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Abstract A novel uric-acid-responsive regulatory system
was developed in Escherichia coli by adapting the HucR-
related regulatory elements from Deinococcus radiodurans
into E. coli. The induction performance of this system was
compared to the performance of both the pBAD and pET
systems. Our novel regulatory system was induced in a
dose-dependent manner in the presence of uric acid and ex-
hibited low basal expression in its absence. The system was
characterized by a wide dynamic range of induction, being
compatible with various E. coli strains and not requiring
genomic modifications of the bacterial host. E. coli DH5x
and DH10B were the most suitable host strains for optimal
performance of this system. In conclusion, we developed a
regulatory system with potential for applications in both re-
combinant protein expression and metabolic optimization.

Keywords Regulatory protein - Uric acid - Dynamic range -
Induction fold - Escherichia coli

Introduction

Regulatory systems that respond to different inducers in
Escherichia coli have multiple applications, such as in
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recombinant protein expression. E. coli is a highly attractive
host strain for recombinant protein expression due to its rapid
growth and the high-cell-density cultures that can be obtained
on inexpensive substrates (Amann et al. 1988; Baneyx 1999;
Hannig and Makrides 1998). As a consequence, various in-
ducible expression systems, such as the commonly used
pBAD and pET systems, have been developed in E. coli.
Similarly, synthetic biology studies and processes of metabol-
ic optimization require tightly controlled genetic regulatory
systems (Guido et al. 2006; Keasling 1999). Therefore, devel-
opment of novel regulatory systems is the subject of intense
research.

The E. coli genome is well understood and easy to manip-
ulate; thus, it is a common host in molecular biological studies
and the host of choice for the development of several regula-
tory systems. Although the Lacl regulated promoter P,,. and
its derivatives P, and P,,. are widely used expression system,
they exhibit comparatively weak activity and are susceptible
to high basal expression in the absence of inducers (Amann
et al. 1983; Khlebnikov and Keasling 2002; Stark 1987). The
pET expression system is an alternative to P,.-based pro-
moters which is widely used for recombinant protein expres-
sion due to a robust response to inducers and high-level
expression. However, the pET system exhibits pronounced
basal expression, and its use is restricted to strains able to
provide T7 RNA polymerase which is required for pET ex-
pression (Samuelson 2011; Tabor 2001; Wagner et al. 2008).
The L-arabinose-inducible pBAD system is characterized by
low basal expression, although it exhibits modest level of
activity in the presence of L-arabinose (Guzman et al. 1995).
Since L-arabinose is a natural substrate for bacteria, the pBAD
system requires host strains carrying genetic modifications to
inactivate genes involved in L-arabinose metabolism and har-
boring constitutive expression of the arabinose transporter. In
addition, large-scale application of these regulatory systems is
hampered by the high prices of their inducers, isopropyl 3-D-
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1-thiogalactopyranoside (IPTG) or L-arabinose (Peti and Page
2007). Therefore, development of novel regulatory sys-
tems with the potential to overcome these limitations is
in great demand. In recent years, the evolved tightly
regulated TetR promoter Ppic0.; (Lutz and Bujard
1997), the p-isopropylbenzoate (cumate)-inducible ex-
pression system (Choi et al. 2010), fatty acid/acyl-CoA
biosensors (Zhang et al. 2012), the cell-growth-induced
pLAI system (Nocadello and Swennen 2012), and the
Fur-dependent system for toxic protein expression (Guan
et al. 2013) were developed either for heterologous pro-
tein expression or for dynamic sensor-regulator systems to
optimize metabolic pathways.

