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Phenylketonuria (PKU), a disease resulting in the disability to degrade phenylalanine (Phe) is an inborn error with a 1 in 10,000
morbidity rate on average around the world which leads to neurotoxicity. As an potential alternative to a protein-restricted diet,
oral intake of engineered probiotics degrading Phe inside the body is a promising treatment, currently at clinical stage II (Isabella,
et al., 2018). However, limited transmembrane transport of Phe is a bottleneck to further improvement of the probiotic’s activity.
Here, we achieved simultaneous degradation of Phe both intracellularly and extracellularly by expressing genes encoding the
Phe-metabolizing enzyme phenylalanine ammonia lyase (PAL) as an intracellularly free and a cell surface-immobilized enzyme
in Escherichia coliNissle 1917 (EcN) which overcomes the transportation problem. The metabolic engineering strategy was also
combined with strengthening of Phe transportation, transportation of PAL-catalyzed trans-cinnamic acid and fixation of released
ammonia. Administration of our final synthetic strain TYS8500 with PAL both displayed on the cell surface and expressed inside
the cell to the PahF263S PKU mouse model reduced blood Phe concentration by 44.4% compared to the control EcN, independent
of dietary protein intake. TYS8500 shows great potential in future applications for PKU therapy.
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INTRODUCTION

The phenylalanine (Phe) metabolism pathway in a healthy
body is mediated by phenylalanine hydroxylase (PAH, EC
1.14.16.1) and the requisite cofactor tetrahydrobiopterin

(BH4) to form tyrosine. Phenylketonuria (PKU) is an inborn
error where a mutation causes a defect in PAH, resulting in
an increase in Phe concentration and decrease in tyrosine
concentration as well as presence of Phe metabolites (Smith
et al., 2019). High levels of Phe is neurotoxic, causing irre-
versible and often severe intellectual impairment, autistic
behavior, seizures, tremors, and ataxia (Bilder et al., 2017).
PKU has been reported in all ethnic groups and its incidence
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varies widely around the world, affecting around one in
every 10,000 births worldwide (van Spronsen, 2010). New-
born screening and diagnosis are initially undertaken in most
countries in the first few weeks after birth and all cases are
further screened for BH4 responsiveness. However, only
about 30% of all PKU patients respond to BH4 treatment by
taking sapropterin dihydrochloride (KUVAN, BioMarin
Pharmaceutical) (Al Hafid and Christodoulou, 2015). The
prevailing and predominant treatment is restrictive dietary
intake of Phe to a minimum that is required for normal
growth, supplemented with specifically designed medical
foods for patients including those that respond to BH4

treatment. However, nutritional deficiencies as well as non-
compliance due to poor palatability remains an issue. Fur-
thermore, neurophysiological and neuropsychological im-
pairments still persist in PKU patients even when treated
with such therapy (Al Hafid and Christodoulou, 2015).
Gene therapies for expression of normal PAH in liver or

muscle cells are at preclinical stages, but these treatments
face challenges associated with the currently used gene
transfer vectors, such as pre-existing neutralizing antibodies,
potential immune responses, and the inability to transduce
sufficient numbers of cells to be efficacious, indicating that
this therapy may not be suitable for all patients and likely
needs a substantial amount of time to develop (Isabella et al.,
2018). PAH replacement therapy is not yet possible for PKU
because of the instability of PAH as well as other related
complexities (Levy et al., 2018). However, phenylalanine
ammonia lyase (PAL, EC 4.3.1.24), a non-mammalian en-
zyme that converts Phe to trans-cinnamic acid (TCA) and
ammonia holds promise as a non-dietary way to control Phe
levels for patients with PKU. TCA has shown no embry-
otoxic effects in laboratory animals (Hoskins and Gray,
1982), and is excreted as hippurate in urine along with small
amounts of cinnamate and benzoic acids (Hoskins et al.,
1984). Pegvaliase (Palynziq, BioMarin Pharmaceutical),
which was recently approved for treatment in adult patients,
relies on systematic injection of a pegylated PAL (Markham,
2018); however, severe immune-mediated adverse reactions
and anaphylaxis have been reported (Hydery and Coppen-
rath, 2019).
Oral administration of PAL is an alternative and rather safe

