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Abstract

Background L-phenylalanine is an essential amino acid with various promising applications. The microbial pathway
for L-phenylalanine synthesis from glucose in wild strains involves lengthy steps and stringent feedback regulation
that limits the production yield. It is attractive to find other candidates, which could be used to establish a succinct
and cost-effective pathway for L-phenylalanine production. Here, we developed an artificial bioconversion process
to synthesize L-phenylalanine from inexpensive aromatic precursors (benzaldehyde or benzyl alcohol). In particular,
this work opens the possibility of L-phenylalanine production from benzyl alcohol in a cofactor self-sufficient system
without any addition of reductant.

Results The engineered L-phenylalanine biosynthesis pathway comprises two modules: in the first module, aromatic
precursors and glycine were converted into phenylpyruvate, the key precursor for L-phenylalanine. The highly active
enzyme combination was natural threonine aldolase Ltak,, and threonine dehydratase A8Hg,, which could produce
phenylpyruvate in a titer of 4.3 g/L. Overexpression of gene ridA could further increase phenylpyruvate production

by 16.3%, reaching up to 5 g/L. The second module catalyzed phenylpyruvate to L-phenylalanine, and the conversion
rate of phenylpyruvate was up to 93% by co-expressing PheDH and FDH"'2%°. Then, the engineered E. coli contain-
ing these two modules could produce L-phenylalanine from benzaldehyde with a conversion rate of 69%. Finally,

we expanded the aromatic precursors to produce L-phenylalanine from benzyl alcohol, and firstly constructed

the cofactor self-sufficient biosynthetic pathway to synthesize L-phenylalanine without any additional reductant such
as formate.

Conclusion Systematical bioconversion processes have been designed and constructed, which could provide
a potential bio-based strategy for the production of high-value L-phenylalanine from low-cost starting materials
aromatic precursors.
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Background

L-phenylalanine is a valuable amino acid with multiple
industrial applications [1]. It is extensively used in dietary
supplements, feed, cosmetics, and chemical industries
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wide steadily increasing demand for L-phenylalanine.
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Given the widespread applications and growing
demands of L-phenylalanine, various strategies have
been proposed for the production of L-phenylalanine.
L-phenylalanine is primarily produced through chemi-
cal, microbial, or enzymatic processes [8]. Traditional
chemical synthesis methods rely on expensive transition
metals as catalysts and result in the accumulation of toxic
by-products [9]. The microbial processes generate less
environmental pollution than chemical synthesis [10-
12]. Production of L-phenylalanine from glucose with
relatively high titers in E. coli has been achieved in previ-
ous reports [7, 13—15]. However, the typical biosynthesis
pathway in E. coli (Fig. 1 left) involves lengthy reaction
steps (more than 15 steps) and tightly complex feedback
regulation, which limits the practical yield of L-phenyla-
lanine production [16—19]. Therefore, there is a need to
find alternative substrates and establish a succinct, cost-
effective pathway for L-phenylalanine production.

The aromatic chemicals (benzaldehyde and benzyl
alcohol) are attractive candidates for L-phenylalanine
production. These two chemicals are inexpensive with
a price of ~$2/kg (benzyl alcohol) and ~$2.5/kg (ben-
zaldehyde), respectively [20, 21]. The aromatic ring
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Fig. 1 Design the artificial biosynthetic pathways for L-phenylalanine
production from aromatic precursors (benzaldehyde or benzyl
alcohol) and glycine. Gray arrows indicated the natural biosynthesis
pathway of L-phenylalanine in E. coli. The green and red arrows
demonstrated the novel pathway. ADH alcohol dehydrogenase, LTA
threonine aldolase, LTD threonine dehydratase, PheDH phenylalanine
dehydrogenase, FDH formate dehydrogenase. The dotted gray
arrows i---> indicate the repression and inhibition of the relevant
genes in native pathway. Metabolites abbreviations: G6P glucose
6-phosphate, DAHP 3-deoxy-d-arabino- heptulosonate-7-phosphate,
L-Glu L-glutamate, 2-KG 2-ketoglutarate
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could provide the bulky carbon backbone for L-phe-
nylalanine [22, 23]. In addition, the theoretical yield
of aromatic precursor to L-phenylalanine is 100 mol%.
Some researchers have reported that using threonine
aldolases (TAs) and threonine deaminases (TDs) com-
bination could catalyze the conversion of aldehydes and
small amino acids into keto acids [24—26]. The con-
version of phenylpyruvate to L-phenylalanine by the
L-amino acid dehydrogenase or aminotransferase sys-
tem has been investigated by previous works [27, 28].
One report demonstrated that benzaldehyde could be
used to synthesize L-phenylalanine by multi-enzyme-
coupled reactions [24]. However, the production of
L-phenylalanine with benzyl alcohol as the precursor
has not been published to date.

