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a b s t r a c t

Toxic heavy metal pollution is a global problem occurring in air, soil as well as water. There is a need for
a more cost effective, renewable remediation technique, but most importantly, for a recovery method
that is selective for one specific metal of concern. Phage display technology has been used as a powerful
tool in the discovery of peptides capable of exhibiting specific affinity to various metals or metal ions.
However, traditional phage display is mainly conducted in batch mode, resulting in only one equilibrium
state hence low-efficiency selection. It is also unable to monitor the selection process in real time mode.
In this study, phage display technique was incorporated with chromatography procedure with the use of
a monolithic column, facilitating multiple phage-binding equilibrium states and online monitoring of the

2+

b2+

eptide
PLC
onolithic column

selection process in search of affinity peptides to Pb . In total, 17 candidate peptides were found and their
specificity toward Pb2+ was further investigated with bead-based enzyme immunoassay (EIA). A highly
specific Pb2+ binding peptide ThrAsnThrLeuSerAsnAsn (TNTLSNN) was obtained. Based on our knowledge,
this is the first report on a new chromatographic biopanning method coupled with monolithic column
for the selection of metal ion specific binding peptides. It is expected that this monolith-based chro-
matographic biopanning will provide a promising approach for a high throughput screening of affinity

ide ra
peptides cognitive of a w

. Introduction

Toxic heavy metals (Co, Cd, Pb, etc.) in air, soil and water are
growing threat to the environment and human health. There

re hundreds of sources of heavy metal pollution, including the
oal, natural gas, paper and chlor-alkali industries [1,2]. Unlike
rganic pollutants, heavy metals do not decay over a long time and
hus pose a different kind of challenge for remediation. Removal
f heavy metals is usually accomplished through pH neutraliza-

ion followed by lime-mediated precipitation, peroxide addition,
everse osmosis, and/or ion exchange [3]. However, the liming
rocess is often associated with some disadvantages (e.g. the use
f a large amount of alkaline materials, and production of sec-
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nge of target species.
© 2010 Elsevier B.V. All rights reserved.

ondary wastes), necessitating highly regulated and costly disposal
[1,4].

Currently, plants or microorganisms are used to remove some
heavy metals such as mercury [5,6]. Plants which exhibit hyper
accumulation can be used to remove heavy metals from soil by con-
centrating them in their biomass. This is used in the treatment of
mining tailings and the vegetation is then incinerated to recover the
heavy metals. As an alternative to these processes many researchers
have developed ligands to detect and/or precipitate heavy metals
from aqueous systems. Phage display is a selection technique where
a library of peptides or protein variants is expressed on the phage
surface, while the genetic material encoding each variant resides
inside [7–9]. This allows rapid partitioning of phage particles based
on their binding affinity to a given target molecule through an
in vitro selection process called panning [10]. Nowadays, phage
display of combinatorial peptide libraries has become one of the

standard technologies for selecting peptides cognitive of specific
molecules [11]. Nevertheless, the traditional phage display tech-
niques, relying on batch equilibrium adsorption/desorption, have
significant drawbacks in terms of selection efficiency and target
binding avidity. This is mainly because most of the conventional

dx.doi.org/10.1016/j.chroma.2010.07.048
http://www.sciencedirect.com/science/journal/00219673
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iopanning procedures fractionate the binders from the rest in
atch mode where only a single equilibrium stage separation is
xpected, often resulting in decreased binding efficacy of phage
isplayed peptides to target molecules hence repeated screening
ounds. Besides, the screening processes are difficult to monitor
n a real time mode, since phage particles are relatively large (e.g.
�m in length and less than 10 nm in diameter for M13 widely
sed in various biopanning procedures [12]) and thus difficult to
e compatible with automated chromatography system (e.g. FPLC)
ypically operated with packed bed columns. Although chromatog-
aphy technique has been used for phage binding test [13] following
he screening process, no chromatographic procedure has been
emonstrated in cooperative with phage display technique for the
election of specific affinity peptides toward target molecules.

The recent development of monolithic columns is one of the
ajor breakthroughs in column technology. Monolithic columns

re made of a single piece of porous cross-linked polymer or porous
ilica, thereby allowing for low column backpressure, high flow
ates, faster transfer kinetics and passage of small particulates
ithout clogging the columns. An extremely short column with

arge diameter channels (1500 �m) and low void volume gives
n extraordinary resolution when separating proteins or other
acromolecules such as DNA and viruses, while capacity remains

igh. The large through pore size and high porosities with a small
iffusion path lead to high permeability with FPLC/HPLC instru-
entation when compared to traditional columns with packed

articles [14–17].
Lead, similar to heavy metal mercury, is a potent neurotoxin

hat accumulates in soft tissues and bone over time (especially in
hildren) and causes systemic damage, blood and brain disorders
18,19]. Long-term exposure of lead can result in decreased func-
ioning of the nervous system in adults. It may also cause weakness
n fingers, wrists, or ankles [20]. In general, lead from wastewa-
er can be precipitated or otherwise captured to give an insoluble
orm through adsorption or ion exchange [21–24]. However, the