The heterotrophic mesophilic bacterium Deinococcus
radiodurans is distinguished for its resistance to harsh
environments, such as those characterized by high levels
of ionizing or UV radiation, and the presence of bulky
chemical adducts or other agents that damage DNA
(Battista 1997; Cox and Battista 2005). Hypothetical uricase
regulator (HucR) from D. radiodurans belongs to the MarR
family of transcriptional regulators. This transcription factor
acts as a homo-dimer that represses its self-expression as
well as a neighboring uricase locus by binding with high
affinity to a single binding site within a promoter/operator
region shared by both genes (Fig. 1). Association of HucR
to DNA is antagonized by binding of uric acid to HucR, an
event that releases the promoter and as a consequence leads
to transcription of both genes (Wilkinson and Grove 2004,
2005). Since uric acid is a scavenger of reactive oxygen
species, the HucR system might contribute to the intrinsic
resistance of the host strain to oxidative stress (Hooper
et al. 1998).

We adapted the HucR system for use in E. coli, in order to
develop a novel uric-acid-responsive regulatory system. A
series of E. coli strains were used to test the system and for
comparisons with the established pPBAD and pET expression
systems. We have demonstrated that this novel system is
tightly regulated, highly induced, and fine-tuned by the cheap
and non-toxic inducer uric acid.

ST
s T >
40 35
Promoter for HucR

Fig.1 Scheme of genetic organizations of the HucR regulatory system in
original strain D. radiodurans. The relative orientations of the open
reading frames (ORFs) are represented by arrows. HucR binding site
(hucO, TCAGTAGGTAGACATCTAAGTATC) is indicated by a dashed
box. In the absence of uric acid (or xanthine), HucR protein binds to AucO
and prevents the binding of RNA polymerase. When uric acid (or
xanthine) antagonizes the HucR-hucO binding, RNA polymerase
initiates transcriptional process of uricase and HucR. Adapted from
Wilkinson and Grove (2004)
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Materials and methods
General

The bacterial strains and plasmids used in this study are listed
in Table 1. E. coli strains DH5x, DH10B, BL21(DE3), and
BW25113 (Datsenko and Wanner 2000) were used for the
recombinant protein expression. E. coli strains were cultivated
in Luria-Bertani broth (LB) at 37 °C. Antibiotics were used at
the following concentrations: ampicillin, 100 pg/ml; kanamy-
cin, 50 pg/ml. Restriction enzymes, DNA polymerase, T4
polynucleotide kinase, and T4 DNA ligase were purchased
from Takara Bio, Inc. (Dalian, China). Oligonucleotides were
purchased from Life Technologies (Shanghai, China). The
sequences of codon-optimized hucR gene (GeneBank Acces-
sion number KM596850) sequence, promoter P, (Karin and
Ruhdal 1998) sequence, and a multicloning site sequence
were synthesized by Life Technologies (Shanghai, China,
Fig. S1 and S2).

Plasmid construction

The backbone of a pSHYa plasmid is based on commercial
plasmid DsRed, containing P,,. controlled encoding gene of
red fluorescent protein fp. The structural features of the uric-
acid-induced promoters and the pSHYa plasmid are summa-
rized in Fig. 2. Sequences of primers used in this study are
listed in Table 2.

1. pHY. Promoter P, was amplified using primer P p6-Cla-
I-fvd and P y6-rev, resulting in PCR product F1; the sucR
gene was amplified with primers hucR-fwd and hucR-rev,
resulting in PCR product F2; the ygfU gene (GeneBank
Accession number AP009048) (Papakostas and Frillingos
2012) was amplified from E. coli genomic DNA using
primers ygfU-fwd and ygfU-Nhel-rev, resulting in PCR
product F3; the DsRed vector was amplified with primers
DsRed-linearize-Clal and DsRed-linearize-Nhel,
resulting in PCR product F4. All PCR products were
gel-purified, and equimolar aliquots (1.5 nmol each) of
fragments F1, F2, and F3 were PCR-assembled without
primers. Then, the outer primers AucR-Clal-fwd and
ygfU-Nhel-rev were added to the assembly reaction, and
the PCR product F5 was amplified. Product F5 was
ligated with product F4 after digestion with Clal and
Nhel, resulting in plasmid pHY.

