Garcia-Franco et al. Microbial Cell Factories (2024) 23:69 MinO b|a | Ce| | Facto ries
https://doi.org/10.1186/512934-024-02341-0

RESEARCH Open Access

: : : : L ®
Engineering styrene biosynthesis: designing ==

a functional trans-cinnamic acid decarboxylase
in Pseudomonas

Ana Garcfa-Franco'?, Patricia Godoy', Estrella Duque' and Juan L. Ramos'~

Abstract

We are interested in converting second generation feedstocks into styrene, a valuable chemical compound, using

the solvent-tolerant Pseudomonas putida DOT-T1E as a chassis. Styrene biosynthesis takes place from L-phenylalanine
in two steps: firstly, L-phenylalanine is converted into trans-cinnamic acid (tCA) by PAL enzymes and secondly,

a decarboxylase yields styrene. This study focuses on designing and synthesizing a functional trans-cinnamic acid
decarboxylase in Pseudomonas putida. To achieve this, we utilized the "wholesale” method, involving deriving

two consensus sequences from multi-alignments of homologous yeast ferulate decarboxylase FDC1 sequences

with >60% and > 50% identity, respectively. These consensus sequences were used to design Pseudomonas codon-
optimized genes named psc! and psdT and assays were conducted to test the activity in P putida. Our results show
that the PSC1 enzyme effectively decarboxylates tCA into styrene, whilst the PSD1 enzyme does not. The optimal
conditions for the PSC1 enzyme, including pH and temperature were determined. The L-phenylalanine DOT-T1E
derivative Pseudomonas putida CM12-5 that overproduces L-phenylalanine was used as the host for expression of pal/
pscl genes to efficiently convert L-phenylalanine into tCA, and the aromatic carboxylic acid into styrene. The highest
styrene production was achieved when the pal and psc! genes were co-expressed as an operon in P putida CM12-5.
This construction yielded styrene production exceeding 220 mg L™". This study serves as a successful demonstration
of our strategy to tailor functional enzymes for novel host organisms, thereby broadening their metabolic capabilities.
This breakthrough opens the doors to the synthesis of aromatic hydrocarbons using Pseudomonas putida as a versatile
biofactory.

Highlights

1. This study focuses on the conversion of sugars into styrene, a valuable chemical compound, using as a host
the solvent-tolerant Pseudomonas putida DOT-T1E as a chassis.

2. The biosynthesis of styrene involves a two-step process, starting with the conversion of L-phenylalanine
into trans-cinnamic acid (tCA) through PAL enzymes, followed by decarboxylation to yield styrene.

3. A synthetic trans-cinnamic acid decarboxylase was designed using a novel ‘wholesale’ approach that involved
the derivation of consensus sequences from homologous yeast FDC1 genes with>60% identity, leading
to the design of a functional Pseudomonas codon-optimized protein named PSCT.
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4. Assays demonstrated successful decarboxylation of tCA into styrene by the PSCT enzyme.

5. Optimal conditions for PSC1 enzyme activity in vivo were determined, including pH and temperature. Highest
styrene biosynthesis efficiency was achieved by co-expressing the pal and pscl genes as an operon in R putida
CM12-5, a P putida DOT-TTE derivative that produces L-phenylalanine, showcasing the significance of coordi-

nated expression for improved chemical production.

6. The utilization of the solvent-tolerant Pseudomonas putida chassis as a biofactory for styrene production high-
lights the potential of microbial engineering for sustainable and environmentally-friendly chemical synthesis.
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Introduction

Styrene is one of the most widely used starting materi-
als for the production of plastics. It is used to make solid
polystyrene, polystyrene copolymers, rubber, compos-
ites and many others [1-3]. Current demand for sty-
rene is estimated to be about 30 million metric tons per
year [4]. It is mainly produced through chemo catalysis
by the dehydrogenation of petroleum-derived ethylb-
enzene [5]. This process requires about 3 metric tons of
steam per metric ton of styrene, making styrene the most
energy intensive of all commodities derived from petrol
[6]. Because of this, new more environmentally friendly
approaches are needed for synthesis of this aromatic
hydrocarbon.

An alternative approach to chemical synthesis relies
on biorefineries that can produce styrene at room tem-
perature and ambient pressure from sugars. Styrene can
be biosynthesized from L-phenylalanine (L-Phe) through
two enzymatic steps (Fig. 1). First, a reaction catalyzed
by phenylalanine ammonia lyase (PAL) converts L-Phe
into tramns-cinnamic acid (¢CA) through its non-oxida-
tive deamination [7-12]. Next, tCA is decarboxylated to
styrene—a reaction that has been described in fungi and
which is catalyzed by ferulic acid decarboxylases [13].

McKenna and Nielsen [3] tested a wide range of PAL
enzymes from eukaryotic and prokaryotic origin and
showed that PAL enzymes from the cyanobacteria Nos-
toc punctiforme and Anabaena variabilis [8, 11] were
highly specific for L-Phe deamination, and stoichiomet-
rically converted L-Phe into tCA. McKenna and Nielsen
[3] also showed that the yeast ferulic acid decarboxylase

Shikimate

Glycolysis pathway

Glucose > [-phenylalanine

— L

FDC1 can convert tCA into styrene. Furthermore, it is
known that a PAL/FDC1 pathway operates in Escherichia
coli and yeast; allowing production in the range of 29 to
260 mg L~! [3, 14]. The limitations in styrene produc-
tion seem to arise from the inherent toxicity of styrene,
which results from its tendency to partition to cell mem-
branes, where it disrupts membrane structure and proton
gradients, leading to cell energy collapse and cell death
[15-17].

