
ORIGINAL RESEARCH PAPER

A tightly regulated expression system for E. coli using
supersaturated silicic acid

Yasuhiro Fujino . Ryo Tanoue .

Takushi Yokoyama . Katsumi Doi

Received: 26 March 2016 / Accepted: 30 April 2016 / Published online: 5 May 2016

� Springer Science+Business Media Dordrecht 2016

Abstract

Objective To develop a new expression system

regulated by a ferric uptake regulator in which silicic

acid is used as an inducer.

Results Fur box (binding site for Fur) was substi-

tuted for the lac operator to regulate the expression of

GFP with the lac promoter. Since the addition of

supersaturated silicic acid invokes iron deficiency,

supersaturated silicic acids were used as an inducer.

GFP expression was dependent on silica concentra-

tion, and the expression level without silica was

negligible. Basal expression level of this lac-Fur

system was extremely low and, hence, lytic enzyme

gene E from bacteriophage /X174 could be retained

in this system. Furthermore, the expression of genes of

interest was spontaneously initiated as the cell density

increased and the costs of the inducer are considerably

less than IPTG.

Conclusion The combination of lac promoter and

Ferric uptake repressor allowed the protein expression

by supersaturated silicic acid as an inducer in an easy

and cost-effective way.

Keywords Ferric uptake regulator � Gene
expression � Iron � Silicic acid � Thermus thermophilus

Introduction

The heterologous protein expression system using

E. coli is popular due to its ease of manipulation. Many

promoter systems have been developed so far; how-

ever, most of them are constructed from a lac-derived

regulatory element (Rosano and Ceccarelli 2014;

Terpe 2006). This means that the basal level of

expression is halted by a LacI (lac repressor), which

binds to a lacO (lac operator) region, and induction

can be achieved by adding the lactose analog,

isopropyl-b-D-1-thiogalactopyranoside (IPTG). LacI

is a relatively strong repressor; however, leaky

expression occurs sometimes. This incomplete repres-

sion may lead to a problem when cloning genes and

maybe toxic to the bacterial host. Thus, it is important

to develop a tightly regulated expression system that

permits cell growth until the moment of toxic gene
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induction (Anthony et al. 2004). Furthermore, the cost

of production of recombinant protein in Lac-depen-

dent system is excessive for industrial applications

therefore, it is important to develop an efficient and

economic expression system (Wu et al. 2010). The use

of IPTG, especially, in commercial processes is

hampered by its cost and toxicity. Thus, alternative

promoters have been studied including by pH (To-

lentino et al. 1992), anaerobiosis (Oxer et al. 1991),

osmolarity (Herbst et al. 1994), and stationary growth

(Shimada et al. 2004). To achieve a cost-effective

expression system, alternative inducers that are less

expensive and safe for the host can also be considered.

We found a silica-induced protein (Sip) in a

thermophilic bacterium, Thermus thermophilus (Doi

et al. 2009). Sip is the inducible protein when Thermus

cells are cultivated with supersaturated silicic acid,

and its amino acid sequence shows significant homol-

ogy with periplasmic ferric-iron-binding ABC trans-

porter. The mechanism by which Sip is induced by the

addition of supersaturated silicic acids has been

demonstrated (Fujino et al. 2016). Briefly, Sip, which

chelates with Fe(III), is under control of Fur (Ferric

uptake regulator) (Ratledge and Dover 2000). Due to

the negatively-charged colloidal silica in a supersat-

urated solution, Fe(III) is absorbed on the colloidal

silica and concentration of available iron is thereby

decreased. To make up for iron deficiency, Fur

dissociates from the promoter region of sip and then

sip transcription is initiated.

In various bacteria, the transcription of genes

involved in the iron acquisition system is negatively-

controlled by Fur (Hantke 2001). Because the inter-

actions of iron can lead to the generation of reactive

oxygen species, such as peroxides and hydroxyl

radicals, iron uptake needs to be tightly controlled.

Indeed, the expression of Sip (homolog of ferric-iron-

binding ABC transporter) when cultured in an iron-

sufficient medium was negligible. Therefore, the

protein expression system using supersaturated sili-

cic acids via iron deficiency can be a tightly-

regulated expression system. Furthermore, as the

regulation system by Fur is common to various

bacteria, it can be applied to the expression system in

E. coli. Here we report a new protein expression

system for E. coli in which supersaturated silicic acid

is used as an inducer. This method is cost-effective

and provides strictly controlled ways for recombinant

protein expression.