2. pHYa. PCR was performed using pHY as template with
primers promoter-/acO-deletion-fwd and promoter-lacO-
deletion-rev to apply site-directed mutagenesis as de-
scribed (Zheng et al. 2004), resulting in plasmid pHYa
which contained a mutated /acO downstream promoter
P/ac-
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Table 1  Bacterial strains and plasmids used in this study
Strain or plasmid Description Reference or source
Bacterial strains
Deinococcus ATCC 13939 CGMCC 1.3828
radiodurans
Escherichia coli
DHI10B F mecrd (mrr-hsdRMS mcrBC) ®80dlacZAM15 AlacX74 deoR recAl Life Technologies
araA139 Aara leu)7697 galU galK rpsL endAl nupG Str"
DH5«x endAl ginV44 thi-1 recAl relAl gyrA96 deoRnupG ®80dlacZ Life Technologies
AMI15 A(lacZYA-argF)U169, hsdR17(rg mg '), A~
BL21(DE3) F ompT gal demlonhsdSg(rs mg ) NDE3 [lacl lacUV5-T7 gene 1 indl sam7 nin5)) Novagen
BW25113 F, DE(araD-araB)567, lacZ4787(del)::rrmB-3, LAM ", rph-1, DE(rhaD-rhaB)568, Datsenko and Wanner
hsdR514 (2000)
Plasmids
DsRed RFP under the control of Py,. promoter Clontech
pHY hucR and ygfU under the control of P s promoter This study
pHYa pHY plasmid modified by mutating the /acO sequence This study
pSHYa RFP under the control of Py, g promoter This study
pSHYa2 RFP under the control of Py, promoter This study
pSHYa3 RFP under the control of Py,.r3 promoter This study
pSHYb A MCS region with 6 xhistidine tags inserted downstream of Pp,,.g promoter
pSHY-lacZ LacZ under the control of Pp,.g promoter This study
pET28a T7 pET expression plasmid vector Novagen
pET28a-rfp RFP under the control of T7 promoter into pET28a This study
pBAD/Myc-HisC pBAD expression vector Life Technologies
pBAD-rfp REFP under the control of Pgp promoter This study

Fig. 2 Features of vectors. a
Plasmid map of pSHYa. b
Sequences of promoters Pycr,
Phucr2, and Pyyer3. The —35 and
—10 site in the promoter are
indicated by underline. The
regulatory protein HucR binding
sequences are indicated by
shaded areas. ¢ The MCS region
and 6x histidine tag encoding
sequences in plasmid pSHYb

pBR322 ori

Vector pSHYa
Ampr

B
-35 -10

PhucR TTTACATAGGTAGACATCTAAGTATATGTTGTGTGGAACCGATTTAATAAAACAATTTCACACAG
I:>hucR2 TTTACACTTTATGCTTTTTATGTTTATGTTGTGTGGAACCGTCAGTAGGTAGACATCTAAGTATC

PhucR3 TTTACATAGGTAGACATCTAAGTATATGTTGTGTGGAATTGTCAGTAGGTAGACATCTAAGTATC

Kpnl  Ncol Histidine tag Notl Xhol Histidine tag Bglll
GGTACCGCCATGGGCAGCAGC CATCATCATCATCATCACAGCGGCCGCACTCGAGCACCACCACCACCACCACT GAGATCCGGAGATCT
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Table 2 Primers used in this study

Primers Sequences (5'-3")

Pps-Clal-  ggtatcgataagcttgatatcgaattcctg

fwd

Pepsrev cgegcegctcatcatatgtgcctecttctagaccca
DsRed- cttatcgataccgtcgacctcgagtgaaatac
linearize-

