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Abstract

Caffeic acid is a hydroxycinnamic acid mostly produced in plants although its
microbial production has also been reported. This compound presents several
biological activities and potential therapeutic properties. Additionally, it can be a
precursor or intermediary of various relevant compounds. Current production
methods include the inefficient, expensive, and not environmentally friendly
extraction from plants that accumulate this compound in very low amounts.
Therefore, highly efficient and environmentally friendly methods are needed.
Microbial biosynthesis can potentially produce it in a purer, faster, and greener
way. Since the establishment of caffeic acid heterologous production in Strepto-
myces fradiae, several studies have been published regarding its production in
Escherichia coli and Saccharomyces cerevisiae. These studies include the pro-
duction from supplemented tyrosine or p-coumaric acid but also glucose using
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tyrosine-overproducing strains. Presently, there are three different pathways to
produce caffeic acid that have in common the first step that is catalyzed by a
microbial tyrosine ammonia lyase that converts tyrosine to p-coumaric acid. The
second step that synthesizes caffeic acid from p-coumaric acid was identified as
the pathway bottleneck and can be performed by 4-coumarate 3-hydroxylase,
hydroxyphenylacetate 3-hydroxylase (4HPA3H) complex or a cytochrome P450
CYP199A2 system. Although all these enzymes have been identified in bacteria,
and caffeic acid has only recently been produced in S. cerevisiae, the productions
in this host have almost reached the maximum productions reported for E. coli
(569 mg/L vs. 767 mg/L, respectively). The maximum production was obtained
from glucose using the 4HPA3H pathway. These developments on caffeic acid
heterologous production are very promising.

Keywords

Caffeic acid biosynthesis · Heterologous production · Synthetic biology · E. coli ·
S. cerevisiae · Biosynthetic pathways

Introduction

Caffeic acid (3,4 dihydroxycinnamic acid) is a polyphenolic acid produced by
several plants as a secondary metabolite including in fruits, olives, potatoes, carrots,
coffee, and various berries and herbs (El-Seedi et al. 2012). This polyphenolic acid is
the most representative hydroxycinnamic acid (75%) found in fruits (El-Seedi et al.
2012) and, consequently, in the human diet. Caffeic acid has attracted growing
attention due to its valuable properties, including anti-inflammatory (Zielińska
et al. 2021), antioxidant (Kolgazi et al. 2021), anticancer (Park and Kim 2020),
and antimicrobial (Perumal et al. 2017). Moreover, some athletes consume caffeic
acid to enhance exercise tolerance and boost their performance (Al-Khelaifi et al.
2018).

In addition to its interesting biological activities, caffeic acid is a pathway
intermediate of several relevant compounds also with potential therapeutic proper-
ties, including ferulic acid, caffeic acid phenethyl ester, esculetin, curcuminoids,
piceatannol, and chlorogenic acid (Fig. 1) (Rodrigues et al. 2015a, 2020; Couto et al.
2017; Wang et al. 2017a; Li et al. 2021a; Rodrigues and Rodrigues 2021). Moreover,
caffeic acid can also be a precursor of compounds commonly used as flavoring
agents in the food industry and used in the production of plastics and rubbers
(vanillin, hydroxystyrene analogous – 3,4-dihydroxystyrene, 4-hydroxy-3-
methoxystyrene) (Rodrigues et al. 2015c; Rainha et al. 2020; Shen et al. 2020;
Rodrigues and Rodrigues 2021). The increased demand for these specific com-
pounds has been driving the increase in caffeic acid demand and market volume
(Transparency Market Research 2021).

Due to caffeic acid’s interesting biological activities, there is an established
market for its production. Several fruits and vegetables contain caffeic acid in
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significant amounts (El-Seedi et al. 2012); however, higher amounts are needed to
further develop caffeic acid-based treatments and supplements. For these purposes,
caffeic acid can be extracted from these plants. Nevertheless, extraction from fruits
and vegetables is not ideal since they are essential for human/animal consumption. In
addition, unfortunately, the parts of the plants that are not used as food, such as stalks
and branches, are usually richer in lignin and do not accumulate significant amounts
of caffeic acid as it is only an intermediary from the lignin pathway. Moreover, since
plants contain several compounds with similar structures, the separation and purifi-
cation processes are very complex, inefficient, expensive, and environmentally
unfriendly (Rodrigues et al. 2015b; An et al. 2016). Therefore, caffeic acid extraction
from plants is not advantageous.

Due to these reasons, more efficient and greener production processes have been
explored, such as the use of microorganisms for caffeic acid heterologous produc-
tion. The use of synthetic biology tools and approaches has been widely used to
design microbes able to produce compounds with therapeutic and industrial interest
(Rodrigues and Rodrigues 2017; Rodrigues et al. 2017b; Rainha et al. 2021).
Microorganisms hold a number of advantages when compared to plants. They
grow very fast, thus being possible to obtain the compounds of interest in significant
amounts in a very short time regardless of the season, while plants take weeks to
months to accumulate such compounds and most of the time in very low amounts.
Additionally, since microbes generally do not produce structurally similar com-
pounds, the separation and purification processes are easier and cheaper. Moreover,
microorganisms are easy to genetically manipulate and generally do not have

Fig. 1 Caffeic acid chemical structure and examples of industrially relevant molecules that can be
produced in a pathway in which caffeic acid is an intermediate
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competing pathways that may consume or degrade the target product (Rodrigues
et al. 2015b, c). All of this makes them better hosts than plants. In addition,
bioinformatic tools to predict and identify optimization strategies to improve the
production yields and remarkable genome engineering tools such as CRISPR-Cas9
(clustered regularly interspaced short palindromic repeats-associated caspase 9 endo-
nuclease) to implement those modifications are better developed in microorganisms
(Oliveira et al. 2021; Rainha et al. 2021). Altogether, these tools and chassis will be
crucial to develop a sustainable biotech process to produce caffeic acid towards a
circular bioeconomy (Gudiña et al. 2020).

Caffeic Acid Biological Activity

Caffeic acid has been shown to have several interesting activities and was demon-
strated to be safe for humans although high doses should be cautioned (Qin et al.
2015; Ekeuku et al. 2021). These activities include antioxidant, anti-inflammatory,
anticancer, antiaging, antianxiety, antimicrobial, and antiviral (Dos Santos et al.
2018; Ogawa et al. 2018; Mudgal et al. 2020; Okada and Okada 2020; Kolgazi
et al. 2021; Zielińska et al. 2021). Table 1 summarizes some examples of each
biological activity and the corresponding mechanisms of action of caffeic acid.

Caffeic acid also demonstrated potential therapeutic activity in skeletal diseases
such as osteoarthritis and osteoporosis (Ekeuku et al. 2021). In vitro studies suggest
that caffeic acid has the potential to be used in bone regeneration as it enhanced
osteoblasts proliferation and differentiation, and also increased calcium mineraliza-
tion, inhibited osteoclastogenesis, bone resorption, and osteoblast apoptosis (Ekeuku
et al. 2021; Liu et al. 2021).

Other activities such as immune-stimulatory have also been reported. For exam-
ple, human clinical trials in immune thrombocytopenia have been completed and
revealed that caffeic acid was an effective adjuvant in the treatment of the disease,
leading to an increase in platelet count (ClinicalTrials.gov Identifier: NCT02351622,
NCT02556814) (Qin et al. 2015).

Although caffeic acid has demonstrated tremendous potential to be used in the
treatment of several diseases, in most cases, the activity in humans cannot be
established due to the lack or diminished number of in vivo studies and clinical
trials. Nevertheless, its positive pharmacokinetic profile and general lack of toxicity
are very promising and should prompt further studies.

Caffeic Acid Production in Plants

Caffeic acid is an intermediate in the phenylpropanoids pathway linked to the lignin
biosynthetic pathway in plants. These pathways are still not completely elucidated
although recently the part of the pathway related to caffeic acid became less
uncertain (Barros et al. 2019). The phenylpropanoids pathway starts with the
conversion of phenylalanine to cinnamic acid by the enzyme phenylalanine
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Table 1 Examples of caffeic acid biological activities

Biological
activity Mechanism of action References

Antioxidant Prevents gastric mucosal damage by preventing lipid
peroxidation, neutrophil infiltration, and GSH (glutathione)
depletion and inducing nitric oxide (NO) modulation

Kolgazi et al.
(2021)

Induces nitric oxide (NO) release and vasodilation due to
moderate vasorelaxant activity, protecting tissues from
ischemia-reperfusion injury

Silva and
Lopes (2020)

Anti-
inflammatory

Targets COX-2 (cyclooxygenase 2) and its products
prostaglandin E2 (PGE2) and interleukin (IL)-8, and
inhibits AGE (advanced glycation end product) formation
which can have positive effects on intestinal inflammation

Zielińska et al.
(2021)

Reduces IL-6 and tumor necrosis factor-α (TNF-α), induces
apoptosis of fibroblast-like synoviocytes in vitro and
significantly represses matrix metalloproteinases and PGE2
that play a key role in rheumatoid arthritis, suggesting it can
be effective in the treatment of this disease

Wang et al.
(2017b)

Anticancer Inhibits the GASC1/KDM4C (lysine demethylase 4C)
oncogene, a gene amplified in squamous cell carcinoma
1. Clinical trials are ongoing (NCT04648917,
NCT03070262)

Yuan et al.
(2016)

Inhibits the expression of genes from melanin production
pathway and, consequently, melanin content and also
tyrosinase activity which may decrease the risks of
developing skin cancer

Park and Kim
(2020)

Induces, via apoptosis induction, cytotoxicity and
morphological alterations in breast cancer cells in vitro

Rezaei-
Seresht et al.
(2019)

Antiaging Increases clock genes expression by acting on NRF2
(nuclear factor E2-related factor 2) expression which
indicates the possibility of an antiaging effect

Okada and
Okada (2020)

Increases life span and prevented oxidative damage in
Drosophila melanogaster and Caenorhabditis elegans
models which suggest that it can have potential in
Alzheimer’s disease treatment

Li et al.
(2020a,
2021b)

Stimulates glucose uptake, inhibits ATPase activity and
cholinergic system dysfunctions, mitigates oxidative stress,
and maintains tissue morphology in an ex-vivo study in rat
brains, suggesting a neuroprotective effect

Salau et al.
(2021)

Antianxiety/
antidepressant

Shows protection against behavioral and inflammation
markers when mice are exposed to lipopolysaccharide,
reducing anxiety in mice

Mudgal et al.
(2020)

Antimicrobial /
antiviral

Inhibits efflux pumps responsible for bacterial resistance of
Staphylococcus aureus and could be used as an adjuvant in
novel formulations using antibiotics

Dos Santos
et al. (2018)

Disintegrates the lipopolysaccharides layer of
Pseudomonas aeruginosa outer membrane increasing the
outer membrane permeability and facilitating the entry of
hydrophobic antibiotics

Perumal et al.
(2017)

(continued)
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ammonia lyase (PAL) (Fig. 2). Afterward, cinnamic acid is transformed to
p-coumaric acid by cinnamate 4-hydroxylase (C4H). C4H is a cytochrome P450
(CYP) monooxygenase that is associated with plant cell endoplasmic reticulum. This
enzyme uses NADH (nicotinamide adenine dinucleotide reduced)-CYP reductases
(CPRs), which are flavoproteins, as electron donors. p-Coumaric acid can also be
produced directly from tyrosine. This reaction is catalyzed by some PALs from
monocots (e.g., grasses) that also has tyrosine ammonia lyase (TAL) activity (Barros
et al. 2019). This pathway is simpler since it does not need C4H and CPR.

