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Glutathione peroxidase (GPX) is an important antioxidant enzyme, which plays an important role in scavenging reactive oxyge
o obtain humanized GPX catalytic antibodies, the phage displayed human antibody library on the surface of the filamentous bac
as used to select novel antibodies by repetitive screening. Phage antibodies B8, H6 and C1 with the GSH-binding site were ob

he library by enzyme-linked immunosorbent assay (ELISA) analysis with four rounds of selection against three haptens,S-2,4-dinitropheny
-butyl ester [GSH-S-DNP-Bu (B)],S-2,4-dinitrophenylt-hexyl ester [GSH-S-DNP-He (H)] andS-2,4-dinitrophenyl cycle-hexyl ester [GS
-DNP-cHe (C)], and characterized using surface plasmon resonance (SPR) biosensor. The gold layer was modified by dithiodig

DDA) and three haptens were easily attached to DDA by self-assembling to form a biosensor membrane. The membrane bounds
orresponding antibodies. The kinetic process of the reaction between phage antibodies and their haptens was studied by SPR
rder to improve selectivity, chemical modification was used to incorporate directly catalytic group selenocysteine (Sec) into sele
lone B8, H6 and C1 to form Se-B8, Se-H6 and Se-C1, respectively. The GPX activities of Se-B8, Se-H6 and Se-C1 were found
000 and 700 units/�mol, respectively. Compared with conventional ELISA analysis, the proposed method based on SPR biosen
ore rapid and simpler.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Glutathione peroxidase (GPX) is an important antioxidant
nzyme, which plays an important role in scavenging reactive
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oxygen species. GPX is a selenoenzyme composed o
identical subunits of 21,000 Da, which catalyzes the re
tion of H2O2 and other hydroperoxides. Glutathione (GS
is utilized as a cofactor, supplying the electrons for the
lowing reductive reaction:

ROOH + 2GSH → ROH + H2O + GSSG

The mechanism by which GPX catalyzes breakdow
hydroperoxides has been extensively studied. The sele
a reduced selenocysteine (Sec) molecule (ESeH) is oxi
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by hydroperoxides to generate a selenenic acid (ESeOH).
Tripeptide GSH then reacts with the selenenic acid, afford-
ing the corresponding water and selenenyl sulfide (ESeSG).
A second molecule of GSH attacks the sulfur atom of the
latter species, producing GSH disulfide and regenerating the
selenol (ESeH) to complete the catalytic cycle[1].

Complementarity between enzyme and transition state is
the essence of the biological catalysis, which has been used
to generate catalytic antibody[2–4]. In previous works, our
group has developed a new strategy for generating catalytic
antibody: the monoclonal antibody (mAb) with substrate
binding site is first prepared and then a catalytic group is
incorporated into the mAb’s binding site by chemical muta-
tion. Using the substrate analogue GSH-S-DNP (4A4)[5,6],
GSH-S-DNP-Me (3G5), GSSGMe (5C9) or GSH-S-DNP-
Bu (2F3)[7] as haptens, we obtained respective mAbs, which
are able to bind substrate GSH, respectively. These mAbs
could be converted into catalytic antibodies when the seleno-
cysteine molecules are incorporated into the binding sites of
the antibodies. In this way, we have generated several cat-
alytic antibodies that can efficiently catalyze the breakdown
of hydroperoxides by GSH[5–13]. Among them, several an-
tibodies (Se-4A4, Se-3G5 and Se-2F3) have been found to
display remarkably high catalytic efficiency, which surpasses
some of native enzymes.