therapy, thus suitable for PKU patients of all ages. In the
early 1990s, researchers used orally administered en-
capsulated PAL extracted from yeast to control blood Phe
levels in PKU patients (Hoskins et al., 1980) and Sprague-
Dawley rats that were induced by chemical inhibition of
PAH to be hyperphenylalanemic (Bourget and Chang, 1989),
but the high cost associated with the production, stabilization
and formulation of oral PAL at that time implied that it
needed further development (Chang, 2005). A recombinant
PAL mutant CDX-6114 reported to be resistant to low pH
and protease degradation by enzyme evolution is currently at

clinical stage I (NCT03577886), while its effectiveness when
exposed within intestinal environment remains unknown.
The gut microbiome which naturally adapts to the in-

testinal environment offers an opportunity to regulate host
metabolism either by production of nutrients or by de-
gradation of dietary products that might otherwise be toxic
(Chang, 2005). Researchers have reported a reduction of
blood Phe levels in a mouse model of PKU (Pahenu2/enu2) after
oral administration of PAL-expressing Escherichia coli
(Isabella et al., 2018; Sarkissian et al., 1999), Lactococcus
lactis (Zhang et al., 2011), or Lactobacillus reuteri (Durrer et
al., 2017), which suggests that microbial delivery of PAL as a
therapy is promising for treating PKU. The only engineered
strains that progressed to human clinical studies is
SYNB1618 developed by Synlogic, which expressed PAL
intracellularly in a probiotic Escherichia coli Nissle 1917
(EcN). EcN has been used to treat various gastrointestinal
diseases and does not colonize humans (Isabella et al., 2018).
However, the limited downregulation of blood Phe levels in
PKU mice by SYNB1618 (Isabella et al., 2018) and the need
to intake SYNB1618 at high level doses per day in its clinical
study (Puurunen et al., 2021) indicate the necessity for fur-
ther development of the engineered strain’s activity (Puur-
unen et al., 2021).
Cell-surface display allows peptides and proteins to be

displayed on the surface of microbial cells by fusing them
with anchoring motifs. The protein to be displayed-the pas-
senger protein-can be fused to an anchoring motif-the carrier
protein-by N-terminal fusion, C-terminal fusion or sandwich
fusion (Lee et al., 2003). Cell surface display of PAL offers a
way to improve whole cell activity which is orthogonal to
intracellularly expressed PAL. In addition, by being dis-
played on the cell surface, PAL can freely access intestinal
Phe and membrane penetration of Phe will no longer be an
issue. Here, we developed a biocatalyst to achieve simulta-
neous degradation of Phe both intracellularly and extra-
cellularly in the intestinal tract (Lee et al., 2003).

RESULTS

Ice nucleation protein (INP)-fused PAL displayed on
EcN surface can degrade Phe

The catalytic portion of the cell-surface displayed enzyme is
located outside of the membrane, obviating the need for Phe
transport into the cell. In this study, we assess three ap-
proaches for the surface display of a PAL from Photorhabdus
luminescens in EcN. Constructs were made carrying stlA
which codes for PAL that converts Phe to TCA, fused to the
delivery portion of three different surface display systems:
C-terminal of a poly-γ-glutamate synthetase complex PgsA
from Bacillus subtilis, an unusual anionic polypeptide in
which glutamate is polymerized via γ-amide linkages (Narita
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et al., 2006), the C-terminal of the lipoprotein Lpp-OmpA
chimera (Qu et al., 2015), and a truncated form of INP, InaK-
N (N-terminal domain) from Pseudomonas syringae (Kang
et al., 2008). The surface display system is controlled by Ptrc
on the plasmid pTrcHis2B (Figure 1A). Results show that
only INP-fused PAL could catalyze Phe to TCA (Figure 1B).
One of the charged peptide, 6×Lys (K6), previously reported
to increase the surface display efficiency (Liang et al., 2012)
was added to each of the N-terminus of the three carrier
proteins, and it was found that only the K6-InaK-N-fused
PAL (K6INP-PAL) showed obvious activity toward Phe.
Considering that inducible Ptrc was not suitable for future in
vivo applications, it was replaced by a constitutive Pj23119
which was reported to have a similar transcriptional activity
with Ptrc (Cao et al., 2019), indicating that the significant
increase in PAL activity was mainly the result of fused K6.
The amount of TCA increased by 5.3 times compared to
when K6 was not added (Figure 1B). To confirm whether the
K6INP-PAL was successfully displayed on the cell surface,
proteinase K was applied to digest the cell surface protein
(Bradford, 1976; Liang et al., 2012; Zhang et al., 2016). The
amount of TCA decreased by about 61% (Figure 1C), and the
degradation of phenylalanine was reduced by 48.8% after a
3-h reaction compared to the cells without proteinase K ap-
plied (Figure 1D). We speculated that the surprising effects
of K6 in promoting intracellular activity of PAL (Figure 1B)
might be associated to protein folding and expression, such
as fusion of a chaperone, while the exact mechanism remains
to be investigated. These results demonstrated a successful
application of the cell display strategy in the construction of
Phe-degrading strains to realize extracellular Phe degrada-
tion for potential PKU therapy.