Recently, the gene encoding the 4-coumarate 3-hydroxylate (C3H) enzyme from
Arabidopsis thaliana, that converts p-coumaric acid to caffeic acid, was identified
(Barros et al. 2019). This enzyme is the only hydroxylase enzyme from the
phenylpropanoids biosynthetic pathway which is not a membrane-bound CYP.
The discovery of this gene allowed to elucidate the pathway since it was previously
believed that caffeic acid was obtained in plants from p-coumaric acid by a trimeric
complex of CYP enzymes, namely two C4H enzymes and one 4-coumaroyl
shikimate 30-hydroxylase (C3’H). C3’H is known to convert coumaroyl shikimate
to caffeoyl shikimate (Fig. 2).

It has also been described that caffeic acid can be produced from caffeoyl
shikimate, an intermediate in lignin biosynthetic pathway, by the action of caffeoyl
shikimate esterase (CSE) (Vanholme et al. 2013; Saleme et al. 2017) (Fig. 2).
However, CSE is not reported in all plants (Ha et al. 2016). For example, grass
species lack this enzyme which confirms the existence of a different route to produce
caffeic acid that later was found to include the C3H step.

Caffeic Acid Production in Microorganisms

As mentioned, although caffeic acid is mostly produced in plants, there are reports of
its presence in microbes. The pathway identified in microbes to produce caffeic acid
is simpler than the one in plants. Some microbes have a TAL enzyme that converts
tyrosine directly to p-coumaric acid. Generally, TAL enzymes from microbes can
convert tyrosine to p-coumaric acid, but also phenylalanine to cinnamic acid
although with lower catalytic efficiency (Zhou et al. 2016). The first microbial
TAL reported was identified in Rhodobacter capsulatus and its catalytic efficiency
for tyrosine was up to 150 times higher than for phenylalanine (Xue et al. 2007b).
Other microbial TALs (e.g., Rhodobacter sphaeroides, Streptomyces sp. Tű 4128,

Table 1 (continued)

Biological
activity Mechanism of action References

Inhibits hepatitis C virus replication in vitro via induction of
interferon α (IFNα) antiviral response

Shen et al.
(2018)

Inhibits severe fever thrombocytopenia syndrome virus
(SFTSV) spread in vitro by inhibiting the SFTSV binding to
the human hepatoma cells

Ogawa et al.
(2018)
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Streptomyces clavuligerus) were also identified; however, the presence of a C3H and
the product, caffeic acid, was not reported (Xue et al. 2007b; Zhu et al. 2012;
Álvarez-Álvarez et al. 2015). Nevertheless, the pathway using TAL and a C3H
enzyme was identified in bacteria such as Saccharothrix espanaensis, while the TAL

Fig. 2 Caffeic acid is an intermediate of phenylpropanoids biosynthetic pathway and is directly
linked to lignin biosynthesis in plants. 4CL 4-coumarate-CoA ligase, C3H 4-coumarate 3-hydrox-
ylase, C3’H 4-coumaroy shikimate 30-hydroxylase, C4H cinnamate 4-hydroxylase, CCoAOMT
caffeoyl-CoA 3-O-methyltransferase, COMT caffeic acid 3-O-methyltransferase, CSE caffeoyl
shikimate esterase, HCT 4-hydroxycinnamoyl-CoA shikimate hydroxycinnamoyltransferase, PAL
phenylalanine ammonia lyase, TAL tyrosine ammonia lyase (bifunctional). Dash arrows represent
several steps of the pathway towards lignin production
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gene and caffeic acid production were reported in the yeast Rhodotorula glutinis
(Berner et al. 2006; Xue et al. 2007a; Salar et al. 2013). The production of caffeic
acid and other phenolic compounds in these microorganisms is a part of a protection
mechanism and increases under stress conditions such as osmotic or oxidative
stresses (Salar et al. 2013). In S. espanaensis, the production of caffeic acid is related
to the production of saccharomicins, a class of antibiotics. Saccharomicins consist of
17 monosaccharide units linked to an aglycon, in which caffeic acid is connected to
taurine (Berner et al. 2006). In this bacterium, TAL enzyme is encoded by the sam8
gene and showed very low affinity for the substrate phenylalanine. Afterwards, C3H
encoded by sam5 converts p-coumaric acid to caffeic acid.

The conversion of p-coumaric acid to caffeic acid was also reported in other
microorganisms such as Streptomyces griseus, Streptomyces nigrifaciens, Strepto-
myces caeruleus, Gliocladium deliquescens, and Pycnoporus cinnabarinus
(Nambudiri et al. 1972; Torres y Torres and Rosazza 2001; Alvarado et al. 2003;
Sachan et al. 2006). For example, S. caeruleus was able to produce 150 mg/L of
caffeic acid from 5 mM of p-coumaric acid (Sachan et al. 2006). The fungus
P. cinnabarinus is also considered a natural caffeic acid producer (Alvarado et al.
2003). It was able to produce 257 mg/L of caffeic acid from 450 mg/L of p-coumaric
acid (supplemented in a phased manner in order to avoid toxicity). The pathway in
these microorganisms was not elucidated. However, a tyrosinase was described to
convert p-coumaric acid to caffeic acid in Pycnoporus sanguineus (Halaouli et al.
2005).

Heterologous Production of Caffeic Acid

Caffeic Acid Heterologous Production in Bacteria

Growth inhibition studies showed that E. coli can tolerate high concentrations of
caffeic acid since concentrations between 100 and 1000 mg/L only affect growth in
20%. This suggests that E. coli is a suitable host for caffeic acid production (Zhang
and Stephanopoulos 2013). Hence, in the last years, several studies focused on the
use of this chassis for caffeic acid production. The caffeic acid heterologous pro-
duction pathways in E. coli use TAL enzymes instead of PAL, as using this strategy,
the use of C4H enzyme is not required (Rodrigues et al. 2015b, c) (Table 2). C4H, as
a membrane-bound CYP enzyme, is not well expressed in prokaryotic organisms. In
addition, prokaryotes lack CPR enzymes that are C4H redox partners. Therefore, the
use of TAL makes the pathway simpler. In addition, it is highly efficient leading to
high p-coumaric acid titers. The second part of the caffeic acid pathway is known to
be the pathway bottleneck. Therefore, most of the studies related to caffeic acid
heterologous production have been focused on finding an efficient enzyme to
convert p-coumaric acid to caffeic acid. The identification of such enzyme is very
important to avoid p-coumaric acid accumulation that is proved to be cytotoxic and
to severely inhibit TAL activity (Sariaslani 2007; Xue et al. 2007a; Kang et al. 2012).
So far, three different enzymes from different microorganisms have been described
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to perform this step and used in the construction of heterologous pathways in E. coli,
namely C3H, 4-hydroxyphenylacetate 3-hydroxylase (4HPA3H), and CYP199A2.

Pathway Containing C3H
Caffeic acid heterologous production was first established in Streptomyces fradiae
XKS (Berner et al. 2006). This bacterium was genetically modified to express the
genes previously identified in S. espanaensis, sam8 and sam5, and was able to
produce caffeic acid. Later, these genes were expressed in Escherichia coli to
produce ferulic acid, using caffeic acid as an intermediary (Choi et al. 2011; Kang
et al. 2012). Choi et al. (2011) did not report the production of caffeic acid as an
intermediary although the enzymes demonstrated activity, as they were able to
produce ferulic acid from glucose, though in a low amount (7.1 mg/L). Afterward,
Kang et al. (2012) studied the influence of using an E. coli codon-optimized TAL
from S. espanaensis (SeTAL). The authors concluded that the codon-optimized gene
improved p-coumaric acid production. However, the caffeic acid production
resulting from the use of codon-optimized SeTAL and C3H also from
S. espanaensis (SeC3H) was not improved. The accumulation of high amounts of
p-coumaric acid led to a decrease in caffeic acid production (14 mg/L were produced
instead of 42 mg/L). Therefore, it was demonstrated that C3H step may be a major
bottleneck in the pathway. Afterward, a tyrosine overexpressing strain with modifi-
cations in the aromatic amino acids (AAA) pathway (Fig. 3) was tested. TyrR
(tyrosine repressor) gene was deleted to eliminate the transcriptional control medi-
ated by TyrR that can repress several genes that encode AroF/AroG (3-deoxy-D-
arabino-heptolosonate-7-phosphate (DAHP) synthetases), TyrA (chorismate
mutase/prephenate dehydrogenase), and TyrB (tyrosine aminotransferase) that are
essential to produce tyrosine. In addition, since AroG and TyrA are inhibited by
tyrosine (feedback inhibition), they overexpressed in a plasmid the feedback
inhibition-resistant mutants AroGfbr and TyrAfbr. p-Coumaric acid production
using this tyrosine-overproducing strain improved significantly; however, the pro-
duction using a codon-optimized gene was lower than using the non-optimized
version, thus demonstrating that TAL expression was not limiting the production.
This was also observed for caffeic acid production. The maximum caffeic acid
production was 150 mg/L, and it was obtained using SeTAL non-codon-optimized.
Although codon-optimized TAL may enhance protein synthesis, it does not lead
necessarily to higher p-coumaric acid production and consumption since C3H is the
limiting step, not TAL. An et al. (2016) used the same genes (SeTAL and SeC3H) to
produce caffeic acid in a tyrosine-overproducing strain (AroGfbr/TyrAfbr over-
expressed in a plasmid; ΔTyrR/ΔPheA – PheA is also a chorismate mutase/pre-
phenate dehydrogenase that deviates the pathway for phenylalanine production).
The authors reported a caffeic acid production of 138.2 mg/L, which is in the same
range of the production obtained by Kang et al. (2012) (Table 2).