Materials and methods

Bacterial strains, plasmids, and growth media

All experiments were performed using Escherichia

coli JM109 (recA1, endA1, gyrA96, thi, hsdR17(rK
-

mK
?), e14- (mcrA-), supE44, relA1, D (lac-proAB)/

F0[traD36, proAB?, lacIq, lacZDM15]). E. coli were

grown at 37 �C using lysogeny broth (LB) medium

(10 g tryptone l-1, 5 g yeast extract l-1, and 10 g

NaCl l-1) or LB medium containing sodium silicate at

an appropriate concentration. The growth media were

supplemented with 50 lg ampicillin ml-1 if needed.

Quantitative reverse transcriptase PCR

Cell cultures at the stationary phase were collected by

centrifugation and re-suspended in freshly prepared LB

medium or the media containing 600 mg silicic acids

l-1. After further 1 h cultivation, the total RNA was

extracted using the RNeasy mini kit (Qiagen). Repre-

sentative genes under control of Fur, which is named as

fecI (ferric citrate transport gene I), sodB (superoxide

dismutase B), acnA (aconitase A), and fhuA (ferric

hydroxamate uptake gene A), were chosen according to

Hantke (2001). The relative expression levels of these

genes compared to gyrB (DNA gyrase subunit B) were

determined with quantitative reverse-transcriptase PCR

using LightCycler 2.0 (Roche)with the One Step SYBR

Primescript PLUS RT-PCR kit II (TaKaRa Bio).

DNA manipulation

The plasmid pAcGFP1 (Clontech) has the pUC

backbone, which provides a high-copy-number origin

of replication, the lac promoter, green fluorescent

protein gene from Aequorea coerulescens (AcGFP),

and an ampicillin resistance gene. The procedures for

plasmid construction are illustrated in Fig. 1. The SacI

site was introduced by site-directed mutagenesis 10 bp

upstream of the CAP binding site, and the resultant

plasmid was named pAcGFP1-s. The putative pro-

moter region of fhuA was amplified by PCR from

E. coli genomic DNA and the fragment was inserted

into pAcGFP1-s at SacI andNcoI sites (pPF/AcGFP1).

To produce pPLFB/AcGFP1, the lac operator

sequence was eliminated using the inverse PCR. The

SacI site was introduced (pAcGFP1DlacO), and then,

the Fur box consensus sequence (Baichoo and
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Helmann 2002; Escolar et al. 1998) was inserted at the

site with oligo-nucleotide Fur cassette 1 and 2. Primers

used and detailed sequences of the vectors constructed

here are described in the Supporting information.

GFP reporter assay

An overnight cell culture was transplanted to the fresh

LB medium or LB medium containing silica at 1 %

(w/v) and was cultured at 37 �C with shaking at

160 rpm. At intervals, aliquots of cultures were taken,

centrifuged at 10,0009g for 3 min, washed and re-

suspended in PBS (pH 7.2) to the same OD660 value

(OD660 = 0.6). For each sample, 200 ll of cell

suspension was added into a 96-well flat-bottom black

plate. The relative fluorescence level was measured

with a fluorescence plate reader. Excitation was

475 nm and emission was detected at 505 nm.

Fig. 1 Scheme of the

vector’s construction.

pAcGFP1-s has a SacI site

upstream of the CAP

binding site, introduced by

site-directed mutagenesis of

the original plasmid,

pAcGFP1. The PCR-

amplified fhuA promoter

region from E. coli and

pAcGFP1-s were digested

with SacI and NcoI and then

ligated. The resultant

plasmid, pPF/AcGFP1, was

used for GFP reporter assay.

The Lac operator sequence

was removed from

pAcGFP1 by the inverse

PCR to generate the SacI

site. Annealed

oligonucleotides containing

Fur box sequence were

inserted at the site. pPLFB/

AcGFP1 was subjected to

GFP reporter assay. The

GFP gene of pPLFB/

AcGFP1 was substituted for

gene E from /X174 at PstI

and EcoRI site in the multi-

cloning site (MCS) of the

vector. Primers,

oligonucleotides, and the

PCR condition used are

listed in Supplementary

Table 1
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Toxic gene cloning and expression

The toxic gene for E. coli, named gene E from

bacteriophage /X174 (Maratea et al. 1985), was

amplified by PCR and cloned into pPLFB/AcGFP1 at

PstI and EcoRI to replace AcGFP1 with gene E. The

resultant plasmid (pPLFB/geneE) was transformed

into E. coli JM109 and cultured in the LB medium or

silica-containing LB medium. OD660 values were

monitored over time to determine the cell growth.