Clal

DsRed- taagctageccageeccgacacecgecaac
linearize-

Nhel

hucR-fwd  gaaggaggcacatatgatgagcgcgegeatggataac
hucR-rev tatggcgctcattgtactcttcgagctcaacaccctgttcgagge
yefU-fwd  gttgagctcgaagagtacaatgagegccatagattcccaacttce
vefU-Nhel-  tgggctagcttattctceatgcteatttt

rev

Prucr-fwd  atctaagtatatgttgtgtggaattgtgag
Phucr-rev  gtctacctatgtaaagectggggteccta
Phucro-fwd  gtctacctatccacacaacataaacataaaaage
Phucro-rev  atctaagtatttcacacaggaaacagctatg
Phucr3-fwd  taggtagacatctaagtatttcacacaggaaacagctatgacc
Phucr3-tev  tccacacaacatatacttagatgtctacctatgtaaagectggggtgcctaatgagtg
MCS-Kpnl-  ccgggtaccgecatgggceageagecate

few

MCS- tggagatctccggatctcagtggtggteg
Bglll-rev

promoter-  atgttgtgtggaaccgatttaataaaacaatttcacacagg
lacO-

deletion-

fwd

promoter-  cctgtgtgaaattgttttattaaatcggttccacacaacat
lacO-

deletion-

rev

pBAD-rfp-  atgccatggatggectectcegaggacgte

Ncol-

fwd

pBAD-rfp-  atgggtaccctacaggaacaggtggtggc
Kpnl-rev

pET28a- atggctagcatggcectectccgaggacgtc

rp-

Nhel-

fwd

pET28a- gtgctcgagctacaggaacaggtggtggc

rp-

Xhol-rev

lacZ-Kpnl-  ccgggtaccaatgaccatgattacggattc

fwd

lacZ-Bglll-  tggagatctttatttttgacaccagaccaac

ev

Restriction sites were indicated by underlines

3. pSHYa. PCR was performed using plasmid pHYa as
template with the primer pairs Pp,.r-fwd/Ppycr-rev,
Phucro-fWd/Pyycro-rev, and Ppycr3-fwd/Pyycr3-rev, respec-
tively, resulting in PCR products 1, 2, and 3. Products 1,
2, and 3 were treated with T4 polynucleotide kinase and
then self-ligated, resulting in plasmid pSHYa, pSHYa2,
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and pSHYa3, respectively, which had the 18-bp HucR
binding sequence located between —35 and —10 motif,
downstream of the —10 motif, and at both of the above
locations, respectively.

4. pSHYb. The fragment including a multiple cloning site
(MCS) sequence and encoding sequences of 6x histidine
tags were amplified with primers (MCS-Kpnl-fwd and
MCS-Bgl/ll-rev) and inserted into the pSHYa plasmid
after digestion by Kpnl and Bg/ll, resulting in plasmid
pSHYD in which the MCS was placed downstream of the
Phucr promoter.

5. pSHY-lacZ. The lacZ gene was amplified from E. coli
genomic DNA with primers lacZ-Kpnl-fwd and lacZ-Bgl-
[-rev. The PCR product was ligated into plasmid pSHY
after digestion of Kpnl and Bg/ll, resulting in plasmid
pSHY-lacZ.

6. pET-rfp. Gene rfp was amplified using pSHYa as template
with the primers pET28a-7fp-Nhel-fwd and pET28a-rfp-
Xhol-rev. The PCR product was ligated into a pET28a
vector after digestion of Nhel and Xhol, resulting in
plasmid pET-rfp.

7. pBAD-rfp. Gene rfp was amplified using pSHYa as tem-
plate with the primers pBAD-rfp-Ncol-fwd and pBAD-
rfp-Kpnl-rev. The PCR product was ligated into
pBAD/Myc-HisC after digestion of Ncol and Kpnl,
resulting in plasmid pBAD-rfp.

Fluorescence assays

A single colony of the indicated host strain harboring plasmid
pSHYa, pBAD-rfp, or pET-rfp was grown overnight in LB
medium at 37 °C and then diluted 1:1000 (unless otherwise
indicated) in the same medium and grown till optical density
(ODggp) reached 0.6 (early exponential phase). Inducers of
indicated concentrations were added. MOPS buffer (16 mM)

6000+
5000
4000
3000

2000

RFP fluorescence/OD,

10004

e 4 4
0 2 4 6 8
Uric acid (M)