TAL from R. glutinis (RgTAL) is reported to have a much higher activity towards
tyrosine when compared to other TAL, including SeTAL (kcat/Km ¼ 860–298,000
and 968–3050 s�1 M�1, respectively) (Berner et al. 2006; Xue et al. 2007a;
Jendresen et al. 2015; Zhou et al. 2016). Therefore, Zhang and Stephanopoulos
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Fig. 3 Aromatic amino acid (AAA) biosynthesis in Escherichia coli and Saccharomyces
cerevisiae. This pathway is regulated at transcriptional and allosteric levels. Several enzymes of
the pathway are feedback regulated and inhibited by their end products and, consequently, are
possible targets for genetic engineering. Dashed arrows represent multiple steps. Enzymes and
regulations (represented as dashed lines) in purple and green correspond to E. coli and S. cerevisiae,
respectively. Aro1 – pentafunctional AROM protein, Aro2 – chorismate synthase, Aro3/Aro4 –
3-deoxy-7-phosphoheptulonate (DAHP) synthases, Aro7 – chorismate mutase, Aro8 – aromatic
aminotransferase I, Aro9 – aromatic aminotransferase II, Aro10 – phenylpyruvate decarboxylase,
AroA – 5-enolpyruvoyl-shikimate 3-phosphate synthase, AroB – 3-dehydroquinate synthase,
AroC – chorismate synthase, AroD – 3-dehydroquinate dehydratase, AroE – shikimate dehydro-
genase, AroF/AroG/AroH –DAHP synthases, AroK/AroL – shikimate kinase 1/2, AspC – aspartate
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(2013) used RgTAL and SeC3H (both codon-optimized for E. coli) in a different
pathway to produce caffeic acid. This pathway also contained a codon-optimized
4-coumarate-CoA ligase from Petroselinum crispum (Pc4CL) that converts
p-coumaric acid to coumaroyl-CoA and an endogenous hydroxyphenylacetyl-CoA
thioesterase from E. coli that can convert caffeoyl-CoA to caffeic acid. The authors
assumed that C3H, in addition to converting p-coumaric acid to caffeic acid, also
converted coumaroyl-CoA to caffeoyl-CoA (Kneusel et al. 1989) (Fig. 4). However,
the highest caffeic acid production was obtained when only RgTAL and SeC3H were
expressed. Using only those genes, the authors were able to produce, in test tubes,
88 mg/L and 70 mg/L using a rich medium containing 5 g/L of glucose and xylose,
respectively, in a tyrosine-overproducing strain (ΔTyrR/ΔPheA, AroGfbr/TyrAfbr

integrated into the genome). Afterwards, the authors performed an experiment in a
bioreactor only overexpressing RgTAL and SeC3H. They were able to produce
106 mg/L of caffeic acid using glucose as a substrate. Additionally, they verified
that the expression of RgTAL in a high-copy plasmid did not improve caffeic acid
production in most cases. Again, these results prove that high p-coumaric acid
concentrations may not be favorable to caffeic acid production since C3H is not as
efficient as the TAL enzyme. According to the authors, the alternative route using
Pc4CL failed possibly due to the low activity of E. coli native thioesterase against
caffeoyl-CoA and, in the future, it would be interesting to overexpress a thioesterase
with known activity against caffeoyl-CoA. However, the benefits of the parallel
route are questionable not only due to the possible lack of esterase activity, as
reported by the authors, but also because Pc4CL is reported to have almost the
same activity towards caffeic acid and to p-coumaric acid (Knobloch and Hahlbrock
1977). This means that besides converting p-coumaric acid to coumaroyl-CoA,
Pc4CL is probably also able to convert the target caffeic acid to caffeoyl-CoA,
which is a disadvantage. Therefore, the presence of caffeoyl-CoA is probably related
to Pc4CL activity rather than to the C3H activity claimed by the authors. Moreover,
the increase in the number of steps leading to intermediate accumulation and an
increased metabolic burden also represents a disadvantage.

Caffeic acid was also produced using TAL and C3H codon-optimized for E. coli
by direct supplementation of tyrosine (3 mM) (Rodrigues et al. 2015b). RgTAL was
able to efficiently convert the supplied tyrosine to p-coumaric acid (472 mg/L) and
RgTAL and SeC3H were able to produce 180 mg/L of caffeic acid with no accumu-
lation of p-coumaric acid (Rodrigues et al. 2015b). Several plasmid combinations
were tested and the one that allowed better results was the one with TAL in
pCDFDuet-1 and C3H in pRSFDuet-1. This was expected, as more copies of C3H

�

Fig. 3 (continued) aminotransferase, Eno2 – enolase II, IlvE – branched-chain-amino-acid amino-
transferase, PDC5 – pyruvate decarboxylase 5, Pha2 – prephenate dehydratase, PheA – fused
chorismate mutase/prephenate dehydratase, PpsA – phosphoenolpyruvate synthetase, Tal1 – trans-
aldolase, TktA – transketolase 1, Tyr1 – prephenate dehydratase, TyrA – fused chorismate mutase/
prephenate dehydratase, TyrB – tyrosine aminotransferase, TyrR – tyrosine repressor, YdiB –
shikimate dehydrogenase
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are needed than TAL to obtain higher caffeic acid production since C3H represents
the bottleneck step. The supplementation of 2 mM p-coumaric acid to the culture
medium allowed to produce up to 168 mg/L of caffeic acid.

All these studies that used C3H to convert p-coumaric acid to caffeic acid did not
overexpress redox partners. However, several studies classify C3H as a flavin-
dependent monooxygenase (Lee et al. 2014; Heo et al. 2018). E. coli has in its
genome several genes that encode a flavin reductase that can be supporting the C3H
activity and its overexpression may not be needed. Nevertheless, it is unknown if the
overexpression of a flavin reductase would help to improve caffeic acid titers as this
approach was never attempted. Lee et al. (2014) overexpressed CPR from Oryza
sativa with C3H to produce bioactive hydroxyflavones. This CPR is a NAD(P)H
(nicotinamide adenine dinucleotide phosphate reduced) flavin reductase and was
used to supply FADH2 (flavin adenine dinucleotide reduced) since C3H uses NADP
(H) and O2 as co-substrates. FAD (flavin adenine dinucleotide) is reduced to FADH2

by NAD(P)H and then, FADH2 reacts with O2 that is activated and used in the
reaction (Fig. 4). The CPR overexpression allowed to increase the hydroxylation by
34–50%. In a different study, Heo et al. (2018) overexpressed and purified a NAD
(P)H flavin reductase from E. coli K-12 (Fre enzyme) to combine with C3H in vitro

Fig. 4 Caffeic acid biosynthetic pathway in Escherichia coli containing TAL (tyrosine ammonia
lyase) that converts tyrosine to p-coumaric acid and C3H (4-coumarate 3-hydroxylase) that converts
p-coumaric acid to caffeic acid. The pathway proposed by Zhang and Stephanopoulos (2013) that in
addition to TAL and C3H also contains 4CL (4-coumarate-CoA ligase) and a thioesterase is also
presented. The faint arrow represents a known step not considered by the authors. The C3H system
was proposed by Lee et al. (2014). NAD(P)H (nicotinamide adenine dinucleotide phosphate
reduced) flavin reductase uses NAD(P)H to reduce FAD (flavin adenine dinucleotide) to FADH2

(flavin adenine dinucleotide reduced) that reacts with O2 that is activated and used in the reaction.
NAD+ nicotinamide adenine dinucleotide phosphate oxidized
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to perform the hydroxylation of several stilbenes (Heo et al. 2018). These results
suggest that the overexpression of an NADP(H) flavin reductase may facilitate the
electron transfer and allow to increase caffeic acid titers. More studies regarding
bacterial and plant C3H characterization will help to improve caffeic acid titers in the
future.

Recently, caffeic acid was again produced as an intermediary to produce ferulic
acid in E. coli K-12 JM109 (DE3) (Lv et al. 2021). R. capsulatus (RcTAL) and
SeC3H were used in the biosynthetic pathway. However, the caffeic acid titers
obtained with only these enzymes were not reported. Although these researchers
did not overexpress redox partners, they evaluated the need to increase NADPH
regeneration rate as NADPH is crucial in maximizing C3H reaction. To increase
NADPH availability, several genes that encode NADPH regeneration enzymes were
overexpressed. The production only improved using the pntAB gene encoding
pyridine nucleotide transhydrogenase (37%) from E. coli K-12 MG1655 (NADP+

+ NADH ! NADPH + NAD+). All these results indicate that the overexpression of
redox partners and also the increase of NADPH regeneration should be evaluated in
future studies aiming to optimize caffeic acid production.

Pathway Containing 4HPA3H
In addition to the use of C3H to convert p-coumaric acid to caffeic acid, other
enzymes have been described. One example is the 4HPA3H complex from E. coli
(Ec4HPA3H) that can convert p-coumaric acid to caffeic acid. This complex has
been described in some E. coli strains that can grow in 4-hydroxyphenylacetate
(4-HPA), such as E. coli W, B, and C strains but not K-12 strains, and presents a
broad substrate range (Prieto et al. 1993). 4HPA3H complex is involved in 4-HPA
metabolism to 3,4-dihydroxyphenylacetate (3,4-DHPA) (Prieto et al. 1993).
4HPA3H is encoded by the hpaBC operon, known as 4-HPA hydroxylase operon,
which contains hpaB gene that encodes the monooxygenase component (HpaB) and
hpaC gene that encodes the flavin reductase component (HpaC). This hpaBC operon
together with hpaGEDFHI (meta-cleavage operon) (that encodes enzymes that
allow 3,4-DHPA further metabolism) and other regulatory genes hpaA, hpaR, and
hpaX constitute the complete 4-HPA metabolic pathway. The promoter that tran-
scribes the hpaBC operon is positively regulated by hpaA product whose expression
is activated by the presence of 4-HPA, 3-HPA (3-hydroxyphenylacetic acid), or
phenylacetate (Prieto and Garcı́a 1997). Therefore, in normal growth conditions,
these genes are not expressed and the p-coumaric acid that is heterologously
produced in E. coli is not converted to caffeic acid.

Lin and Yan (2012) were the first ones to use 4HPA3H complex to convert p-
coumaric acid to caffeic. In addition, they demonstrated that 4HPA3H, amplified
from E. coli BL21 (Ec4HPA3H), is also able to convert tyrosine to L-DOPA (L-3,
4-dihydroxyphenylalanine), and RcTAL and TAL from R. sphaeroides (RsTAL)
were able to convert not only tyrosine to p-coumaric acid but also L-DOPA to
caffeic acid (Fig. 5). 4HPA3H activity in the presence of FAD and NADH (nicotin-
amide adenine dinucleotide reduced) was evaluated. Its activity towards p-coumaric
acid was higher than towards tyrosine. Regarding TAL enzymes activity, they
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presented higher activity towards L-DOPA than tyrosine, and RcTAL demonstrated
higher activity towards both substrates than RsTAL and therefore, it was chosen to
be used together with 4HPA3H to produce caffeic acid. This pathway containing
RcTAL and 4HPA3H was able to produce 12.1 mg/L of caffeic acid in M9 minimal
medium. The use of a tyrosine-overproducing strain allowed to increase the titer to
50.2 mg/L (Table 2). This strain included the ΔTyrR modification and the over-
expression in a plasmid of TyrAfbr, AroGfbr, PpsA (phosphoenolpyruvate synthe-
tase), and TktA (transkelotase 1). PpsA and TktA are responsible for the increase of
AAA precursors availability (phosphoenolpyruvate and erythrose 4-phosphate,
respectively).

Later, the same research group performed another study using Ec4HPA3H to
produce caffeic acid (Huang et al. 2013). 4HPA3H counterpart from Thermus
thermophilus HB8 was also evaluated but the Ec4HPA3H performance was far
superior. p-Coumaric acid’s possible toxicity to the cells was evaluated and it was
concluded that a p-coumaric acid concentration of 5 g/L impaired growth. It was
found that a smaller concentration of substrate (3 g/L p-coumaric acid) followed by
additional feedings (0.5 g/L) after a decrease in the initial substrate concentration is a
better approach to obtain high caffeic acid concentrations (3.82 g/L). Afterwards, a
phenylalanine-overproducing strain (E. coli ATCC31884) converted into a tyrosine-

Fig. 5 Caffeic acid biosynthetic pathway in Escherichia coli using TAL (tyrosine ammonia lyase)
and 4HPA3H (4-hydroxyphenylacetate 3-hydroxylase) complex. 4HPA3H complex is composed
by HpaC (NADH-flavin oxidoreductase) that transfers reduced flavins to HpaB
(4-hydroxyphenylacetate 3-monooxygenase). FAD flavin adenine dinucleotide, FADH2 flavin
adenine dinucleotide reduced, L-DOPA L-3, 4-dihydroxyphenylalanine, NAD+ nicotinamide ade-
nine dinucleotide oxidized, NADH nicotinamide adenine dinucleotide reduced
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overproducing strain was used to produce caffeic acid using RgTAL and
Ec4HPA3H. This tyrosine-overproducing strain included the deletion of several
genes (ΔTyrR, ΔPheA, ΔPheL (phe operon leader peptide), and ΔTyrA); and the
overexpression of genes in the genome (PheAfbr and AroHfbr/AroFfbr – DAHP
synthetases) and in a plasmid (TyrAfbr, AroGfbr, PpsA, and TksA). Since the
endogenous biosynthesis of phenylalanine was disrupted in this strain, 20 mg/L
phenylalanine were supplemented. The authors reported that some of the culture
media presented a darker color that might be related to a stop in the caffeic acid
production and, consequently, to L-DOPA oxidation to melanin. To prevent L-DOPA
accumulation, inoculants’ optical density at 600 nm (OD600) was optimized. The
best de novo result (766.68 mg/L) was obtained when the inoculants’OD600 was 2.4.