Metabolic engineering of EcN to degrade Phe in-
tracellularly

In order to increase the whole cell Phe degradation activity,
the intracellular and extracellular degradation module can be
combined. To engineer EcN for intracellular Phe degrada-
tion, we integrated three copies of stlA controlled by a con-
stitutive promoter Pj23119, and two copies of pheP, a high-
affinity Phe transporter that brings Phe into the cell (Isabella
et al., 2018). We also integrated an arabinose-induced L-
amino acid deaminase (LAAD), a membrane-associated
enzyme that converts Phe to phenylpyruvate (PP) in the
periplasm. LAAD requires oxygen for function, and is esti-
mated to be functional in the microaerobic proximal small
intestine (Isabella et al., 2018). When we continued to further
increase the copy numbers of stlA controlled by the con-
stitutive promoter Pj23119, we found that the transformants
grew very slowly, which was deemed to be caused by con-
stitutive expression of stlA. Considering the potential meta-
bolic stress from constitutive expression of PAL on cell

physiology including gene mutation on a large-scale and
high cell density manufacturing processes that would be
needed to produce clinical development batches, we then
integrated two copies of isopropyl β-D-1-thiogalactopyr-
anoside (IPTG)-inducible promoter Ptac-controlled stlA to
decouple cell growth and PAL expression to a certain extent,
which generated TYS3308. These two copies of stlA in-
creased the TCA production by 15.3% with a limited effect
of its growth in vitro when induced by IPTG (Figure S1 in
Supporting Information).
Phe was deaminated into TCA by PAL while releasing

ammonia, which is estimated to diffuse into the intestine
when the engineered strain was pharmaceutically applied.
We speculated that the additional assimilation of ammonia
into cell metabolites, such as amino acids, may accelerate
PAL catalysis, especially under an environment with high
ammonia concentration. Enhancement of L-arginine bio-
synthesis was targeted on the basis of the high nitrogen
content of L-arginine (four atoms of nitrogen), and the
strategy was applied in capturing gut ammonia in hyper-
ammonemia models (Kurtz et al., 2019). We up-regulated
arginine biosynthesis by deleting a negative regulator, argR
of L-arginine biosynthesis, and mutated an L-arginine bio-
synthetic enzyme, argA into a feedback-resistant mutant
argAY19C (Figure 2A) (Kurtz et al., 2019). The resulting
strain TYS8244 was found to produce 5.5% more TCA than
that of its control TYS3308 (Figure 2B).
The addition of 2 mmol L−1 salicylic acid during the de-

gradation of Phe by TYS8244 increased the concentration of
extracellular TCA (Figure S2 in Supporting Information),
indicating that salicylic acid induces TCA efflux, which was
consistent with previous reports (Ravirala et al., 2007). The
suspected salicylic acid-induced acrA or emrA transporter
(Ravirala et al., 2007) was integrated into the lacZ site under
the control of the constitutive promoter Pj23119, and it was
found that the acrA-expressing strain TYS8086 degraded
Phe 1.2 times more than that of the original strain TYS8244,
while TCA increased about 4% (Figure 2B). However, the
strain expressing emrA did not affect TCA production
(Figure S3 in Supporting Information).
We then optimized the ribosome binding site sequences of