Pseudomonas putida DOT-T1E is extremely tolerant
to styrene as the strain is able to grow in a second phase
of this aromatic hydrocarbon as well as other toxic com-
pounds such as toluene [16, 18]. Tolerance of DOT-T1E
to these chemicals is the result of a number of adapta-
tions, which include: (1) the presence of a series of efflux
pumps that remove solvents from cell membranes and
the periplasmic space [19, 20]; (2) the ability to strengthen
membranes via phospholipid adjustments, such as the cis
to trans isomerization of fatty acid chains and the biosyn-
thesis of cardiolipin as a head group [16, 21, 22]; (3) the
presence of a series of chaperones that help to fold newly
synthesized proteins [18]; (4) the expression of a number
of oxidative stress proteins that can quench the reactive
oxygen species that result from the uncoupling of respir-
atory chains [16, 18, 20, 21, 23]; and (5) an enhanced abil-
ity to generate energy through robust carbon metabolism
fluxes. In addition, previous assays had shown that DOT-
T1E does not use tCA or styrene as a C-source [16, 24].

Given these characteristics, along with the fact that
the metabolic map of the strain is known [24] and the
ease with which P putida DOT-T1E can be genetically
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Fig. 1 Enzymatic pathway to produce styrene from glucose, via the intermediates L-phenylalanine and trans-cinnamic acid. The two-step pathway
from L-phenylalanine to styrene is achieved by co-expressing palN, encoding a phenylalanine ammonia lyase, and psc1, encoding a trans-cinnamic

acid decarboxylase
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manipulated, this strain has gained interest as a plat-
form for the biosynthesis of highly toxic aromatic com-
pounds. Godoy et al. [25] and Molina Santiago et al. [26]
described strain CM12-5, a P. putida DOT-T1E derivative
which can be used as a chassis for production of aromatic
compounds from L-Phe. This mutant produces excess of
L-Phe and was generated through chemical mutagenesis
and inactivation of a series of L-Phe metabolism genes.
The genes that were mutated in CM12-5 were: T1E_0122
and TI1E_3356 (4-hydroxyphenylpyruvate dioxyge-
nases involved in transformation of phenylpyruvate to
2-hydroxyphenylpyruvate), T1E_4057 (a phenylalanine
4-monooxygenase involved in transforming phenylala-
nine to tyrosine), T1E_1753 (an enzyme that converts
phenylalanine to 2-phenylacetamide) and T1E_1616 (an
aldehyde dehydrogenase that transforms phenylacetal-
dehyde to phenylacetate). This P putida CM12-5 mutant
was found to be able to produce excess of L-Phe that was
excreted to the medium [26].

Based on findings from McKenna and Nielsen [3] that
cyanobacterial PAL enzymes can stoichiometrically
transform L-Phe into tCA, these genes were incorporated
in the P putida CM12-5 chassis. When a PAL enzyme is
incorporated in the genetic background of the P putida
CM12-5 strain, it effectively converted L-Phe into tCA
[26]. The modified strain was able to synthesize tCA at
190 mg per liter in 48 h of growth [26]. While these find-
ings are promising, the key remaining challenge for the
efficient biosynthesis of styrene is the need for a func-
tional trans-cinnamic acid decarboxylase in this chassis.
The only known enzyme able to convert trans-cinamic
acid into styrene are fungal ferulate decarboxylases,
but expressing eukaryotic genes in prokaryotes in gen-
eral, and Pseudomonas in particular, presents consist-
ent challenges, due to (i) the inherent disorganization of
eukaryotic proteins compared to their prokaryotic coun-
terparts; (ii) eukaryotic proteins often require chemical
modifications for activation or to achieve optimal activ-
ity, processes not typically carried out by prokaryotes;
and (iii) the inappropriate expression of eukaryotic genes
may lead to the formation of aggregates, such as inclu-
sion bodies of the recombinant protein [27]. Recent pro-
gress in overcoming these challenges has been achieved
through the development of optimized genes. This
includes leveraging host codon preferences, designing
vectors with modulable promoters, and refining culture
conditions [28]. While significant strides have been made
in this field, specific obstacles still persist.

A notable recent advancement in protein design
involves the expression of “consensus” sequences,
as detailed by Sternke et al. [29, 30]. These research-
ers proposed that consensus-derived proteins, utiliz-
ing a “wholesale” approach, encapsulate the evolutive
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trajectory of a group of proteins with conserved domains
or regions. The consensus design involves creating a
sequence based on the most frequent residues in a multi-
ple sequence alignment of proteins from the same family.
Despite differences in overall residue composition from
naturally occurring sequences, consensus proteins have
been described to be active and thermodynamically sta-
ble. The conservation of residues in active sites and bind-
ing interactions interfaces in consensus sequences, are
key in designing active proteins derived from consensus
[30]. In fact, these authors explored across several pro-
tein families and found that their consensus folded well
and some displayed increased thermodynamic stability
compared to natural homologs.