ost widely used precipitation process is usually insufficient to
educe lead concentration to the level required by water quality
tandard [25]. The adsorption method involves the contact of the
ead-containing water with a suitable adsorbent. Recently, there
as been considerable interest in the use of relatively inexpen-
ive agricultural sorbents which are capable of removing significant
uantities of lead. For instance, a promising new method is to
se living aquatic plants to absorb metal ion from water. It has
een shown that aquatic plants are effective at separating met-
ls from their surrounding waters [26]. This alternative process to
hysical and chemical based separation has been called biosorp-
ion, bioremoval, bioseparation or sometimes phytoremediation
27]. In addition, the use of biodegradable peptides as ligands to
etect and/or precipitate heavy metals from aqueous systems also
eceived much attention these days. Considering the high speci-
city and sensitivity of peptides (low Kd) toward target molecules,
he use of peptide in sensor development is highly promising. In
ddition, though the usage of peptide per se on environmentally
arge scale for lead remediation may not be cost-effective, the use of

13 virus displaying the target cognitive peptide on the viral capsid
s a biosorbent for Pb2+ would be economically viable [28]. The Pb2+

pecific peptide can also be displayed as a part of surface proteins
n various other microorganisms [28–31]. The biopanning in search
f Pb2+ binders was first conducted in the conventional manner in
ur group, but it only gave peptides with high cross-binding affini-
ies to other metal ions despite extensive negative selection. We

hought that a more stringent negative screening strategy would
e required to select peptide sequences specifically cognitive of
b2+ without exhibiting cross-binding affinity to other metal ions.

In this study, a novel method based on chromatography tech-
ique for the selection of affinity peptides sequences specifically
1217 (2010) 5940–5949 5941

cognitive of Pb2+ was developed. Monolithic column with larger
pore size which is sufficient for phage molecules to pass through
was utilized. This chromatographic biopanning process enables
multiple equilibrium stages for each round of screening, thereby
greatly increasing the selection efficiency. In addition, the entire
screening process can also be monitored online, providing an addi-
tional straightforward way to oversee the selection profile.

2. Experimental

2.1. Biological materials

A phage display peptide library for screening of disulfide bond
constrained heptapeptide (Ph.D.—C7CTM, Phage Display Peptide
Library Kit, E8120S) was purchased from NEB (New England Bio-
labs, Beverly, MA). LB medium (10 g tryptone, 5 g yeast extract, 10 g
NaCl in 1 L deionized water) supplemented with 12.5 mg/L tetra-
cycline was used to grow Escherichia coli ER2738. 2 × YT medium
(16 g tryptone, 10 g yeast extract, 5 g NaCl in 1 L deionized water,
pH 7.0) containing 5 mM MgCl2 was used in phage amplifica-
tion.

2.2. Chromatographic biopanning

The chromatography system used was BioLogic DuoFlow Sys-
tems (760-2256, Bio-Rad) and the obtained data was processed
with BioLogic DuoFlow Software Version 5.0. CIM® IDA mono-
lithic column (217.3010, BIA Separations) was loaded with different
types of metal ions (Pb2+, Cu2+, Ni2+, Co2+ and Fe3+) for chro-
matographic biopanning. Metal ion sources used in this study
were Pb(NO3)2, CuCl2, NiCl2, CoCl2 and FeCl3, respectively. The
final concentration of each metal ion solution was 50 mM. The
monolithic column was loaded with 20 column volume (CV) of
metal ion solution followed by 20 CV of Equilibration Buffer (0.1 M
citrate–citric acid, 0.3 M NaCl, pH 5.4). All solutions were filtered
through 0.22 �m filter prior to usage.

2.2.1. Pre-negative screening against uncharged monolithic
column

A 100 �L sample of the phage library (∼2 × 1012 virions, library
complexity (unique clones) = 1.2 × 109 as claimed by NEB) was dis-
solved in 900 �L Equilibration Buffer and loaded to the uncharged
monolithic column (1 mL bed volume, BV) in a total recycling mode.
The flow rate was kept at 1 mL/min for 25 min. 2 mL of flowthrough
was collected and 10 �L of which used for phage titering. Titration
was conducted on agar plates supplemented with X-gal/IPTG. The
rest of the phages were amplified by infecting E. coli ER2738 (phage
library kit) in a 50 mL 2 × YT medium. The medium was incubated
at 37 ◦C under vigorous shaking (250 rpm) for 4.5 h. The ampli-
fied phages were purified by precipitation with PEG/NaCl (20%
(w/v) polyethylene glycol (PEG)-8000, 2.5 M NaCl). The amplified
phages were then titered and adjusted to a desired concentra-
tion for the following positive screening. For phage titering, we
used the plague forming unit assay as described by NEB man-
ual.