Fig.3 Comparison of induction performances of promoter Py,.r (circle),
Prucro (square), and Py cr3 (triangle) by measuring RFP fluorescence at
the indicated concentrations of the inducer uric acid under the modified
standard induction conditions (with 1:100 dilution of culture inoculation
and an induction time of 10 h)



Appl Microbiol Biotechnol (2015) 99:2267-2275

2271

was used to maintain the cultural broth at around pH 7.0. The
culture was allowed to grow under inducing conditions for 7 h
(unless otherwise indicated), and an aliquot of 500 ul was
removed and centrifuged, and the cells were resuspended in
500 pl of 100-mM potassium phosphate buffer (pH 6.0).
ODggo and RFP fluorescence emission were measured with
a SynergyMx Multi-Mode Microplate Reader (BioTek, Ver-
mont, USA) (556-nm excitation filter and 586/20-nm emis-
sion filter). The fluorescence data were normalized with re-
spect to ODgo. All reported data represent the mean of three
independent data points in Figs. 3, 4a, b, and 6 and Table 3.
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Fig.4 The dose-response curves of plasmid pSHYa in DH5x toward the
inducer uric acid (a) and xanthine (b), as well as that of plasmid pSHY-
lacZ in DH5« toward the inducer uric acid (¢). The inducers were added
when cell density (ODggo) reached 0.6, and a 7-h induction course was
allowed. Xanthine concentrations exceeding ~7 uM significantly reduce
growth, making the dose response of the pSHYa plasmid to exogenous
xanthine difficult to quantify at elevated concentrations

Flow cytometry analyses of the cells harboring plasmid
pSHYa induced under various concentrations of uric acid were
performed as described previously (Lee and Keasling 2005)
with a BD FACS Arialll flow cytometer (BD Biosciences,
San Jose, USA) and excitation at 561 nm, and the fluorescence
emission was detected using a 610/20-nm band-pass filter.

SDS-PAGE

The expressions of RFP under the control of different regula-
tory systems were assessed with sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). Cultures (1.5 ml)
prepared in the “Fluorescence assays” section in the presence or
absence of inducers were centrifuged, and the cells were resus-
pended in 0.5 ml of sodium phosphate buffer (pH 7.0, 50 mM).
Then, the cells were lysed by ultrasonication, and the crude cell
extracts were obtained by centrifugation. The crude cell extracts
were applied to SDS-PAGE (15 % separating gel).

Measurement of 3-galactosidase activities

[3-Galactosidase activity was measured using o-nitrophenyl-3-
D-galactopyranoside (ONPG) as substrate (Noh et al. 2009).
The hydrolysis reaction was performed by incubating 10-ul
crude enzyme extracts prepared by ultrasonication method with
140 pul of 1 mM ONPG in Mcllvaine buffer (200 mM
Na,HPO,, 100 mM citric acid, pH 6.0) at 37 °C for 10 min,
and the reaction was stopped by adding 150 pl of 200 mM
Na,COs;. The increase in absorbance at 420 nm due to the
release of o-nitrophenol (ONP) was measured. One unit (U)
of enzyme activity was defined as the amount of enzyme
required to liberate the equivalent of 1 pumol of ONP per minute
under the assay conditions. All reported data represent the
mean of three independent data points in Fig. 4c.

Results

Development of the uric-acid-responsive regulatory system
in E. coli

A regulatory system in E. coli is composed of a regulatory
protein and the promoter under its control. The HucR protein
was constitutively expressed from the pSHYa plasmid (Fig. 2a).
The structure of the consensus regulatory promoter in E. coli
consists of an operator and —35 and —10 motifs that facilitate
recognition and binding by the RNA polymerase. Although the
sequences of the —35 and —10 motifs are highly conserved, the
16-18-bp-long intervening region sequence between them is
randomly organized (Harley and Reynolds 1987). The HucR-
controlled promoters Py,,cr» Phucr2, and Ppycr3 Were constructed
by placing an 18-bp sequence, composed of a
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Table 3 Comparison of the

