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Abstract. We present a bioorthogonal method for the 

ligation of coenzyme A (CoA) with cinnamic acids. The 

reaction, which is the initial step in the biosynthesis of a 

multitude of bioactive secondary metabolites, is catalyzed 

by a promiscuous plant ligase and yields CoA conjugates 

with different functionalization in high purity and without 

formation of by-products. Its applicability in biosynthetic 

cascades is shown for the direct transformation of 

cinnamic acids into natural benzaldehydes (like vanillin) 

or synthetic derivatives (e.g. ethylvanillin).  

Keywords: Aldehydes; Biocatalysis; Carboxylic acids; 

Ligases; Lyases 

 
Coenzyme A (CoA) serves as a carrier and activator 

for carboxylic acids in more than 100 types of 

biochemical reactions.[1] Over 4 % of all known 

enzymes catalyze transformations which involve such 

CoA conjugates, e.g. the oxidoreductases acting in 

fatty acid catabolism (such as beta-oxidation to 

acetyl-CoA[2] and the subsequent oxidation of this 

intermediate in the Krebs cycle)[3], in the reduction of 

acids to aldehydes[4], or in hydroxylation of aromatic 

acids.[5] The activation of the carboxylic acid 

substrate by the reactive thioester bond of CoA esters 

is also indispensable for acylation reactions on small 

molecules and proteins, e.g. in gene-regulatory 

histone acetylation.[6] In particular, a number of 

primary and secondary metabolites are synthesized 

via repeated condensation of CoA conjugates. These 

reactions are the basis for several pathways to 

polyketide natural products, such as antibiotics[7], 

certain alkaloids and quinones[8] or flavonoids.[9] The 

starting point for the biosynthesis of the latter class of 

compounds is the ATP-dependent conversion of 

trans-4-coumaric acid (2, Scheme 1b) to its CoA 

ester (4-coumaroyl-CoA) by 4-coumarate:CoA ligase 

(4CL, E.C. 6.2.1.12) (Sche-me 1a).  

Compared to other acyl donors involved in enzymatic 

reactions (e.g. mixed anhydrides such as 

phosphoacylates), CoA esters are much more stable 

against hydrolytic cleavage under physiological 

conditions. [10] This stability and the importance of the 

compounds in a multitude of enzyme reactions 

facilitated the development of chemosynthetic 

strategies for their production, which are in general 

based on the acylation of CoA or precursors with 

reactive acyl chlorides, carbodiimide adducts[11] or 

imidazolides.[10,12] Although high yields of the 

thioesters can be achieved in these reactions, they 

cannot be directly applied in bioorthogonal 

(enzymatic) syntheses or in synthetic biology due to 

the cross-reactivity of the used acyl donors with 

reactants and enzymes. Thus, enzyme-mediated 

syntheses seem to be the most convenient strategy for 

in situ or in vivo generation of CoA conjugates in 

biocatalytic cascades.  

Ideally, a cascading reaction including a thioester 

formation step should rely on a CoA ligase with 

relaxed substrate specificity. The use of a 

promiscuous enzyme offers the possibility to react a 

broad range of carboxylic acid substrates, providing 

the basis for both the synthesis of natural or new-to-

nature derivatives in subsequent reaction steps. In the 

search for a candidate with suitable substrate scope, 
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the 4CL isoform 2 (4CL2) from the model plant 

Arabidopsis thaliana  

 