Compared with benzaldehyde, benzyl alcohol is less
toxic to cells and has less effect on enzyme activity and
cell growth, making the process more feasible [29]. In
addition, Benzyl alcohol is more stable than benzalde-
hyde, which is readily oxidized to benzoic acid on expo-
sure to air at room temperature [30]. Moreover, benzyl
alcohol has better solubility than benzaldehyde, which
can avoid the use of cosolvent such as DMSO, and
reduce production costs. Benzyl alcohol dehydrogenase
from Pseudomonas putida (XylBy;) has been reported
to be highly active in converting benzyl alcohol to ben-
zaldehyde, while also providing cofactor NADH for
L-phenylalanine production by reducing NAD™ [31].

Here, the work aimed to develop the biosynthetic pro-
cesses of L-phenylalanine from inexpensive and readily
available aromatic precursors (as shown in Fig. 1 right).
We first enable the key intermediate phenylpyruvate
production by screening and co-expressing the enzymes
threonine aldolase LtaE,, and L-phenylalanine dehy-
dratase A8Hj,. Introducing the enamine deaminase RidA
could further improve the titer of phenylpyruvate by
16.3%, reaching up to 5 g/L. The conversion rate of phe-
nylpyruvate to L-phenylalanine was 93% by a recombi-
nant redox cycle including phenylalanine dehydrogenase
(PheDH) and formate dehydrogenase (FDHY!2%). Syn-
thesis of L-phenylalanine from benzaldehyde was per-
formed, resulting in an L-phenylalanine titer of 1.7 g/L
and a benzaldehyde conversion rate of 69%. Moreo-
ver, we constructed a cofactor self-sufficient pathway
for L-phenylalanine production from benzyl alcohol, a
process that NADH/NAD™ in different redox states are
interconverted via the enzymes pair XylB,, and PheDH
without another regenerating enzyme, and does not
require the reductant formate, which results in a cleaner
bioconversion system. In summary, this work describes
a succinct and feasible biosynthesis of L-phenylalanine
from inexpensive aromatic precursors (benzyl alcohol or

benzaldehyde).
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Results and discussion

Identification of enzymes to produce the key intermediate

phenylpyruvate

The validation of this L-phenylalanine pathway started
with building a well-behaved chassis for phenylpyruvate
production, which is the key precursor for L-phenylala-
nine production. We used benzaldehyde and glycine as
substrates to screen natural high-active enzymes threo-
nine aldolase (LTA) and threonine dehydratase (LTD)
(Fig. 2a). To convert benzaldehyde and glycine to phe-
nylserine, we screened three LTAs from Pseudomonas
putida (LtaEy ), E. coli (LtaEg ), and Caulobacter cres-
centus CB15 (LtaEc ), and cloned them into plasmids
pPLA-1, pPLA-2, and pPLA-3, respectively (Table 1).
These plasmids also carried a threonine/serine dehy-
dratase from Burkholderia thailandensis (A8Hg,), for
screening based on phenylpyruvate production, and were
transformed into wild-type BW25113 individually, to
obtain strains M1, M2, and M3 (Table 1). We used 4.2 g/L
(40mM) benzaldehyde and 20 g/L glycine as cosubstrate,
as shown in Fig. 2b, the strains expressing LtaEp, LtaEp ,
and LtaE. . produced phenylpyruvate at a titer of 4.3 g/L
(26 mM), 3.5 g/L (21 mM), and 2.7 g/L (16.4 mM) within
24 h, respectively (column #1, #2, #3 in Fig. 2b). Notably,
all of these enzymes are promiscuous enough to catalyze
the bioconversion of benzaldehyde and glycine into phe-
nylpyruvate. These results indicated that LtaE,,, among
the three investigated enzymes, was the best natural LTA
for benzaldehyde conversion.
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Table 1 Strains and plasmids used in this study
Strains/plasmids Phenotype Source
Strains
BW25113 A(araD-araB)567AlacZ4787(:rrnB-3) CGSC

Alacz4787(:rrnB-3) A(rhaD-rhaB)568
hsdR514

E. coli DH5a Host for plasmid construction This study
M1 BW25113 [pPLA-1] This study
M2 BW25113 [pPLA-2] This study
M3 BW25113 [pPLA-3] This study
M4 BW25113 [pPLA-4] This study
M5 BW25113 [pPLA-5] This study
M6 BW25113 [pPLA-6] This study
M7 BW25113 [pPLA-7] This study
M8 BW25113 [pPLA-6, pPLA-7] This study
M9 BW25113 [pPLA-6, pPLA-8] This study
Plasmids This study
pPLA-1° PZE-Pyj5c0171takp,-A8Hg, This study
pPLA-2? PZE-P, pc0r-taEg ~A8Hg, This study
pPLA-3° PZE-P, 10 ItaE - ~A8Hg, This study
pPLA-4° PZE-Pjacoitabp,yilvA 4 This study
pPLA-5° PZE-Pjpc01-1taEp, TAAG, This study
pPLA-6° PZE-Pyuc0171takp,-A8Hg ridA This study
pPLA-7° PZA-P,uc0r-fdh-pdh This study
pPLA-8° PZAPjac01XYBp,-pdh This study
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Fig. 2 Phenylpyruvate production using different combinations of threonine aldolase (LTA) and threonine dehydratase (LTD). a Phenylpyruvate
production pathway from benzaldehyde and glycine catalyzed by LTA and LTD. b The effect of different threonine aldolases (Ltap,, LtaEe, LtaEc )
on phenylpyruvate production. ¢ The effect of different L-phenylalanine dehydratase (A8Hg., lIvAg,, TAAg,) on phenylpyruvate production. Error bars