PheP and PAL by the Salislab online software (https://sal-
islab.net/). The resulting strain TYS8499 increased TCA
production by 6.9% compared with TYS8086 (Figure 2B).
Expression of PAL in TYS8499 was also verified by SDS-
PAGE as a specific band of ~57 kD (Figure S4 in Supporting
Information).

Engineered EcN intracellularly and extracellularly de-
grades Phe

To further improve the ability of TYS8499 to degrade Phe,
we added the cell surface display module to achieve si-
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multaneous degradation of Phe intracellularly and extra-
cellularly in the intestinal tract. Considering that the dis-
played PAL will be exposed to the intestinal environment,
the ability to resist acid and protease degradation may help
its activity (Figure 2A). Therefore, in addition to the PAL
from P. luminescens, we also selected a PAL mutant from
Anabaena variabilis, avPAL* (A39V, T54K, G59R, S73K,
A91V, N290G, R305M, H307G, L407V, C503Q, Q521K,
T524S, C565P), which is reported to be resistant to low pH
and protease degradation by enzyme evolution (Huisman et
al., 2014). We found that TYS8499 displaying K6-InaK-N
fused avPAL* did not further increase the activity of
TYS8499, while PAL from P. luminescens increased the
production of TCA by 26.0% (Figure 2C). The K6-InaK-N
fused PAL under control of Pj23119 was then integrated into
the dapA site of TYS8499, and the resulting strain TYS8516
produced 16.3% more TCA than TYS8499, indicating that
the PAL activity in the surface display fraction determined
by treating with Proteinase K in TYS8516 was about 16% of
the whole cell activity (Figure 2D, E). The PAL activity of
TYS8499 was not affected by Proteinase K (Figure S5 in
Supporting Information). Deletion of the dapA gene, en-

coding 4-hydroxytetrahydropicolinate synthase, enables
biocontainment that renders engineered bacteria dependent
on exogenous diaminopimelate (DAP) for cell wall bio-
synthesis and growth (Isabella et al., 2018). The copy
numbers of the surface display module integrated was then
increased up to three to generate TYS8500 until the whole
cell activity was equivalent to the K6-InaK-N fused PAL
expression with plasmids (Figure S6A, B in Supporting In-
formation).
The freezing viability effect on TYS8516 and TYS8500

that immobilized the surface displayed PAL was then in-
vestigated. It was found that the total and the extracellular
activity did not change significantly within 4 weeks of
cryopreservation, indicating its value for further pharma-
ceutical applications (Figure 2F, Figure S6C in Supporting
Information).

In vivo activity of TYS8499, TYS8516 and TYS8500

In vivo activity and efficacy of TYS8499 (without PAL
display), TYS8516 or TYS8500 (with PAL display) in
PahF263S mice are varied. PahF263S is a common mutation in

Figure 1 Recombinant EcN displaying PAL. A, pTtrcHis2B constructs carrying stlA coding for PAL, fused to the delivery portion of three different surface
display systems: C-terminal of a poly-γ-glutamate synthetase complex PgsA from Bacillus subtilis, the C-terminal of the lipoprotein Lpp-OmpA chimera and
a truncated form of the INP, InaK-N (N-terminal domain) from Pseudomonas syringae, with or without 6×Lys polypeptides (K6) anchored to the N-terminus
of the carrier protein under an IPTG-inducible (Ptrc) or a constitutive promoter (Pj23119); we analyzed 5×108 activated cells in a 4 mmol L−1 Phe assay
buffer for PAL activity. The intracellular activity was measured using cells under a proteinase K digestion in a 3 h reaction. B, The intracellular and
extracellular activity of the 109 recombinant EcN carrying the six constructs indicated in (A). The rates of TCA synthesis (C) and Phe consumption (D) were
calculated for recombinant EcN carrying plasmid Pj-K6INP-PAL. The extracellular activity was calculated as the whole cell activity minus the intracellular
part. Bars represent the average±s.d. *, P<0.05; **, P<0.01; ***, P<0.001.
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PKU patients, and the genotype is consistent with Pahenu2/enu2