Scheme 1. Synthesis of CoA esters in the biocatalytic 

cascade to substituted benzaldehydes. a) Enzymatic 

activation of cinnamic acids (left) yielding the 

corresponding cinnamoyl-CoA thioesters (middle) by 4CL, 

followed by FCoAHL-catalyzed hydration and retro-aldol 

reaction to substituted benzaldehydes (right). b) Selected 

acids used as 4CL substrates in this study. cinnamic acid 

(1), 4-coumaric acid (2), 3-coumaric acid (3), 2-coumaric 

acid (4), 4-methyl-cinnamic acid (5), 4-aminocinnamic 

acid (6), 4-methoxy-cinnamic acid (7), 3-indoleacrylic acid 

(8), caffeic acid (9), ferulic acid (10), isoferulic acid (11), 

homoferulic acid (12), 4-ethoxy-3-hydroxycinnamic acid 

(13), 3-hydroxy-4-n-propoxycinnamic acid (14), 5-hydro-

xyferulic acid (15), sinapic acid (16), dihydro-4-coumaric 

acid (17), dihydrocaffeic acid (18), 4-hydroxybenzoic acid 

(19), indole-3-acetic acid (20), hexanoic acid (21). The 

yield (in %, calculated on the basis of CoA as the most 

expensive component) in preparative transformations is 

given in brackets. AMP, adenosine-5´-monophosphate; 

CoA, coenzyme A; n.r., not reactive; ✔, reactive but not 

used in preparative reaction due to low conversion rates 

(see Tab. S1) or high susceptibility to oxidation. General 

conditions: 50 mM Tris/HCl (pH 7.5), 2.5 mM MgCl2, 

0.265 mM CoA, 2 mM acid substrate, 1.25 mM ATP, 25 

µg ml-1 4CL2. Reaction time: 20 h. Fresh ligase enzyme 

(25 µg ml-1 4CL2) and cosubstrates (0.265 mM CoA, 1.25 

mM ATP) were added five hours after initiation of the 

reactions. Products were purified by SPE (see Supporting 

Information). 

 

proved to be beneficial. The enzyme is characterized 

by high activity and stability and – unlike other 4CL 

enzymes which are prone to aggregation in 

heterologous expression – can be produced in high 

yield in Escherichia coli as production host. [14] In 

particular, the ability of this ligase to convert the 

three cinnamates 4-coumaric acid (2), caffeic acid (9) 

and ferulic acid (10)[13] suggests a potential 

promiscuity towards carboxylic acids. This tempted 

us to probe the substrate scope of the enzyme. 

Thus, the activity of 4CL2 was systematically tested 

on a set of cinnamates, substituted either with one 

hydroxyl (2 – 4), methyl (5), amino (6) or methoxyl 

(7) group, or with several hydroxyl (9) and/or alkoxyl 

substituents (10 – 16). Other compounds included in 

the screening differed from the native substrate 2 in 

the substitution of the phenyl group by the 

heterocycle indole (8), or in saturation (17, 18) or 

absence of the vinyl moiety (19). Strikingly, 

conversion into the thioesters – which was detected 

spectroscopically by depletion of the co-substrate 

CoA – could be observed for all substrates except for 

the highly substituted sinapic acid (16). Even benzoic 

and arylacetic acids were accepted by the enzyme 

(reaction rates at a substrate concentration of 600 μM 

are given in brackets):    4CL2 transformed 4-

hydroxybenzoic acid (19) (27  1 nmol min-1 mg-1) 

and indole-3-acetic acid (20) (2  1 nmol min-1 mg-1). 

Among nine fatty acids with different chain lengths,# 

only hexanoic acid (21) was converted (86  1 nmol 

min-1 mg-1)*. The kinetic constants of 4CL2 (see Fig. 

S1 in the Supporting Information)  reflect  its broad  

substrate specificity but 

 
 
Figure 1. Conversion of cinnamic acids into vanillin and 

related benzaldehydes by the 4CL2/FCoAHL cascade. The 

chromatograms show the enzymatic formation of vanillin 

(a) or ethylvanillin (b) from the corresponding cinnamic 

acids (top row). Standards of the acid substrates and 

vanillin products (structures depicted at top row) are 

shown at the center and in the lowermost row 

(chromatograms with dashed lines). The products of the 

enzymatic reactions were identified by HR-MS/MS (gray 

insets, see Supporting Information for methods). General 

conditions: 50 mM Tris/HCl (pH 7.5), 2.5 mM MgCl2, 

0.265 mM CoA, 2 mM acid substrate, 1.25 mM ATP, 25 
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µg ml-1 4CL2. Reaction time: 20 h. Fresh ligase enzyme 

(25 µg ml-1 4CL2) and cosubstrates (0.265 mM CoA, 1.25 

mM ATP) were added five hours after initiation of the 

reaction. The transformation into vanillins was started by 

addition of FCoAHL                 (85 µg ml-1, incubation for 

14 h).  

