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Abstract 

Background:  The non-proteinogenic aromatic amino acid, p-amino-l-phenylalanine (l-PAPA) is a high-value product 
with a broad field of applications. In nature, l-PAPA occurs as an intermediate of the chloramphenicol biosynthesis 
pathway in Streptomyces venezuelae. Here we demonstrate that the model organism Escherichia coli can be trans‑
formed with metabolic grafting approaches to result in an improved l-PAPA producing strain.

Results:  Escherichia coli K-12 cells were genetically engineered for the production of l-PAPA from glycerol as main 
carbon source. To do so, genes for a 4-amino-4-deoxychorismate synthase (pabAB from Corynebacterium glutamicum), 
and genes encoding a 4-amino-4-deoxychorismate mutase and a 4-amino-4-deoxyprephenate dehydrogenase (papB 
and papC, both from Streptomyces venezuelae) were cloned and expressed in E. coli W3110 (lab strain LJ110). In shake 
flask cultures with minimal medium this led to the formation of ca. 43 ± 2 mg l−1 of l-PAPA from 5 g l−1 glycerol. By 
expression of additional chromosomal copies of the tktA and glpX genes, and of plasmid-borne aroFBL genes in a tyrR 
deletion strain, an improved l-PAPA producer was obtained which gave a titer of 5.47 ± 0.4 g l−1 l-PAPA from 33.3 g l−1 
glycerol (0.16 g l-PAPA/g of glycerol) in fed-batch cultivation (shake flasks). Finally, in a fed-batch fermenter cultivation, 
a titer of 16.7 g l−1 l-PAPA was obtained which is the highest so far reported value for this non-proteinogenic amino 
acid.

Conclusion:  Here we show that E. coli is a suitable chassis strain for l-PAPA production. Modifying the flux to the 
product and improved supply of precursor, by additional gene copies of glpX, tkt and aroFBL together with the dele‑
tion of the tyrR gene, increased the yield and titer.
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Background
The general aromatic biosynthesis pathway (also called 
shikimate pathway) in most microorganisms and plants 
starts by condensation of the precursors phospho-
enolpyruvate (PEP) and erythrose-4-phosphate (E4P) 
to provide the first intermediate, 3-deoxy-d-arabino-
heptulosonate-7-phosphate (DAHP). Eventually (after 
introduction of another PEP molecule), the last common 
metabolite, chorismate [1] is formed. From chorismate, 
various biosynthetic pathways diverge which give rise to a 

plethora of aromatic compounds. Among them are three 
proteinogenic aromatic amino acids [l-phenylalanine (l-
Phe), l-tyrosine (l-Tyr), and l-tryptophan (l-Trp)] and 
aromatic vitamins such as quinones, folate (via p-amin-
obenzoate), and p-hydroxybenzoate [2–5]. Quinones 
(ubiquinone, menaquinone, plastoquinone) fulfill impor-
tant roles in the electron transport chain [3, 6]. Entero-
bactin (from 2,3-dihydroxybenzoate) is used as an iron 
complexing siderophore in E. coli, folate is involved in C1 
metabolism, and vitamin E in photosynthetic organisms 
is involved in protection against oxidative stress [7–9]. 
Various secondary metabolites such as phenylpropanoids 
(mainly in plants) and some antibiotics (chloramphenicol, 
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pristinamycin, and others) in streptomycetes are as well 
derived from the aromatic pathway [10–12].

Aromatic amino acids are currently produced in 
large scale by fermentations or biotransformations with 
genetically modified microorganisms like E. coli or 
Corynebacterium glutamicum [3–5, 7, 13–18]. Aromatic 
compounds find many applications in biotechnology, 
nutrition, and medicine. l-Phe is mainly used for the syn-
thesis of the low-calorie sweetener aspartame (l-aspar-
tyl- l-phenylalanine methyl ester) while l-Trp is used for 
pharmaceuticals and as animal feed [3, 16]. l-Tyr is used 
as dietary supplement in the treatment of phenylketonu-
ria. It is also the precursor in the synthesis of Levodopa 
(l-3,4-dihydroxyphenylalanine) which is used to treat 
Parkinson’s disease [19]. Ubiquinone-10 (Q10), folic acid, 
and vitamin K (plastoquinone) are used as nutritional 
additives [20, 21].

The rare, non-proteinogenic aromatic amino acid, 
para-amino-l-phenylalanine (l-PAPA) is used for tech-
nical and pharmaceutical applications [22–25] and has 
been described as a building block of the anticancer drug, 
Melphalan® [26, 27]. In nature, l-PAPA occurs in plant 
seeds (Vigna vexillata; [28]), and is an intermediate of the 
chloramphenicol and pristinamycin biosynthesis path-
ways in Streptomyces venezuelae and S. pristinaespira-
lis [29–31]. l-PAPA is also a precursor of the antibiotic 
obafluorin ß-lactone of Pseudomonas fluorescens [32] and 
of GameXPeptides in the entomopathogenic bacterium, 
Photorhabdus luminescens [33]. l-PAPA was moreover 
successfully used as precursor in the biosynthetic diver-
sification of jadomycin production with S. venezuelae 
cells [34]. L-PAPA has also been used for the synthesis of 
the biopolyamide precursor, 4-aminohydrocinnamic acid 
[35, 36].