mice which is widely used as the PKU animal model (Isa-
bella et al., 2018). The coat color of the mutant mice was
different from that of WT mice. The fur color gradually
lightens with age and a fair-hair phenotype was observed,
which was consistent with previous reports (Yin et al., 2022).
It was previously reported that PP dosed orally in mice was
not present in either blood or urine, suggesting it is not
suitable for a biomarker. By contrast, over 90% of TCA is
converted hepatically to hippuric acid (HA) and targeted for
rapid urinary excretion in mice (Isabella et al., 2018). The
serum Phe concentration in PahF263S mice is reduced to less
than 200 μmol L−1 when maintained on a Phe-deficient diet.
Although administration of activated TYS8516 did not
ameliorate a significant increase in the levels of serum Phe
than that of TYS8499 in PahF263S mice maintained on a Phe-
deficient diet following subcutaneous (s.c.) Phe injection
(38.0% vs. 34.0% decrease, Figure 3A), a significant in-
crease in urinary HA excretion by TYS8516, 17.5% higher
than that of TYS8499 was observed (Figure 3B). Subse-

quently, oral administration of activated TYS8516 in
PahF263S mice resulted in dose-dependent serum Phe de-
crease and urinary HA recovery (Figure 3C, D). Further in-
crease of PAL display integration module by TYS8500
showed a 9.84% increase in depletion of serum Phe and
9.44% increase in HA levels than that of TYS8516 with one
copy of the PAL display module integrated (Figure S6D, E in
Supporting Information).

DISCUSSION

Our engineered bacteria was constructed from the probiotic
EcN, which has been safely used for nearly 100 years as an
active pharmaceutical ingredient in multiple licensed med-
icinal products (Sonnenborn, 2016). In addition, free DAP
levels were undetectable by liquid chromatography and mass
spectrometry in the intestinal effluents of mice, and its
concentration in soil was insufficient to support the growth
of the engineered bacteria which contains a deletion of the

Figure 3 In vivo activity and efficacy of TYS8499 (without PAL display) and TYS8516 (with PAL display) in PahF263S mice. PahF263S mice on a Phe-
deficient diet were housed and bled, followed by subcutaneous Phe administration (0.1 mg g−1 body weight) and an oral gavage of 5×1010 or an indicated dose
of cells of EcN, TYS8499 or TYS8516 (A, C) (n = 6/group). The y axis represents the change in serum Phe before and 4 h after Phe injection. The horizontal
line indicates the mean; error bars indicate s.d. (B), (D). Urine from the mice in (A), (C) was collected over 4 h and analyzed for HA. Bars represent the
average±s.d. *, P<0.05; **, P<0.01; ***, P<0.001. ns: not significant.
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dapA gene, thereby enabling in vivo and environmental
biocontainment (Isabella et al., 2018). Using probiotics as a
vector to express PAL is promising to realize daily intestinal
intervention of PKU patients, which is clinically easier to
manage than injection. The increased activity of PAL by
intracellular expression in probiotic cells is limited by the
transmembrane transport of Phe. By being displayed on the
cell surface, PAL is free to access intestinal Phe and mem-
brane penetration of the Phe is no longer an issue. In addi-
tion, cell surface display of PAL is orthogonal to
intracellularly expressed PAL, which offers a way to improve
the whole cell activity. Moreover, displaying PAL on cell
surfaces of live probiotics have more advantages over free
PAL, because live probiotics can continuously express and
display PAL to resist degradation by proteases in the intes-
tine, while the activity decrease of free PAL is irreversible
after being degraded by proteases or deactivated by low pH.
The whole cell activity of TYS8500 constructed in our study
with three-copy of PAL integrated as the display module
combined with intracellular PAL expression was 21.7%
higher than TYS8499 that could only degrade Phe by in-
tracellular PAL in vitro. Microbial cell-surface display has a
wide range of biotechnological and industrial applications,
including live vaccine development, peptide library screen-
ing, bioconversion using whole cell biocatalyst and bioad-
sorption (Lee et al., 2003). The first time of its expanded
application in engineering gut microbiome offers a new way
to regulating human metabolism.
We noticed that the decrease of serum Phe is not that

