VIROLOGICA SINICA 2015, 30 (6): 410-416
DOI: 10.1007/s12250-015-3651-y

RESEARCH ARTICLE

Application of an M13 bacteriophage displaying tyrosine on the
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Ferric and ferrous ion plays critical roles in bioprocesses, their influences in many fields have not
been fully explored due to the lack of methods for quantification of ferric and ferrous ions in
biological system or complex matrix. In this study, an M13 bacteriophage (phage) was engineered
for use as a sensor for ferric and ferrous ions via the display of a tyrosine residue on the P8 coat
protein. The interaction between the specific phenol group of tyrosine and Fe®* | Fe® was used as
the sensor. Transmission electron microscopy showed aggregation of the tyrosine-displaying
phages after incubation with Fe’ and Fe”. The aggregated phages infected the host bacterium
inefficiently. This phenomenon could be utilized for detection of ferric and ferrous ions. For ferric
ions, a calibration curve ranging from 200 nmol/L to 8 pmol/L with a detection limit of 58 nmol/L
was acquired. For ferrous ions, a calibration curve ranging from 800 nmol/L to 8 ymoI/L with a
detection limit of 641.7 nmol/L was acquired. The assay was specific for Fe® and Fe®* when tested
against Ni’*, Pb”*, Zn*, Mn*, Co*, Ca*, cu®, Cr*’, Ba”, and K". The tyrosine displaying phage to
Fe® and Fe* interaction would have plenty of room in application to biomaterials and bionanotechnology.

KEYWORDS M13 bacteriophage; tyrosine; display; ferric ion; ferrous ion; aggregation

a biological scaffold in biomaterials (Wu et al., 2011;
INTRODUCTION Hess et al., 2013; Oh et al., 2014), imaging (Ghosh et al.,
2012; Yi et al., 2012), biocatalysis (Neltner et al., 2010;
Maeda et al., 2014), and drug delivery (Ghosh et al.,

Currently, virus and virus-like particles (VLPs) are ex-
2012; De Porter and Mc Naughton, 2014).

tensively used as biological templates because they can } . .
be easily functionalized by genetic engineering and Phage (,hSp lgy 1sa method. for the' study of pr'o.teln- or
chemical conjugation of their exterior surface coat pro- peptlde-bmloglcal molecul@ interactions that gtl}lze bac-
teins (Liu et al., 2012). Bacteriophage M13 is a filament- tg:rmphages to connect pepthes with the genetic informa-
ous virus (880 nm long and 6.6 nm wide for the wild- t101} that encgdes them (Smith, 1985; Guo et al., 2006).
type virus) with a single-stranded DNA genome encap- This COl’ll’lCCFlOIl between ge.vnotypes and phenotypes en-
sulated by approximately 2700 copies of the major coat a.bles lgrge libraries of pep Fldes, to be screpned anFi amp-
protein P8 and encased with five copies of four different lified in a process called in vitro selection (Smlt.h and
minor coat proteins (P9, P7, P6, and P3) on the ends Petrenko, 1997; Kehoe and Kay, 2005). Phage display

(Glucksman et al., 1992). This phage has been applied as libraries have been widely exploited for materials applic-
ations (Lee et al., 2002; Lee et al., 2006; Yoo et al.,
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phage M13, resulting in a universal binding affinity to
inorganic materials by adhering to the major coat pro-
tein (Park et al., 2014).

Iron, particularly Fe'’, is an essential transition metal
for organisms and plays an important role in cellular
metabolism and enzyme catalysis. Iron deficiency in the
human body may lead to anemia, liver and kidney dam-
age, diabetes, and heart diseases (Allen, 2002). Similarly,
excessive Fe' " in the body can also cause oxidative dam-
age to tissues and fibrosis in various organs (Omara and
Blakley, 1993). For microbes, the lack of Fe'' ion results
in slow or retarded growth. Additionally, excess Fe''
may inhibit secondary metabolite production in microbe
fermentation. Currently, a number of analytical tech-
niques are available to detect Fe''. Among these, electro-
chemical methods, atomic absorption, ion chromato-
graphy, inductively coupled plasma-optical emission
spectroscopy, fluorescence, and UV-Vis absorption spec-
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troscopy are the most commonly used techniques.
However, these methods require dedicated instruments.
It is essential to develop simple and efficient methods
without sophisticated instrumentation to detect Fe' in in-
dustrial, biological, and food samples.