Recently, EcHPA3H was also combined with SeTAL to produce caffeic acid as an
intermediary in a heterologous pathway to produce chlorogenic acid in E. coli
BW25113 (Li et al. 2021a). Using these enzymes, they were able to produce about
198 mg/L of caffeic acid in a ΔTyrR strain. They also overexpressed TktA, AroF,
and AroE (shikimate dehydrogenase) in a plasmid but, surprisingly, the titers did not
improve.

4HPA3H was also identified in Pseudomonas aeruginosa PAO1 (Pa4HPA3H).
Furuya and Kino (2014) found that this enzyme had activity towards p-coumaric
acid, converting it to caffeic acid. However, caffeic acid was also found to be
oxidized to 3,4,5-trihydroxycinnamic (3,4,5-THCA) by the same enzyme. Although
the enzyme has higher specificity towards p-coumaric acid, during substrate speci-
ficity assays, it was shown that it was able to convert 40% of 10 mM caffeic acid
supplied to 3,4,5-THCAwithin 12 h. This can be highly disadvantageous. However,
during in vivo production with E. coli, 3,4,5-THCA production was only observed
after p-coumaric acid was almost totally converted. In addition, to avoid substrate
inhibition, 20 mM of p-coumaric acid was supplied four times during fermentation.
E. coli was able to produce 10.2 g/L of caffeic acid in 24 h in potassium phosphate
buffer (PBS) supplemented with glycerol. Surprisingly, caffeic acid production was
higher when no carbon source was added to PBS than in the presence of glucose. The
authors concluded that the lower production could be related to the decrease in pH in
the presence of glucose. Although the authors state that the enzyme converts caffeic
acid into 3,4,5-THCA, surprisingly they do not evaluate caffeic acid consumption in
this experiment.

Pa4HPA3H gene was also used to produce caffeic acid in a tyrosine-
overproducing E. coli strain (ΔTyrR, TyrAfbr/AroGfbr/PpsA/TksA overexpressed in
a plasmid) using kraft pulp as substrate (Kawaguchi et al. 2017). Pa4HPA3H and
TAL from Streptomyces sp. WK-5344 ( fevV gene) (highly specific for tyrosine)
were combined to produce 233 mg/L of caffeic acid by simultaneous saccharification
and fermentation. Separate hydrolysis and fermentation led to lower production
(37.9 mg/L caffeic acid). Cellulase cocktail Cellic CTec2 was used to convert
cellulose to glucan. In this study, it was again shown that glucose accumulation is
detrimental to caffeic acid production. Glucose limitation is important to shift carbon
metabolism from the production of organic acids (acetate, lactate by-products)
towards caffeic acid (Kawaguchi et al. 2017). In addition, higher amounts of
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cellulose/kraft pulp can inhibit caffeic acid production due to the presence of some
compounds present in the kraft pulp hydrolysate.

The pathway containing TAL and 4HPA3H has the disadvantage of producing
more intermediates (e.g., L-DOPA) than the pathway with TAL and C3H, and the
aggravating of, for example, Pa4HPA3H being also known to convert caffeic acid to
another hydroxycinnamic acid (3,4,5-THCA). However, this pathway (with
Ec4HPA3H) allowed obtaining higher caffeic acid concentrations than the pathway
with TAL and C3H. Nevertheless, it is important to point out that the growth
conditions, tyrosine-overproducing strains, and TAL enzyme sources were different
which can influence the final caffeic acid titers.

Pathway Containing CYP199A2
Another pathway that has been widely studied is the one that uses the TAL enzyme
with the bacterial CYP monooxygenase CYP199A2. CYP199A2 was discovered in
Rhodopseudomonas palustris, and Furuya et al. (2012) demonstrated that this
enzyme exhibits activity towards p-coumaric acid, producing caffeic acid. In addi-
tion, the authors identified a residue (F185) that controls regioselectivity and sub-
strate specificity. The F185L mutant allowed to obtain 5.5 times more caffeic acid
than the wild-type enzyme. By using this mutant, it was possible to obtain 2.8 g/L of
caffeic acid from 20 mM of p-coumaric acid. CYP199A2 mutant was co-expressed
with palustrisredoxin gene (pux), an iron-sulfur cluster from R. palustris and
putidaredoxin reductase gene (pdR), a flavoprotein from Pseudomonas putida.
These genes are essential to provide CYP199A2 with the redox partners it needs.
The redox partner’s function is to support CYP199A2 catalytic activity by transfer-
ring electrons from NADH to CYP199A2 for oxygen activation (Fig. 6). The

Fig. 6 Caffeic acid biosynthetic pathway in Escherichia coli using a cytochrome P450 (CYP)
enzyme. TAL (tyrosine ammonia lyase), as in the other pathways, converts tyrosine to p-coumaric
acid. The conversion of p-coumaric acid to caffeic acid is catalyzed by a Class I CYP system that is
composed of CYP enzyme CYP199A2, an oxygenase-coupled NADH-dependent ferredoxin
reductase (ONFR) (PdR – putidaredoxin reductase) and an iron-sulfur ferredoxin (Pux –
palustrisredoxin). Other redox partners are also known to be able to assist CYP199A2 through
electron transfer. FAD flavin adenine dinucleotide, FADH2 flavin adenine dinucleotide reduced,
NAD+ nicotinamide adenine dinucleotide oxidized, NADH nicotinamide adenine dinucleotide
reduced
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putidaredoxin complex (Pdx – putidaredoxin/PdR/CYP101A1) from P. putida was
first described (Peterson et al. 1990) than the one from R. palustris. Therefore, the
putidaredoxin complex helped to elucidate CYP199A2 complex in R. palustris.
After the discovery of Pux (palustrisredoxin) (Bell et al. 2006), it was concluded
that this protein outperforms Pdx from P. putida and, consequently, this protein was
always used for further studies with CYP199A2 together with PdR (Furuya and
Kino 2010). PdR rare codon, GTG, was changed to ATG since it was proved that it
results in an 18-fold increase in protein expression (Peterson et al. 1990). The
CYP199A2 mutant, in addition to the F185L mutation previously described, also
did not include the first 21 bp (Furuya et al. 2012). According to Furuya (personal
communication), this decision was based on the results obtained using annotation
software that annotated the 8th aa (GTG) from CYP199A2 as a start codon. Later,
this enzyme mutant codon-optimized for E. coli (with or without the first 7 aa) was
combined with RgTAL to produce caffeic acid from tyrosine (Rodrigues et al.
2015b). It was found that CYP199A2 F185L without the first 7 aa (NΔ7) (from
now on simply referred as CYP199A2) allowed to significantly improve the caffeic
acid production. Moreover, it was demonstrated that the production improved when
the redox partners (PdR/Pux) expression was induced 2.5 h after RgTAL and
CYP199A2 expression induction. This induction delay may alleviate the metabolic
burden caused by the expression of several enzymes and numerous plasmids
(Wu et al. 2013). The highest caffeic acid production in this study was 280 mg/L
(3 mM tyrosine supplemented). This concentration was significantly superior to the
one obtained with C3H (180 mg/L) in the same study. This demonstrated that the
CYP199A2 system is a better option to produce caffeic acid although it needs the
expression of more enzymes.

The use of C3H and CYP199A2 in caffeic acid production was also evaluated and
compared using heat shock promoters. Chemical inducers frequently used at labo-
ratory scale (e.g., IPTG – isopropyl β-D-1-thiogalactopyranoside, aTc – anhydrote-
tracycline) are expensive and potentially toxic and, consequently, their presence in
the waste effluents or as contaminants in the final product should be eliminated at all
costs. Therefore, their use at a larger scale should be avoided (Rodrigues and
Rodrigues 2018). Heat shock promoters allow using the temperature as an induction
mechanism. This method is cheap, safe, and easy to implement leading to fewer
contaminations. The E. coli promoters from the heat shock proteins were thoroughly
studied and have been used to induce the expression of heterologous pathways or as
biosensors for environmental applications (Rodrigues et al. 2014; Chugunova et al.
2015). E. coli heat shock promoters from DnaK and IbpA were used to control the
expression of the caffeic acid biosynthetic pathway (Rodrigues et al. 2017a). These
two promoters were chosen because the dnaK gene is known to present a high
expression at heat shock conditions and a considerable expression also at 37 �C,
while ibpA is known to have a very high expression at heat shock temperatures and
low expression at normal growth temperatures. In order to improve the translation
initiation rates, the ribosome binding sites (RBS) were optimized using RBS calcu-
lator (https://salislab.net/software/). The conversion of tyrosine to p-coumaric acid
was very high using dnaK promoter and an optimized RBS. It reached higher levels
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than the ones obtained using T7 promoter (2.5 mM vs. 1.4 mM from 3 mM of
tyrosine). However, caffeic acid production using C3H and ibpA promoter did not
exceed 20 μM and 47 μM when expressed alone or combined with TAL, respec-
tively. CYP199A2 expression under dnaK was significantly higher compared to
C3H reaching production up to 370 μM (66.7 mg/L) from 2 mM of p-coumaric acid.
The redox partners (Pux/PdR) were expressed under dnaK and ibpA promoters and
no significant differences were observed in caffeic acid production. Again, these
results suggest that the redox partners do not need to be available in high amounts to
support the CYP199A2 activity. It was also concluded that the production was
higher when the cultures were maintained at 37 �C for the whole time than when
the heat shock was applied for 5 min (48 �C in water bath). This is possibly related to
the fact that the exposure to heat is fast and the gene expression only increases
temporarily and, at the same time, the heat can cause long-lasting adverse effects in
the production of caffeic acid or other relevant metabolites by, for example, increas-
ing the formation of inclusion bodies (Rodrigues et al. 2014). Although significant
work still needs to be done to optimize the induction of heterologous pathways using
these promoters, the results demonstrated that these types of promoters and RBS
design can be extremely helpful in the fine-tuning of heterologous pathways with
multiple steps.