Results and discussion

As described by Fujino et al. (2016), the addition of

supersaturated silicic acids provokes the expression of

Fur-regulated genes in thermophilic bacterium

T. thermophilus. Since the regulation by Fur is widely

found in bacteria, this phenomenon occurs even in

E. coli. First, to screen the genes that are up-regulated

by the addition of supersaturated silicic acid, the

transcriptional level of Fur-regulated genes when

cultured in supersaturated silicic acid-containing

medium was determined by qRT-PCR. The transcrip-

tional level of fecI, sodB, and acnA in silica-containing

medium increased by 2–3 times that in normal media,

whereas transcription of fhuA was enhanced by about

8 times. Threshold cycle (Ct) value in qRT-PCR were

these; 24.4 ± 0.2 (fhuA, without silicate), 21.6 ± 0.7

(fhuA, with silicate), 20.1 ± 0.3 (gyrB, without sili-

cate), and 20.1 ± 0.2 (gyrB, with silicate).

This result demonstrated that Fur-regulated genes

were also transcribed by the addition of supersaturated

silicic acid, and the promoter of fhuA seemed to be

most effective in constructing a silica-inducible

expression system. To evaluate the expression perfor-

mance of the fhuA promoter, it was cloned into

pAcGFP1-s at SacI and NcoI sites (pPF/AcGFP1) and

the synthesis of GFP was measured. The transformant

was cultivated in silica-containing LB medium at 0,

200, 400, and 600 mg l-1 for 24 h. Although the

relative fluorescence level slightly increased by the

addition of silica, each fluorescence value was almost

the same as that of JM109 itself (data not shown),

indicating that GFP was almost unexpressed.

Although relative transcriptional level was enhanced

by silica, the absolute strength of the pfhuA promoter

might be weak. This weakness is also supported by

qRT-PCR analysis. Although relative transcriptional

level increased 8 times by the addition of silicic acids,

Ct values of fhuA were higher than gyrB even in

induced condition, indicating that fhuA transcripts

were lower than gyrB.

To overcome the weakness of the fhuA promoter,

the lac promoter was used for the protein expression.

Since the nature of the induction by supersaturated

silicic acids is the dissociation of Fur from the

promoter region, a Fur binding site (Fur box) was

introduced downstream of the lac promoter instead of

the lac operator (pPLFB/AcGFP1). Figure 2 shows

GFP expression under different concentrations of

silicic acids. Even after 24 h little expression was

observed below 200 mg l-1, while significant induc-

tion was observed at over 400 mg silicic acid l-1. At

800 mg l-1, the relative fluorescence (RF) value was

almost the same as that at 600 mg l-1, indicating that

600 mg l-1 is an optimum value for silica induction.

Fig. 2 GFP expression induced by silicic acids. a GFP

expression levels of JM109 with pPLFB/AcGFP1 under the

different concentrations of silicic acids. 1 % inocula were

cultivated for 24 h in the medium containing silicic acid listed

below. Harvested cells were washed with PBS and re-suspended

in PBS (OD660 = 0.6) to measure the relative fluorescence

value. The values are expressed as mean ± standard deviation

(SD) for three independent experiments. b Photograph of the

non-induced (0 mg l-1) and induced (600 mg l-1) cells under

the blue LED light
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The RF value at 600 mg l-1 was 35 times compared

with that with no inducer, which demonstrated that the

leaky expression was quite low. When the original

plasmid with the lac promoter and the lac operator

(pAcGFP1) was transformed into JM109 and culti-

vated in the LB medium without IPTG, the RF value

reached 22,295 ± 1400. This result also suggested

that Fur provides tight regulation. Generally, high-

copy-number plasmids such as those containing

origins from pUC, ColE1, or pBR322 lead the leaky

expression of the cloned gene. Therefore, low-copy-

number plasmids such as pSC101 and pACYC are

used to avoid undesired leaky expression (Dersch et al.

1994; Nakano et al. 1995). Although pPLFB/AcGFP1

is derived from pUC and the high-copy-number

vector, the tightness of Fur regulation enabled less

leaky expression in this system.