2.2.2. Main biopanning (positive screening against Pb2+)
Three rounds of main biopanning were conducted against Pb2+

as a target. 100 �L of phage sample from pre-negative screen-
ing was dissolved in 900 �L Equilibration Buffer and loaded to

the column pre-charged with Pb2+ at a flow rate of 0.5 mL/min.
50 mL of Washing Buffer 1 (0.1 M citrate–citric acid, 0.3 M NaCl,
pH 5.4) was used to wash out any weakly bound phage at
a flow rate of 2 mL/min. The elution was achieved by pass-
ing the column with 15 mL 1 M HCl. The flow rate was kept at
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mL/min. The eluate (4–5 mL) was placed in a centrifugal filter
evice with MWCO of 100 kDa (Amicon Ultra-4 Centrifugal Fil-
er Devices, UFC 810024, Millipore) and centrifuged at 5000 × g
o remove the metal ions co-eluted with phage particles. The
etained phages were amplified and titered. Phage solution at a
esired concentration was then used in the second round of biopan-
ing.

After the second round of positive selection, the selection power
as increased by reducing the amount of immobilized Pb2+ in

he third round positive selection. After washing the charged col-
mn with Washing Buffer 1, the column was further washed with
ashing Buffer 2 (0.1 M citrate–citric acid, 0.3 M NaCl, pH 3.5) in

rder to wash out any metal ions unable to bind to the column
t the lower pH value. The column was then re-equilibrated with
ashing Buffer 1 and phage sample was applied as above. The

luate was titered and the amplified eluted phage at a desired
oncentration was used in the following negative selection pro-
esses.

.2.3. Post-negative screening I (against uncharged monolithic
olumn)

A 10 �L phage sample from the third round of positive selec-
ion was dissolved in 500 �L Equilibration Buffer and applied
o uncharged monolithic column in a total recycling mode as
escribed in the pre-negative screening. 2 mL of flowthrough was
ollected, amplified and used in the next round. The elution was
chieved by passing the column with 1 M HCl. 4–5 mL eluate was
ollected and titered. After three rounds, the amplified phages at a
esired concentration were used in the next post-negative screen-

ng against various other metal ions.

.2.4. Post-negative screening II (against other metal ions)
A 10 �L phage sample from the third round of post-negative

election was dissolved in 500 �L Equilibration Buffer and applied
o monolithic column (charged with different metal ions including
u2+, Ni2+, Co2+ and Fe3+) in a total recycling mode. In each step,
mL of flowthrough was collected and amplified for next round

election. 4–5 mL eluate was collected and titered. According to the
nalysis of elution profiles and the titration results, three rounds
f negative selection against Cu2+, three rounds against Ni2+, two
ounds against Co2+ and one round against Fe3+ were conducted.

.3. DNA extraction and sequencing

Following the post-negative screening II, individual phage
lones were isolated. The phage ssDNA was purified with a QIAprep
13 kit (27704, Qiagen) and used for DNA sequencing. The insert

lignment was analyzed using a primer 5′-HOCCC TCA TAG TTA
CG TAA CG-3′ (S1259, NEB). 60 individual clones were sent for
equencing and 44 DNA sequences were obtained.

.4. Affinity assay of different metal ions to IDA beads at low pH

200 �L of IDA beads (settled volume, SV) (Chelating Sepharose
ast Flow, 17-0575-01, GE Healthcare) was transferred to 1.5 mL
ppendorf tubes. The beads were washed 6 × 60 s with 1 mL water
o remove entrained ethanol used for storage. 1 mL of metal ion
olution in water (10 �M) was applied for 0.5 h at room temper-
ture to charge the beads. The metal ion loaded beads were then

ashed six times with water followed by six times of additional
ashing with Washing Buffer 3 (0.1 M citrate–citric acid, 0.3 M
aCl, pH 4.0). The metal ions were then eluted with 1 M HCl and the
oncentration of coupled metal ions was determined by Inductively
oupled Plasma Mass Spectrometry (ICP-MS).
1217 (2010) 5940–5949

2.5. Bead-based enzyme immunoassay (EIA) of selected phage
peptides

200 �L of IDA beads (SV) was transferred to 1.5 mL Eppendorf
tubes. The beads were washed 6 × 60 s with water (1 mL each time)
to remove ethanol used for storage. 1 mL of metal ion solution in
water (10 �M) was applied for 0.5 h at room temperature to charge
the beads. The beads were then washed six times with water fol-
lowed by six times with Washing Buffer 3.

The concentration of each selected phage was adjusted to
∼2 × 1011 pfu/mL and 50 �L of phage suspension in 1 mL Wash-
ing Buffer 3 was then applied to 200 �L of charged IDA beads
(SV). After 1 h incubation at room temperature, the beads were
washed six times with Washing Buffer 3. 1 mL of horseradish
peroxidase-conjugated anti-M13 antibody (1:5000 in Washing
Buffer 3) (27-9421-01, GE healthcare) was added and incubated
for 1 h at room temperature. The beads were then washed for
6 × 60 s with Washing Buffer 3 containing 0.05% Tween 20. 400 �L
of a substrate solution (0.05 M citric acid pH 4.0, 0.22% 2,2′-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), 0.17% H2O2)
was added. After 1 h incubation, the samples were centrifuged
for 5 min at 10,000 × g. The absorbance of the supernatants at
405 nm was recorded on a microplate reader. ABTS is com-
monly used as a substrate together with hydrogen peroxide
for a peroxidase enzyme or individually for a laccase enzyme.
ABTS allows the reaction kinetics of peroxidases to be moni-
tored.