In order to overcome the shortcomings of the mAb’s, such
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Surface plasmon resonance (SPR) sensors are becoming
useful tools in studying the interactions among macro-
molecules and determining the concentrations and masses of
macromolecules. This technique has two obvious advantages
over traditional methods. First, labeling of molecules is not
necessary. Second, real-time observation of the interaction
among macromolecules can be realized and, therefore,
kinetic constants of reactions can be obtained. Such instru-
mentation is to be used in fields such as on-line process
monitoring, environmental, medical science and many other
life science disciplines[19–24]. Since early 1990s, commer-
cially available SPR-based biosensor equipment has attracted
the interest of pharmaceutical companies as a tool for both
selective and sensitive in vitro screening of promising novel
pharmaceutical products from combinatorial libraries. Com-
pared with ELISA or RIA procedures, which only produce
meaningful data at the end-point, SPR biosensor offers real-
time measurement of the binding events. The change in the
resonant wavelength is correlated with the amount of analyte
bound to the sensor surface. The corresponding analyte
(such as antibody or antigen) in samples could be detected
very rapidly by the specific reaction between biomolecules.

A novel optical biosensor based on surface plasmon
resonance has been developed and improved[25,29] for
biomolecular interaction study and determination. The sen-
sor is designed on the basis of fixing angle of incidence and
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s less availability and large mass, we have also pre
ome single-chain variable region fragments of antibo
scFv) with smaller size. The scFv protein is one of the sm
st antibody fragments that retain the ability to bind anti
ompared with mAb, scFv has several advantages inclu

a) it can be expressed by gene engineering, (b) its mole
eight is smaller than mAb and its structure is easy to b
lyzed by NMR or X-ray crystallography, and (c) it is m
ppropriate for use as drug candidates.

Phage antibody library is now one of the ways for prod
ng human antibodies and antibody fragments[14]. Antibody
ibrary displayed on phage offers a new kind of antibody
inds specific substrate without antigenicity in vitro[15,16].

n general, the phage M13 has two coated proteins, pII
VIII. Phage repertoires are generated by fusion of DNA
oding antibodies at the ends of pIII and pVIII that disp
he expressed proteins on their surfaces. Binding ant
es are often selected by repetitive panning[17,18]. In this
tudy, combination of phage displayed antibody library w
hemical modification was used to directly select phage
atalytic antibodies.

Three substrate analogues (GSH-S-DNP-Bu, GS
NP-He and GSH-S-DNP-cHe) were designed and sy
ized in order to use them as haptens to select antib
rom a semi-synthetic phage displayed antibody library
he phage antibody clones capable of binding the ha
ere obtained. Phage clones B8, H6 and C1 were chos

heir highest signals of enzyme-linked immunosorbent a
ELISA) and some catalytic groups Sec’s were incorpor
nto them.
easuring the reflected intensities in the wavelength r
f 400–800 nm simultaneously. On the sensing elemen
ight angle glass prism, a replaceable glass sensor chi
dded. The chip was coated with a surface plasmon a
old layer (thickness, 50 nm) by vacuum vapor deposi
he chip was attached to the bottom of the prism with c
il. A flow cell with a volume of 180�L was installed unde

he chip. The sensing membrane with different func
roups on the gold substrate was formed by molec
elf-assembling in solution in the flow cell. The sys
as been used for the determination of some chem
pecies, such as dimethylamine, alcohol, glucose
ntibody–antigen recognition[25–32]. This paper presen
n improved device that can be used as both a mole
ecognition device for detecting related biomolecules

tool for studying macromolecular interactions includ
easuring antibody–antigen and ligand–receptors ki
ssociation constants. The sensor was shown to b
implicity, sensitivity, selectivity, rapid response and c
ffectiveness.

. Materials and methods

.1. Materials

Phage displayed human antibody library;E. coliTG1 and
G1 (pHEN 2) were generous gifts from Medical Rese
ouncil (MRC). Haptens (GSH-S-DNP-Bu, GSH-S-DN
e and GSH-S-DNP-cHe) were synthesized in our labora
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[5–7]. M13K07 helper phage and vector were purchased
from Phamarcia Biotech. Dithiodiglycolic acid (DDA;
C4H6O4S2) and mouse anti-M13 phage antibody labeled
with horseradish peroxidase were purchased from Sigma. All
other chemicals were of analytical grade. All solutions were
prepared with ultra-pure water (>18 M�cm−1) supplied
by an EASYpure RF compact ultra-pure water system
(USA).