consistent with the increase in HA in urine in TYS8516 with
PAL displayed compared with TYS8499 without PAL dis-
played. We assumed that the decrease of serum Phe to a
certain extent is buffered by in vivo circulation and does not
appear to be significant. Although microbial cell-surface
display is a rather well-established technology, the char-
acteristics of carrier proteins, passenger proteins, host cell,
and fusion methods all affect the efficiency of surface dis-
play (Lee et al., 2003). Three display systems were tested for
PAL in our study, and further optimization showed about half
of the PALs was successfully displayed. The significant
display efficiency improvement by the addition of polypep-
tide K6 to InaK-N might be associated with the N-terminal
pI-specific directionality and their interactions with InaK-N,
but the molecular mechanism of how the charged polypep-
tides affect the surface display of INP remains unclear
(Zhang et al., 2016). We do not think that further improving
display efficiency is the most important aspect of future
strain optimization, because we have seen that by increasing
the copy number of PAL display modules, whole cell vitality
has reached its limit. We speculate that this is due to space
constraints on the cell surface. According to the recently
announced SYNB1618 clinical phase II results, PKU pa-
tients experienced a 20%–40% reduction in D5-Phe after

meals. The TYS8500 constructed in this article showed
16.8% more degradation of Phe activity in vivo than
SYNB1618 according to their published data (Isabella et al.,
2018), which has potential in future treatment of PKU. We
also believe that the strain needs to be further optimized to
increase its activity, because the 20%–40% reduction of Phe
is not enough to satisfy clinical needs. We believe that the
future direction for optimization is to select PALs with
higher activity (Adolfsen et al., 2021). This can be achieved
through natural selection (Hyun et al., 2011) or protein en-
gineering. The latter requires the establishment of high-
throughput screening methods (Mays et al., 2020).

MATERIALS AND METHODS

All strains and plasmids constructed in this study are listed in
Table S1 in Supporting Information. The primers used for
plasmid construction and genetic modifications are listed in
Table S2 in Supporting Information.

Construction of plasmids for cell surface display

For the construction of plasmids Ptrc-PgsA-PAL, Ptrc-LO-
PAL and Ptrc-INP-PAL, the pgsA gene was PCR-amplified
from B. subtilis using primers pgsA(trc)-F/pgsA(trc)-R; the
lpp-ompA gene was amplified from E. coli using primers lpp
(trc)-F/lpp(trc)-R and ompA(trc)-F/ompA(trc)-R; the inaK-
N gene was amplified from pUC-inaK synthesized by Gen-
Script (Nanjing, China); the PAL gene was amplified by PCR
from pUC-stlA synthesized by GenScript. All of the DNA
fragments were cloned into the NcoI/HindIII lincarized
pTrcHis2B vector using a DNA assembly Kit (TransGen
Biotech) to generate Ptrc-PgsA-PAL, Ptrc-LO-PAL and Ptrc-
INP-PAL.
Plasmids Pj-K6INP-PAL bears 6×Lys added to the 5′ end

of inaK-N, inaK-N and PAL from Ptrc-INP-PAL controlled
by the Pj23119 promoter. The p15A replicon fragment was
amplified from the pSU2718 vector using 15A-F/Psu-RG
primers, and the kanamycin resistance gene was PCR-am-
plified from the pPIC9k vector using Kan-FG/Kan-R(15A)
primers. The inaK-N gene in Pj-K6INP-PAL was replaced
with pgsA or lpp-ompA to generate Pj-K6PgsA-PAL or Pj-
K6LO-PAL. The PAL gene in Pj-K6INP-PAL was replaced
with avPAL* synthesized by GenScript to generate Pj-
K6INP-avPAL*.