l-PAPA synthesis starts from chorismate which is 
first converted by a glutamine- or ammonia-dependent 
4-amino-4-deoxychorismate synthase to give 4-amino-
4-deoxychorismate (ADC) [37]. This step is common to 
both, the para-aminobenzoate (PABA) and the chloram-
phenicol/pristinamycin biosynthesis pathways. In PABA 
biosynthesis, ADC synthase is encoded by genes pabA 
and pabB—which are not organized in an operon—in 
E. coli [38]. In Corynebacteria, these genes are fused as 
pabAB such as in C. glutamicum [39–41], in C. efficiens 
[42], or C. callunae [40]. In pristinamycin biosynthe-
sis, the pathway-specific gene is named papA in S. pris-
tinaespiralis [30], and in chloramphenicol biosynthesis 
of S. venezuelae it is either termed papA [43] or cmlB 
[44], respectively. Despite the different nomenclature, 
these genes display high sequence identities [30, 43–
45]. ADC is converted by 4-amino-4-deoxy-chorismate 
mutase (gene papB in S. pristinaespiralis; alternatively 
cmlD in S. venezuelae) and 4-amino-4-deoxyprephenate 

dehydrogenase (papC and cmlC, respectively) to yield 
p-aminophenylpyruvate (PAPP; [30, 43, 44]). By transam-
ination, l-PAPA is formed and serves then as interme-
diate for the production of several antibiotics. Recently, 
papA,B,C homolog genes from Pseudomonas fluorescens 
have been successfully cloned and expressed in E. coli 
[24].

Escherichia coli is not a natural producer of l-PAPA but 
the E. coli aminotransferases TyrB and AspC are known 
to convert PAPP into l-PAPA (Fig.  1) [46, 47]. Ear-
lier, l-PAPA formation in recombinant E. coli (carrying 
papABC genes from S. venezuelae on a low-copy plasmid) 
had been shown by the group of Schultz [43]. They used 
this in  vivo produced compound as “21st proteinogenic 
amino acid” together with a modified tyrosyl-tRNA syn-
thetase and a mutant tyrosine amber suppressor tRNA in 
specifically engineered E. coli strains. While formation of 
up to 0.7 mM of intracellular l-PAPA were measured in 
these recombinant cells, no data on extracellular produc-
tion were provided [43], however.

Fig. 1  Overview of the de novo l-PAPA biosynthesis pathway from 
glycerol in E. coli. The scheme of reactions is modified from Gottlieb 
et al. [15]. Broken arrows indicate incomplete presentation of the 
metabolic pathway. AroF DAHP synthase, AroB dehydroquinate 
synthase, AroL shikimate kinase, AspC aspartate transaminase, 
GlpD glycerol-3-phosphate dehydrogenase, GlpF glycerol 
facilitator, GlpK glycerol kinase, GlpX fructose-1,6-bisphosphate 
phosphatase, PabAB 4-amino-4-deoxychorismate 
synthase, PapB 4-amino-4-deoxychorismate mutase, PapC 
4-amino-4-deoxyprephenate dehydrogenase, TktA transketolase A, 
TyrB aromatic aminotransferase are presented
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A preferred carbon source for the production of aro-
matic amino acids with E. coli is glucose. Glycerol which 
can be used as an alternative carbon and energy source 
by E. coli, is especially attractive for the production of 
aromatic amino acids [15, 18, 48]. Glycerol can be taken 
up in E. coli either via the glycerol facilitator, GlpF or 
by unassisted diffusion [49]. After phosphorylation by 
the ATP-dependent glycerol kinase (GlpK; [50]), and 
an oxidation step by glycerol 3-phosphate dehydroge-
nase (GlpD; [51]) dihydroxyacetone phosphate (DHAP) 
can enter the lower glycolysis. Glycerol has no compet-
ing application in the food industry and it appears as a 
byproduct during biodiesel production [52]. Here we 
describe the construction of E. coli strains for the pro-
duction of valuable l-PAPA using glycerol as sole carbon 
and energy source.

Results
Construction of a de novo l‑PAPA biosynthesis pathway 
in E. coli
As l-PAPA is a non-proteinogenic amino acid for 
wildtype E. coli cells, we wanted to know first whether it 
shows any inhibitory or toxic effects on growth. There-
fore, cells of E. coli K-12 wildtype strain LJ110 (W3110) 
were grown in minimal media with glycerol as sole car-
bon source and synthetic l-PAPA was added at vary-
ing concentrations. As can be seen in Fig. 2, the growth 
rate in the presence of 4 or 8  mM  l-PAPA was slightly 
reduced (µ = 0.43  h−1 and µ = 0.39  h−1, respectively) 
when compared to growth in the absence of l-PAPA 
(µ = 0.47  h−1); however, very similar final optical densi-
ties (OD600 values) were reached after 24 h of incubation. 

At a concentration of 33 mM l-PAPA (5.9 g l−1), however, 
the formation of biomass was impaired and the growth 
rate was conceivably reduced to µ = 0.24  h−1. Thus we 
reasoned that l-PAPA production in recombinant E. coli 
strains could be proceeded without serious toxicity prob-
lems caused by the novel product.