3. Results and discussion

3.1. Characterization of the binding ability of different metal ions
to IDA beads

Metallic lead is surface air-oxidized, forming a thin layer of oxide
that protects it from further oxidation. The metal is resistant to sul-
furic or hydrochloric acids. It does, however, dissolve in nitric acid
to form Pb(NO3)2 [32]. Aqueous solutions of Pb2+ therefore can only
be prepared by dissolving Pb(NO3)2 in distilled water and diluted
to give a desired concentration. PbCl2 is poorly soluble (with a sol-
ubility product constant (Ksp) of 1.6 × 10−5 at 25 ◦C) and this tends
to limit the solubility of lead in saline media [32]. Lead also tends
to hydrolyze and precipitate in the form of Pb(OH)2 at pH above
5, therefore the selected working pH in this study was kept low.
However, the low pH in chromatographic biopanning (pH 5.4, 4.0
and 3.5) may also significantly affect the binding efficiency of metal
ions to IDA ligands on monolithic column used in the present study.
The binding ability of different metal ions to the monolithic column
at the working pH was therefore first characterized. 20 mL of metal
ion solution was loaded to the monolithic column with 1 mL BV at
a flow rate of 1 mL/min. The column was then washed with 60 mL
Washing Buffer 1 to wash out any unbound metal ions. The elu-
tion was achieved by passing the column with 15–20 mL 1 M HCl
at a flow rate of 1 mL/min. Pb2+ (Fig. 1), Cu2+ and Fe3+ have strong
absorbance at 280 nm. Co2+ and Ni2+ have negligible absorbance at
wavelengths tested in this study (200–400 nm). Nevertheless, the
binding of Co2+ and Ni2+ to monolithic column was visualized by
the color change in IDA column (pink for Co2+ and green for Ni2+)
and further confirmed by the specific color of the eluate due to the
presence of each metal ion.

The effect of pH on the binding ability of Pb2+ to monolithic col-

umn was further investigated. After charging the column with Pb2+

at pH 5.4, the column was washed with buffer at pH 3.5 (Wash-
ing Buffer 2). It was confirmed that the amount of Pb2+ bound to
the column was reduced with the decrease in pH (data not shown).
This provides us a useful tool to increase the selection power by
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ig. 1. Characterization of binding ability of Pb2+ to the monolithic column. 20 mL
olume at a flow rate of 1 mL/min. The column was then washed with 60 mL Washin
reen line represents the UV absorbance at 280 nm. (For interpretation of the refere

educing the bound metal ions on the column in the following
hromatographic biopanning experiments.

.2. Chromatographic biopanning

The overall procedure for chromatographic biopanning is shown
n Fig. 2. It includes pre-negative screening against IDA column only,

ain biopanning for Pb2+, post-negative screening I against IDA
olumn, followed by post-negative screening II for other metal ions
Cu2+, Ni2+, Co2+ and Fe3+).

.2.1. Pre-negative screening
Pre-negative screening was conducted by applying phage

ibrary to uncharged monolithic column in a total recycling mode
o preclude phage particles exhibiting intrinsic affinity to IDA lig-
nds or column matrix. The monolithic column claimed by BIA
eparations to have large diameter channels proved to success-
ully accommodate the phage particles (approximately 1 �m in
ength and 10 nm in diameter [12]). The M13 phage molecules with

olecular weight of over 10,000 kDa [11,33] can be detected by
V at 280 nm. The flow rate was kept at 1 mL/min and 2 mL of
owthrough was collected after 25 min of total recycling of phage

ibrary suspension. 10 �L of the flowthrough was used for titering
nd the rest was used for phage amplification. The amplified phages
ere then titered and adjusted to a desired concentration (similar

o the concentration of phage library applied, ∼1.8 × 1013 pfu/mL)
or the following positive screening. The number of phages applied
or each biopanning step is shown in Table 1.

.2.2. Main biopanning
Main biopanning was conducted for three rounds against Pb2+-

harged monolithic IDA column with monitoring of the time course
f chromatographic biopanning (Fig. 3a–c) and phage number for
ach round of selection (Table 1). After loading phage samples
btained from the previous pre-negative selection, Washing Buffer
was used to eliminate any weakly bound phages. The elution was

chieved by passing the column with 15 mL of 1 M HCl (Fig. 3a). The
mplified phages were titered and the concentration was adjusted
o ∼1.8 × 1013 pfu/mL and used for the second round (Fig. 3b,
able 1). After two rounds of positive selection, phage molecules
aving relatively high affinity to Pb2+ were increased (Table 1).
tal ion solution (50 mM Pb2+) was loaded to the monolithic column with 1 mL bed
er 1 to eliminate any unbound metal ion. 1 M HCl was used to elute the bound Pb2+.
o color in this figure legend, the reader is referred to the web version of the article.)