More recently, Haslinger and Prather (2020) studied in more detail the
CYP199A2 pathway for caffeic acid production in E. coli MG1655. First, they
evaluated different TAL enzymes (RgTAL, SeTAL, and TAL from Flavobacterium
johnsoniae – FjTAL) and CYP199A2 (F185L NΔ7)/Pux/PdR performance regard-
ing caffeic acid production with or without tyrosine supplementation. In these
studies, no tyrosine-overproducing strain was used. RgTAL has very high activity
towards tyrosine but it has an even higher activity towards phenylalanine (Xue et al.
2007b; Zhou et al. 2016). FjTAL and SeTAL also exhibit very high catalytic
efficiency but higher selectivity for tyrosine than for phenylalanine (2400 and
1200 times more, respectively) (Jendresen et al. 2015). When high amounts of
tyrosine were available, all enzymes were able to efficiently produce caffeic acid,
but at low concentrations of tyrosine, FjTAL outperformed all the other TAL. Using
FjTAL, up to ~0.1 mM (18 mg/L) and ~1.8 mM (324 mg/L) of caffeic acid was
produced in the absence or presence of tyrosine (3 mM), respectively. Therefore,
FjTAL was selected to perform the other tests regarding CYP199A2 redox partners.
The authors started by testing alternative redox partners. As previously mentioned,
PdR is not part of CYP199A2 redox natural system but it was used in previous
studies with CYP199A2 given that it was identified earlier than palustrisredoxin
reductase (PuR) from R. palustris (Xu et al. 2009). Haslinger and Prather (2020)
compared Pux/PdR and Pdx/PdR redox systems with the natural one containing
Pux/PuR. The highest titer (1.6 mM – 288 mg/L caffeic acid) was obtained with the
natural redox system after p-coumaric acid supplementation (3 mM). It was four
times higher than the hybrid redox system Pux/PdR. Caffeic acid production was
residual using Pdx/PdR system. These results show that the natural redox system is a
better option to produce caffeic acid. In addition, the combination of FjTAL and
CYP199A2/Pux/PuR allowed obtaining ~0.15 mM (27 mg/L) of caffeic acid from
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glucose, 1.5 times more than when Pux/PdR system was used. Next, the authors
doubled the number of copies of pux by expressing it in two different plasmids. The
increase in the number of copies allowed to obtain almost 0.2 mM of caffeic acid
from glucose after 72 h and 0.26 mM (47 mg/L) after 96 h. This demonstrated that
the availability of Pux was limiting the CYP199A2 performance. The titers achieved
using this pathway (FjTAL combined with CYP199A2/Pux/PuR with an extra copy
of pux) where slightly higher than the ones obtained using other pathways previously
described without L-tyrosine supplementation (43 mg/L using C3H and 12.1 mg/L
using 4HPA3H pathways). However, the fermentation time was lower in the other
cases. Nevertheless, this strain is able to produce high amounts of caffeic acid when
tyrosine is supplemented, thus suggesting that it will be able to produce high
amounts of this compound in a tyrosine-overproducing E. coli strain.

Since the redox partners proved to highly influence caffeic acid production,
Haslinger and Prather (2020) also applied a tethering strategy to improve the
CYP199A2 system. In this strategy, the proteins of the CYP199A2 system were
fused to the DNA sliding clamp PCNA (proliferating cell nuclear antigen) from
Sulfolobus solfataricus P2 archaeon. This PCNA complex is a heterotrimer of three
subunits (PCNAI, PCNAII, and PCNAIII) that acts as a scaffold and stimulates the
activity of DNA ligase, DNA polymerase, and flap endonuclease of S. solfataricus
(Dionne et al. 2003). The fusion of CYP systems to these PCNA subunits has proven
in the past to improve the catalytic efficiency of several CYP proteins in vitro. Due to
this fusion, CYP enzymes and their redox partners are very close to each other,
enabling an efficient electron transfer and an increase in the catalytic activity without
the need of using excess ferredoxin (Hirakawa and Nagamune 2010). Hence, the
authors used this strategy for the first time in whole cells. They explored two fusion
designs: PuR or PdR fused to PCNAI, Pux or Pdx to PCNAII, and CYP199A2 to
PCNAIII (design I); and CYP199A2 fused to PCNAI, Pux or Pdx to PCNAII, and
PuR or PdR to PCNAIII (design II). It was observed that the caffeic acid production
from p-coumaric acid for the tethered redox systems was, in most cases, higher than
for the respective free enzymes. The systems that benefited the most from the fusions
were the ones that presented lower production in the free state. The highest caffeic
acid production from p-coumaric acid, 2.3 mM, was obtained with the tethered
Pux/PdR system using design I, followed by 2.1 mM obtained with tethered
Pdx/PdR system using design II. Afterward, they combined FjTAL with the tethered
systems to produce caffeic acid from glucose but the production was lower than the
ones obtained using free enzymes probably due to the increased metabolic burden
related to the expression of several enzymes and the tethering domains. Conse-
quently, the authors concluded that the tethering strategy should only be used in
cases that the CYP/redox partners expression is low or if the natural redox partners
are unknown and surrogate redox partners (such as Pdx/PdR for CYP199A2) need to
be used for the reconstitution of CYP activity.
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Caffeic Acid Heterologous Production in Yeast

In the last 2 years, the heterologous production of caffeic acid in Saccharomyces
cerevisiae started to emerge. Currently, three different studies report different path-
ways for caffeic acid production (Liu et al. 2019, 2020b; Zhou et al. 2021) (Table 3),
while p-coumaric acid production was previously thoroughly studied (Vannelli et al.
2007; Rodriguez et al. 2015; Mao et al. 2017; Borja et al. 2019). The first study
tested caffeic acid production using TAL from Rhodosporidium toruloides (RtTAL)
and different enzymes to convert p-coumaric acid to caffeic acid (C3H, CYP199A2,
4HPA3H) (Liu et al. 2019). RtTAL was previously used in pathways to produce
naringenin and resveratrol in S. cerevisiae and was found to be very efficient
(Rodriguez et al. 2015; Zhang et al. 2017). SeC3H and CYP199A2, codon-
optimized for S. cerevisiae, did not demonstrate activity in this organism. Afterward,
Liu et al. (2019) compared the production using different 4HPA3H enzymes. The
production was obtained in S. cerevisiae BY4741 from 500 mg/L of tyrosine. The
combination of RtTAL and Ec4HPA3H allowed to produce 6.3 mg/L of caffeic acid.
In order to increase the titers, other 4HPA3H that presented high similarity to
Ec4HPA3H (>90%) were tested, namely 4HPA3H from Klebsiella pneumoniae
(Kp4HPA3H), 4HPA3H from Photorhabdus luminescens (Pl4HPA3H), Pa4HPA3H
and 4HPA3H from P. putida (Pp4HPA3H). Although the production with
Kp4HPA3H, Pl4HPA3H, and Pp4HPA3H only reached 1.1, 2.1, and 16.8 mg/L of
caffeic acid, respectively, Pa4HPA3H was shown to be promising as it allowed to
produce 68.2 mg/L. To evaluate if the combination of genes encoding 4HPA3H from
different organisms could improve the titers, the authors combined the over-
expression of hpaC or hpaB from P. aeruginosa with hpaB or hpaC from the other
organisms, respectively. The highest titer using the gene hpaC from P. aeruginosa
was 12.8 mg/L when combined with hpaB from E. coli. The other titers were even
lower (1.3–6.8 mg/L) which suggested that HpaB could be the bottleneck enzyme. In
addition to the other hpaB from the referred organisms, they also combined hpaC
from P. aeruginosa with hpaB from Sulfobacillus acidophilus TPY and Escherichia
cloacae. The titers obtained were also low, 5.7 and 22.7 mg/L, respectively. Regard-
ing the combinations of hpaB from P. aeruginosa with other hpaC genes, it was
concluded that the results in general were improved when compared with the natural
combinations. When combined with hpaC from E. coli, P. putida, K. pneumoniae,
and P. luminescens, the production was 37.6, 68.49, 175.86, and 241.3 mg/L,
respectively. The hpaC from Salmonella enterica was also tested and 289.4 mg/L
were obtained (from 500 mg/L of tyrosine), the highest titer reported in this study.
Here it was demonstrated that is important to find a good combination of hpaB and
hpaC genes in order to obtain high titers of caffeic acid using the 4HPA3H. To
understand why HpaB from P. aeruginosa allowed obtaining higher production than
the other HpaB, the authors compared its amino acid sequence to the ones from
P. luminescens, K. pneumoniae, E. coli, E. cloacae, S. acidophilus TPY, and
P. putida. The authors concluded that HpaB sequence from P. aeruginosa was
unique. It has six key amino acids different from the sequences from other organisms
that are positioned around the FAD binding site. The theory that these residues
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impact HpaB catalytic activity should be evaluated in future studies via point
mutagenesis.

The caffeic acid pathway using C3H was also recently reconstructed in
S. cerevisiae BY4742 (Li et al. 2020b). For that purpose, the authors used codon-
optimized C3H from Arabidopsis thaliana (AtC3H). To aid AtC3H, they also
overexpressed a codon-optimized CPR, CPR1 from A. thaliana (AtCPR1). By
adding 500 mg/L of p-coumaric acid, they were able to observe a peak correspondent
to caffeic acid production by HPLC (high-performance liquid chromatography).
According to the authors, this was the first report on the successful expression of a
plant-derived C3H in S. cerevisiae. Afterwards, they compared the production when
using different AtCPR enzymes (AtCPR1 and AtCPR2). The caffeic acid production
with AtCPR1 reached 17.7 mg/L while with AtCPR2 only reached 4.4 mg/L, which
is consistent with previous studies that used these CPRs for C4H expression and
concluded that AtCPR1 is the best option (Koopman et al. 2012). They also
compared BY4742 and BY4741 strains and concluded BY4742 was a better choice
(17.5 mg/L vs. 5.7 mg/L, respectively, from p-coumaric acid). The supplementation
of p-coumaric acid concentration was also optimized (100–1000 mg/L). They
concluded that the caffeic acid production increased until 600 mg/L of p-coumaric
acid was supplemented (18.1 mg/L caffeic acid) but higher concentrations led to a
decrease in the production. As in E. coli, very high concentrations of p-coumaric
acid proved to inhibit S. cerevisiae growth significantly. The p-coumaric acid
addition time was also studied and when it was added at 0, 4, or 8 h, the production
was higher (~18 mg/L) than when added at 12 or 16 h (~10 mg/L)

To produce caffeic acid from tyrosine, Li et al. (2020b) combined AtC3H/AtCPR1
with codon-optimized RcTAL. Through the supplementation of tyrosine (500 mg/L),
1.5 mg/L of caffeic acid was obtained. The authors believe that the differences
achieved between their study and Liu et al. (2019) may be related to the use of C3H
but also the selected TAL, since RtTAL was previously reported to be more efficient
in producing p-coumaric acid in yeast than RcTAL (Jendresen et al. 2015). The
production of p-coumaric acid from supplemented tyrosine using RcTAL was only
29.6 mg/L. Subsequently, the authors decided to evaluate if p-coumaric acid and
then caffeic acid could be produced from endogenous tyrosine. However, only 3.85
and 0.183 mg/L, respectively, were produced after 5 d. Therefore, to increase the
titers from glucose, they engineered S. cerevisiae BY4742 to overproduce tyrosine.
Since Aro4 (DAHP synthetase) and Aro7 (chorismate mutase) are inhibited by
tyrosine, they co-expressed feedback inhibition-resistant mutants (Aro4fbr/Aro7fbr).
The authors integrated the overexpression cassettes into PDC5 (pyruvate decarbox-
ylase) and Aro10 (phenylpyruvate decarboxylase) gene positions. These genes
perform the decarboxylation of p-hydroxyphenylpyruvate and deviate the flux
from the AAA pathway to the Ehrlich pathway which is not desired, whereby their
knockout is favorable (Fig. 3). Using this tyrosine-overproducing strain, the produc-
tion of p-coumaric acid and then caffeic acid increased to 49.8 and 2.78 mg/L,
respectively (corresponding to an improvement of 12.9 and 15.2-fold). These con-
centrations were not only higher than the ones obtained in the BY4742 strain from
glucose, but also from 500 mg/L of tyrosine. In addition to genetic optimizations, the
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fermentation medium was also optimized. The authors compared the production in
synthetic medium (2% glucose) with the production using rich medium YPD (yeast
extract-peptone-dextrose) with 4% glucose. They were able to produce 11.4 mg/L of
caffeic acid using this medium without any selective pressure (the same plasmids
were used for comparison). According to the authors, 78.7% of the cells were able to
maintain the plasmids during the fermentation, whereby this strategy was more
favorable than using antibiotics for selection. Nevertheless, pathway integration in
the genome will be considered in the future. The higher production obtained using
the rich medium may be related to the higher cell density reached as the specific
caffeic acid titers were very similar – 0.630 and 0.528 mg/L/OD (optical density) for
growth in synthetic and rich medium, respectively. Since the rich medium allows to
obtain higher production and is cheaper, it is considered a more viable option to
produce caffeic acid.