We decided to establish a synthetic pathway leading 
to l-PAPA by construction of a strain which carries the 
genes from different donor organisms (“metabolic graft-
ing”). From previous work in our group [2, 41], the gene 
encoding 4-amino-4-deoxychorismate synthase from the 
PABA biosynthesis route of C. glutamicum (pabABCgl) 
was available in recombinant form and under the control 
of an IPTG-inducible Ptac promoter on plasmid pC53 
(see Table  1). We preferred the pabABCgl gene over the 
two separate genes pabA and pabB which reside in the 
E. coli chromosome, as the plasmid-borne combination 
of the latter genes had shown less active enzyme [41]. 
To complete the intended l-PAPA pathway, genes papB 
and papC were added. PapB and papC were custom-syn-
thesized based upon the gene sequences of S. venezue-
lae (papB, 4-amino-4-deoxy-chorismate mutase; papC, 
4-amino-4-deoxyprephenate dehydrogenase) and codon 
optimized for expression in E. coli (GeneOptimizer, 
Thermo Fisher/GeneArt, Regensburg, Germany). The 
two genes were then cloned together as a cassette with 
pabABCgl to yield plasmid pC53BC (see Table  1, Addi-
tional file 1: Figure S4).

l‑PAPA production by recombinant E. coli strains
Expression of the gene cassette from pC53BC was first 
studied in the background of the wildtype strain E. coli 
LJ110. Cells were cultivated in shake flasks in minimal 
medium with glycerol (5 g l−1) and induction was by addi-
tion of IPTG (0.5 mM final concentration). This already 
led to l-PAPA accumulation of about 43 ± 2  mg  l−1 in 
the supernatant whereas no l-PAPA was detected in the 
control strain (see Table 2). This proved that l-PAPA can 
be formed in conceivable amounts by E. coli cells and is 
in line with former observations with E. coli strains that 
were constructed in different manners [24, 43].

It is well-known that overexpression of the aroF, aroB, 
and aroL genes enhances formation of chorismate-
derived compounds [3, 15, 59]. We therefore analyzed the 
effect of plasmid-borne overexpression of the genes aroF 
(DAHP synthase), aroB (dehydroquinate synthase) and 
aroL (shikimate kinase) present as a cassette on a sec-
ond vector (pJNT522; KanR, see Table 1 and Additional 
file 1: Figure S1) which is compatible with pC53BC. The 
additional IPTG-induced expression of aroFBL doubled 
the product titer after 48 h to 86.6 ± 3.7 mg l−1 (Table 2), 
most likely due to an improved provision of shikimate 
precursors for l-PAPA formation.

Fig. 2  Growth of E. coli LJ110 in minimal media with glycerol and 
different l-PAPA concentrations. The cells were cultivated at 37 °C in 
the absence of l-PAPA (circles), or in the presence of 4 mM (squares), 
8 mM (triangles), or 33 mM of l-PAPA (diamonds), respectively. 
Cultivations were performed twice and the mean values are given
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Next, to avoid an undesired loss of chorismate to l-
Phe and l-Tyr formation (Fig. 1), a pheA-tyrA-aroF dele-
tion mutant of LJ110 was used as host strain. This strain 
(FUS 4) is a double auxotroph for l-Phe and l-Tyr; it had 
been successfully used previously for the production of 
l-Phe; in addition, strain FUS4 carries a chromosomally 
inserted copy of the aroFBL cassette [15]. This second 
generation strain showed improved l-PAPA formation 
in shake flasks (minimal media with glycerol and growth 
supplementation by l-Phe and l-Tyr; see Table  3). The 
l-PAPA titer was raised to about 200 mg l−1 with a yield 
of ca. 0.04  g  l-PAPA/g of glycerol compared to E. coli 
LJ110 (Table 2).

Escherichia coli FUS4.7, a FUS4 derivative which has 
additional chromosomal copies of tktA (transketolase 
A) and glpX (fructose 1,6-bisphosphate phosphatase), 
respectively, had turned up as an improved l-Phe pro-
ducer before [15]. It was therefore used as recipient 
for pC53BC and pJNT-aroFBL to study its l-PAPA 
productivity. Indeed, the titer further increased to 
449 ± 29  mg  l−1 and the yield was more than double in 
comparison to FUS 4 with the same plasmid combination 
(see Table 3).

Finally, the gene for the transcriptional regulator, tyrR 
[60], was deleted. Such a deletion had been shown to 

confer a positive effect for aromatic compound produc-
tion in engineered E. coli strains [61–66]. Deletion of 
tyrR in FUS 4.7 led to strain FUS4.7R. When transformed 
with plasmids pC53BC and pJNT-aroFBL this combi-
nation resulted in a slightly increased titer of l-PAPA 
(534 ± 24 mg l−1) and a yield of ca. 11% l-PAPA/glycerol 