Here, we address the challenge of designing in silico
and synthesizing in vitro a gene that gives rise to a func-
tional trams-cinnamic acid decarboxylase (PSC1) that
converts the aromatic carboxylic acid in styrene when
expressed in P, putida. Furthermore, when the pscl gene
was co-expressed with a pal gene in the solvent-tolerant
L-phenylalanine overproducer P putida CM12-5 strain,
styrene from glucose was produced in minimal medium,
paving the way for the sustainable production of this val-
uable aromatic hydrocarbon.

Materials and methods

Chemicals

Chemicals used in this study were purchased from
Sigma-Aldrich and include L-Phe, tCA, styrene, acetoni-
trile and phosphoric acid.

Bacterial strains, plasmids and growth conditions

Strains and plasmids used in this study are listed in
Table 1. Pseudomonas putida strains were grown on M9
minimal medium with glucose 5 g L™! [31] as the sole
carbon source. When required, different concentrations
of L-Phe or tCA were supplied. Cultures were incubated
at 30 °C and shaken on an orbital platform at 200 strokes
per minute (unless otherwise indicated). Escherichia coli
DH5a was used for cloning experiments and cells were
grown on LB at 37 °C. Growth of liquid cultures was
determined by following the turbidity of (ODq) of the
cultures. Antibiotics were added, when needed, to reach
the following final concentrations: 100 pg mL™" ampicil-
lin (Ap), 25 ug mL™! kanamycin (Km), 10 pg mL™" gen-
tamycin (Gm) and 10 pug mL™! rifampicin (Rif). When
indicated, 1 mM 2-methylbenzoate (2-MB) was added to
the medium.

DNA techniques

DNA was manipulated using standard laboratory pro-
tocols [32, 33]. Genomic DNA was isolated using the
Wizard Genomic DNA purification Kit (Promega USA),
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Table 1 Bacterial strains and plasmids used in this study
Strain or plasmid Characteristics References
Strains
Pseudomonas putida
DOT-TIE Rif*, Tolf [27]
CM12-5 Rif® Tolf, overproduces L-Phe (25, 26]
Escherichia coli
DH5a Cloning host for pSEVA plasmids [28]
Plasmids
PSEVA238 Expression vector; oripBBR1, xy/S-Pm, Km® [29]
pPALN pSEVA238 derivative carrying pal genes from Nostoc punctiforme and Streptomyces maritimus [26]
pPALN_C1 pSEVA238 derivative carrying pal genes from Nostoc punctiforme and Streptomyces maritimus and psc! This work
gene
pPSEVA632 Expression vector; oripBBR1, GmA [29]
pPSC1 pSEVA632 derivative carrying pscl gene This work
pPSD1 pSEVA632 derivative carrying psd1 gene This work

Riff, rifampicin-resistant; GmF, gentamycin-resistant; Km®, kanamycin-resistant; Tol®, toluene tolerant; L-Phe, L-phenylalanine; oripBBR1, origin of replication pBBR1;

xylS-Pm, XylS-Pm regulator/promoter system

while plasmid DNA was isolated with the QIAprep Spin
Miniprep kit (Qiagen, USA). DNA concentration was
measured with a NanoDrop One (Thermo Scientific,
USA). PCR DNA amplification was performed with
universal primers, dNTPs and Phusion High-Fidelity
DNA polymerase (Thermo Scientific, USA) or Taq DNA
polymerase (Roche, Germany), as recommended by the
manufacturers.

Electroporation

Electroporation of Pseudomonas putida strains was per-
formed as described elsewhere [32, 33], using a Micro-
Pulser electroporator and Gene Pulser Cuvettes with
0.2 cm gap (Bio-Rad, USA). Transformants were selected
on LB agar plates with kanamycin or gentamycin and
incubated at 30 °C for 24 h.

In silico identification of sequences with high similarity

to the S. cerevisiae enzyme trans-cinnamic acid
decarboxylase 1 (FDC1). Design and in vitro synthesis

of FDC1-like enzymes

The Saccharomyces cerevisiaze FDC1l sequence was
used as a query to identify in UniProtKB homologous
sequences using BLAST [34]. UniProt KB was used
because it is a large resource of protein sequences with
detailed annotations and cross-references to external
data collection such as DDBJ/EMBL/GenBank [35]. Mul-
tiple alignments of different homologous sequences were
performed using the MultAlin program (http://multalin.
toulouse.inra.fr/multalin/). A consensus sequence from
each multiple alignment was derived.

Once the protein consensus sequences were obtained,
the synthesis of the corresponding Pseudomonas codon-
optimized genes was carried out by GenScript®. The syn-
thetic genes (pscl and psdl) were cloned into the Gm¥,
broad-host range pSEVA632 plasmid [36] flanked by
enzyme restriction sites (BamHI and EcoRI) and trans-
formed into E. coli DH5ua cells. Next, the resulting plas-
mids pPSC1 and pPSD1 were transformed into P. putida
DOT-T1E, P putida CM12-5, and P. putida CM12-5
(pPALN) strains. The correct cloning of the synthetic
variants was confirmed by DNA sequencing. To con-
struct pPALN_C1, the pscl gene was sub-cloned from
pPSC1 (BamHI and EcoRI fragment) into pPALN down-
stream the pal genes.