are the standard deviation for three independent experiments
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In addition to LTAs, we also investigated other LTDs
for a,B-elimination to see which combination would pro-
duce the maximal titer of phenylpyruvate. We cloned
genes coding L-threonine dehydratase from Burkholde-
ria ambifaria (ilvAgz,) and ammonia-lyase from Bur-
kholderia thailandensis (TAAg,) individually after the
gene encoding LtaEp, to build an expression cassette on a
high-copy plasmid, named pPLA-4, and pPLA-5, respec-
tively. The strains transformed with pPLA-4 and pPLA-5
(Table 1, strains M4 and M5) could produce 3.4 g/L (21
mM) and 0.3 g/L (1.8 mM) phenylpyruvate within 24 h,
respectively (column #2, #3 in Fig. 2c). Overall, the
highly active natural enzyme combination was LtaEp,
and A8Hj, for the phenylpyruvate production from
benzaldehyde and glycine, resulting in a benzaldehyde
conversion rate of 65%. In a previous report, the conver-
sion of benzaldehyde and glycine to phenylpyruvate was
improved from 23% (wide-type threonine deaminase) to
88% (mutated by rational protein engineering) [24]. In
this respect, further directed evolution in A8Hg, could
significantly enhance the production of phenylpyruvate
in our future work.

Effect of temperature and pH on phenylpyruvate
production

The reaction conditions of the enzyme cascade catalytic
system are important for production performance. To
achieve a good conversion of reactants, the tempera-
ture and pH of the reaction system need to be optimized
[32]. Preliminary analysis of the plasmid pPLA-1 showed
the highest activity toward phenylpyruvate production,
and we used strain M1 to analyze the effects of differ-
ent reaction conditions on phenylpyruvate production.
As shown in Fig. 3a, the activity of this enzyme cascade
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was optimum at 30 ‘C. When the assay temperature
was set at 20 ‘C, 25 C, 35 C and 40 °C, the phenylpyru-
vate titer was reduced to 2.84 g/L (17 mM), 4 g/L (24.1
mM), 2.5 g/L (15.2 mM) and 2.1 g/L (12.8 mM), respec-
tively, about 66%, 93%, 58% and 48% of that value at 30
°C. Under different pHs in the reaction mixture (Fig. 3b),
enzyme activity of LtaE,, and A8Hp, combination was
optimum at pH 8.0, with 4.3 g/L (26 mM) phenylpyruvate
detected. The enzyme activities were almost not affected
when the pH value was up to 8.5, 4.0 g/L (24.3 mM) phe-
nylpyruvate was produced. The titer of phenylpyruvate
decreased to 3.2 g/L (19.4 mM) at pH 7.5, and 2.3 g/L (14
mM) at pH 6.5, respectively. These results indicated that
the enzyme activities of LtaEp, and A8Hg, were highly
dependent on temperature and pH. Further experiments
were conducted at the optimum conditions of 30 °C and
pH 8.0.

Overexpression of RidA could further increase
phenylpyruvate production

Threonine dehydratase, as a Pyridoxal 5-phosphate
(PLP) dependent enzyme, will generate active imine/
enamine intermediates that are converted into keto acid
by a protein of the members of the RidA family, which
were recently shown to be enamine deaminases [33-35].
Lacking RidA would decrease the activity of the PLP-
dependent transaminase enzyme IIVE in S. enterica
strains [36]. It has been reported that the presence of
RidA could increase the rate of 2-ketobutyrate formation
from threonine by the enzyme IlvA [37]. However, there
was no previous report about the effect of gene ridA
on phenylpyruvate production catalyzed by threonine
dehydratase.
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Fig. 3 Effect of reaction conditions on the phenylpyruvate production by the enzyme cascade of LtaE,, and A8Hg, combination. a The effects
of reaction temperatures on the phenylpyruvate production. b The effects of reaction pH on the phenylpyruvate production. The following buffer
systems were used: 100 mM Tris-HCl for pH 6.5, 7.5, 8.0, and 8.5. Error bars are the standard deviation for three independent experiments



Nie et al. Microbial Cell Factories (2023) 23:12

(a)

lacl

Strain M6

Phenylpyruvate (g/L)