 
  

Figure 2. Active sites of plant 4CL enzymes. Modelled 

structures of 4CL2 from A. thaliana (dark blue) and 

cinnamic acid-CoA ligase from S. baicalensis (yellow) 

were aligned with the crystal structure of the tobacco 

enzyme[18] (cyan). Upper panel: Substrate binding sites 

occupied by the reaction intermediate 4-coumaroyl 

adenosine 5´-mono-phosphate. Amino acids involved in 

binding (numbering of positions indicated for the 

Arabidopsis enzyme) are shown in stick representation. 

Lower panel: Sphere model of the cavity accommodating 

the aromatic acid moiety. The coloration of the amino acid 

residues, bound molecules and sphere models is the same 

as for the protein scaffolds. 

 

also hints to a distinct selectivity towards the 

different cinnamic acids. The maximum reaction rate 

(vmax) specifically depends on the substitution pattern 

of the aromatic ring, e.g. on the type of the 

substituent (p-OH > p-H = p-Me (p-OH > m-OH = o-

OH) or alkoxy residues (p-OMe in 11 > m-OMe in 

10)) and on the size of the attached alkyl chain (p-

OMe > p-OEt = p-OPr) (see Tab. S1 in the 

Supporting Information). 

 

The acceptance of the naturally occurring cinnamic 

acids 2, 9 and 10 was also reported for other 4CL 

enzymes which are involved in plant lignin 

biosynthesis, such as the isoenzymes 4CL1 and 4CL3 

from A. thaliana[13], the orthologs from poplar[15], 

rowanberry[16] and mulberry[17], or the structurally 

characterized enzyme from tobacco[18]. In order to 

gain insights into substrate recognition by these 

promis-cuous enzymes, the active site architecture of 

the tobacco protein was compared with structural 

models of Arabidopsis 4CL2 and of the CoA ligase 

from Scutellaria baicalensis. The substrate range of 

the latter enzyme is restricted to unsubstituted 

cinnamic acid 1 only.[19] The aromatic acid substrates 

are bound in a cavity which is conserved in the three 

homologs (Fig. 2). Interestingly, the binding sites of 

the individual enzymes rather differ in amino acid 

composition than in size (relative volume of the 

cavity in the enzymes from A. thaliana/tobacco/S. 

baica-lensis: 1/1.03/1.17). In the Arabidopsis enzyme, 

the phenolic side chain of the carboxylic acid 

substrate seems to be bound via a combination of a 

serine, glutamine and tyrosine residue (S257, Y253, 

Q227, see Fig. 2).[14a] These amino acids are also 

present in the tobacco enzyme and other broad-

spectrum CoA ligases in homologous positions (see 

Fig. S4 in the Supporting Information). The binding 

cavity of S. baicalensis contrasts by being more 

hydrophobic, with the respective residues being 

replaced by valine, phenylalanine and isoleucine. 

This hydrophobization seems to be responsible for 

the enzyme’s selectivity towards unsubstituted 

cinnamic acid (1), excluding more hydrophilic 

carboxylic acids such as coumarates.[19] As reported 

in previous studies, subtle differences in the active 

sites strongly influence the reactivity of 4CL 

enzymes[18] – a fact which suggests that both rational 

engineering and activity screening of yet 

uncharacterized proteins will facilitate access to 

tailored ligase biocatalysts in the future. 

 

To confirm formation of the thioesters in the 

spectrophotometric assays mentioned above, 

preparative conversions of the cinnamic acid 

derivatives 1 – 6, 8 – 15, and 18 were performed. The 

one-pot synthetic reactions were incubated for a 

prolonged reaction time (20 hours) and contained a 

7.5-fold excess of the acid substrate to achieve 

complete consumption of the added CoA (2.65 µmol). 