Table 1  List of E. coli strains, plasmids and oligonucleotides

Strains Characteristics Reference/origin

E. coli DH5α φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 hsdR17(rK−, mK +) phoA supE44 
λ− thi-1 gyrA96 relA1

Invitrogen

E. coli LJ110 Wildtype W3110 (F−, λ−, IN (rrnD-rrnE) 1, rph-1) [53]

E. coli FUS 4 LJ110 Δ(pheA-tyrA-aroF) Δlac::Ptac::aroFBL+ [15]

E. coli FUS4.7 FUS4 Δrbs::Ptac::glpX+ Δgal::Ptac::tktA+ [15]

E. coli FUS4.7R FUS4.7ΔtyrR::FRT This study

Plasmids

 pJNT522 Ptac, RBS, KanR This study, see Additional file 1

 pJNT-aroFBL Ptac::aroFE.c., aroBE.c, aroLE.c., KanR This study

 pJF119EH Ptac, RBS, AmpR, lacI [54]

 pC53 pJF119EH, Ptac::pabABC.g., AmpR, lacI [41]

 pC53BC pJF119EH, Ptac::pabABC.g.-papBCS.v., AmpR, lacI This study

 pMK-papBC Cloning vector including the codon optimized genes of papBCS.v, KanR Thermo Fisher (GeneArt) custom synthesis

 pKD46 λ Red disruption system (γ, β, exo under control of ParaBAD), AmpR [55]

 pCP20 FLP+, λcI857+, λ ρR Repts, AmpR, CmR [56]

 pCAS30-FRT-cat-FRT pJF119ΔN, P. ananatis crtE gene, FRT-sites, AmpR, CmR, source of cat-gene cassette [57]

 pJeM2 rhaR rhaS rhaPBAD, eGFP, mob KanR [58]

Primers Sequence

Del-tyrR-Fw 5′-ATC​ATC​ATA​TTA​ATT​GTT​CTT​TTT​TCA​GGT​GAA​GGT​TCC​CTG​TGT​AGG​CTG​GAG​CTG​CTT​CG-3′

Del-tyrR-Rw 5′-AAT​ATG​CCT​GAT​GGT​GTT​GCA​CCA​TCA​GGC​ATA​TTC​GCG​CCA​TAT​GAA​TAT​CCT​CCT​TAG​-3′

Ko-tyrR-Fw 5′-TGA​CGG​CAC​GAC​TCG​GGA​TTA​AAG​-3′

Ko-tyrR-Rw 5′-AAC​AAC​GTT​ATC​ACC​CTC​ TCC​ACT​-3′

Table 2  Formation of  l-PAPA in  E. coli wild-type strain 
with different plasmid combinations

E. coli LJ110 wild-type strain was transformed with two different and compatible 
IPTG-inducible plasmids (control plasmids pJF119EH and pJNT522) to study 
the effects of the presence of pabAB, papBC, and aroFBL genes, respectively. 
pC53BC carries pabAB and papBC as a gene cassette under the control of a 
Ptac promoter. To study the effect of enhanced flux through the aromatic 
pathway, aroFBL were cloned onto pJNT522 plasmid. Biomass yields after 48 h 
of cultivation in minimal media with 5 g l−1 glycerol are shown as OD600 values. 
The cultivations were performed in triplicate and mean values and standard 
deviations are given

Plasmid 
combination

Final OD 
(600 nm)

Yield l-PAPA/
glycerol 
(g g−1)

Final l-PAPA 
titer (mg l−1)

pJF119EH/
pJNT522

5.89 ± 0.35 0 0

pC53BC/pJNT522 5.01 ± 0.95 0.01 43.2 ± 2

pC53BC/pJNT-
aroFBL

4.75 ± 0.85 0.02 86.6 ± 4
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(g g−1) (Table 3). The biomass yield of the three strains in 
shake flasks was about the same.

Fed‑batch shake flask cultivation with E. coli FUS4.7R/
pC53BC/pJNT‑aroFBL
These encouraging results from shake flask cultivations 
prompted us to study growth behavior and l-PAPA pro-
duction in fed-batch condition. We chose the best pro-
ducer, so far, E. coli FUS4.7R/pC53BC/pJNT-aroFBL. 
After pre-incubation and appropriate IPTG induction 
in shake flask with a starting concentration of 5 g  l−1 of 
glycerol at 37 °C, temperature was lowered to 30 °C and 
glycerol (~ 5  g  l−1) was added in intervals of 12  h. To 
roughly adjust for the pH, sodium bicarbonate was added 
(30 mM) every 24 h, as well as 15 mM ammonium sul-
fate as a nitrogen source to allow formation of l-PAPA. 
As a result, a total of 33.3 g l−1 glycerol was consumed in 
134 h of cultivation (Fig. 3) and a titer of 5.47 ± 0.41 g l−1 
of l-PAPA was detected in the supernatant; this corre-
sponds to a yield of 16% l-PAPA/glycerol (g g−1).

Fed‑batch fermentation in a bioreactor
In order to scale up L-PAPA production under controlled 
conditions, we cultivated E. coli FUS4.7R/pC53BC/pJNT-
aroFBL cells in an aerated, pH-controlled 30  l stirred-
tank reactor with minimal medium and glycerol as sole 
carbon source. The starting volume for the batch was 8 l 
and the final volume (after fed-batch) of 12.25  l. Details 
of the fermentation procedure are given in the Materials 
and Methods section. The feeding started after the ini-
tially added glycerol (8.1  g  l−1) was consumed. Glycerol 
was then fed to maintain a concentration between 0.6 
and 1.0 g l−1. Additionally, l-Phe and l-Tyr were added in 
two pulses to allow biomass formation. After 77 h, a final 
cell dry weight of 21.6 g l−1 was reached and 131.7 g l−1 
of glycerol had been consumed (see Fig. 4). A total con-
centration of 16.78 g  l−1 l-PAPA was produced by then. 