PAL activity assay in P. putida whole cells

The activity of PAL was tested at different pH and tem-
peratures. To this end, P putida CM12-5 (pPALN)
cells were grown in M9 minimal medium with glucose
as the carbon source. At ODg4, 0.4 to 0.6, 1 mM 2-MB
was added to the cultures to induce expression of the
pal genes from the XylS regulated Pm promoter [37].
At ODyg, 1, the cultures were concentrated to an ODg,
of 10 in 4 mL of M9 medium without glucose, supple-
mented with 100 mg L™ of L-Phe. The cultures were
incubated in test tubes for 24 h at 200 rpm, within a tem-
perature range of 18 to 37 °C and a pH range of 5.8 to 7.6.
Supernatant aliquots were taken at different time points
between 0 and 24 h for metabolite analysis. Samples were
prepared by removing 1 mL of culture from test tubes
and pelleting the cells at 11,000 Xg for 4 min. The super-
natant (0.75 mL) was then transferred to a glass vial for
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HPLC analysis of L-Phe utilization and tCA production.
Initial consumption rates (mg L™ h™') were determined
by calculating the slope of a trendline in the first two
hours of the assay.

Trans-cinnamic acid decarboxylase activity assay in P.
putida whole cells

The procedure was carried out as described above except
that the strain used bore the pPSC1 or pPSD1 plasmid
and the substrate used was 100 mg L™ of tCA. Previously,
we tested the functionality of the synthetic genes (pscl
and psdl). To this end, Pseudomonas putida CM12-5
transformants bearing a plasmid encoding the PSC1 or
PSD1 protein were grown in M9 minimal medium with
glucose as the sole C-source in the presence of 0.25, 0.5
or 1 mM tCA.

Styrene production from glucose by Pseudomonas putida
The strains P putida CM12-5 (pPALN, pPSC1) and P
putida CM12-5 (pPALN_C1) were tested for styrene
production. The procedure was as follows: cells were
grown in M9 minimal medium with glucose as the car-
bon source. At ODgq4, 0.4—0.6, 1 mM 2-MB was added to
the cultures and at ODg, 1, the cultures were concen-
trated to an ODg, of 10 in 4 mL of the same medium (pH
7). The cultures were incubated for 62 h in 20 mL gas-
tight HS vials, sealed to prevent styrene losses, at 30 °C
and 200 rpm. Then, total styrene content was analyzed
as described below. Simultaneously, additional replicates
were set up to collect supernatant aliquots and determine
the concentrations of glucose, L-Phe, and tCA.

Metabolite analysis
L-Phe and ¢CA levels were determined in culture super-
natants using an Agilent/HP 1050 HPLC System (Agi-
lent/HP, USA), equipped with a Nova-Pak C18 column
(4 pm, 3.9 mm % 150 mm, Waters) and coupled to a DAD
detector. Milli-Q H,O acidulated with 0.1% (v/v) H;PO,
(A), and acetonitrile: H,O (90:10, v/v) supplemented
with 0.1% H;PO, (B) were used as eluents. Samples (20
uL) were injected for analysis at a constant flow rate of 1
mL min~"! for isocratic separation using a mixture of 40%
(v/v) A and 60% (v/v) B. When an elution gradient was
required, the same eluents were used with the following
ramp of solvents and times: the method started with 2
min 95% A; then, mobile phase changed to 20% B within
8 min. Finally, the mobile phase was returned to the ini-
tial conditions in a 3 min hold time. Column temperature
was 20°C. Under these conditions, the eluent was moni-
tored at 215 nm for L-phenylalanine and at 280 nm for
tCA.

Glucose determination in supernatants was carried out
using the D-glucose-HK Assay Kit (Megazyme, Ireland)
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according to manufacturer’s instructions. Absorbance
measurements were carried out using a TECAN Sun-
rise 200 microplate absorbance reader (Tecan GmbH,
Austria).

Styrene analysis
Styrene measurements were performed by HS-SPME
coupled to GC-MS. The chromatographic separation
was carried out using an Agilent 7890A gas chromato-
graph (Agilent, USA) with a Zebron™ ZB-5MS column
(30 m, 0.23 mm ID, 0.23 pum film; Phenomenex, USA).
Helium gas was used as carrier gas at a 1.2 mL min™
flow rate. The samples were injected in split mode (100:1)
and the injector temperature was held at 240 °C. The
column temperature program started at 40 °C for 2 min
and then ramped up to 240 °C at 10 °C per min and held
there for 2 min. A mass spectrometer detector was used
(model Quattro micro GC; Waters, USA) with an elec-
tron impact ionization source of 70 eV. The temperatures
of the MS source and MS transfer line were set at 240 °C.
SPME fiber assembly Divinylbenzene/Carboxen/Poly-
dimethylsiloxane (DVB/CAR/PDMS, 50/30 pm, 23 ga)
was used for the HS-SPME procedure. The pre-incuba-
tion time was 3 min. The incubation was carried out at
40°C and 500 rpm for 15 min. The desorption tempera-
ture was 240 °C and the desorption time was 2 min.
Styrene and other biotransformation products present
in the samples were unequivocally identified by matching
the corresponding mass spectra with a standard NIST17
spectral database.