The CoA esters were subsequently separated from 

other components present in the samples in a single 

simple purification step. The crude reaction mixtures 

containing the thioester product were applied to solid 

phase extraction (SPE) cartridges and buffer salts, the 
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co-product adenosine-5´-mono-phosphate and 4CL2 

were removed by a washing step. Pure CoA esters 

were recovered from the SPE matrix in excellent 

purity (see Supporting Information) and in good to 

moderate yield (Scheme 1b). The identity of the 

products was confirmed by HR-MS and NMR. 

Formation of side products was not observed in any 

of the enzymatic reactions. 

A distinguished advantage of the incorporation of 

CoA ligases in enzymatic multistep reactions is the 

fact that their labile reaction products will be directly 

transformed into follow-up products without the need 

of purification or the risk of hydrolysis.[20] Even 

combinatorial approaches, i.e. precursor-directed 

biosyntheses using e.g. non-natural substrates, are 

possible if the consecutive steps are catalyzed by 

promiscuous biocatalysts. In order to demonstrate the 

feasibility of such a cell-free system in a proof-of-

concept study, we combined 4CL2 with feruloyl-CoA 

hydratase/lyase (FCoAHL, E.C. 4.2.1.101), a 

bacterial hydratase which catalyzes the Michael 

addition of water to the acrylate moiety of feruloyl-

CoA. The intermediate β-hydroxypropionic thioester 

then undergoes retro-aldol reaction to vanillin 

(structure depicted in Fig. 1a) and the coupled by-

product acetyl-CoA.[21] Vanillin is produced when 

FCoAHL is added to a 4CL2 reaction containing 

ferulic acid 10 (Fig. 1a). As the hydratase showed 

activity not only on naturally occurring CoA esters 

(e.g. 4-coumaroyl- and feruloyl-CoA) but also 

towards artificial derivatives (see Fig. S2 in 

Supporting Information), we exploited the enzyme 

cascade for direct synthesis of non-natural 

benzaldehydes from the corresponding cinnamic 

acids. Indeed, the formation of unprotected 

ethylvanillin – an important artificial aroma 

compound – was achieved in samples con-taining 12 

as starting material via homoferulate-CoA (Fig. 1b). 

 

In conclusion, broad-spectrum ligases like 4CL2 are 

indispensable tools in the synthesis of activated 

carboxylates, which are key intermediates in natural 

or artificial pathways to various valuable naturally 

produced products. In subsequent studies, the 

reaction will be extended to multi-enzyme sequences 

for the biosynthesis of non-natural products by 

adding compatible catalysts such as cyclizing 

enzymes (e.g. polyketide synthases) or oxidases (e.g. 

coumarin biosynthetic enzymes). Moreover, such 

cascade reactions can be used either for structural 

diversification of intermediates and products (if the 

reactions include promiscuous downstream enzymes) 

or in the screening for biocatalysts acting on CoA 

conjugates. 

  

Footnotes 

# Saturated fatty acids having an even number (2 – 16) of 

carbon atoms were used in the activity assays. 

  

* This strict selectivity is probably caused by steric 

hindrance which prevents occupation of long-chain fatty 

acids in the active site. The calculated length of a 

hexanoic acid molecule (8.90 Å) is similar to that of the 

natural substrate 4-coumaric acid (2) (10.0 Å). 

Experimental Section 

All reagents were of the highest quality available and were 

purchased from Sigma-Aldrich (St. Louis, USA) (cinnamic 

acids, Ellman´s reagent) or Applichem (Darmstadt, 

Germany) (CoA). 4CL2 and FCoAHL were produced as 

recombinant proteins (as N-terminal fusion to maltose-

binding protein / with C-terminal decahistidine tag (4CL2), 

or with an N-terminal hexahistidine tag (FCoAHL)) in E. 

coli and were purified by metal affinity chromatography. 

For a detailed description of experimental procedures see 

Section “Supporting methods” in the Supporting 

Information. 
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