This equals a yield of 0.13 l-PAPA/glycerol (g  g−1) and 
a space–time-yield of l-PAPA formation over the whole 
process of 0.22  g  l−1 h−1. The total amount of l-PAPA 
produced during the 77 h of fermentation was 205 g. The 
produced l-PAPA was analyzed by MS and the obtained 
mass was in excellent agreement with the commercially 
available l-PAPA (Additional file 2).

To our knowledge, this is the highest l-PAPA titer 
which has been reached with E. coli cells.

Discussion
Expansion of the chorismate pathway of E. coli to pro-
duce a variety of non-standard aromatic compounds 
has already been very successful in many cases. Pio-
neering work has been done by the group of Frost and 
others already in the 1990s [61–64, 66]. Thereafter, pro-
cesses have been published for p-hydroxybenzoic acid 
[61, 65], p-aminobenzoic acid [40, 42], protocatechuic 
acid and catechol [65], vanillin [67, 68], anthranilic acid 
[69], δ-tocotrienol (a vitamin E compound, [70]), phe-
nol [71–74], salicylic acid and muconic acid [5, 75], sty-
rene, cinnamic acid and hydroxylated derivatives thereof 
[7, 76–80], tyrosol [81], (hydroxyl)phenyllactic acid, 
tyramine and other l-Phe- or l-Tyr-derived compounds 
[76], rosmarinic acid and flavonoids [82, 83], antitumor 
drugs like violacein and deoxyviolacein [84], several plant 
alkaloids [85], or even opiates like thebaine, reticuline 
or hydrocodone [86]. Further examples may be found in 
recent review articles [79, 87, 88].

Table 3  Comparison of  l-PAPA yields in  next  generation 
strains

Double auxotroph strains carrying two plasmids (pC53BC and pJNT-aroFBL) were 
grown in shake flasks in minimal media with 5 g l−1 glycerol and supplemented 
by l-Phe and l-Tyr (0.04 g l−1 each) and appropriate antibiotics. Induction with 
IPTG (0.5 mM final concentration) was at OD600 of ca. 0.6 and strains were further 
incubated until a total cultivation time of 48 h. The cultivations were performed 
in triplicate and mean values and standard deviations are given

E. coli strains Final OD 
(600 nm)

Yield l-PAPA/
glycerol (g g−1)

Final l-PAPA 
titer (mg l−1)

FUS 4/pC53BC/
pJNT-aroFBL

3.77 ± 0.25 0.04 202.7 ± 4.5

FUS 4.7/pC53BC/
pJNT-aroFBL

3.66 ± 0.13 0.09 449.4 ± 29.4

FUS 4.7R/pC53BC/
pJNT-aroFBL

3.86 ± 0.14 0.11 534.1 ± 24.1

Fig. 3  Glycerol fed-batch cultivation of E. coli FUS4.7 R/pC53BC/
pJNT-aroFBL in shake flasks. The initial glycerol concentration 
was 5 g l−1. After 24 h of cultivation the cultures were induced 
with 0.5 mM IPTG (final concentration) and the shake flasks were 
transferred from 37 to 30 °C before adding pulses of ~ 5 g l−1 of 
glycerol every 12 h. To adjust the pH, sodium bicarbonate (30 mM) 
was added every 24 h as well as 15 mM of ammonium sulfate. 
The concentrations of glycerol (empty circles) and, l-PAPA (empty 
squares) were determined by HPLC. OD600 values are presented as 
filled squares. The cultivations were performed in triplicate and the 
mean values and standard deviations are given
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These approaches most often have in common that het-
erologous genes from other donor organisms and from 
other biosynthetic pathways are used for transplantation 
into the genome of recipient strains such as E. coli. These 
recipients often have been engineered for a fortified pro-
vision of chorismate from the general aromatic amino 
acid pathway [61, 66, 69, 89]. We propose to classify this 
subdivision of “metabolic engineering” [90] as “meta-
bolic grafting” [3] as it may be metaphorically likened 
to the well-known and centuries old procedure in plant 
husbandry which is termed “grafting”. Therein, for exam-
ple, a fledgling twig from a precious fruit tree is merged 
(pruned) with a robust stem of another tree (which may 
be of another plant species), resulting in strong fruit bear-
ing by the grafted-upon plant (see for example the case 
of using North American vine as rootstock for many rare 
and precious European wines to overcome the Phylloxera 
vine pest in the late nineteenth century [91]). In analogy, 
the transfer of such a grafting procedure to the expan-
sion of the chorismate pathway in microorganisms thus 
implies cloning and expression of heterologous genes to 
allow production of non-standard products. Whereas the 
proteinogenic aromatic amino acids l-Phe, l-Tyr, and l-
Trp can be produced by recombinant E. coli strains even 
without the introduction of foreign genes ([3, 89, 92], 
non-standard and non-proteinogenic aromatic amino 
acids require such a grafting procedure. Examples are the 
production of l-homophenylalanine by introduction of 
genes from the cyanobacterium Nostoc punctiforme for 

the chain elongation of l-Phe [93], improved production 
of l-3,4-dihydroxyphenylalanine (l-DOPA) from E. coli 
grown on glucose [94, 95], or the production of d-phe-
nylglycine via phenylpyruvic acid and mandelic acid [96].