Herein, we report a tyrosine-displaying M13 phage
that aggregates under a wide range of concentration of
ferric and ferrous ions, resulting in corresponding de-
creases in titers (Figure 1). This engineered phage could
be used as a probe for ferric or ferrous ions without com-
plicated instruments or reagents.

MATERIALS AND METHODS

Construction of a tyrosine-displaying phage

The M13KE phage vector was modified by preparing
a cloning site for the display of P8, as described previ-
ously (Liu et al., 2012). A Pst I restriction site was cre-
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Figure 1. Schematic illustrations of (A) P8 coat protein displaying tyrosine and the tyrosine-FeSVFe2+ interaction and (B)
titer-decreasing phenotypic characteristics associated with the Fe* and Fe** tyrosine interaction.
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ated by mutating T to A at position 1372, a BamH I site
was created by mutating C to G at position 1381, and a
Pst 1 site at position 6246 was deleted by mutation. Site-
directed mutagenesis was performed using overlap ex-
tension polymerase chain reaction (PCR). The sequence
encoding the tyrosine-containing peptide was cloned in-

to the modified phage vector using Pst I and BamH 1.

Two primers were designed to insert YG into the P8 coat
protein: 5'-CGCTGCAGAGGGTTACGGTGAG-
GATCCCGCA-3" and 5'-GATCCTCACCGTAAC-
CCTCTGCA-3'. To engineer the tyrosine-displaying
phage, the mutated M13KE phage vector (New England
Biolabs, Ipswich, USA) was digested with Ps¢ I and
BamH 1. The purified long fragment was recircularized
with the above primers via overnight ligation at 16 °C
using T4 DNA ligase (TaKaRa Bio, Shiga, Japan). The
ligated DNA vector was transformed into competent E.
coli K12 ER2738 (New England Biolabs, Ipswich, USA)
cells that were plated on LB agar plates containing 10
pg/mL tetracycline after mixing with top agar. The amp-

lified phage vector was verified by DNA sequencing.

The resulting phage vector was named M13KE-tyr and
could be used for detection of ferric and ferrous ions.

Transmission electron microscopy (TEM)

The E. coli strain was infected with phage for at least
12 h at 37 °C. The cultures were centrifuged at 12,000 X
g for 20 min, and the phage was precipitated from the su-
pernatant at 4 °C with the addition of one-fifth of the su-
pernatant volume of 20% PEG 8000 / 2.5 mol/L NaCl

solution. After centrifugation at 13,500 x g for 20 min,

the pellet was re-suspended with 1 mL sterile water. One
hundred microliters of the phage suspension was incub-
ated with ferric ion or ferrous ion for 2 h at room temper-
ature at different final ion concentrations. The untreated
phage suspension was used as a control. A 10-uL 10"
pfu/mL phage suspension was incubated with 8 pmol/L

ferric or ferrous ion for 2 h at room temperature. Next,

50 uL of E. coli K12 ER2738 at an optical density (OD)
of 1 was added and incubated for 10 min. Drops of the
mixture were prepared for TEM imaging.

Carbon film-coated grids were floated for 10 min on
drops of the sample placed on a parafilm surface. Excess
solution was removed from the grid by carefully wiping
the edge of the grid with a filter paper. For negative
staining, the grids were then floated on drops of 2%
phosphotungstic acid for 15 min. Excess fluid was re-
moved in the same manner as described above, and the
grids were allowed to dry overnight. The images were
captured using TEM (H7000; Hitachi, Tokyo, Japan).

Drawing the standard curve
Purified KE-Tyr and M13KE strains were serially di-
luted to an appropriate concentration of 10° pfu/mL and
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incubated with ferric ion for 2 h at a final concentration
of 8 pmol/L. Moreover the diluted KE-Tyr strain (con-
centration of 10° pfu/mL) was incubated with different
concentrations of ferric ion or ferrous ion for 2 h. Un-
treated strains were used as a control. The plaques were
counted after forming on double-agar plates during cul-
ture at 37 °C, and the percent inhibition was calculated.