Li et al. (2020b) also found that the p-coumaric acid consumed was not
completely converted to caffeic acid. This was more notorious when a rich medium
was used possible due to the higher cell density attained. This consumption is related
to the p-coumaric acid decarboxylation in S. cerevisiae. This yeast contains
phenylacrylic acid decarboxylase (PAD1) and ferulic acid decarboxylase (FDC1)
that can convert p-coumaric acid to 4-vinylphenol and ferulic acid to
4-vinylguaiacol. When PAD1 and/or FDC1 are deleted, p-coumaric acid consump-
tion is not observed (Mukai et al. 2010). Therefore, these can be suitable targets to
knock out in order to improve caffeic acid production in S. cerevisiae. However,
despite p-coumaric acid being converted to other compounds, there is still a large
amount that is not converted which, once again, proves that C3H is the rate-limiting
enzyme of caffeic acid pathway. The authors suggested that this problem may be
solved by integrating several copies into S. cerevisiae genome using a delta integra-
tion strategy (Song et al. 2017).

More recently, Zhou et al. (2021) also used 4HPA3H to produce caffeic acid in
BY4741 strain. They used codon-optimized RgTAL combined with codon-
optimized HpaB from P. aeruginosa and HpaC from S. enterica (that were reported
as being the highest production in the Liu et al. (2019) study). To express these
genes, the authors used a modified GAL system. To avoid adding galactose, which is
expensive, to the medium, they replaced GAL80 gene for HpaB and HpaC genes
under control of GAL1 and GAL10 promoters, respectively. GAL80 gene encodes a
repressor of GAL4 that represses expression when galactose is absent. The gene
RgTAL was also integrated into the genome into DPP1 (diacylglycerol pyrophos-
phate phosphatase) site. Using this strategy, 222.7 mg/L of caffeic acid was produced
from glucose (YPD) after 72 h. The caffeic acid production started after glucose was
completely consumed. This titer is almost as high as the one obtained by Liu et al.
(2019) (289.4 mg/L) using a similar pathway but with the supplementation of
500 mg/L of tyrosine. In order to improve the production, the authors constructed
a tyrosine overexpressing strain. They integrated Aro4fbr under control of GAL1
promoter into Aro3 site (Aro3 – DAHP synthase – is inhibited by phenylalanine).
This strain allowed to produce 330.4 mg/L of caffeic acid. However, it was observed
a decrease in biomass by 10.2%. Afterwards, they also overexpressed Aro7fbr
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(controlled by GAL10 promoter and also integrated into Aro3 site) and produced
341.8 mg/L of caffeic acid. Finally, they modified the strain to redirect the flux to the
AAA pathway by eliminating competing pathways. They deleted Aro10 gene to
reduce the consumption of p-hydroxyphenylpyruvate and the deviation to the
Ehrlich pathway as performed by Li et al. (2020b). With this deletion, the strain
accumulated 435.2 mg/L of caffeic acid. Afterward, they integrated TyrC
(cyclohexadienyl dehydrogenase) gene from Zymomonas mobilis into Aro10 gene
loci. Since TyrC is not feedback inhibited by phenylalanine as Tyr1 (prephenate
dehydrogenase) from S. cerevisiae, it allows increasing the flux to p-hydroxyphe-
nylpyruvate, the direct precursor of tyrosine. This allowed increasing caffeic acid
titer to 569.0 mg/L in 72 h. The authors also tested if PDC5 deletion could improve
the production but it was not possible to observe an improvement. Therefore, the
highest production of caffeic acid from glucose in this study was 569.0 mg/L, which
is also the highest titer by far reported in S. cerevisiae. As in E. coli, the highest titer
was obtained using a tyrosine-overproducing strain carrying the 4HPA3H pathway
for de novo caffeic acid biosynthesis.

Conclusions and Future Perspectives

Caffeic acid heterologous production has been extensively studied in the last decade
not only due to its several promising therapeutic activities but also because it is a
precursor of other relevant compounds with therapeutic and industrial potential.
E. coli has been the most studied chassis to carry the caffeic acid pathway. However,
in the last 2 years, caffeic acid production in S. cerevisiae emerged and the maximum
titers obtained (569 mg/L) are almost as high as those obtained in E. coli (around
767 mg/L) from simple carbon sources in tyrosine-overproducing strains. This
demonstrated that these two hosts can be good chassis to optimize caffeic acid
production at a larger scale. Although the pathway is not complex, it has proved to
be challenging as the enzyme that performs the second step that converts p-coumaric
acid to caffeic acid has limited catalytic efficiency. Three enzymes/enzyme com-
plexes have been thoroughly studied and the one that allowed to obtain higher titers
was the 4HPA3H complex, both in E. coli and S. cerevisiae, which suggests that new
studies should be carried out with this enzymatic complex that can be found in
different microbes. The first step performed by the TAL enzyme that converts
tyrosine to p-coumaric acid is highly efficient. In general, all the TAL enzymes
evaluated exhibited high efficiency. However, this results in the accumulation of
high amounts of p-coumaric acid that inhibit the TAL enzyme activity and affect the
productivity and the strain’s growth due to its toxicity. This problem can be slightly
attenuated in a tyrosine-overproducing strain since tyrosine is made available at a
slower rate than when tyrosine is directly supplemented to the culture medium,
which can lead to a lower accumulation of p-coumaric acid and, consequently, lower
toxic effect if in the presence of a minimally efficient enzyme responsible for the
second step. The discovery of a more catalytically efficient enzyme/enzyme complex
for this step is essential to witness advances in caffeic acid heterologous production.
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The research regarding 4HPA3H complex is still in its infancy and there are several
enzymes from unexplored microorganisms that can catalyze this step. However,
until a more efficient enzyme to perform this step is discovered, other strategies can
be used to minimize p-coumaric acid toxic effect and improve the titers. One of these
strategies includes the use of tolerance engineering to increase strain resistance to p-
coumaric acid. Several studies concluded that transporter engineering (modifications
or overexpression of genes that encode transporter proteins involved in AAA
catabolism) can confer tolerance to p-coumaric acid (and caffeic acid) by improving
the secretion of the aromatic acids (Van Dyk et al. 2004; Pereira et al. 2020) and,
consequently, increase the titers. Another promising strategy is the overexpression of
heat shock and membrane-associated genes whose transcription is highly induced in
the presence of toxic compounds such as hydroxycinnamic acids (Lee et al. 2012).
The overexpression of proteins related to stress response when hydroxycinnamic
acids are accumulated can increase strain tolerance to these compounds by helping
the cells to maintain membrane integrity and to shift from “survival mode” to
“growth and production mode” (Rodrigues and Rodrigues 2018). Additionally, the
use of coculture engineering can also help reducing the p-coumaric acid toxicity and
the metabolic burden (Rodrigues et al. 2020). All of these strategies provide a
starting point to increase E. coli or S. cerevisiae chassis tolerance to p-coumaric
acid and to further enhance caffeic acid production.

Acknowledgments This study was supported by the Portuguese Foundation for Science and
Technology (FCT) under the scope of the strategic funding of UIDB/BIO/04469/2020 unit, and
by LABBELS – Associate Laboratory in Biotechnology, Bioengineering and Micro-
electromechnaical Systems, LA/P/0029/2020.

References

Al-Khelaifi F, Diboun I, Donati F, Botrè F, Alsayrafi M, Georgakopoulos C, Yousri NA, Suhre K,
Elrayess MA. Metabolomics profiling of xenobiotics in elite athletes: relevance to supplement
consumption. J Int Soc Sports Nutr. 2018;15:1–10.

Alvarado IE, Navarro D, Record E, Asther M, Asther M, Lesage-Meessen L. Fungal biotransfor-
mation of p-coumaric acid into caffeic acid by Pycnoporus cinnabarinus: an alternative for
producing a strong natural antioxidant. World J Microbiol Biotechnol. 2003;19:157–60.

Álvarez-Álvarez R, Botas A, Albillos SM, Rumbero A, Martín JF, Liras P. Molecular genetics of
naringenin biosynthesis, a typical plant secondary metabolite produced by Streptomyces
clavuligerus. Microb Cell Factories. 2015;14:1–12.

An DG, Cha MN, Nadarajan SP, Kim BG, Ahn J-H. Bacterial synthesis of four hydroxycinnamic
acids. Appl Biol Chem. 2016;59:173–9.

Barros J, Escamilla-Trevino L, Song L, Rao X, Serrani-Yarce JC, Palacios MD, Engle N,
Choudhury FK, Tschaplinski TJ, Venables BJ. 4-Coumarate 3-hydroxylase in the lignin bio-
synthesis pathway is a cytosolic ascorbate peroxidase. Nat Commun. 2019;10:1–11.

Bell SG, Hoskins N, Xu F, Caprotti D, Rao Z, Wong L-L. Cytochrome P450 enzymes from the
metabolically diverse bacterium Rhodopseudomonas palustris. Biochem Biophys Res
Commun. 2006;342:191–6.

Microbial Production of Caffeic Acid 29



Berner M, Krug D, Bihlmaier C, Vente A, Müller R, Bechthold A. Genes and enzymes involved in
caffeic acid biosynthesis in the actinomycete Saccharothrix espanaensis. J Bacteriol. 2006;188:
2666–73.

Borja GM, Rodriguez A, Campbell K, Borodina I, Chen Y, Nielsen J. Metabolic engineering and
transcriptomic analysis of Saccharomyces cerevisiae producing p-coumaric acid from xylose.
Microb Cell Factories. 2019;18:1–14.

Choi O, Wu C-Z, Kang SY, Ahn JS, Uhm T-B, Hong Y-S. Biosynthesis of plant-specific
phenylpropanoids by construction of an artificial biosynthetic pathway in Escherichia coli. J
Ind Microbiol Biotechnol. 2011;38:1657–65.

