alkaline conditions and temperatures
around 70 °C promote the oxidation of caffeic acid, but
since these conditions cannot be changed without affecting
the efficiency of the reaction, the antioxidant ascorbic acid
was used instead (5 mM tyramine, 5 mM methyl caffeate,
50 mM ascorbic acid, CHES buffer, pH 10, 70 °C).%> Ascorbic
acid effectively prevented oxidation of the substrate, lead-
ing to the synthesis of N-trans-caffeoyltyramine with 54%
conversion when using a molar ratio of 1:1. Because ascor-
bic acid contains a primary alcohol group, the efficiency of
the reaction could be compromised. Therefore, the influ-
ence of ascorbic acid on the synthesis of N-trans-ferulo-
yltyramine was investigated. The product formation was
only marginally affected, leading to 58% conversion com-
pared with 63% without ascorbic acid. This means that
ascorbic acid can be added to the reactions without strong-
ly affecting the conversion, although ascorbic acid is only
strictly necessary when methyl caffeate is used as substrate.
In addition to methyl ferulate and methyl caffeate, methyl
coumarate was also acceptable as a substrate and showed
product formation on TLC.

Other naturally occurring aromatic amines were also
studied as substrates. Tryptamine was converted, but octo-
pamine, with an additional hydroxy group compared with
tyramine, showed only traces of the product on TLC analy-
sis (Table 1).

Based on these results, a synthesis of N-trans-ferulo-
yltyramine was performed at a 200 mg scale. After TLC
analysis indicated full conversion of the starting materials,
the crude product was isolated by extraction with ethyl ac-
etate, yielding 191 mg (96% yield). After purification by col-
umn chromatography, 168 mg (84% yield) of a white, slight-
ly pale-brown solid was obtained, and its structure was
confirmed by NMR spectroscopy.?’ The 'H NMR spectrum
was in accordance with that reported in the literature (see

the Supporting Information).?® This demonstrated that this
method is also suitable for preparative-scale synthesis.

In conclusion, the ability of the promiscuous hydro-
lase/acyltransferase PestE to catalyze the formation of am-
ide bonds in aqueous solution for the synthesis of hydroxy-
cinnamic acid amides has been demonstrated. This method
provides a more sustainable alternative to established
chemical synthesis strategies, which often require the use
of coupling reagents in stoichiometric amounts. Unlike li-
pases, environmentally harmful organic solvents can be
avoided.
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