regulatory behaviors of pSHYa, Inducer concentration/mM REP fluorescence Induction fold
pET, and pBAD systems
IPTG/mM 0 1
pET28a-rfp (BL21(DE3)) 24x10°+30 9.5x10*+0.4x10* 40
Arabinose/mM 0 1
pBAD-rfp (BW25113) 542 1.0x10%+15 200
Uric acid/mM 0 0.05
pSHYa (BW25113) 35+4 13x10*+1.1x10 370
pSHYa (DH10B) 80+7 3.6x10*+1.5%10? 450
pSHYa (DH5) 80+8 4.1x10*+2.4x10% 510
pSHYa (BL21(DE3)) 30+1 1.4x10°£1.0x10> 46

pseudopalindromic sequence with two 8-bp half-sites separated
by 2 bp (TAGGTAGACATCTAAGTA) from the 24-bp
D. radiodurans HucR binding site (TCAGTAGGTAGACA
TCTAAGTATC) (Wilkinson and Grove 2004) at different
locations in the Pj,. promoter (Fig. 2b). Pp.r exhibited the
greatest inducing potential, compared with the other two pro-
moters (Phucro and Ppyersz, Fig. 3). The results suggested that
the intensity of induction of gene expression is related to the
location of the HucR binding sequence. Therefore, Py, g Was
chosen for further studies. To avoid induction effect of the P,
promoter by IPTG, the /acO operator was mutated to prevent
binding by the Lacl repressor. The mutated promoter precluded
induction of Py,.g by IPTG (data not show). YgfU, the func-
tional uric acid transporter responsible for importing uric acid
into cytoplasm in E. coli (Papakostas and Frillingos 2012), was
overexpressed from the pSHYa plasmid. Furthermore, an MCS
region and encoding sequences of 6x histidine tags were
subcloned downstream of Py..r (Fig. 2c), facilitating
subcloning of functional genes under the regulation of Pycg.

Induction of the pSHYa regulatory system

RFP expressed under the control of the Py,,.g promoter was
used to characterize the properties of the pSHYa system. The

6000

4000

Number of cells

2000

RFP intensity

Fig. 5 Flow cytometry analysis of RFP expressions from plasmid
pSHYa induced by 0 uM (long dashes), 10 uM (gray line), 20 uM
(dots), and 40 uM (black line) uric acid
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half-maximal and maximal induction occurs at 23 and 50 uM
uric acid, respectively (Fig. 4a). RFP expression was induced
over 500-fold between 0 and 50 uM uric acid. RFP expression
was almost linear when uric acid concentration was increased
from 2 to ~30 uM, indicating that the system could be used to
quantify environmental uric acid at concentrations that fall
within this range. This system could also be effectively in-
duced but with decreased induction fold when the inducer uric
acid was supplemented at the stationary phase of growth (data
not shown). Since regulatory protein HucR in the original
strain was also reported to be induced by xanthine (Wilkinson
and Grove 2004, 2005), the induction behavior of this regu-
latory system in response to xanthine was also tested in E. coli
(Fig. 4b). RFP expression was induced about 10-fold in the
presence of 7 uM of xanthine. Cell growth was inhibited in
the presence of xanthine at a concentration higher than 7 uM,
probably due to the NaOH solution used to dissolve xanthine.

To confirm the findings pertaining to RFP expression, we
tested the ability of the pSHYa system to induce LacZ expres-
sion. The half-maximal induction occurred in the presence of
10.5 uM uric acid, and a maximum of ~200-fold induction in
LacZ activity was observed (Fig. 4c). These results indicate
that the pSHYa regulatory system can be used to regulate
expression of various genes.

80000+
70000+
600004
500004
400004

30000+

RFP fluorescence

20000+

100004

Induction time (h)

Fig. 6 Time courses of RFP expression from plasmid pSH Ya induced by
0 uM (square), 5 uM (circle), or 30 uM (triangle) of uric acid in DH5«
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pET28a-rfp pBAD-rfp pSHYa
(BL21(DE3)) (BW25113) (DH50)
kDa M - - + + - - + + - - + +
40- o '
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25- “—

Fig.7 Comparative analysis of RFP expressions. RFP expressions from
pSHYa, pET, and pBAD regulatory systems in the indicated host strains
in the presence and absence of inducers were assessed with SDS-PAGE.