To facilitate the enrichment of high affinity phage binders, the
selection power in the third round was increased by reducing the
amount of Pb2+ bound to the column (Fig. 3c) by applying Washing
Buffer 2 at pH 3.5 following the immobilization of Pb2+ at pH 5.4.
The eluate was titered and the amplified eluted phage was used for
the following negative selection processes.

3.2.3. Post-negative screening I
Since the diversity of phage binders recovered from the positive

selection was greatly reduced (Table 1), the number of amplified
phages loaded onto the column was reduced. Instead of 100 �L of
phage sample used in the above selection processes, 10 �L of phage
sample from the third round positive selection (with a concentra-
tion of ∼1.0 × 1013 pfu/mL) was dissolved in 500 �L Equilibration
Buffer and applied to uncharged monolithic column in a total recy-
cling mode. The number of loaded phages was therefore decreased
to ∼1.0 × 1011. Post-negative screening I was conducted according
to the protocols described for pre-negative screening except for the
aforementioned loading sample volume adjustment. After three
rounds of post-negative selection, phage concentration in eluate
was significantly reduced below the detection limit (e.g. ∼1 phage
virion per 10 �L used in phage titration) (Table 1). This can also
be reflected in the chromatograms where the absorbance signal
due to the presence of phage particles was significantly decreased
(data not shown). We therefore decided to stop post-negative selec-
tion process for uncharged column and proceeded to post-negative
screening against various other metal ions.

3.2.4. Post-negative screening II
10 �L of amplified phage sample from the eluate of the third

round of post-negative selection was dissolved in 500 �L Equili-
bration Buffer and applied to monolithic column (charged with
different kinds of metal ions) in a total recycling mode. 2 mL of
flowthrough was collected and amplified for next round selection
(Table 1). 4–5 mL eluate was collected and titered. According to the
number of phages in the eluate after each round of selection, three

rounds of negative selection against Cu2+, three rounds against
Ni2+, two rounds against Co2+ and one round against Fe3+ were
conducted (data not shown).

After chromatographic biopanning, 60 phage clones from the
last round of post-negative screening II were selected for phage
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ig. 2. Overview of chromatographic biopanning procedures including pre-negativ
egative screening against uncharged monolithic column, and post-negative screen

NA sequencing, giving rise to 17 putative Pb2+-specific peptide
inders (Table 2). The specific affinity of these peptides to different
etal ions was further tested by bead-based enzyme immunoassay.

.3. Bead-based enzyme immunoassay (EIA) for selected phage
eptides

The quantity of metal ions used to charge the IDA beads is a key
actor affecting the EIA detection. If the amount of charged metal
on to beads is too low, this may lead to inadequate adsorption sites

or phage binding, rendering a low signal to background noise ratio
i.e. the color development mediated by alkaline phosphatase con-
ugated to the secondary antibody cannot be clearly distinguished
rom the background). On the other hand, a significantly high back-
round noise may arise if the amount of metal ions charged to beads
ening against uncharged monolithic column, main biopanning against Pb2+, post-
r various other metal ions.

is too much since the metal ions per se will also catalyze the color
development reaction. The concentration of metal ions, therefore,
must be optimized. In our experiment, 1 mL of 10 �M metal ion
solution, which can provide sufficient ligands for phage binding
while minimizing the background reaction catalyzed by metal ions
alone, was found to be the suitable concentration to charge the IDA
beads (200 �L SV).

The coupling efficiency of different metal ions to IDA beads at
low pH was further investigated. 200 �L of IDA beads were incu-
bated with 1 mL of 10 �M metal ion solution. After washing with

water and Washing Buffer 3, the metal ions were eluted with
1 M HCl and the amount of bound metal ions analyzed by ICP-
MS (Table 3). It was suggested that the binding efficiency of metal
ions to IDA beads was significantly affected by pH, showing the
strongest binding at near neutral pH (i.e. pH 7–8) [34]. Neverthe-
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Fig. 3. Positive selection against Pb2+. 100 �L of phage sample from pre-negative screening was dissolved in 900 �L Equilibration Buffer and loaded to the column pre-charged
with Pb2+ at a flow rate of 0.5 mL/min. Washing Buffer 1 was used to extensively wash out any weakly bound phage at a flow rate of 2 mL/min. The elution was conducted
by passing the column with 15 mL of 1 M HCl. Panel description: (a) first round of positive selection; (b) second round of positive selection and (c) third round of positive
selection. The selection power was increased by reducing the amount of Pb2+ bound to the column. The eluate was titered and the amplified eluted phage was used for the
following negative selection processes. Green and purple lines represent the UV absorbance at 280 and 260 nm, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)
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Table 1
The number of phages applied for each chromatographic biopanning step.