Following the initial work of the Schultz group on 
l-PAPA formation in recombinant E. coli strains using 
the genes papABC from S. venezuelae [43], Takaya and 
coworkers recently presented a genetically modified E. 
coli to produce l-PAPA from glucose by introduction of 
papABC genes from P. fluorescens [24]. A high titer of 4.4 
l-PAPA g l−1 with a production yield of 17% (g g−1) from 
glucose was achieved in minimal media supplemented 
with tryptone (5  g  l−1) and yeast extract (2.5  g  l−1) in a 
bioreactor [24].

The aim of the present study was to produce the high 
value compound l-PAPA with genetically engineered E. 
coli strains from glycerol, a renewable carbon source (for 
a recent review see [48]). Glycerol has become a favora-
ble carbon source as it is a byproduct of biodiesel pro-
duction [15, 48, 52, 97]. The advantage to use glycerol 
instead of glucose is that there is no need of stoichiomet-
ric amounts of phosphoenolpyruvate (PEP) for its uptake 
into E. coli cells, whereas the PTS- dependent glucose 
uptake needs PEP [98]. PEP and E4P are important pre-
cursors of the initial reaction of shikimate pathway to 
form DAHP by the DAHP synthase [99]. Furthermore, 
glycerol (a C3 unit), compared to glucose (a C6 unit), has 
a higher reduction potential per C3 unit which in turn 
could yield higher biomass and product formation [15, 
48, 100–102]. The precursor supply is a pivotal param-
eter to improve production of compound with origin 
in the shikimate pathway [17]. Our group had shown in 
previous studies [15, 18] that the improved supply of E4P 
by integration of additional gene copies of the fructose 
1,6-bisphosphate phosphatase (glpX) and transketolase 
(tktA) increased the yield for l-Phe production [15, 18]. 
Therefore we applied this knowledge here and found that 
l-PAPA synthesis also profited from these genetic altera-
tions. The extra gene copies in FUS 4.7 led to a doubled 
product titer of about 0.45 ± 0.03  g  l−1 in batch culture 
shake flasks after 48  h compared to the parent strain 
FUS4 (0.20 ± 0.01 g l−1) in minimal medium with 5 g l−1 
glycerol (Table 2).

Moreover, we analyzed the effect of a tyrR deletion in 
the recombinant E. coli FUS4.7. The transcriptional reg-
ulon of TyrR is well characterized in E. coli [60]. TyrR 
downregulates as transcriptional repressor the genes 
aroF, aroG, aroL, tyrP, aroP, tyrA and tyrB in the pres-
ence of l-Tyr [60, 103]. We observed a beneficial effect on 
l-PAPA production by a tyrR deletion in E. coli FUS4.7R 
compared to E. coli FUS4.7. The yield was increased 
by ~ 18% from 0.09 l-PAPA/glycerol (g  g−1) to 0.11 
l-PAPA/glycerol (g  g−1) in batch cultivation. This result 

Fig. 4  Fed-batch production of l-PAPA in a 30 l bioreactor. Cell dry 
weight (CDW, empty circle), glycerol consumption (g l−1, empty 
triangle) and l-PAPA concentration (g l−1, empty square) were 
monitored for E. coli FUS4.7R/pC53BC/pJNT-aroFBL. The strain was 
grown in minimal media with an initial concentration of 8.1 g l−1 
glycerol. The glycerol feed started after 11.4 h (red solid line, first pulse 
of l-Phe and l-Tyr and induction with 0.5 mM IPTG) and the feed 
was adjusted to maintain a concentration of 0.6–1.0 g l−1 glycerol. A 
second pulse of l-Phe and l-Tyr (dotted line) and a third pulse of l-Phe 
and l-Tyr (dash line) were fed to allow biomass formation. The result 
of one fermentation is presented with mean values and deviations of 
three technical replicates
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is in good agreement with previous studies [76, 92, 94]. 
It is likely that the positive effect of a tyrR deletion relies 
on the increased transcriptional expression and result-
ing increased specific activities for members of the TyrR 
regulon.

By changing the cultivation condition of E. coli 
FUS4.7R to a fed-batch cultivation in shake flasks, we 
improved the total yield to 0.16 l-PAPA/glycerol (g g−1) 
and reached a titer of about 5.47 ± 0.41  g  l−1 l-PAPA 
after 134 h. This titer is already higher than the 4.4 g l−1 
obtained found by the Takaya group in minimal media 
with glucose as main C source (plus added tryptone and 
yeast extract) [24]. However, as the cultivation in fed-
batch shake flasks is not optimal in term of oxygen sup-
ply and pH stability it may be advantageous to perform 
the cultivation in a pH- and pO2-controlled bioreactor. 
Indeed, we found that during a run of 77 h, 131.7 g l−1 of 
glycerol were consumed and a total of 205 g of l-PAPA 
were produced (16.78  g  l−1). Only small amounts of 
acetate (< 2  g  l−1) and no lactate as by-products were 
detected during fermentation. This corresponds to a yield 
of 0.13 g l-PAPA per g of glycerol, slightly lower than in 
the fed-batch shake flask cultures. The reached titer in 
the bioreactor showed that l-PAPA production at higher 
concentration is still feasible although the growth of E. 
coli LJ110 was impaired at 5.9 g l−1 (Fig. 2). In compari-
son with other products of “extended shikimate path-
way” [7], the presented data on l-PAPA are in the same 
range as p-aminobenzoate from glucose in recombinant 
E. coli (4.8 g l−1 in 48 h; yield of 0.16 g g−1 [79]) but below 
anthranilate (o-aminobenzoate: 14  g  l−1 in 34  h on glu-
cose with a yield of 0.2 g g−1 [69]) where both products, 
however, need only one ammonium equivalent for their 
production.