Page 5 of 11

—=— LtaE, ;+A8Hg (+RidA
—o— LtaE; j+A8Hg,
54
44
34
2
14
5 10 15 20 25
Time (h)

Fig. 4 The construction and evaluation of RidA strain M6. a Construction of strain M6 with plasmid pPLA-6 overexpressing RidA. b Effect of enzyme
RidA on the conversion of benzaldehyde to phenylpyruvate. Error bars are the standard deviation for three independent experiments

To address this issue, we cloned gene ridA after the
gene encoding LtaE,, and A8Hg, to build the plasmid
pPLA-6 (Fig. 4a), and transformed it into BW25113,
yielding strain M6. The fermentation results showed
that after overexpression of gene ridA, the titer of phe-
nylpyruvate was increased to 5.0 g/L (30.1 mM) within
24 h (Fig. 4b), and the practical conversion rate of ben-
zaldehyde was up to 77%. These results confirmed that
overexpression of gene ridA could provide more enam-
ine deaminase to enhance phenylpyruvate formation.
However, even with the optimized cascade system, it
still cannot lead to a complete conversion of benzalde-
hyde, which is possibly due to the relatively low activity of
dehydratase A8Hj, for the second reaction. For enzyme
cascade processes, the second step with high activity can
pull the substrates flux into the desired synthesis path-
way, improving the overall conversion of the reaction
system [38]. We can further improve the dehydratase
activity through directed evolution in the future [24, 39].
Besides, we can remove the target genes in the host to
minimize the effect of competing endogenous pathways
and improve the introduced synthetic pathway perfor-
mance [40, 41].

Production of L-phenylalanine from phenylpyruvate

Phenylalanine dehydrogenase from Bacillus badius
(PheDH, encoded by gene pdh) was selected to promote
the conversion of phenylpyruvate into L-phenylalanine
[42]. Enzymatic dehydrogenation is usually performed
in the presence of stoichiometric amounts of coenzyme
(NADH or NADPH), implying the coenzyme cofactor
must be recycled during the conversion. Candida boi-
dinii formate dehydrogenase (FDH) has been employed
as a workhorse for efficient NADH regeneration for
decades, which can be used in a broad pH range of 6~9

[43-45]. In a previous report, the mutant V120S has
been shown to greatly improve the activity and stability
of enzyme FDH in the catalytic reaction [46]. To ensure
sufficient cofactor NADH supply, a recombinant plas-
mid pPLA-7 expressing enzymes PheDH and FDHY!?%5
was constructed and transformed into BW25113, yield-
ing strain M7. The conversion performance of E. coli with
pPLA-7 (strain M7) was investigated with 0.07 M phe-
nylpyruvate, 0.35 M formate, and 0.14 M NH,Cl at 30 'C
(Fig. 5a). 11 g/L (0.066 M) L-phenylalanine was produced
within 10 h, amounting to a conversion rate of 93% of
phenylpyruvate. The results showed that the enzyme cas-
cade of PheDH and FDHY'?% display high efficacy in the
conversion of phenylpyruvate to L-phenylalanine.

Then, the tolerance of the key enzymes PheDH and
FDHY!?% to benzaldehyde was tested. We performed
the same conversion of phenylpyruvate to L-phenyla-
lanine with the addition of varying concentrations of
benzaldehyde, as shown in Fig. 5b. As the benzaldehyde
concentration increased to 5 mM and 15 mM, the rela-
tive activity of enzyme cascade PheDH and FDH toward
phenylpyruvate could keep at 93% and 87%, respectively.
When benzaldehyde concentration increased up to 25
mM, the L-phenylalanine titer was remarkably decreased
by 67% compared with the control experiments (column
#1 in Fig. 5b). These results indicated that the efficiency
of enzyme cascade PheDH-FDH'2% would be negatively
affected by high concentrations of benzaldehyde. There-
fore, concentration-limited feeding of benzaldehyde
could be adopted to maintain high-yield conversion. In
addition, detoxification can be achieved through evolu-
tion to improve the tolerance of enzymes to the substrate
benzaldehyde [47].
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Fig. 5 Biotransformation of phenylpyruvate into L-phenylalanine. a L-phenylalanine production from phenylpyruvate by coexpressing Bacillus
badius phenylalanine dehydrogenase (PheDH) and Candida boidinii formate dehydrogenase (FDH''?%%). FDH was used for cofactor NADH
regeneration. b The tolerance of the key enzymes PheDH and FDH"'?% to benzaldehyde. Error bars are the standard deviation for three

independent experiments

(a) 0
OH
NH;
Formate L-phenylalanine
NAD+
cosubstrate-dependent PheDH
CO, cofactor balance
N
NADH
Ox (@)
Production )
Enzymes OH
(0]
Benzaldehyde Phenylpyruvate