Chugunova E, Boga C, Sazykin I, Cino S, Micheletti G, Mazzanti A, Sazykina M, Burilov A,
Khmelevtsova L, Kostina N. Synthesis and antimicrobial activity of novel structural hybrids of
benzofuroxan and benzothiazole derivatives. Eur J Med Chem. 2015;93:349–59.

Couto MR, Rodrigues JL, Rodrigues LR. Optimization of fermentation conditions for the produc-
tion of curcumin by engineered Escherichia coli. J R Soc Interface. 2017;14:20170470.

Dionne I, Nookala RK, Jackson SP, Doherty AJ, Bell SD. A heterotrimeric PCNA in the hyper-
thermophilic archaeon Sulfolobus solfataricus. Mol Cell. 2003;11:275–82.

Dos Santos JFS, Tintino SR, de Freitas TS, Campina FF, Irwin R d A, Siqueira-Júnior JP, Coutinho
HDM, Cunha FAB. In vitro e in silico evaluation of the inhibition of Staphylococcus aureus
efflux pumps by caffeic and gallic acid. Comp Immunol Microbiol Infect Dis. 2018;57:22–8.

Ekeuku SO, Pang K-L, Chin K-Y. Effects of caffeic acid and its derivatives on bone: a systematic
review. Drug Des Devel Ther. 2021;15:259–75.

El-Seedi HR, El-Said AMA, Khalifa SAM, Goransson U, Bohlin L, Borg-Karlson A-K, Verpoorte
R. Biosynthesis, natural sources, dietary intake, pharmacokinetic properties, and biological
activities of hydroxycinnamic acids. J Agric Food Chem. 2012;60:10877–95.

Furuya T, Kino K. Regioselective oxidation of indole-and quinolinecarboxylic acids by cytochrome
P450 CYP199A2. Appl Microbiol Biotechnol. 2010;85:1861–8.

Furuya T, Kino K. Catalytic activity of the two-component flavin-dependent monooxygenase from
Pseudomonas aeruginosa toward cinnamic acid derivatives. Appl Microbiol Biotechnol.
2014;98:1145–54.

Furuya T, Arai Y, Kino K. Biotechnological production of caffeic acid by bacterial cytochrome
P450 CYP199A2. Appl Environ Microbiol. 2012;78:6087–94.

Gudiña E, Amorim C, Braga A, Costa A, JL R, Silvério S, Rodrigues LR. Biotech green approaches
to unravel the potential of residues into valuable products. In: Inamuddin, editor. Green
chemistry for the sustainable development of chemical industry. Springer; 2020. p. 97–150.

Ha CM, Escamilla-Trevino L, Yarce JCS, Kim H, Ralph J, Chen F, Dixon RA. An essential role of
caffeoyl shikimate esterase in monolignol biosynthesis in Medicago truncatula. Plant
J. 2016;86:363–75.

Halaouli S, Asther M, Kruus K, Guo L, Hamdi M, Sigoillot J, Asther M, Lomascolo
A. Characterization of a new tyrosinase from Pycnoporus species with high potential for food
technological applications. J Appl Microbiol. 2005;98:332–43.

Haslinger K, Prather KLJ. Heterologous caffeic acid biosynthesis in Escherichia coli is affected by
choice of tyrosine ammonia lyase and redox partners for bacterial Cytochrome P450. Microb
Cell Factories. 2020;19:1–12.

Heo KT, Lee B, Son S, Ahn JS, Jang J-H, Hong Y-S. Production of bioactive 30-hydroxystilbene
compounds using the flavin-dependent monooxygenase Sam5. J Microbiol Biotechnol.
2018;28:1105–11.

Hirakawa H, Nagamune T. Molecular assembly of P450 with ferredoxin and ferredoxin reductase
by fusion to PCNA. Chembiochem. 2010;11:1517–20.

Huang Q, Lin Y, Yan Y. Caffeic acid production enhancement by engineering a phenylalanine over-
producing Escherichia coli strain. Biotechnol Bioeng. 2013;110:3188–96.

Jendresen CB, Stahlhut SG, Li M, Gaspar P, Siedler S, Förster J, Maury J, Borodina I, Nielsen
AT. Highly active and specific tyrosine ammonia-lyases from diverse origins enable enhanced

30 J. L. Rodrigues and L. R. Rodrigues



production of aromatic compounds in bacteria and Saccharomyces cerevisiae. Appl Environ
Microbiol. 2015;81:4458–76.

Kang S-Y, Choi O, Lee JK, Hwang BY, Uhm T-B, Hong Y-S. Artificial biosynthesis of
phenylpropanoic acids in a tyrosine overproducing Escherichia coli strain. Microb Cell Facto-
ries. 2012;11:1–9.

Kawaguchi H, Katsuyama Y, Danyao D, Kahar P, Nakamura-Tsuruta S, Teramura H, Wakai K,
Yoshihara K, Minami H, Ogino C. Caffeic acid production by simultaneous saccharification and
fermentation of kraft pulp using recombinant Escherichia coli. Appl Microbiol Biotechnol.
2017;101:5279–90.

Kneusel RE, Matern U, Nicolay K. Formation of trans-caffeoyl-CoA from trans-4-coumaroyl-CoA
by Zn2+-dependent enzymes in cultured plant cells and its activation by an elicitor-induced pH
shift. Arch Biochem Biophys. 1989;269:455–62.

Knobloch K-H, Hahlbrock K. 4-Coumarate: CoA ligase from cell suspension cultures of
Petroselinum hortense Hoffm: partial purification, substrate specificity, and further properties.
Arch Biochem Biophys. 1977;184:237–48.

Kolgazi M, Cilingir S, Yilmaz O, Gemici M, Yazar H, Ozer S, Acikel-Elmas M, Arbak S, Suyen
GG. Caffeic acid attenuates gastric mucosal damage induced by ethanol in rats via nitric oxide
modulation. Chem Biol Interact. 2021;334:109351.

Koopman F, Beekwilder J, Crimi B, van Houwelingen A, Hall RD, Bosch D, van Maris AJA, Pronk
JT, Daran J-M. De novo production of the flavonoid naringenin in engineered Saccharomyces
cerevisiae. Microb Cell Factories. 2012;11:155.

Lee S, Nam D, Jung JY, Oh M-K, Sang B-I, Mitchell RJ. Identification of Escherichia coli
biomarkers responsive to various lignin-hydrolysate compounds. Bioresour Technol.
2012;114:450–6.

Lee H, Kim B-G, Ahn J-H. Production of bioactive hydroxyflavones by using monooxygenase from
Saccharothrix espanaensis. J Biotechnol. 2014;176:11–7.

Li J, Fang J, Qin X, Gao L. Metabolomics profiling reveals the mechanism of caffeic acid in
extending lifespan in Drosophila melanogaster. Food Funct. 2020a;11:8202–13.

Li Y, Mao J, Liu Q, Song X,Wu Y, Cai M, Xu H, Qiao M. De novo biosynthesis of caffeic acid from
glucose by engineered Saccharomyces cerevisiae. ACS Synth Biol. 2020b;9:756–65.

Li S, Liang C, Liu G, Jin J-M, Tao Y, Tang S-Y. De novo biosynthesis of chlorogenic acid using an
artificial microbial community. J Agric Food Chem. 2021a;69:2816–25.

Li H, Yu X, Li C, Ma L, Zhao Z, Guan S, Wang L. Caffeic acid protects against Aβ toxicity and
prolongs lifespan in Caenorhabditis elegans models. Food Funct. 2021b;12:1219–31.

Lin Y, Yan Y. Biosynthesis of caffeic acid in Escherichia coli using its endogenous hydroxylase
complex. Microb Cell Factories. 2012;11:1–9.

Liu L, Liu H, Zhang W, Yao M, Li B, Liu D, Yuan Y. Engineering the biosynthesis of caffeic acid in
Saccharomyces cerevisiae with heterologous enzyme combinations. Engineering. 2019;5:287–
95.

Liu L, Mu H, Pang Y. Caffeic acid treatment augments the cell proliferation, differentiation, and
calcium mineralization in the human osteoblast-like MG-63 cells. Pharmacogn Mag. 2021;17:
38.

Lv H, Zhang Y, Shao J, Liu H, Wang Y. Ferulic acid production by metabolically engineered
Escherichia coli. Bioresour Bioprocess. 2021;8:1–12.

Mao J, Liu Q, Song X, Wang H, Feng H, Xu H, Qiao M. Combinatorial analysis of enzymatic
bottlenecks of L-tyrosine pathway by p-coumaric acid production in Saccharomyces cerevisiae.
Biotechnol Lett. 2017;39:977–82.

Mudgal J, Mallik SB, Nampoothiri M, Kinra M, Hall S, Grant GD, Anoopkumar-Dukie S, Davey
AK, Rao CM, Arora D. Effect of coffee constituents, caffeine and caffeic acid on anxiety and
lipopolysaccharide-induced sickness behavior in mice. J Funct Foods. 2020;64:103638.

Mukai N, Masaki K, Fujii T, Kawamukai M, Iefuji H. PAD1 and FDC1 are essential for the
decarboxylation of phenylacrylic acids in Saccharomyces cerevisiae. J Biosci Bioeng.
2010;109:564–9.

Microbial Production of Caffeic Acid 31



Nambudiri AMD, Bhat JV, Rao PVS. Conversion of p-coumarate into caffeate by Streptomyces
nigrifaciens. Purification and properties of the hydroxylating enzyme. Biochem J. 1972;130:
425–33.

OgawaM, Shirasago Y, Ando S, ShimojimaM, Saijo M, FukasawaM. Caffeic acid, a coffee-related
organic acid, inhibits infection by severe fever with thrombocytopenia syndrome virus in vitro. J
Infect Chemother. 2018;24:597–601.

Okada Y, Okada M. Quercetin, caffeic acid and resveratrol regulate circadian clock genes and
aging-related genes in young and old human lung fibroblast cells. Mol Biol Rep. 2020;47:1021–
32.

Oliveira A, Rodrigues J, Ferreira E, Rodrigues L, Dias O. A kinetic model of the central carbon
metabolism for acrylic acid production in Escherichia coli. PLoS Comput Biol. 2021;17:
e1008704.

Park K-Y, Kim J. Synthesis and biological evaluation of the anti-melanogenesis effect of coumaric
and caffeic acid-conjugated peptides in human melanocytes. Front Pharmacol. 2020;11:1–8.

Pereira R, Mohamed ET, Radi MS, Herrgård MJ, Feist AM, Nielsen J, Chen Y. Elucidating aromatic
acid tolerance at low pH in Saccharomyces cerevisiae using adaptive laboratory evolution. Proc
Natl Acad Sci. 2020;117:27954–61.

Perumal S, Mahmud R, Ismail S. Mechanism of action of isolated caffeic acid and epicatechin
3-gallate from Euphorbia hirta against Pseudomonas aeruginosa. Pharmacogn Mag. 2017;13:
S311.

Peterson JA, Lorence MC, Amarneh B. Putidaredoxin reductase and putidaredoxin. Cloning,
sequence determination, and heterologous expression of the proteins. J Biol Chem. 1990;265:
6066–73.

Prieto MA, Garcı ́a JL. Identification of a novel positive regulator of the 4-hydroxyphenylacetate
catabolic pathway of Escherichia coli. Biochem Biophys Res Commun. 1997;232:759–65.

Prieto MA, Perez-Aranda A, Garcia JL. Characterization of an Escherichia coli aromatic hydrox-
ylase with a broad substrate range. J Bacteriol. 1993;175:2162–7.