To further improve the E4P precursor supply it can be 
considered to further increase the number of gene copies 
in the E. coli genome as only one additional copy of tktA 
and glpX was inserted. The enhanced flux through the 
shikimate pathway by overexpression of plasmid-borne 
aroFBL genes showed a beneficial effect in our study. 
Other studies have shown that the overexpression of the 
other shikimate pathway genes (aroA, C, D and E) as well 
improved the formation of l-Tyr which is derived from 
chorismate [14]. It is likely that a positive effect can be 
also observed for the l-PAPA production. This improved 
route to l-PAPA based upon a simple medium with a 
sustainable carbon source which is currently in ample 
supply from biodiesel production and which does not 
compete with human nutrition, opens up the possibility 
to produce an interesting building block in larger scale.

Conclusion
This study demonstrated that E. coli is a good chassis 
strain for l-PAPA production using glycerol as an alter-
native sole carbon source. We constructed by metabolic 
grafting a de novo pathway for l-PAPA in E. coli. By 
improving the E4P precursor supply and the increased 
flux through the shikimate pathway both l-PAPA titer 
and yield were augmented.

Methods
Chemicals, antibiotics, buffer components, culture media 
and analytical standards, used in this study were pur-
chased from AppliChem GmbH (Darmstadt, Germany), 
Carl Roth GmbH (Karlsruhe, Germany), or Sigma-
Aldrich/Fluka (Taufkirchen, Germany) and were of the 
highest available purity. l-PAPA was purchased from 
Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).

Bacterial strains, plasmids and cultivation conditions
All bacterial strains, plasmids, and oligonucleotides 
used in this study are listed in Table  1. For the cultiva-
tion of E. coli, lysogeny broth (LB) was used as com-
plex media [104]. The minimal media (MM) contained 
3  g  l−1 KH2PO4, 12  g  l−1 K2HPO4, 5  g  l−1 (NH4)2SO4, 
0,3  g  l−1 MgSO4·7H2O, 0,1  g  l−1 NaCl, 0,1125  g  l−1 
FeSO4·7H2O/Na citrate 15  ml (from the solution of 
7.5 g l−1 FeSO4 and 100 g l−1 sodium citrate), 0,015 g l−1 
CaCl2·2H2O, 7.5  µg  l−1 thiamine HCl, 0,04  mg  ml−1 l-
Phe, 0,04 mg ml−1 l-Tyr and 5 g l−1 glycerol as sole car-
bon source [15]. Ampicillin sodium salt (100  mg  l−1) 
and/or kanamycin sulfate (50  mg  l−1) was added when 
appropriate.

Escherichia coli strains were grown in 250  ml shake 
flasks filled with 20  ml of medium at 37  °C and with 
150-rpm agitation. Overnight cultures were used as 
inocula (1% v/v). Induction was with 0.5 mM isopropyl-
β-d-thiogalactopyranoside (IPTG, final concentration) 
at an OD at 600 nm (OD600) of about 0.6. Samples were 
taken and centrifuged at 22,000g for 10 min. The super-
natants were removed and stored at − 20 °C until further 
use. The glycerol fed-batch cultivation was performed in 
250  ml shake flasks with 20  ml media. The initial glyc-
erol concentration was 5 g l−1. Cultures were inoculated 
with an overnight grown culture. After 24  h of cultiva-
tion, 0.5  mM IPTG (final concentration) was added to 
the cells and the shake flasks were transferred from 37 
to 30  °C before starting to add ~ 5  g  l−1 glycerol to the 
culture every 12  h until 84  h. Furthermore, every 24  h, 
30 mM sodium bicarbonate was added to adjust the pH 
and 15 mM ammonium sulfate was added as ammonium 
source. Samples were taken and centrifuged at 22,000g 
for 10 min. The supernatants were removed and stored at 
− 20 °C until use.
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Fed‑batch fermentation in a 30 l bioreactor
A 30  l stirred-tank reactor (Bioengineering, Wald, Swit-
zerland) with a batch volume of 8 l and a final volume of 
12.25 l was used and a minimal medium with glycerol as 
sole carbon source. The concentration of supplementa-
tion compounds was increased 1.5-fold, e.g. supplemen-
tation was with 60 mg l−1 l-Phe, 60 mg l−1 of l-Tyr. The 
concentration of antibiotics was kept at 100 mg l−1 ampi-
cillin sodium salt and 50 mg  l−1 kanamycin sulfate. The 
working conditions were pH 7.0 (controlled by the addi-
tion of 15% ammonia solution), 30% oxygen saturation 
with a reactor pressure of 500  hPa above atmospheric 
pressure (starting with pO2 ~ 100% at 350  rpm with an 
aeration rate of 4 l min−1; when reaching 30% oxygen sat-
uration, the stirring rate was adjusted). A preculture (1.2 l 
grown in shake flasks with the same medium) which was 
in the exponential growth in shake flasks, was used to 
inoculate the fermentation (starting CDW ~ 0.18  g  l−1) 
t 37  °C. 11.75 h after inoculation IPTG (0.5 mM), l-Tyr 
(0.36  mM) and l-Phe (0.33  mM) were added and the 
temperature was shifted from 37 to 30  °C. The initial 
glycerol concentration was about 8.1  g  l−1. The glycerol 
feed was started after the initial glycerol was depleted 
(indicated by a rise in pO2). Glycerol was fed to maintain 
a concentration between 0.6 and 1.0 g l−1 during cultiva-
tion. If needed, antifoam agent (Struktol J647) from Schill 
Seilacher (Hamburg) was added to the culture. Addi-
tionally, l-Phe and l-Tyr were added in two pulses (34 h 
after inoculation 0.5  mM l-Phe and l-Tyr; 56  h after 
inoculation 0.3  mM l-Phe and l-Tyr) to allow biomass 
formation.