Phylogenetic tree

We constructed a phylogenetic tree to understand the
relationships between the sequences with >50% identity
with FDC1 from Saccharomyces cerevisiae (see Addi-
tional file 1: Fig. S1). Sequences were aligned with Muscle
software and served as input to construct the phyloge-
netic tree with iqtree software v 1.6.12 (parameters -nt
AUTO, -bb 1000 -m TESTMERGE -safe) [38, 39]. The
maximum likehood tree was constructed following
the LG+1+ G4 evolution model, which was the best fit
according to ModelFinder [40], with 1000 bootstrap rep-
licates. Finally, the phylogenetic tree was plotted using
iTOL v6 software.

Statistical analysis

Two-tailed Student’s t-tests were performed to determine
the statistical significance for two-group comparisons.
For three-group comparisons, ANOVA analysis was con-
ducted. If statistical significance was found, the Tukey
test was performed between paired groups. Differences
were considered to be significant if a p-value<0.05 was
obtained.
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Results

Design and synthesis of a functional trans-cinnamic acid
decarboxylase in P. putida

The expression of eukaryotic genes in Pseudomonas
putida is a challenge, and when expression is achieved,
the resulting proteins may not be functional or exhibit
low activity as it was the case when a Pseudomonas
codon-optimized yeast FDC enzyme was expressed in
P putida (not shown). We then searched in NCBI and
other databases for prokaryotic enzymes similar to Sac-
charomyces cerevisiae FDC1; however, no results were
returned. We also carried out BLAST searches using the
FDC1 enzyme sequence in the UniProtKB database [35].
This returned a limited number of eukaryotic proteins
with identities ranging from 88.9 to 50% (see Additional
file 5: Table S1) and their phylogenetic relationship is
shown in Additional file 1: Fig. S1. To avoid synthesiz-
ing and testing a number of codon-optimized eukary-
otic genes in P putida, we carried out de novo design
of a protein using the ‘wholesale’ method. This involves
deriving a consensus sequence from the multi-alignment
of related proteins. Sternke et al. [29] revealed that this
strategy results in proteins with high stability because
the consensus sequence consolidates the evolutionary
history of the protein to yield enhanced stability and
functionality. We used two series of homologous FDC1
sequences, which were stratified according to percent-
age of identity. The alignment of the proteins with >60%
identity (8 sequences) and >50% identity (74 sequences)
to FDC1 from Saccharomyces cerevisiae is shown in
Additional file 2: Fig. S2 and Additional file 3: Fig. S3,
respectively. A consensus sequence for each of the two
series was derived. At each position in these sequences,
the chosen amino acid was the most probable one based
on frequency of appearance. When the program did not
derive a residue, the language system shown in Addi-
tional file 6: Table S2 was used.

When designing polypeptide sequences, the amino
acid that was present in the highest proportion was cho-
sen. When proportions were the same for two amino
acids, either of the two possible amino acids was selected
indiscriminately. When no amino acid was present in
higher proportion, we attempted to maintain the pro-
tein’s charge as neutral as possible by choosing either a
polar, uncharged amino acid (i.e., asparagine (N) or glu-
tamine (Q)). For gaps in aligned sequences—when the
alignment resulted in the absence of an amino acid—that
residue was eliminated. However, if the gap was due to
non-matching amino acids, the one present in the high-
est proportion was selected. If there was no consensus
amino acid, to fill in gaps rather than predicting the most
probable residue based on language models [41] we opted
to incorporate alanine as it is a neutral amino acid whose
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small volume is known to minimally affect protein fold-
ing [42, 43]. The amino acid consensus sequences (Addi-
tional file 2: Fig. S2 and Additional file 3: Fig. S3) were
converted into Pseudomonas codon-optimized genes
that we named pscl (for proteins with>60% identity;
Additional file 7: Table S3) and psd1 (for proteins exhibit-
ing >50% identity; Additional file 8: Table S4). The genes
were synthesized by GenScript®, cloned into the broad-
host range pSEVA632 (Gm®) plasmid and transformed
into E. coli DH5a and P. putida CM12-5.

In vivo assay of a synthetic trans-cinnamic acid
decarboxylase in P. putida

Pseudomonas putida CM12-5 transformants bearing a
plasmid encoding the PSC1 or PSD1 protein were grown
in M9 minimal medium with glucose as the sole C-source
in the presence of 0.25, 0.5 or 1 mM tCA. We found that
tCA levels did not decrease when Pseudomonas putida
CM12-5 strain expressed the PSD1 enzyme as was the
case of the control without a fdc gene; however, when
strain carried the PSC1 enzyme, tCA disappeared from
the medium after a 24 h incubation with 0.25 or 0.5 mM
tCA. When 1 mM tCA was added, its concentration
dropped by half within the same timeframe (Fig. 2). At
all tCA concentrations tested, the differences in tCA con-
centration at 24 h were statistically significant between
PSC1 and PSD1 (p<0.05).
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Fig. 2 Trans-cinnamic acid consumption by P. putida CM12-5
expressing different trans-cinnamic acid decarboxylases. P putida
CM12-5 without plasmid or bearing the plasmid pPSC1 or pPSD1
were grown on M9 minimal medium with glucose supplemented
with 0.25,0.5 or T mM trans-cinnamic acid. tCA concentrations were
determined at the beginning of the assay (blue bars) and after 24-h
cultivation (yellow bars). ANOVA analysis was performed