Library applied ∼2.0 × 1012 virions

Figure Flowthrough (total no.) Eluate (total no.) Amplified for next cycle
(no. per mL)

Pre-negative selection Round 1 ∼1.8 × 1012 NA ∼1.8 × 1013

Main biopanning (Pb2+) Round 1 3a ∼1.5 × 1012 ∼1.5 × 108 ∼1.9 × 1013

Round 2 3b ∼2.0 × 1012 ∼2.5 × 108 ∼2.1 × 1013

Round 3 3c ∼1.6 × 1012 ∼0.6 × 108 ∼1.0 × 1013

Post-negative selection
(uncharged monolithic
column)

Round 1 ∼0.8 × 1011 ∼0.6 × 106 ∼1.0 × 1013

Round 2 ∼0.9 × 1011 ∼1.0 × 104 ∼1.0 × 1013

Round 3 ∼0.8 × 1011 <0.8 × 103 ∼1.0 × 1013

Post-negative selection (Cu2+) Round 1 ∼1.2 × 1011 ∼1.0 × 104 ∼1.3 × 1013

Round 2 ∼0.8 × 1011 ∼1.0 × 103 ∼1.0 × 1013

Round 3 ∼0.7 × 1011 <1.0 × 103 ∼1.0 × 1013

Post-negative selection (Ni2+) Round 1 ∼1.3 × 1011 ∼0.5 × 106 ∼1.3 × 1013

Round 2 ∼1.4 × 1011 ∼0.7 × 104 ∼1.6 × 1013

Round 3 ∼1.5 × 1011 <1.0 × 103 ∼2.4 × 1013

Post-negative selection (Co2+) Round 1 ∼2.5 × 1011 ∼0.7 × 106 ∼2.3 × 1013

Round 2 ∼2.8 × 1011 <1.0 × 103 ∼1.9 × 1013

Post-negative selection (Fe3+) Round 1 ∼1.9 × 1011 <1.0 × 103 ∼2.1 × 1013

Table 2
Amino acid sequences of selected Pb2+ binding peptides and the analysis of Pb2+ binding peptide sequences based on amino acid property.

No. Amino acid composition of selected peptide Amino acid composition
of selected peptide

Frequency of
each sequence

Representation of each amino acid
according to its corresponding
property

1 Cys Lys Ser Leu Glu Tyr Ser Tyr Cys C KSLEYSY C 18 bonaooo
2 Cys Lys Ser Pro Glu Asn Ser Tyr Cys C KSPENSY C 6 bonapoo
3 Cys Thr Asn Thr Leu Ser Asn Asn Cys C TNTLSNN C 5 oponopp
4 Cys Thr Asn Thr Leu Asn Tyr Asn Cys C TNTLNYN C 2 oponpop
5 Cys Lys Ser Thr Glu Asn Ser Tyr Cys C KSTENSY C 1 booapoo
6 Cys Lys Ser Pro Glu Asn Tyr Tyr Cys C KSPENYY C 1 bonapoo
7 Cys Lys Ser Pro Glu Asn Tyr Asn Cys C KSPENYN C 1 bonapop
8 Cys Lys Ser Leu Glu Asn Tyr Tyr Cys C KSLENYY C 1 bonapoo
9 Cys Lys Ser Met Glu Asn Ser Tyr Cys C KSMENSY C 1 bonapoo
10 Cys Lys Tyr Thr Glu Ser Tyr Asn Cys C KYTESYN C 1 booaoop
11 Cys Lys Tyr Leu Glu Asn Ser Tyr Cys C KYLENSY C 1 bonapoo
12 Cys Lys Ser Pro Glu Asn Ser Ser Cys C KSPENSS C 1 bonapoo
13 Cys Asn Asn Thr Gln Ser Tyr Asn Cys C NNTQSYN C 1 ppopoop
14 Cys Thr Thr Pro Gly Asn Tyr Asn Cys C TTPGNYN C 1 oonnpop
15 Cys Lys Thr Arg Glu Asn Ser Tyr Cys C KTRENSY C 1 bobapoo
16 Cys Lys Ser Thr Gln Asn Ser Asn Cys C KSTQNSN C 1 booppop

C

o (C, N,

l
i
s

p
b
p
b
i
w
d

T
C
i

17 Cys Lys Asn Thr Glu Asn Tyr Asn Cys C KNTENYN

Total

: OH containing (S, T, Y); n: Nonpolar (A, V, L, I, F, W, M, P, G); p: Polar, uncharged

ess, as demonstrated in Table 3, a fairly large amount of metal
ons could be bound to IDA beads at pH 4, enabling the selection of
pecific peptide sequences at a relatively low pH value.

Fig. 4 illustrates the absorbance in the EIA assay for the screened
eptides at a phage concentration of 1010 pfu/mL, reflecting the
inding efficiency of these peptides to Pb2+. Peptide sequences dis-
layed on phage clones B1, B3, B4 and B5 show relatively strong

inding affinity to Pb2+ compared to the other peptide sequences

ncluding those displayed on the phage library (column 16), and
ild type phage (column 17). The following experiment further
emonstrated the effect of phage concentration on the binding

able 3
haracterization of the metal ion binding capacity of IDA beads for various metal

ons at pH 4. Metal ion concentration was determined by ICP-MS.