Construction of Phe-degrading strains

Different plasmids for cell surface display were transformed
into the EcN by electroporation to generate recombinant
Nissle 1917 strains displaying PAL.
Phe-degrading strains also had genes inserted into the EcN
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chromosome using CRISPR/Cas methods (Li et al., 2021).
Three copies of PAL controlled by the Pj23119 promoter
were integrated into malE/K, yicS/nepI and malP/T sites.
Two copies of PAL controlled by the tac promoter were
inserted into exo/cea and rhtC/B integration sites. Three
copies of surface displaying PAL genes fused with inaK-N
for its concurrent expression controlled by the Pj23119
promoter were integrated into dapA, betA and ybaP sites,
which did not affect the growth (Goormans et al., 2020;
Isabella et al., 2018; Li et al., 2021). Two copies of PheP
which expressed the Phe transporter from E. coli controlled
by Pj23119 were inserted into lacZ and agaI sites. One copy
of Pma which encoded a L-amino acid deaminase from P.
mirabilis controlled by the PBAD promoter was integrated
into the araBC site. The efflux pump gene acrA or emrA was
overexpressed by the Pj23119 promoter. ArgR deletion and
ArgAY19C mutation for a feedback-resistant version were
done also using CRISPR/Cas methods.
The ribosome-binding sites (RBSs) of PAL and PheP

controlled by Pj23119 were optimized using webinterface
RBSonline calculator (https://salislab.net/) to achieve a
targeted translation initiation rate. The optimized RBSs
sequences were listed in Table S3 in Supporting Informa-
tion.

PAL activity assay in vitro

The recombinant strains were cultured in tubes containing
4 mL LB medium, and cultivated overnight at 37 °C,
250 r min−1. 1% of the overnight culture was transferred to a
shake flask containing 30 mL LB medium, and incubated for
1.5 h at 37 °C, 250 r min−1. Then 1 mmol L−1 IPTG was
added and the incubation continued for 3 h.
The cells were collected by centrifugation at 4,000 r min−1,

resuspended in M9 medium (containing 0.5% glucose), and
the OD600 was adjusted to 1.0. 0.4 mL of the supernatants
were removed into 5 mL of activity assay buffer (M9 med-
ium, 5 g L−1 glucose, 50 mmol L−1 MOPS, 4 mmol L−1 L-
phenylalanine, and with or without 2 mmol L−1 salicylate),
and incubated at 250 r min−1 at 37°C for 3 h with shaking.
The sample was collected, centrifuged at 13,000 r min−1 for
10 min, and the supernatant was detected by high perfor-
mance liquid chromatography (HPLC).

Assay for outer membrane’s fraction of surface dis-
playing PAL

The recombinant strains were centrifuged and washed with a
phosphate-buffered saline (PBS) buffer, then adjusted to an
OD600 value of 1.0. Samples were treated with Proteinase K
(0.1 mg mL−1) at 37°C. After 1 h of incubation, cells treated
and untreated with Proteinase K were assayed for PAL ac-
tivity as described above (Liang et al., 2012).

SDS-PAGE Analysis

An equal volume (10 μL, ~0.1 OD) of each fraction was
mixed with the loading buffer, boiled for 10 min, and re-
solved by 10% (wt/vol) SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE).

Recombinant strain culturing in a bioreactor

Cultures were placed in a 2-liter bioreactor (New Brunswick
Scientific, NBS) with a working volume of 1 L. A single
colony was picked and inoculated in a tube containing 4 mL
LB (containing 0.1 g L−1 DAP, purchased from Sigma), and
cultivated overnight at 37°C, 220 r min−1. The overnight
culture broth was transferred to a 500 mL shake flask con-
taining 100 mL of fermentation medium (Y.E 24 g L−1, Soy
peptone 12 g L−1, K2HPO4 11.4 g L−1, KH2PO4 1.7 g L−1,
Glycerol 32 mL L−1, DAP 0.3 g L−1) at 1% inoculum, and
cultured for 8 h.
The shake flask culture was transferred to a 2 L NBS self-

controlled fermentor containing 1 L fermentation medium at
a 1% inoculum. The temperature was controlled at 37°C, and
the dissolved oxygen was controlled at 60%. When OD600

reached 1.5, 1 mmol L−1 IPTG was added and the dissolved
oxygen was controlled at above 30%. After 12 h of con-
tinuous cultivation, the final concentration of 0.15% L-ara-
binose was added for 1 h induction. During the whole
fermentation process, the pH was controlled at 7.0 with
ammonia water. The cells were collected by centrifugation at
4,500×g for 30 min at 4°C, resuspended in a PBS solution
containing 15% sterile glycerol, and stored at −80°C.