for three-group comparisons and Tukey test was carried

out between paired groups to determine the statistically significance
(p-value <0.05). The results shown are the averages and standard
deviations of three independent assays
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This revealed that PSC1 is a novel functional enzyme
capable of metabolizing tCA. As expected, at any concen-
tration of tCA and with both constructions, L-Phe accu-
mulated in culture medium as its metabolism is blocked
in the CM12-5 mutant strain (data not shown), which
supports the hypothesis that the metabolism of £CA does
not interfere with the general physiology of the strain.

Next, we tested the conversion of tCA into styrene
under different growth conditions. As expected, the
control—P. putida CM12-5 (pPSC1) in the absence of
tCA—did not produce styrene in medium with glu-
cose; however, when 0.25 mM tCA was added, a single
conversion peak was recorded at 24 and 48 h. The mass
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spectra of this peak was compared to the NIST17 spec-
tral Database, which unequivocally identified it as sty-
rene (Additional file 4: Fig. S4), confirming that styrene
is biosynthesized by the strain from tCA. We determined
the conversion rate of tCA under different temperatures
and pH, using resting cell assays with cells suspended at
a ODgq, of 10 in M9 minimal medium without glucose
but containing 100 mg L' tCA. The chosen pH range
covered values between 5.8 and 7.6, which align with
the pH range for the growth of P putida [44]. We found
significant higher conversion rates at pH 5.8 and 6.6
(26.2-32.2 mg L' h ') than at pH values that exceeded
6.6 (Fig. 3A). P. putida thrives at temperatures from 18

Initial consumption| —o— 18°C

rate (mg/L-h) ) 25°C
18°C 9.6 +1.1 £—30°C
—aA— 37°C

25°C 11.6 £0.6
30°C 14.9£0.3
37°C 21.3+£25

tCA (mg L™
3
1

40 AN l
201 \ )
\\ 2}
0 e A
T T T T 1
0 5 10 15 20 25
Time (h)
D
120} Initial consumption| —o— 18°C
rate (mg/L-h) s 25°C
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Fig. 3 Trans-cinnamic acid and L-phenylananine consumption by P putida CM12-5 (pPSC1) (A and B) and P putida CM12-5 (pPALN) (C and D),
respectively, at different pH and temperatures. For pH assays (A and C), cultures were grown at pH 5.8, pink open circles; pH 6.6, orange solid circles;
pH 7.0, green open triangles; and pH 7.6, purple solid triangles. For temperature assays (B and D), cultures were grown in M9 minimal medium

at pH 7.0 at 18 °C, pink open circles; 25 °C, orange solid circles; 30 °C, green open triangles; and 37 °C, purple solid triangles. Initial consumption rates
correspond to the slope of a trendline during the first two hours of cultivation. The results shown are the averages and standard deviations of three

independent assays
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to 37°C, and the optimal temperature for conversion was
37°C with lower rates of transformation at 18°C (Fig. 3B).

Conversion of L-phenylalanine into trans-cinnamic acid
Because production of styrene will require coupling
of the whole set of reactions from glucose to L-Phe,
we transformed CM12-5 with the construct made by
Molina-Santiago et al. [26], which expresses the pal
genes from the Pm promoter. We cultured P putida
CM12-5 (pPALN) on glucose as the sole C-source in the
absence and in the presence of 1 mM L-Phe. As expected,
we found that P putida CM12-5 without the pal genes
accumulated L-Phe in the culture medium over time,
reaching 217.2+41.8 mg L™! in the absence of the amino
acid. Spiking L-Phe to a level of 170 mg L™" at t=0 did
not prevent accumulation of this amino acid, reach-
ing a final concentration of 356.9+5.5 mg L™ of L-Phe
(Table 2). This indicated that intracellular accumulation
of L-Phe from glucose was not subject to feedback inhibi-
tion by this aromatic amino acid. When pal genes were
expressed in the P putida CM12-5 strain, L-Phe tran-
siently accumulated and fCA was detected in the cul-
ture medium, reaching a concentration of 91.0+19.2 to
199.7+19.3 mg L' (Table 2). As above, the presence of
excess L-Phe did not result in inhibition of the synthesis
of tCA or L-Phe.

PAL activity was analyzed using resting cell assays
with cells suspended at a ODg4, of 10 in M9 minimal
medium without glucose but containing 100 mg L™
L-Phe. The rates of L-Phe consumption during the first
two hours of cultivation at pH 6.6 and 7.6 were 23.5+0.7
to 27.4+0.2 mg L' h™! and the production of tCA was
22.5+0.6 to 26.6+0.7 mg L' h™' with>97% of L-Phe
converted into tCA. At pH of 5.8 we also found stoi-
chiometric conversion of L-Phe into tCA, but the rate
of accumulation was half of that at neutral pH (Fig. 3C).
At pH 7 the effect of temperature between 18 and 37°C
was tested (Fig. 3D). Maximal rates were observed in the
range between 18 and 30 °C, with lower activity at 37 °C
and eventual cessation of tCA production in agreement
with the limited viability of P putida at the highest tem-
perature tested.
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At pH 7.0 and 30°C, all L-Phe was converted into tCA.
These results are in line with earlier studies, which show
that the first step in the pathway is highly specific for the
intended L-Phe substrate—a fact that will be advanta-
geous for controlling the synthesis of aromatic hydrocar-
bons (i.e., styrene) from sugars.