(b)20-
B L-phenylalanine

Concentration (g/L)
o [

o
3}
1

0.0
M8, -NAD*

M8, +NAD*

Fig. 6 Biosynthesis of L-phenylalanine from aromatic precursor benzaldehyde. a Scheme showing the one-pot L-phenylalanine production

from benzaldehyde with co-substrate formate for cofactor NADH regeneration. Production enzymes indicated the enzymes LtaEp,, A8Hg,,

and RidA that converted benzaldehyde to phenylpyruvate. b Biotransformation of the L-phenylalanine production in strain M8. Strain M8: BW25113
transformed with plasmids pPLA-6 and pPLA-7 to overexpress genes ltakp, A8H,, ridA, pdh, and fdh. Error bars are the standard deviation for three

independent experiments

Biosynthesis of L-phenylalanine from aromatic precursor
benzaldehyde

Synthesis of L-phenylalanine from benzaldehyde and
glycine was performed by using these two modules
LtaEp -A8Hp -RidA and PheDH- FDHY'?% in one host
cell (as shown in Fig. 6a). Plasmids pPLA-6 and pPLA-7
were co-transformed into E. coli BW25113 to obtain
strain M8. The L-phenylalanine production performance
of strain M8 (Table 1) was investigated with 15 mM ben-
zaldehyde, 150 mM glycine, and 150 mM formate at 30
°C. As shown in Fig. 6b, without cofactor NAD* addition,
0.84 g/L (5 mM) L-phenylalanine was detected after 24 h
(column #1in Fig. 6b). The conversion rate of benzalde-
hyde was relatively low, only 34%. Employing the multi-
enzyme cascade, the formation of the NAD"/NADH

cofactor equilibrium was not as efficient as in the two-
enzyme system [48]. To prove this hypothesis, we added
0.5 mM NAD™ under the same conversion condition, as
expected, the titer of L-phenylalanine was significantly
increased to 1.7 g/L (10 mM) after 24 h with a conver-
sion of 69% (more than 2-fold increase, column #2 in
Fig. 6b), implying that the addition of feasible amounts
of cofactor could increase the yield and productivity for
L-phenylalanine.

In a previous report [24], the titer of L-phenylalanine
production from benzaldehyde via an enzyme cascade
was up to 1.5 g/L by semisaturated mutation of CgTD for
a,p-elimination and reaction conditions optimization.
Therefore, we also tested the engineered threonine deam-
inase CgTDFIMAR2PT £or [ _phenylalanine production
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under our experimental conditions (Additional file 1:
Table S1). It can be seen that the activity of wild-type
A8Hj, can be comparable to that of the CgTDF!14AR229T
for L-phenylalanine production. Therefore, L-phenylala-
nine production can be further improved in the future by
the wild-type protein A8Hj, adaptive evolution.

Cofactor self-sufficient system for L-phenylalanine
production from precursor benzyl alcohol

As can be seen from Fig. 6a, the enzyme FDHY'?% was
exploited for NADH balance by enzymatically oxidiz-
ing the sacrificial substrate formate into CO,, which not
only complicates the L-phenylalanine production sys-
tem but also increases the production cost. Therefore,
based on these benzaldehyde conversion processes, we
expanded the aromatic precursors to produce L-pheny-
lalanine from another inexpensive aromatic compound
benzyl alcohol. Benzyl alcohol can be oxidized into ben-
zaldehyde by aryl-alcohol dehydrogenase, while obtain-
ing NADH equivalents for reducing phenylpyruvate into
L-phenylalanine. In addition, Benzyl alcohol is less toxic
to enzyme activity and cell growth than benzaldehyde,
making the process more feasible. Therefore, we tried to
develop a bioconversion process for synthesizing L-phe-
nylalanine from benzyl alcohol by rational design, which
does not require additional cosubstrate as a reductant
or another cofactor regenerating enzyme, achieving an
important self-sufficient cofactor regeneration system (as
shown in Fig. 7a).

Benzyl alcohol dehydrogenase from Pseudomonas
putida (XylB,,) has been reported to have a high activ-
ity toward benzyl alcohol [31]. We cloned the genes
xylBp, and pdh into the plasmid pPLA-8. BW 25113
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transformed with plasmids pPLA-6 and pPLA-8 (strain
M9) was used for the conversion of benzyl alcohol and
glycine into L-phenylalanine. With 15 mM benzyl alcohol
and 150 mM glycine as co-substrates, this new enzyme
cascade can accumulate 0.82 g/L (4.8 mM) and 1.1 g/L
(6.7 mM) L-phenylalanine without or with 0.5 mM
NAD™ addition, respectively (column #1, #2 in Fig. 7b).
These results for the first time demonstrated a cofactor
self-sufficient system to produce L-phenylalanine from
aromatic precursor without any addition of reductant
like formate. In the future, we can further optimize the
bioconversion pathway by screening and evolving tar-
get enzymes with higher activity to further increase the
efficiency of L-phenylalanine production from benzyl
alcohol. In addition, metabolic engineering of the chassis
cell could also be adopted to further improve the perfor-
mance of L-phenylalanine production, such as increasing
the uptake of substrate, and reducing substrate and prod-
uct degradation [50].