Metal ion Pb2+ Ni2+ Co2+ Cu2+ Fe3+

Binding capacity (nmole per mL beads) 9.0 12.0 2.5 250.0 31.5
1 bpoapop

44

Q); b: Basic, polar (K, R, H); a: Acidic, polar (D, E).

of the high affinity binders (i.e. B1, B3, B4 and B5) to Pb2+. As
shown in Fig. 5, the absorbance from binding of these phage par-
ticles to metal ions increases along with the increasing number of
phages and reaches a plateau when phage number is higher than
1010 pfu, suggesting that the binding capacity provided by Pb2+ for
phages is saturated. As dissociation constant (Kd) is defined as fol-
lows: Kd = [peptide] × [metal ion]/[peptide − metal ion complex], at
peptide concentration corresponding to half maximal signal (i.e.
[peptide]1/2), one-half of the metal ions are free and the other one-
half bound to peptide molecules. At this equilibrium condition (i.e.
[metal ion]1/2 = [peptide − metal ion complex]1/2), Kd is equivalent
to [peptide]1/2. The calculated Kd for B1, B3, B4 and B5 are presented
in Table 4. Note that the Kd for B4 is the lower than B3, indicating

2+
tighter binding between phage peptide B4 and Pb . Phage peptide
B3 on the other hand has a higher capacity to bind Pb2+, as shown
in Figs. 4–6.

Cross-binding assay was next conducted to investigate the
specificity of the high affinity Pb2+ binders to different metal ions.
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Fig. 4. Characterization of the binding affinity of selected phages to Pb2+. The con-
centration of each phage was adjusted to ∼2 × 1011 pfu/mL and 50 �L was applied
for bead-based EIA as aforementioned (the total number of applied phages is ∼1010).
The background absorbance caused by the presence of Pb2+ was subtracted from the
absorbance produced by each phage binder.

Fig. 5. Effect of phage concentration on the binding affinity to Pb2+. Selected high
affinity Pb2+ binding phages (B1, B3, B4, and B5) at different concentrations were
incubated with Pb2+-charged IDA beads. The background absorbance caused by
the presence of Pb2+ was subtracted from the absorbance produced by each phage
binder.

Fig. 6. Cross-binding assay for high affinity Pb2+ binders (B1, B3, B4 and B5) to dif-
ferent metal ions. Equivalent amount of different metal ions was used to charge IDA
beads. After extensive washing, 1010 of each phage was applied. The background
absorbance due to the presence of metal ions was subtracted from the absorbance
produced by each phage binder. The absorbance by each phage binder was normal-
ized with that for phage clone B3 binding to Pb2+ as 100% basis.

Fig. 7. Cross-binding assay for selected phage (B2, B3, B10, and B14) to different

metal ions. The background absorbance due to the presence of metal ions was sub-
tracted from the absorbance produced by each phage binder. The absorbance by
each phage binder was normalized with that for phage clone B3 binding to Pb2+ as
100% basis.

Equivalent amount of different metal ions was used to charge IDA
beads. After extensive washing, 1010 of each phage was incubated
with the immobilized metal ions. The background absorbance
caused by the metal ion catalyzed reaction was subtracted from
the absorbance for each EIA reaction signal measured at 405 nm.
As shown in Table 3, since the amount of each metal ion bind-
ing to IDA beads is different, the number of binding sites that
these metal ions provide for the accommodation of phage parti-
cles also varied. This may affect the absorbance signals and hinder
the comparison of binding efficiency of the same peptide sequence
to different metal ions. Nevertheless, according to Table 3, all the
metal ions tested (except Co2+) show higher binding ability to
IDA beads than Pb2+. Hence, if the affinity between the phage and
metal ion is similar, the binding of phage particles should be sec-
ond lowest for Pb2+-IDA. Any increase in phage particles bound
to Pb2+ over other metal ions (except Co2+) should directly indi-
cate that the affinity for the phage is higher for Pb2+ (i.e. despite
the lower amount of Pb2+ ligands, more phage molecules are
bound).

As shown in Fig. 6, phage clone B3 exhibits the strongest and
the most specific binding to Pb2+. In order to investigate whether
the phage clones with weak binding ability may have more specific
binding to Pb2+, in the control experiment, phage clones B9, B11,
B14 and B15 which exhibited weak binding to Pb2+ were also tested
for their cross-binding to different metal ions. These phage particles
display relatively low binding affinities to all the metal ions tested
including Pb2+ with significantly compromised specificity to Pb2+

(data not shown).
To highlight the differences in the binding affinity and speci-
ficity of a high affinity binder (e.g. B3) as compared with other low
affinity binders, EIA was conducted for phage clones B2, B3, B10 and
B14. According to Fig. 7, B3 shows the best relative binding affin-
ity and specificity to Pb2+, significantly departing from the binding
behavior of B2, B10 or B14 which shows a negligible binding affinity

Table 4
Dissociation constants (Kd) of selected phage peptides
(extracted from Fig. 5).