Styrene biosynthesis from glucose

Next, we investigated the bioconversion of glucose in
styrene using P. putida CM12-5 (pPALN, pPSC1). These
assays were conducted in M9 minimal medium with
0.5% (w/v) glucose at pH 7.0 and 30 °C. We selected
these conditions because at this pH and temperature,
the in vivo performance of both enzymes, although not
reaching their highest activity levels, approached their
optimal activity range (see Fig. 3). After culturing for
24 h, we measured the production of 158 +6 mg L7! of
styrene. It should be noted that only a small proportion
of L-Phe and ¢CA remained in the supernatants (Fig. 4).
As expected, the control strain P putida CM12-5, did
not produce styrene, and only accumulated L-Phe in
supernatants.

In an effort to enhance styrene production, the broad-
host range plasmid pPALN_C1 (Table 1) bearing both
pal genes and pscl gene in tandem was constructed. The
genes were expressed under the XylS-dependent Pm
promoter in the presence of ImM 2-methylbenzoate to
maximize expression levels as decribed before by Ramos
et al. [37]. The recombinant P. putida CM12-5 (pPALN_
C1) was grown in M9 minimal medium with 0.5% (v/v)
glucose as described above. Under these conditions the
strain produced 221 +6 mg L™! styrene (Fig. 4), showing
significant superior efficiency (p <0.05) compared to the
P putida CM12-5 (pPALN, pPSC1) strain, the estimated
yield was 44 + 1 mg styrene per g glucose.

Discussion

Pseudomonas putida DOT-T1E and its derivative
CM12-5 are highly solvent tolerant strains, that can
thrive in the presence of aromatic hydrocarbons such
as toluene, xylene, ethylbenzene and styrene, and they
are considered as useful chassis for the biosynthesis of

Table 2 Biosynthesis of L-phenylalanine and trans-cinnamic acid by P. putida CM12-5 and P. putida CM12-5 (pPALN)

[L-Phe] 14, (mgL™")

[L-Phe] 15, (Mg L") [tCAl 145 (Mg L™")

CM12-5 0
1732109

CM12-5 (pPALN) 0
173.6+0.1

2172+418 0
3569£55 0
141.8+338 91.0+11.2
2639+410 119.7+£193

Assays were done in M9 minimal medium with glucose as the sole C-source with and without the addition of 1 mM L-Phe (173 +1 mg/L)

The concentrationof L-phenylalanine and trans-cinnamic acid was determined after 24 h' cultivation

The data in the table are the average and standard deviation of three independent assays
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(PPALN, pPSCH1)

Fig. 4 Biosynthesis of styrene by P, putida derivatives from glucose.
The strains used were P, putida CM12-5 (pPALN, pPSC1), P putida
CM12-5 (pPALN_C1) and P, putida CM12-5 as control. Cells were
grown on M9 minimal medium with 0,5% (w/v) glucose as the sole
C-source. Production of L-phenylalanine (blue bars), trans-cinnamic
acid (yellow bars) and styrene (pink bars) was determined. Two-tailed
Student’s t-tests were performed to determine the statistical
significance for two-group comparisons (p < 0.05). The results shown
are the averages and standard deviations of three independent assays

CM12-5 (pPALN_C1) CM12-5

aromatic compounds [45]. These strains acquired toler-
ance to these compounds through adjustments made
in the phospholipid composition of cell membranes,
increased robustness of the protein folding machinery,
and a set of efflux pumps that extrude solvents to the
external environment from the cytoplasm, periplasm and
cell membranes [23]. In addition to solvent tolerance, a
crucial characteristic of microbial chassis for chemical
production [46, 47] is the ability to maintain the integrity
of the desired product(s). In the case of P. putida CM12-5
strain, a phenylalanine producing strain catabolism of the
aromatic amino acid is blocked, in addition, the strain
does not metabolize tCA and styrene, compounds that
can be made from L-phenylalanine [16]. This makes this
strain a promising candidate for the synthesis of these
aromatic compounds.