Flow cytometry

The capacity to fine-tune gene expression is an important
feature of regulatory systems employed in metabolic optimi-
zation processes. Flow cytometry was used to measure the
extent of induction of the pSHYa system under different
concentrations of uric acid. The analysis revealed that cells
expressing the pSHYa system showed a homogeneously in-
duced population over the uric acid concentration ranges
tested. Furthermore, the average expression level in the cell
population could be subtly adjusted by modifying uric acid
concentration (Fig. 5), which was also indicated in a response
curve of pSHYa (Fig. 4a). The results demonstrated that
induction by uric acid was dose dependent and that the system
is amenable to fine-tuning of gene expression.

Time course induction analysis

Expression of the pSHYa system over time was measured
under a uric acid concentration range. In the absence of uric
acid, expression was low, indicating that leaky expression did
not occur within the test hours (Fig. 6). At a concentration of
uric acid of 5 and 30 uM, expression of RFP increased over
time, reaching saturation at about 6 h after induction.

Comparison of the regulatory performance of pSHYa
with other regulatory systems in E. coli

To compare the regulatory performance of the uric-acid-
responsive regulatory system with the pBAD or pET systems
in E. coli, the reporter gene rfp was introduced into
pBAD/Myc-HisC and pET28a downstream of the Pgap and
T7 promoters, respectively. Under the same experimental
conditions, the pET system showed the highest induction
and basal expression, whereas the pPBAD system was the least
prone to leaky expression in the absence of an inducer but
only showed modest induction. In the absence of inducer, the
pSHYa system exhibited much lower levels of basal expres-
sion than that of the pET system, but somewhat higher than
that of the pBAD system, indicating that gene expression was
fairly tightly regulated in the pSHYa system. The induction

Plus sign, in the presence of the inducer (1 mM IPTG, 1 mM arabinose, or
50 puM uric acid); negative sign, in the absence of inducer; M, molecular
weight markers

fold illustrates the dynamic range of the response to an inducer
and was calculated as the ratio of fluorescence in cells
exhibiting maximal induction levels over fluorescence in cells
in the absence of an inducer. The pET system was induced to
40-fold with a high level of basal expression, whereas the
pSHYa (in its most suitable host strain DH5x) and pBAD
systems were induced over 500 and 200-fold, respectively
(Table 3). Maximal RFP expression from the pSHYa system
was as high as ~50 % of that from the pET system, while its
basal expression in the absence of an inducer was only ~3 %
of that from the pET system (Table 3). The induction capabil-
ities of regulatory systems were confirmed by SDS-PAGE

(Fig. 7).
Performance of the pSHYa system in various host strains

Since the pSHYa system could function in multiple strains
without requiring any genetic modification in the host, the
performance of the pSHYa system was studied in the E. coli
strains BW25113, DH10B, DH5«, and BL21(DE3) (Table 3).
The attributes of the pSHYa system varied among different
strains. The system showed low basal expression in the ab-
sence of an inducer in all the strains under investigation. The
highest maximal induction and the highest induction fold were
obtained in DH5«x and DH10B strains, indicating that these
are the strains where the pSHYa system achieves optimal
performance. It is noteworthy that in the host strain
BL21(DE3), the induction fold of the pSHYa system was
comparable to the pET system, but displayed much less basal
expression.

Discussion

Regulatory systems play essential roles in both production of
recombinant proteins and regulation of metabolic pathways.
Although various inducible expression systems are available,
more robust regulatory systems are still in demand (Gupta
et al. 1999; Studier and Moffatt 1986). The novel uric-acid-
responsive regulatory system developed in this study
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exhibited high maximal expression level and relatively low
basal expression. This system exhibits an extremely wide
dynamic range of transcriptional regulation, indicating a
strong gene expression regulatory capacity.