Phage peptide Kd

B1 3.9 × 10−11 M
B3 3.3 × 10−11 M
B4 2.2 × 10−11 M
B5 4.3 × 10−11 M



5 ogr. A

o
b
t

c
a
i
n
c
i
b
I
a
t
i
f
i
a
P
e
N
q
C
c
n
a
w
p
v
I
h
i
t
h
t
A
d
a
A
p
p
a
p
o
s
m
f
u
i

4

a
a
fi
d
t
t
p
p
a
i
a
r

[
[
[
[

[
[
[
[
[
[

[
[
[
[
[
[

[
[
[
[

[
[
[

[
[
[
[

948 R. Nian et al. / J. Chromat

r specificity to Pb2+. Therefore, B3 is concluded to be the best Pb2+

inder with the highest relative binding affinity and specificity to
he target.

Since metal binding peptides have many functions (e.g. affinity
hromatography to purify proteins [35], bioremediation [36,37],
nd structural and catalytic roles in enzymes [38]), many stud-
es on metal binding peptides have been conducted. For example,
oble metals such as gold [39] and silver [40], heavy metals such as
admium and mercury [36,37,39,41], and metals which are phys-
ologically important, such as zinc [38] and aluminium [42], have
een explored to identify metal ion cognitive peptide sequences.

t should be noted that most of these studies were conducted at
neutral pH (∼7.5) and that few studies applied phage display

echnique in a low pH (e.g. pH 5.4 and 3.5 as was demonstrated
n our study). This is restricted mainly by the precipitation-prone
eature of Pb2+ since Pb2+ is well-known to form complex with var-
ous kinds of anions (e.g. Cl−, SO4

2−). The precipitation of Pb(OH)2
lso causes difficulty in tracking free Pb2+ ions at pH higher than 5.
olyhistidine tags are the most well recognized peptide sequence
xhibiting strong affinity to various types of metal ions (Cu2+, Co2+,
i2+, Zn2+ and Fe3+). One or several histidine residues are also fre-
uently found in peptides that show binding affinity to Zn2+ [38],
d2+ [43], Ni2+ [44], and Cu2+ [45]. Our study is the first to utilize
hromatographic biopanning combined with phage display tech-
ique at low pH to discover peptide sequences exhibiting specific
ffinity toward Pb2+. A new pattern of peptide sequence was found
hich has high specific affinity to Pb2+ (Table 2). Phage clone B3 dis-
laying ThrAsnThrLeuSerAsnAsn (TNTLSNN) heptapeptide on the
iral surface gave the highest binding affinity and specificity to Pb2+.
t is interesting to note that histidine residue, often known to show
igh affinity at neutral pH to positively charged metal ions, is absent

n B3. This may be due to the low pH screening condition conducive
o protonation of lone pair electrons on the imidazole side chain of
istidine hence weakening the binding affinity of histidine residue
o metal ions. On the contrary, polar but uncharged residue (e.g.
sn) and OH-containing hydroxyl residues (e.g. Thr and Ser) are
ominant in the Pb2+-binding peptide B3 at low pH (in the 7 amino
cid sequence, 3 of each Asn and hydroxyl residues are present).
t the moment, it is unclear if B3 peptide binding to Pb2+ can be
rimarily attributed to the presence of a consensus sequence with
atterned positioning of polar uncharged and/or hydroxyl amino
cid residues. According to the previous studies to address under-
inning mechanisms of peptide binding to various metal or metal
xide compounds, it seems that multiple factors (sequence, local
tructure, and context of peptide in conjunction with neighboring
ilieu) all interplay together in a complicated manner to account

or peptide-target recognition [42,46,47]. The elucidation of molec-
lar mechanism of B3 binding to Pb2+ will therefore require further

ndependent study.

. Conclusion

A peptide sequence B3 (TNTLSNN) was successfully found using
novel monolith-based chromatographic biopanning procedure

nd its high relative binding affinity and specificity to Pb2+ was con-
rmed. Monolith-based chromatographic biopanning procedure
emonstrated in this study proves to be superior to the conven-
ional biopanning procedures in many aspects. First, it enables
he use of monolith matrix in the biopanning of target cognitive
eptides displayed on the phage surface in an automated FPLC

latform which would otherwise be cumbersome, time-inefficient
nd labor-intensive in the traditional protocols. Second, it facil-
tates screening of peptides with high affinity and specificity to
target by harnessing multi-stage adsorption/desorption equilib-

ium for efficient fractionation of binders from weak or non-binders

[

[

[

1217 (2010) 5940–5949

which is rarely realized in the conventional biopanning procedures
based on a single equilibrium stage batch adsorption, thereby sig-
nificantly reducing the number of screening rounds required for
enriching high affinity peptide binders. Finally, its operating strat-
egy is highly flexible and conducive to being tailored to suit the
purpose of screening, which is rarely expected in the traditional
panning method. For example, chromatographic panning can take
place in a total recycle mode for negative screening to maximize the
efficiency of removing non-specific binders in order to selectively
enrich highly specific binders to a target. For the same purpose, it is
advantageous to run a positive screening round in a pass-through
mode. Alternatively, if binders from the original library to a target
are rare, positive screening step can be operated in a total recycle
mode to provide more opportunities for peptide library members to
interact with the target. With these merits, the demonstrated new
monolith-based chromatographic biopanning procedure is likely
to find wide applications in the screening of peptide binders to a
broad range of target molecules.
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