Conclusions

In this work, we developed and constructed an artificial
biosynthesis pathway for L-phenylalanine production
from aromatic precursors. To establish the pathway
to phenylpyruvate, we first screened and expressed
a high-activity natural enzyme combination includ-
ing LtaEp, and A8Hy,, 4.3 g/L of phenylpyruvate was
produced. Then, we confirmed that further overex-
pression of enzyme RidA could increase phenylpyru-
vate production by 16.3%, up to 5 g/L. The conversion
of phenylpyruvate into L-phenylalanine was up to 93%
by co-expressing PheDH and FDH"'?%, Furthermore,
the engineered E. coli overexpressing LtaE,, A8Hg,,
RidA, PheDH, and FDH"'?% could produce 1.7 g/L
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Fig. 7 Biosynthesis of L-phenylalanine from aromatic precursor benzyl alcohol. a Scheme showing the one-pot L-phenylalanine production

from benzyl alcohol with an engineering cofactor NADH self-regeneration system. Production enzymes indicated the LtaEp, A8Hg,, and RidA that
converted benzaldehyde to phenylpyruvate. b Biotransformation of the L-phenylalanine production in strain M9. Strain M9: BW25113 transformed
with plasmids pPLA-6 and pPLA-8 to overexpress genes ltakp, A8Hg,, ridA, pdh, and xylBp,, Error bars are the standard deviation for three

independent experiments
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L-phenylalanine from benzaldehyde, and the conver-
sion rate of benzaldehyde was 69%. Finally, we con-
structed a new pathway for L-phenylalanine production
from benzyl alcohol in a cofactor self-sufficient sys-
tem. Based on overexpression LtaEp, A8Hg, RidA,
PheDH, and XylBp,, 1.1 g/L L-phenylalanine was pro-
duced without the addition of reductant formate. The
yield and productivity of the L-phenylalanine biocon-
version system developed in this study still need to
be improved in the future. Further work will focus on
systematic protein screening or directed evolution to
increase the activities of these key enzymes. Overall,
we demonstrated a promising approach for the bio-
synthesis of L-phenylalanine from low-cost aromatic
precursors.

Materials and methods

Strains and media

The details for all strains used in this study are shown in
Table 1. The E. coli DH5a was used as the cloning host
for plasmid construction. Unless otherwise specified, all
strains were cultivated at 37 °C in LB media (10 g/L tryp-
tone, 5 g/L yeast extract, and 10 g/L sodium chloride)
medium with appropriate antibiotics.

Biotransformation procedures
Three colonies of recombinant E. coli strain were culti-
vated for 12 h at 37 ‘C in LB medium with appropriate
antibiotics. The culture was then inoculated (1% vol/
vol) into a 250 mL flask with 50 ml fresh LB culture con-
taining appropriate antibiotics. When the OD, of the
culture broth reached 0.6 ~0.8, 1 mM isopropyl -D-1-
thiogalactopyranoside (IPTG) was added to induce gene
expression. The cells were inducted at 16 °C for 20 h and
collected at 4 “C by centrifugation (7500Xg, 5 min). Then,
the strains were resuspended in the appropriate buffer to
the desired density as resting cells for biotransformation.
Biotransformation of benzaldehyde and glycine to
phenylpyruvate was conducted with resting cells of E.
coli (M1, M2, M3, M4, M5, M6, the ODyq,,,, of the con-
densed cell was 50) in 2 ml Tris buffer (100 mM, pH 8.0),
50 uM PLP, at 220 rpm and 30 °C for 24 h. Biotransfor-
mation of phenylpyruvate to L-phenylalanine was con-
ducted with resting cells of E. coli M7 (the ODg,,,,, of the
condensed cell was 50) in 2 ml Tris buffer (100 mM, pH
8.0), 0.07 M phenylpyruvate, 0.35 M formate, and 0.14 M
NH,CI at 220 rpm and 30 °C for 24 h. Biotransformation
of benzaldehyde and glycine to L-phenylalanine was con-
ducted with resting cells of E. coli M8 (the ODg,,,,, of the
condensed cell was 50) in 2 ml Tris buffer (100 mM, pH
8.0), 15 mM benzaldehyde and 150 mM glycine, 150 mM
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M formate, and 140 mM NH,CI, with or without 0.5 mM
NAD at 220 rpm and 30 °C for 24 h. Biotransformation
of benzyl alcohol and glycine to L-phenylalanine was
conducted with resting cells of E. coli M8 (the ODgy,,
of the condensed cell was 50) in 2 ml Tris buffer (100
mM, pH 8.0, 15 mM benzyl alcohol, and 150 mM glycine,
and 140 mM NH,CI, with or without 0.5 mM NAD™) at
220 rpm and 30 °C for 24 h.