Since expression of recombinant proteins or variations in
metabolic pathways might severely hamper growth of the host
strain, low expression levels in the absence of an inducer are
favored. The pBAD expression system has been used exten-
sively to control and probe cellular processes due to its rela-
tively low level of basal expression in the absence of arabi-
nose, which might be due to the weak activity of the Pgap
promoter (Guzman et al. 1995; Lee and Keasling 2005).
However, this expression system is characterized by low
maximal induction, and our results confirmed this observa-
tion. Although the pSHYa system displayed a much stronger
induction capability than the pBAD system in the presence of
an inducer, it showed a somewhat higher level of basal ex-
pression in the absence of an inducer. Since protein expression
levels are dependent on promoter strength and translational
efficiency (Hannig and Makrides 1998), the basal expression
of the pSHYa system may be reduced by mutating the pro-
moter region (Blazeck and Alper 2013) or by using a weaker
ribosome binding site (Barrick et al. 1994). These interven-
tions would probably reduce the fully induced expression
level but maintain the wide dynamic range of induction
simultaneously.

The advantages of the novel pSHYa system entailed its
applicability for use in various E. coli strains, without requir-
ing genomic modifications, under the regulation of uric acid, a
cheap, non-metabolized, and non-toxic inducer. Although
DHS5a and DH10B are strains used for molecular manipula-
tion, mostly, they are not applied for protein overexpression.
Due to its performances in the DHS5oc and DH10B strains, the
pSHYa system will facilitate studies of molecular cloning and
gene overexpression. Besides, pSHYa could also be applied to
host strains like BL21(DE3) and BW25113 with fairly high
induction capabilities, opening new opportunities for
researchers.

Subtler approaches for metabolic optimization have been
hampered by the lack of appropriate systems for fine-tuning
gene expression (Keasling 1999; Lee et al. 2011). Our find-
ings indicated that the pSHYa system has the capacity to fine-
tune gene expression, providing additional choices of regula-
tory systems with different effector specificity for synthetic
biology studies.

Transcription of YgfU, a specific transporter of uric acid
with minimal transporting capacity for xanthine, is dependent
on 0>*-RNA polymerase in E. coli, suggesting that YgfU is
only expressed under nutrient-starvation condition (Maeda
et al. 2000). In this study, YgfU was expressed from the
constitutive promoter P in the pSHYa system for efficiently
transporting uric acid from the external environment into the
cytoplasm. As a consequence, a minimal concentration of
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inducer was needed to induce the regulatory system to the
greatest extent. In addition, uric acid can be removed from the
culture by exposure to uricase under circumstances where
inducer contamination of recombinant protein products is
undesirable, which is a drawback for inducer IPTG (Figge
et al. 1988).

Some promoters in microbes display an all-or-none or
autocatalytic induction pattern, partially due to the fact that
the expression of the transporter specific for the inducer is
under the control of the same promoter (Aaron and Milton
1957; Carrier and Keasling 1999; Siegele and Hu 1997). In
this study, YgfU was constitutively expressed to maintain a
constant intracellular uric acid concentration and to prevent an
all-or-none response of the pSHYa system.

Uric acid is an efficient scavenger of reactive oxygen
species, including hydroxyl radicals, superoxide anion, and
singlet oxygen, and is considered a critical antioxidant in
mammals (Papakostas and Frillingos 2012; Wilkinson and
Grove 2005). In the D. radiodurans strain, the uric-acid-
responsive HucR regulatory system maintains an optimum
level of uric acid, thereby reducing reactive oxygen species
concentration and conferring extreme resistance to oxidative
stress. Therefore, the regulatory system developed in this
study will allow design of microbial sensors in E. coli with
sensitive and dynamic responses to extracellular and intracel-
lular levels of uric acid.

In conclusion, we have developed a uric-acid-responsive
regulatory system in E. coli that tightly regulates gene expres-
sion over a wide dynamic range. This novel regulatory system
has potential applications in both recombinant protein expres-
sion and metabolic optimization processes.
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