Influence of various foreign ions

Phage preparations were diluted to a concentration of
10° pfu/mL and incubated with various metal ions for 2 h
at room temperature at a final concentration of 5 pmol/L.
Untreated strains were used as a control. The percent in-
hibition was calculated, and a histogram was plotted.

RESULTS

A phage with a YG peptide on the N terminus of the
P8 coat protein (termed KE-Tyr phage) was engineered
to introduce a tyrosine residue. The insert region on the
P8 coat protein had the sequence AAEGYGE. The KE-
Tyr phages were incubated with different concentrations
of ferric or ferrous ions for 2 h, and their morphologies
were observed using TEM. As shown in the TEM im-
ages, following incubation with ferric and ferrous ions,
the KE-Tyr phage aggregated side by side into bunch-
like structures (Figure 2A—2F). In contrast, the KE-Tyr
phages were randomly distributed without ferric ions, as
shown in Figure 2G. TEM characterization of the attach-
ment of the packed M13 phage to host bacteria demon-
strated that the host bacteria were adhered via tyrosine-
displaying phages previously incubated with 8 umol/L
ferric or ferrous ions. As shown in Figure 3, the aggrega-
tion of the phage resulted in many phages coming in con-
tact with one host bacterial cell.

To evaluate the changes in titers, the wild-type phages
MI13KE and the tyrosine-displaying phages KE-Tyr were
titrated after incubation with different concentrations of
ferric or ferrous ions. KE-Tyr phages were titrated with
or without 8 pmol/L ferric ion to verify that ferric ion
could decrease the titer of the phage through a method
other than phage aggregation on the nanoscale. In con-
trast, M13KE phages, which possessed no tyrosine
residues on the outer surface of the major coat protein,
were titrated with or without 8 pmol/L ferric ions. Under
this condition, titration of KE-Tyr yielded 20.4% remain-
ing, whereas titration of KE yielded 92.9% remaining
(Figure 4A).

A freshly prepared ferric chloride solution was se-
quentially diluted to generate samples for titration of the
phage. In these assays, KE-Tyr phages were titrated with
ferric or ferrous ions under different concentrations. To
ensure that the results were stable and reliable, over 10
parallel experiments were performed for each concentra-
tion of ferric ion (Figure 4C, 4D).
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Figure 2. TEM image of the KE-Tyr phage incubated with 0.2, 2, or 8 umol/L Fe*" (A—C) or 0.2, 2, or 8 pmol/L Fe**
(D-F) for 2 h. The control was the TEM image of KE-Tyr phage without Fe**or Fe** (G). Samples were stained with 2%
phosphatotungstic acid.

Figure 3. TEM images of the of host bacteria (A), host bacterium attached to the KE-Tyr phages (B), host bacterium
with ferric ion at 8 ymol/L attached to the KE-Tyr phages (C), and host bacterium with ferrous ion at 8 ymol/L attached
to the KE-Tyr phages (D). Samples were negatively stained with 2% phosphatotungstic acid.
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The remaining percent of phage titers after incubation
with Fe''/Fe’" ions was exponentially related to the ion
concentration. As shown in Figure 4D, the remaining
percentages of the phage were linearly plotted with the
natural logarithm of the ferric ion concentration. The
phage responses to ferric ions were calibrated from 200
nmol/L to 8 pmol/L with a correlation coefficient of
0.9945. A detection limit of 58 nmol/L was acquired
(S/N = 3). The sanitary security limit for the Fe’' jon was
restricted to 2 mg/L (35 pmol/L) by the World Health
Organization (WHO). The detection limit achieved in
this study was much lower than the sanitary security lim-
it of the WHO. For ferrous detection, a detection limit of
641.7 nmol/L was acquired (S/N = 3) with a calibrated
range from 800 nmol/L to 8 umol/L (Figure 4C).