Measurement of metabolites analysis

Metabolites were analyzed using an Agilent 1260 Infin-
ity HPLC system. The target samples were collected
within 24 h. The concentrations of phenylpyruvate,
benzyl alcohol, and benzaldehyde, were analyzed using
an Aminex HPX 87 H column (Bio-Rad, USA) and a
refractive-index detector. The mobile phase is 5 mM
H,SO, with a flow rate of 0.6 mL/min. The column tem-
perature and detection temperature are 35 ‘C and 50 C,
respectively. The concentration of L-phenylalanine was
analyzed using an Agilent C18 column (4.6 X100 mm,
3.5 mm) and a DAD detector. The mobile phase gradi-
ent program and automated liquid sampler program
were performed as the manufacturer’s instructions
(http://www.chem.agilent.com/Library/applications/
5990-4547EN.pdf).

Plasmids construction

Primers (Table 2) were ordered from Tsingke. PCR
reactions were carried out with Phanta DNA polymer-
ase according to the manufacturer’s instructions. The
sequences of all the plasmids produced were verified by
DNA sequencing. The details for all plasmids are shown
in Table 1. A gene fragment encoding lac repressor Lacl
[51] was inserted into the EcoRI site of plasmid pZE12
and pZA24 [52] to yield plasmid pZElac with ampicil-
lin resistance, and pZAlac with kanamycin resistance,
respectively.

pZE-PLlacO1-ItaEP.p-A8HB.t

Genes ltaEp,, and A8Hy, were amplified based on Pseu-
domonas putida and Burkholderia thailandensis genomic
DNA. Primers ltaEp ,-F and ItaEp -R were used to amplify
gene ltaEp,. Primers A8Hp-F and A8Hp-R were used
to amplify gene A8Hj,. The vector fragment of pZE was
amplified from plasmid pIVC3 with primers VecpZE-F
and VecpZE-R. Then these two fragments and the vec-
tor fragment of pZElac were digested with Acc65I-Spel,
Spel-Xbal, and Acc651 -Xbal, respectively. These digested
genes were ligated with T4 DNA ligase respectively to
form the plasmid pZE- Py, ;- ltaEp,-A8Hp,.


http://www.chem.agilent.com/Library/applications/
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Table 2 Primers used in this study

Page 9 of 11

Primers Sequence (5" to 3")
Ita Epp -F AGGAGAAAGGTACCATGACAGACAAGAGCCAACAATTCGCCAGCG
ltakp pr AGGTCGACATAGTTAATTTCTCCTACTAGTTCAGCCACCAATGATCGTG
A8Hg -F TGGCTGAACTAGTAGGAGAAATTAACTATGTCGACCTCACCCCACCGCCCCGCTCATC
A8Hg R ATAGTTTTGCTCATAGTTAATTTCTCCTGCTAGCTCTAGATCACGGCCACGACATG
ltaEg -F TTAAAGAGGAGAAAGGTACCATGATTGATTTACGCAGTGATACCG
ltak; R GGTGAGGTCGACATAGTTAATTTCTCCTACTAGTTTAACGCGCCAGGAATGCACGCC
ltaEc F AAGAGGAGAAAGGTACCTTGATGACCCAGACCGCGCCCCGCTACG
ltaE- R GTGAGGTCGACATAGTTAATTTCTCCTCTAAGCCACTCGCTTCAGCGCCGCGCCCAGA
ilvAg -F AACTAGTAGGAGAAATTAACTATGTCGACTGAACAACAGGGCACCGCCCA
ilvAg ;R GTTTTATTTGATGCCTCTAGATCAGTGCTGCAGTTTCGCGTG

CGCGA
TAAg -F GTGGCTGAACTAGTAGGAGAAATTAACTATGTCTGCTCAACCCGCCTCCGACCTCG
TAAg R GTTTTATTTGATGCCTCTAGATCACCCGCGCAGGAACTCGCCGTAGCGLCGCG
ridA-F TCGTGGCCGTGAGCTAGCAGGAGAAATTAACTATGAGCAAAACTATCGCGA
ridA-R CCTTTCGTTTTATTTGATGCCTCTAGATTAGCGACGAACAGCGATCGCTTCGATC
fdh-F AATTCATTAAAGAGGAGAAAGGTACCATGAAGATCGTTTTAGTCTT
fdh-R CATAGTTAATTTCTCCTACTAGTTCAGCCACCAATGATCGTGCGGATATC
phedh-F CGATAAGAAATAAACTAGTAGGAGAAATTAACTATGAGCCTGGTGGAAAAAACCAGCA
phedh-R GTTTTATTTGATGCCTCTAGAACTAGCTTAATTACGAATATCCCATTTCGGTTTAAC
xylBp o P AATTCATTAAAGAGGAGAAAGGTACCACCAATCCGGAGTACCGGCTTAAG
xylBp pr ATGCTGGTTTTAGTTAATTTCTCCTGCTAGCTTAATGGAAATCAAAGCAGCAAT
VecpZE-F GAATTCATTAAAGAGGAGAAAGGTACCCCG
VecpZE-R TGAGCCTTTCGTTTTATTTGATGCCTCTAGACTAG
VecpZA-F AATTCATTAAAGAGGAGAAAGGTACCAAGCTTATGTTAAAGCGT
VecpZA-R AGCCTTTCGTTTTATTTGATGCCGCTAGCTTAGTC