Qin P, Wei Y, Hou M, Zhao C, Shen Z. A multicenter clinical trial of caffeic acid tablet in treatment
of 103 primary immune thrombocytopenia patients. Zhonghua xue ye xue za zhi¼ Zhonghua
Xueyexue Zazhi. 2015;36:103–6.

Rainha J, Gomes D, Rodrigues LR, Rodrigues JL. Synthetic biology approaches to engineer
Saccharomyces cerevisiae towards the industrial production of valuable polyphenolic com-
pounds. Life. 2020;10:life10050056.

Rainha J, Rodrigues JL, Rodrigues LR. CRISPR-Cas9: a powerful tool to efficiently engineer
Saccharomyces cerevisiae. Life. 2021;11:life11010013.

Rezaei-Seresht H, Cheshomi H, Falanji F, Movahedi-Motlagh F, Hashemian M, Mireskandari
E. Cytotoxic activity of caffeic acid and gallic acid against MCF-7 human breast cancer cells:
an in silico and in vitro study. Avicenna J Phytomed. 2019;9:574–86.

Rodrigues JL, Rodrigues LR. Synthetic biology: perspectives in industrial biotechnology. In:
Pandey A, Teixeira J, editors. Current developments in biotechnology and bioengineering:
foundations of biotechnology and bioengineering. Elsevier; 2017. p. 239–69.

Rodrigues JL, Rodrigues LR. Potential applications of the Escherichia coli heat shock response in
synthetic biology. Trends Biotechnol. 2018;36:186–98.

Rodrigues JL, Rodrigues LR. Biosynthesis and heterologous production of furanocoumarins:
perspectives and current challenges. Nat Prod Rep. 2021;38:869–79.

Rodrigues JL, Sousa M, Prather KLJ, Kluskens LD, Rodrigues LR. Selection of Escherichia coli
heat shock promoters toward their application as stress probes. J Biotechnol. 2014;188:61–71.

Rodrigues JL, Araújo RG, Prather KLJ, Kluskens LD, Rodrigues LR. Production of curcuminoids
from tyrosine by a metabolically engineered Escherichia coli using caffeic acid as an interme-
diate. Biotechnol J. 2015a;10:599–609.

Rodrigues JL, Araújo RG, Prather KLJ, Kluskens LD, Rodrigues LR. Heterologous production of
caffeic acid from tyrosine in Escherichia coli. Enzym Microb Technol. 2015b;71:36–44.

32 J. L. Rodrigues and L. R. Rodrigues



Rodrigues JL, Prather KLJ, Kluskens LD, Rodrigues LR. Heterologous production of
curcuminoids. Microbiol Mol Biol Rev. 2015c;79:39–60.

Rodrigues JL, Couto MR, Araújo RG, Prather KLJ, Kluskens L, Rodrigues LR. Hydroxycinnamic
acids and curcumin production in engineered Escherichia coli using heat shock promoters.
Biochem Eng J. 2017a;125:41–9.

Rodrigues JL, Ferreira D, Rodrigues LR. Synthetic biology strategies towards the development of
new bioinspired technologies for medical applications. In: Mohapatra S, Ranjan S, Dasgupta N,
Mishra R, Thomas S, editors. Bioinspired materials for medical applications. Elsevier;
2017b. p. 451–97.

Rodrigues JL, Gomes D, Rodrigues LR. A combinatorial approach to optimize the production of
curcuminoids from tyrosine in Escherichia coli. Front Bioeng Biotechnol. 2020;8(2020):00059.

Rodriguez A, Kildegaard KR, Li M, Borodina I, Nielsen J. Establishment of a yeast platform strain
for production of p-coumaric acid through metabolic engineering of aromatic amino acid
biosynthesis. Metab Eng. 2015;31:181–8.

Sachan A, Ghosh S, Sen SK, Mitra A. Co-production of caffeic acid and p-hydroxybenzoic acid
from p-coumaric acid by Streptomyces caeruleus MTCC 6638. Appl Microbiol Biotechnol.
2006;71:720–7.

Salar RK, Certik M, Brezova V, Brlejova M, Hanusova V, Breierová E. Stress influenced increase in
phenolic content and radical scavenging capacity of Rhodotorula glutinis CCY 20-2-26. 3 Bio-
tech. 2013;3:53–60.

Salau VF, Erukainure OL, Bharuth V, Islam MS. Caffeic acid improves glucose utilization and
maintains tissue ultrastructural morphology while modulating metabolic activities implicated in
neurodegenerative disorders in isolated rat brains. J Biochem Mol Toxicol. 2021;35:e22610.

Saleme M d LS, Cesarino I, Vargas L, Kim H, Vanholme R, Goeminne G, Van Acker R, de Assis
Fonseca FC, Pallidis A, Voorend W. Silencing CAFFEOYL SHIKIMATE ESTERASE affects
lignification and improves saccharification in poplar. Plant Physiol. 2017;175:1040–57.

Sariaslani FS. Development of a combined biological and chemical process for production of
industrial aromatics from renewable resources. Annu Rev Microbiol. 2007;61:51–69.

Shen J, Wang G, Zuo J. Caffeic acid inhibits HCV replication via induction of IFNα antiviral
response through p62-mediated Keap1/Nrf2 signaling pathway. Antivir Res. 2018;154:166–73.

Shen Y-P, Niu F-X, Yan Z-B, Fong LS, Huang Y-B, Liu J-Z. Recent advances in metabolically
engineered microorganisms for the production of aromatic chemicals derived from aromatic
amino acids. Front Bioeng Biotechnol. 2020;8:407.

Silva H, Lopes NMF. Cardiovascular effects of caffeic acid and its derivatives: a comprehensive
review. Front Physiol. 2020;11:595516.

Song X, Liu Q, Mao J, Wu Y, Li Y, Gao K, Zhang X, Bai Y, Xu H, Qiao M. POT1-mediated
δ-integration strategy for high-copy, stable expression of heterologous proteins in Saccharomy-
ces cerevisiae. FEMS Yeast Res. 2017;17:fox064.

Torres y Torres JL, Rosazza JPN. Microbial transformations of p-coumaric acid by Bacillus
megaterium and Curvularia lunata. J Nat Prod. 2001;64:1408–14.

Transparency Market Research 2021. Caffeic acid market - global industry analysis, size, share,
growth, trends, and forecast, 2020–2030. Available at https://www.transparencymarketresearch.
com/caffeic-acid-market.html. Accessed 28 June 2021.

Van Dyk TK, Templeton LJ, Cantera KA, Sharpe PL, Sariaslani FS. Characterization of the
Escherichia coli AaeAB efflux pump: a metabolic relief valve? J Bacteriol. 2004;186:7196–204.

Vanholme R, Cesarino I, Rataj K, Xiao Y, Sundin L, Goeminne G, Kim H, Cross J, Morreel K,
Araujo P. Caffeoyl shikimate esterase (CSE) is an enzyme in the lignin biosynthetic pathway in
Arabidopsis. Science. 2013;341:1103–6.

Vannelli T, Wei Qi W, Sweigard J, Gatenby AA, Sariaslani FS. Production of p-hydroxycinnamic
acid from glucose in Saccharomyces cerevisiae and Escherichia coli by expression of heterol-
ogous genes from plants and fungi. Metab Eng. 2007;9:142–51.

Microbial Production of Caffeic Acid 33

https://www.transparencymarketresearch.com/caffeic-acid-market.html
https://www.transparencymarketresearch.com/caffeic-acid-market.html


Wang J, Mahajani M, Jackson SL, Yang Y, Chen M, Ferreira EM, Lin Y, Yan Y. Engineering a
bacterial platform for total biosynthesis of caffeic acid derived phenethyl esters and amides.
Metab Eng. 2017a;44:89–99.

Wang W, Sun W, Jin L. Caffeic acid alleviates inflammatory response in rheumatoid arthritis
fibroblast-like synoviocytes by inhibiting phosphorylation of IκB kinase α/β and IκBα. Int
Immunopharmacol. 2017b;48:61–6.

Wu J, Du G, Zhou J, Chen J. Metabolic engineering of Escherichia coli for (2S)-pinocembrin
production from glucose by a modular metabolic strategy. Metab Eng. 2013;16:48–55.

Xu F, Bell SG, Peng Y, Johnson EOD, Bartlam M, Rao Z, Wong L. Crystal structure of a ferredoxin
reductase for the CYP199A2 system from Rhodopseudomonas palustris. Proteins: Struct, Funct,
Bioinf. 2009;77:867–80.

Xue Z, McCluskey M, Cantera K, Ben-Bassat A, Sariaslani FS, Huang L. Improved production of
p-hydroxycinnamic acid from tyrosine using a novel thermostable phenylalanine/tyrosine
ammonia lyase enzyme. Enzym Microb Technol. 2007a;42:58–64.

Xue Z, McCluskey M, Cantera K, Sariaslani FS, Huang L. Identification, characterization and
functional expression of a tyrosine ammonia-lyase and its mutants from the photosynthetic
bacterium Rhodobacter sphaeroides. J Ind Microbiol Biotechnol. 2007b;34:599–604.

Yuan X, Kong J, Ma Z, Li N, Jia R, Liu Y, Zhou F, Zhan Q, Liu G, Gao S. KDM4C, a H3K9me3
histone demethylase, is involved in the maintenance of human ESCC-initiating cells by epige-
netically enhancing SOX2 expression. Neoplasia. 2016;18:594–609.

Zhang H, Stephanopoulos G. Engineering E. coli for caffeic acid biosynthesis from renewable
sugars. Appl Microbiol Biotechnol. 2013;97:3333–41.

Zhang W, Liu H, Li X, Liu D, Dong X, Li F, Wang E, Li B, Yuan Y. Production of naringenin from
D-xylose with co-culture of E. coli and S. cerevisiae. Eng Life Sci. 2017;17:1021–9.

Zhou S, Liu P, Chen J, Du G, Li H, Zhou J. Characterization of mutants of a tyrosine ammonia-lyase
from Rhodotorula glutinis. Appl Microbiol Biotechnol. 2016;100:10443–52.

Zhou P, Yue C, Shen B, Du Y, Xu N, Ye L. Metabolic engineering of Saccharomyces cerevisiae for
enhanced production of caffeic acid. Appl Microbiol Biotechnol. 2021;105:5809–19.

Zhu Y, Liao S, Ye J, Zhang H. Cloning and characterization of a novel tyrosine ammonia lyase-
encoding gene involved in bagremycins biosynthesis in Streptomyces sp. Biotechnol Lett.
2012;34:269–74.

Zielińska D, Zieliński H, Laparra-Llopis JM, Szawara-Nowak D, Honke J, Giménez-Bastida
JA. Caffeic acid modulates processes associated with intestinal inflammation. Nutrients.
2021;13:554.

34 J. L. Rodrigues and L. R. Rodrigues


	Microbial Production of Caffeic Acid
	Introduction
	Caffeic Acid Biological Activity
	Caffeic Acid Production in Plants
	Caffeic Acid Production in Microorganisms
	Heterologous Production of Caffeic Acid
	Caffeic Acid Heterologous Production in Bacteria
	Pathway Containing C3H
	Pathway Containing 4HPA3H
	Pathway Containing CYP199A2

	Caffeic Acid Heterologous Production in Yeast

	Conclusions and Future Perspectives
	References