DNA manipulations
For plasmid constructions, E. coli strain DH5α was used. 
Standard molecular biology methods were applied [104]. 
DNA containing the genes papBC from S. venezuelae was 
custom synthesized (Thermo Fisher/GeneArt, Regens-
burg, Germany) and codon optimized for E. coli to give 
pMK-papBC (see Table  1); this plasmid DNA was then 
restricted with BglII and BamHI. A resulting fragment 
containing papBC was isolated and ligated with a BamHI 
restricted pC53 vector (based on pJF119 EH vector [44] 
which already carries the pabAB genes from C. glutami-
cum [41]) to obtain pC53BC (see Additional file  1: Fig-
ure S4). The recombinant genes are under the control of 
the lacIq/Ptac promoter. The sequence and direction of 
papBC was verified by sequencing (GATC Biotech AG, 
Konstanz, Germany). Plasmid pJNT-aroFBL is based on 
vector pJNT522 which in turn is derived from pJeM2 
[58] and pJF119EH. Construction of pJNT522 vector 
is described in the Additional file  1. In brief, pJNT522 
contains a fragment of pJeM2 plasmid carrying the mob 
region, origin of replication, and kanamycin resistance 

gene as well as the Ptac promoter, MCS and rrnB T1T2 
terminator of transcription from the pJF119EH vector. 
pJNT522 is compatible with pJF119EH- derived plas-
mids. The subcloning of aroFB and aroL genes of E. coli 
and ligation on vector pJNT522 to yield pJNT-aroFBL is 
described in the Additional file 1.

Deletion of tyrR gene from the E. coli chromosome
The deletion of the gene tyrR, encoding the regulator 
of the tyr regulon, was carried out according to a λred-
recombineering method [55]. A linear DNA fragment 
containing the FRT-flanked chloramphenicol resistance 
(cat) cassette was amplified from plasmid pCAS30-
FRT-cat-FRT [57] using the primer pair DeltyrRFw/-Rw 
(see Table  1 for sequences). The thus obtained ampli-
fied linear DNA was introduced by electroporation into 
electrocompetent E. coli FUS4.7 cells that carried the 
Red recombinase expression vector pKD46 [55]. After 
confirmation of the FRT-cat-FRT integration by colony 
PCR with the primer pair Ko-tyrRFw/-Rw (see Table 1), 
the cat marker was removed by transient expression of 
a FLP recombinase from plasmid pCP20 [56] to eventu-
ally generate the tyrR deletion strain, FUS4.7R. Verifica-
tion of the disruption was performed using colony PCR 
with primers up- and downstream of disrupted regions 
(Ko-tyrR-Fw/-Rw). Finally, cells were grown at 42  °C to 
remove the temperature-sensitive replicons, pCP20 or 
pKD46, respectively [55].

Analytical methods
Growth of E. coli cells was followed by measuring OD600 
in a UV–vis spectrophotometer (Cary 50 Bio, Agilent 
Technologies). The formation of l-PAPA was routinely 
analyzed and quantified by high-performance liquid 
chromatography (HPLC, 1260 Infinity series, Agilent 
Technologies) with a diode array detector (1260 Infinity 
series, Agilent Technologies) at a wavelength of 210 nm. 
A Prontosil C18 column (250 × 4  mm, CS-Chromatog-
raphie Services GmbH, Langerwehe, Germany) was 
used for separation at 40  °C. The mobile phase contain-
ing 40  mM Na2SO4 (adjusted at pH ~ 2.7 with methane 
sulfonic acid) was used with a flow rate of 1  ml  min−1. 
Glycerol concentrations were determined by HPLC with 
a refractive index detector (1260 Infinity series, Agilent 
Technologies) and an Organic Acid column (300 × 8 mm, 
CS-Chromatographie Services GmbH, Langerwehe Ger-
many). An isocratic flow of 0.6 ml min −1 of 5 mM H2SO4 
was applied at 40  °C. The produced L-PAPA was ana-
lyzed by mass spectrometry. It was determined by using 
an Agilent 6130 mass spectrometer system with electron 
spray ionization (Agilent Technologies; Germany).
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Additional files

Additional file 1. Construction and sequences of vectors

Additional file 2. Comparison of mass spectra of commercially available 
L-PAPA (A) with fermentatively produced L-PAPA from E. coli FUS4.7R/
pC53BC/pJNTaroFBL (B). The mass spectra were recorded with an Agilent 
6130 mass spectrometer system with electron spray ionization in posi‑
tive mode (Agilent Technologies; Germany). In both measurements the 
L-PAPA+H+ mass of 181 was detected.
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