pZE-PLlacO1-ItaEE.c-A8HB.t

Genes ltaEy , and A8Hy, were amplified based on E. coli
and Burkholderia thailandensis genomic DNA. Primers
ItaE; -F and ItaEg -R were used to amplify gene ltaEy,.
Primers A8Hy,-F and A8Hy,-R were used to amplify
gene A8Hj, Then these two fragments were digested
with Acc65I-Spel, Spel-Xbal. Then these three fragments
and the vector fragment of pZElac were ligated with T4
DNA ligase to form plasmid pZE- P, ;- [taEy -A8Hp,.

pZE-PLlacO1-ItaEC.c-A8HB.t

Genes [taE -, and A8Hy, were amplified based on Cau-
lobacter crescentus CB15 and Burkholderia thailandensis
genomic DNA. Primers ItaE. -F and ItaE. .-R were used
to amplify gene ltaE . Primers A8Hy,-F and A8Hy-R
were used to amplify gene A8Hj,. Then these two frag-
ments were digested with Acc651-Spel, Spel-Xbal.
Then these three fragments and the vector fragment of
pZElac were ligated with T4 DNA ligase to form plasmid
PZE- Ppjye0r ltaEc -A8Hp,.

pZE-PLIacO1-ItaEP.p-ilvAB.a

Genes ltaEp,, and IlvAg , were amplified based on Pseu-
domonas putida and Burkholderia ambifaria genomic
DNA. Primers ltaEp-F and ltaEp,-R were used to
amplify gene lfaEp, Primers ilvAg,-F and ilvAg,-R
were used to amplify gene I[vAg ,. Then these two frag-
ments were digested with Acc651-Spel, Spel-Xbal.
Then these three fragments and the vector fragment of
pZElac were ligated with T4 DNA ligase to form plasmid
PZE-Pyj,c01 ltaEp,-llvAg ,.

pZE-PLIacO1-ItaEP.p-TAAB.t

Genes ltaEp,, and TAAp, were amplified based on Pseu-
domonas putida and Burkholderia thailandensis genomic
DNA. Primers ltaEp -F and ItaEp ,-R were used to amplify
gene ltaEp,. Primers TAAg-F and TAAg-R were used
to amplify gene TAAy,. Then these two fragments were
digested with Acc651-Spel, Spel-Xbal. Then these three
fragments and the vector fragment of pZElac were ligated
with T4 DNA ligase to form plasmid pZE-P, .- ltaEp,-
TAAg,.
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pZE-PLlacO1-ItaEP.p-A8HB.t-ridA

Genes ridA, ltaEp, and A8Hp, were amplified based
on E. coli, Pseudomonas putida and Burkholderia thai-
landensis genomic DNA, respectively. Primers ridA-F
and ridA-R were used to amplify gene /faEj, Primers
ltaEp-F-1 and ItaEp-R-1 were used to amplify gene
ltaEp,. Primers A8Hg-F and A8Hg,-R were used to
amplify gene A8Hj, Then these two fragments were
digested with Acc651-Spel, Spel-Nhel, Nhel-Xbal.
Then these three fragments and the vector fragment of
pZElac were ligated with T4 DNA ligase to form plasmid
PZE-Pyj,.01- ltaEp,-A8Hp -ridA.

pZA-PLlacO1-fdh-pdh

Genes phedh, fdh were amplified based on Bacillus
badius, and Candida boidinii genomic DNA, respectively.
Primers phedh-F and phedh-R were used to amplify gene
phedh. Primers fdh-F and fdh-R were used to amplify
gene fdh. The vector fragment of pZA was amplified from
plasmid pIVC3 with primers VecpZA-F and VecpZA-R.
Then these two fragments and the vector fragment of
pZAlac were digested with Acc65I-Spel, Spel-Nhel, and
Acc651-Nhel, respectively. Then these three fragments
and the vector fragment of pZAlac were ligated with T4
DNA ligase to form plasmid pZA-P;,,.,-fdh-phedh.

pZA-PLlacO1-xylBP.p-pdh

Genes xylBp,, fdh were amplified based on Pseudomonas
putida, and Candida boidinii genomic DNA, respec-
tively. Primers xylB,,-F and xylB,,-R were used to
amplify gene xy/B),,. Primers fdh-F and fdh-R were used
to amplify gene fdh. Then these two fragments were
digested with Acc651-Spel, and Spel-Nhel, respectively.
Then these two fragments and the vector fragment of
pZAlac were homologous recombined with Exnase to
form plasmid pZA-P,,.o;- xyIBp,fdh.
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