The recombinant strain activity and efficacy in vivo

PahF263S mice (purchased from GemPharmatech Co. Nanj-
ing, China) were fed with Phe-deficient diet (purchased from
Deyts), and drinking water containing phenylalanine
(0.5 g L−1) was used to supplement Phe-deficient diet. At the
beginning of the study (T=0 h), the phenylalanine-containing
drinking water supply was replaced with regular drinking
water, and blood was collected to detect serum phenylalanine
at T=0 h. Then the mice were injected subcutaneously with
Phe (0.1 mg g−1, BW). 300 μL of the recombinant strains or
EcN were orally gavaged at 1, 2, and 3 h post injection.
Blood and urine were collected 4 h post injection for serum
Phe and hippuric acid assay.

Dose response assay in vivo

The difference between this assay and the one above was the
total number of gavage viable bacteria. For dose response
and efficacy determination, oral gavage was 1×1011 cfu,
5×1010 cfu, 2.5×1010 cfu or 1.25×1010 cfu. Blood and urine
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collection were carried out as described above.

Determination of L-phenylalanine, phenylpyruvate and
trans-cinnamic acid levels by HPLC

Determination of L-phenylalanine, phenylpyruvate and
trans-cinnamic acid levels in vitro were done using HPLC.
The HPLC system consisted of the Chromatographic column
ZORBAX SB-C18 (150 mm×4.6 mm, 5 μm) and the UV
detector. The injection volume used was 5 μL. 1.5% acetic
acid and acetonitrile were used as mobile phases for gradient
elution, 1.5% CH3COOH/CH3CN (95/5) was used from 0 to
8 min, and 1.5% CH3COOH/CH3CN (0/100) was used from
13.1 to 23 min. The detection wavelength was 260 nm and
the column temperature was 40°C.

The assay of serum phenylalanine

2 μL of serum was suspended with 198 μL of pre-cooled
80% methanol for 1 min, then placed in an ice bath and
sonicate for 30 min, incubated at −20°C for 2 h and cen-
trifuged at 13,000×g for 15 min at 4°C. 40 μL of supernatant
was transferred to a new 1.5 mL centrifuge tube and freeze-
dried overnight. 400 μL of 0.1% formic acid was added to
resuspend, and the solution was sonicated for 30 min in an
ice bath again.
Mobile phase Awas 0.1% formic acid and mobile phase B

was 0.1% fromic acid in methanol. Chromatographic se-
paration was carried out with the following gradient: 2% B
from 0 to 5 min, 2%→40% B from 5 to 6 min, 40%→90% B
from 6 to 7.5 min, 90%→2% B from 7.5 to 8 min, and the
flow rate was 200 μL min−1. Multipe reaction monitoring in
positive 5500 V mode was used for trandem MS analysis.
The compound-depnedent LC-MS/MS parameters were: Q1
mass: 166.2, Q3 mass: 120.2, curtain gas (CUR): 10 psi,
declustering potential (DP): 125 V, collision energy (CE):
16 V, and cell exit potential (CXP): 13 psi.

Determination of HA levels in urine by HPLC

100 μL methanol was added to 100 μL of urine specimens
and centrifuged at 2,500 r min−1 for 5 min. Finally, 3 μL of
the supernatant was injected into HPLC. The HPLC mobile
phase consisted of a mixture of 5 mmol L−1 KH2PO4 (pH
2.5)/CH3CN (90/10). The column used was SB-C18
(4.6 mm×150 mm, Agilent, USA). The effluent was mon-
itored at 225 nm and the total assay was carried out at 25°C
(Duydu et al., 1999). Hippuric acid was purchased from
Sigma.
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