To test the specificity of the phage sensor to several
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C02+, Ca2+, Cu2+, Cr3+, BaH, and K, were selected as in-
terferents to study the specificity of this phage sensor.
The concentration of all tested ions was 5 umol/L. As
shown in Figure 4B, marked decreases were observed in
the presence of Fe'” and Fe’', while other responses of
the biosensor to interferents were similar to the blank
control, except for Pb>"and Zn”". The titers of the phage
dropped to 43% and 26% after 2 h of incubation with 5
pmol/L Pb”>" and Zn”, respectively.

DISCUSSION

In this study, we engineered the tyrosine-displaying
M13 bacteriophage to have the AAEGYGE moiety,
which was rich in glycine and alanine. The introduction
of alanine and glycine was helpful to reduce steric
hindrance. The YG peptide inserted into the glutamate
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Figure 4. (A) Relative titer histograms for KE-Tyr and KE phages after incubation with ferric and ferrous ions at 8 ymol/L
for 2 h. (B) Relative titer contrast bars were used to investigate the interference effect of other metal ions (Ni2+, Pb*,
Zn*, Mn*, Co™, Ca”™, cu®, Cr*", Ba™, and K") on the detection of Fe**. The phage incubation concentration was 10°
pfu/mL. The ion concentration was 5 pmol/L. (C) The calibrated curve of KE-Tyr phage relative titers versus the logar-
ithm of the ferrous ion concentration (phage incubation concentration 10° pfu/mL). (D) The calibrated curve of KE-Tyr
phage relative titers versus the logarithm of ferric ion concentrations (phage incubation concentration 10° pfu/mL).
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rich region was used to attract metal ions and the tyr-
osine- displaying Phages aggregated side by side after in-
cubation with Fe’” and Fe”". Such aggregation of most of
the phages blocked amplification of the phages through
infection. Similar analyses showed that the titers of the
phages were influenced by ferric and ferrous ions. Thus,
the phage constructed herein could be used to detect fer-
ric and ferrous ions and may have applications in a range
of fields.

Several common metal ions, including Ni2+, Pb2+, Zn2+,
Mn2+, C02+, Ca%, Cu2+, CrH, Ba2+, and K', were tested as
interferents to assess the specificity of the phage sensor.
Although the relative titers were more than twice those
of the phages incubated with Fe’’, both Pb*" and Cd”" are
heavy ions that may denature proteins. However, no ob-
vious decrease in titers was observed when the phage
was incubated with 5 umol/L Cd”". This implied that the
denaturation of proteins was not the key factor respons-
ible for the decreased phage titers. Instead, the de-
creased titers of phages incubated with Pb>" and Zn*'
may be explained by electrostatic interactions or chela-
tion. Selectivity was analyzed at a concentration of 5
umol/L, which is near the upper range of phage sensor
detection. In the intermediate concentration of the detec-
tion range, the interference of other ions was negligible.
These results suggested that this method had excellent
selectivity for Fe” and Fe’", which could be attributed to
the high selectivity of Fe' phenol group interactions.

Because of the requirement for bacteria culture, the
method presented herein was time consuming. However,
no specialized instruments were required as the method
was based on plaque counting. During antibiotic fer-
mentation, the ferric ion could influent the titer of antibi-
otics. For example, penicillin fermentation is inhibited in
the presence of more than 20 pg/mL ferric ion. For
gentamycin, fermentation is affected in the presence of
more than 15 pg/mL ferric ion. Thus, this method
provides a simple sensor for ferric and ferrous ions in
biochemical laboratories and for industrial fermentation
processes.

In summary, in this study, we designed a phage sensor
based on genetic modification of viral coating protein for
ferric and ferrous ions detection. A tyrosine residue was
displayed on the P8 of phage M13. TEM results showed
that tyrosine-displaying phages aggregated after incuba-
tion with ferric or ferrous ions. Titration assays indic-
ated that the aggregated phage was much less infective.
The specific interaction between the ferric ion and the
phenol group of the tyrosine ensured the high selectivity
of the sensor. Additionally, this phage ions interaction
could be further applied for biocompatible materials and
signal conversion of phage based ELISA.
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