In the current solvent-tolerant platform we used a two
step conversion of L-phenylalanine into styrene (Fig. 1).
In the initial step, we utilized PAL enzymes, which have
been demonstrated by McKenna and Nielsen [3] to effi-
ciently catalyze this reaction (Fig. 1). The second step in
the proposed styrene biosynthesis pathway involves the
decarboxylation of £CA by a ferulic decarboxylase (FDC),
which exhibits trans-cinnamate decarboxylase activ-
ity and results in the production of styrene (Fig. 1). Our
approach to design a functional trans-cinnamic decar-
boxylase was based on Sternke et al. [29] that proposed
that consensus sequences derived from multi-alignment
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of protein families, in the so called “wholesale” approach,
yield functional and thermodynamically stable proteins.
Following several multi-alignments of FDC proteins, con-
sensus sequences were derived and the protein translated
to DNA with Pseudomonas codon optimized sequence.
From the alignment of 8 FDC sequences with > 60% iden-
tity to the S. cerevisiae enzyme we derived PSC1 that was
shown to be functional in P putida. The PSC1 enzyme
consists of 502 amino acids and differs by 114 residues
with respect to the FDC1 from S. cerevisiae. Another var-
iant, named PSD1, differs by 230 residues from the PSC1
enzyme and 223 residues from the FDC1 of S. cerevisiae,
and it was found to be non functional. Studies by Bailey
et al. [48] and Duta et al. [49] demonstrated that specific
residues (1189, Q192, 1330, F397, 1398) in the S. cerevisiae
FDC1 enzyme are crucial for substrate binding/catalysis,
and these residues are conserved in the PSC1 enzyme.
However, in the PSD1 protein sequence, F397 was
replaced by Y and 1398 by T. Whether these residues are
responsible for the lack of activity of the PSD1 enzyme
remains unknown. Our current results suggest that the
PSC1 is a dimeric enzyme that utilizes the atypical pre-
nylated flavin mononucleotide as a co-factor (Garcia-
Franco et al. unpublished).

In the pursuit of establishing a platform for the biopro-
duction of styrene as a sustainable alternative to petro-
leum-derived styrene, a high production titer is needed.
Previous studies by Lee et al. [50] and Grubbe et al.
[51] underscored this necessity. In our assays P putida
CM12-5 derivatives carrying the palN/pscl operon
exhibited production titers of 221+6 mg L7}, and our
results support that almost 100% of L-Phe produced by
CM12-5 (pPALN_C1) was eventually converted into sty-
rene, with a minor fraction transiently accumulating as
tCA when the process initiated from glucose. This also
indicates that the majority of the synthesized ¢CA is rap-
idly converted to styrene. Furthemore, additional assays
supplementing P putida CM15-2 (pPALN_C1) suspen-
sions with exogeneous L-Phe (i. e. 1 mM) confirmed its
complete conversion to styrene. Consequently, our find-
ings pinpoint that the limiting step in the production of
styrene is the intracellular production of L-phenylala-
nine, which emphasizes the need to increase L-Phe yields
in this platform.

Our assays revealed that co-expressing the pal and
pscl genes as an operon led to a 25% increase in styrene
production, compared to the levels achieved when the
genes were expressed individually in two different plas-
mids. This enhanced production probably relates to (i)
reduced basal maintenance energy for cells with a plas-
mid versus strains with two plasmids that need two anti-
biotics for selection; and (ii) a more efficient conversion
of L-Phe into tCA and styrene, thereby preventing the



Garcia-Franco et al. Microbial Cell Factories (2024) 23:69

accumulation of the amino acid, it is known that excess
L-Phe inhibits of prephenate dehydrogenase (PheA), an
enzyme crucial in L-Phe biosynthesis [26, 52]. There-
fore, the controlled expression of genes involved in the
biotransformation process of styrene biosynthesisis is
critical.

Molina-Santiago et al. [26] described that a P putida
CM12-5 derivative produced a maximum titer of approx-
imately 600 mg L™ L-Phe after 24 to 48 h of culture in
M9 with 1.5% (w/v) glucose. Since stoichiometric con-
version of L-phenylalanine into styrene takes place, we
assumed that in conditions in which 600 mg L™! of L-Phe
are reached, its complete conversion to styrene would
lead to a production of 378 mg L™ of styrene, surpassing
the solubility of styrene in water. Our earlier study[16]
indicated that the growth rate and viability of P putida
DOT-T1E are only marginally lower in the presence of
styrene compared to growth without solvent [16]. Hence,
we hypothesize that the balance of host fitness would
probably remain unaffected by the potentially achievable
titer of 378 mg L. Nonetheless, implementing strategies
to recover styrene concurrently during production could
prove valuable in mitigating any metabolic burden of sol-
vent tolerance, thus allowing for resource redirection to
maximize styrene yields. Since our system attains maxi-
mum titer after 24h cultivation, adopting for instance a
fed-batch system with advanced recovery and gas strip-
ping techniques could potentially yield styrene produc-
tivity comparable to that achieved in the studies carried
out by Nielsen’s group, i.e. 836 mg L™ [3, 50, 51, 53-55].
Similarly to our earlier research [25], approximately 12%
of available sugars in lignocellulose wastes are converted
into L-Phe. Given that we have verified the stoichiom-
etry of L-Phe conversion into styrene, we can estimate
the production of 8.5 tons of styrene in a 2G biorefinery
capable of processing 1000 tons of feedstock daily, equiv-
alent to 3100 tons of styrene annually. Therefore, for a
more efficient biofactory effort to increase the intracellu-
lar production of L-Phe, the starting chemical for styrene
biosynthesis is needed.

To sum up our results demonstrate the success of the
“wholesale” approach for designing enzymes able to
convert trans-cinnamic acid into styrene and capable of
functioning actively in novel hosts. These findings open
up new avenues for the design of new-to-nature pathways
for the synthesis of high-value added chemicals, marking
a significant stride towards the sustainable bioproduction
of chemicals.
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