To evaluate the time-dependent response of

pPLFB/AcGFP1, GFP yields along with growth in

medium containing silica at 600 mg l-1 was measured

(Fig. 3). After the OD600 value reached 0.6–1 and the

RF value had continuously increased, GFP expression

appeared to have been initiated. This may result from

the availability of iron in the medium. In the initial

medium containing silicic acid, iron is absorbed on

colloidal silica and the amount of available iron might

be low, although the amount of free iron might be

sufficient for the cell growth. However, when cells

reached the mid-growth phase, iron deficiency and the

competition for iron occurred. Therefore, spontaneous

induction was found at the mid-growth phase. Such

induction is desirable in toxic gene expression to avoid

the damage from gene products to the cells in the early

growth stage. This phenomenon is like the ‘Overnight

Express Autoinduction system (Novagen),’ which

allows the induction of protein expression without

monitoring cell density and without conventional

induction with IPTG because medium components

are metabolized differentially to promote growth to

high density and automatically induce protein expres-

sion from lac promoters. In our system, competition

for iron between silicates and cells might gradually

occur and GFP expression is apparently recognized at

the mid-growth phase. Of course, we tried the method

of adding silicic acid after the cell density became

high; however, the amount of GFPwas less than that of

the cultivation with silicic acids from the beginning.

This may be due to LB medium containing sufficient

iron and the cells grown in LB medium can thus take

up sufficient iron and store it as bacterioferritin. If

subsequent conditions become iron deficient, then

E. coli can utilize the pre-formed bacterioferritin to

maintain its growth (Abdul-Tehrani et al. 1999).

Therefore, if silicic acid is added to the mid-growth

phase culture, the cells that have already grown would

be unaffected by the subsequent iron deficiency;

bacterioferritin would then be passed on to daughter

cells and it may take several generations for iron

deficiency to be manifested. Thus, silicic acid should

be added from the beginning of cultivation.

Fig. 3 Time-course of GFP

expression of pPLFB/

AcGFP1 with 600 mg silicic

acids l-1. Bars indicate the

relative fluorescence unit

and dots indicate OD660

values of the culture. The

values are expressed as

mean ± SD for three

independent experiments
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Based on the tight regulation observed with GFP

reporter assays, this system could be applied for the

cloning and expression of highly toxic gene products.

To verify this potential, gene E form bacteriophage /
X174 (Maratea et al. 1985) was cloned into pPLFB/

AcGFP1 in place of GFP gene. Gene E induces cell

lysis by the formation of a transmembrane tunnel

structure in the cell envelope of E. coli (Witte et al.

1992). Its trace expression could cause the cell lysis

and decrease the OD value. As shown in Fig. 4, the

cells carrying pPLFB/geneE exhibited almost the

same cell growth as the control cells, indicating that

toxic genes could be stably retained and the expression

was strictly regulated. On the other hand, when the

cells carrying pPLFB/geneE were cultivated in the

medium containing supersaturated silicic acids, the

OD value decreased after 3 h cultivation. This result

was consistent with those of GFP reporter assays,

showing that the protein expression was initiated

spontaneously after the cell density reached the mid-

growth phase. This delay of expression might be an

advantage for the expression of toxic genes.

Guan et al. (2013) reported the tightly regulated and

Fur-dependent expression system with the combina-

tion of fhuA promoter from Vibrio cholerae and the

consensus Fur binding sequence in E. coli.GFP yields,

however, were lower and at the same level as the

pBAD system (Guzman et al. 1995). The combination

of the lac promoter and the Fur binding site described

here could achieve both strict regulation and sufficient

expression. As the depression of Fur responds to iron

deficiency, 2,20-dipyridyl (DP), which acts as an iron

cheletor, can be applied. We also tried the GFP

expression by adding 200 lM DP at the mid-growth

phase of cell culture; however, the final yield after

24 h of cultivation was *65 % compared to the

induction of silicic acids. DP could work as a specific

cheletor for iron but, basically, it can mask the divalent

metal ions and toxicity for bacteria (Neilands 1982).

The decrease in the expression level might be a result

of the toxicity of DP and the addition of supersaturated

silicic acid may be a mild way to invoke iron

deficiency.

There are further advantages of using supersatu-

rated silicic acid. The cost for a one liter culture at

600 mg silicic acid l-1 (Na2SiO3�9H2O as a source) is

around $0.5, whereas that of IPTG is about $5 (at

0.3 mM. Furthermore, an affinity tag, which binds to

the solid silica surface, called Si-tag, has been

developed (Ikeda et al. 2010). Since supersaturated

silicic acid contains colloidal silica, which are small

particles retained in the solution when the fusion

protein with Si-Tag is expressed, it will bind to the

colloidal silica. This means that the induction and

purification can be performed in one step.

In conclusion, the expression system described

here exhibits notable advantages such as easy to

handle, tight regulation, sufficient expression, cost-

effective, and the potential of one-step expression and

purification. This system will be a useful genetic tool

for protein expression.
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