2.2. Selection of phage clones with GSH binding activity
against GSH-S-DNP-Bu (B), GSH-S-DNP-He (H) and
GSH-S-DNP-He (C)

Phage particles displayed antibodies were rescued with
helper phage M13K07 on a 50 mL scale[33,34]and purified
from bacterial supernatant through precipitation with 20%
polyethylene glycol 6000/2.5 mol/L NaCl (PEG6000/NaCl).
About 1011 phage particles were preincubated withE. coli
TG1 containing 3% bovine serum albumin (BSA) at 37◦C for
2 h in order to eliminate the affinity of absorbed phages. The
supernatant containing non-specially selected phages was in-
cubated overnight at 37◦C. Fifty micrograms hapten B (or
H, or C) (shown inFig. 1) was dissolved in 1 mL methanol
and coated on culture plate (Nunc). The plate was washed
three times with phosphate buffer saline (PBS) and blocked
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broth, into which 15% glycerol was added, and then stored
at−70◦C.

2.3. Identification of phage clones and measurement of
their dissociation constants for GSH

From the plate incubated overnight (as described above),
one bacterial colony was picked up, added to 1 mL 2×YT
broth containing 100�g/mL ampicillin and 1% glucose
and incubated overnight at 37◦C. The culture of 20�L
was incubated in 1 mL 2×YT broth containing 100�g/mL
ampicillin and 1% glucose with shaking at 37◦C until reach-
ing an optical density of 0.5 at 600 nm. Eight microliters
M13K07 helper phage was added at ratio of 1:20 (phage
particles:helper phage) and infected at 37◦C for 30 min.
Phage particles were recovered by centrifugation at 3300× g
for 10 min, and then resuspended in 2 mL 2×YT broth con-
taining 100�g/mL ampicillin and 50�g/mL kanamycin and
incubated overnight at 30◦C. Infected bacterial cells were
precipitated by centrifugation at 3300× g for 15 min. The
pellets were resuspended in 1/5 volume of PEG6000/NaCl
and centrifuged at 10,800× g for 30 min. The precipitates
were phage antibodies.

The phage antibodies were tested with ELISA. In this ex-
periment, 50�g/mL B, H or C, M13K07 helper phage (used
as positive control), TG1 containing pHEN2 (used as negative
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ith 3 g/L BSA at 37◦C for 2 h. Phages that were not bou
ith BSA were added to the plate and incubated at 37◦C for
h. The plate was washed 10 times with PBS buffer con

ng 3% BSA and 0.5% Tween 20, and 10 times with P
uffer. Then, bound phages were eluted with 0.1 mol/L
thylamine and immediately neutralized with 0.5 mol/L T
ydroxymethyl aminomethane (Tris)–HCl buffer (pH 7
luted phages were used to infect the exponential gro
. coli TG1 cells. Recovered phages were amplified,
n the 2×YT plates containing 100�g/mL ampicillin and
% glucose and incubated overnight at 30◦C. The bacte
ial cells were scraped into 2×YT broth. Fifty microliters
acterial cells were added to 50 mL 2×YT broth contain

ng 100�g/mL ampicillin and 1% glucose and incuba
t 37◦C with shaking until reaching an optical density
.5 at 600 nm. The biopanning was repeated three t
he remaining bacterial cells were obtained by centrifu

ion at 3300× g for 10 min, and then resuspended in 2×YT

Fig. 1. Structures for haptens used for selecting phage antibodie
ontrol), PBS, 2×YT, TG1 and 3% BSA were used. Ea
f them was coated in one well of ELISA plate and t

ncubated overnight at 4◦C. Plate was washed three tim
ith PBS and blocked with PBS containing 3 g/L BSA
7◦C for 2 h. After washing three times with PBS, into
late was added the phage antibodies and incubated at◦C

or 2 h. The plate was washed five times with PBST (P
uffer containing 0.5% Tween-20); an anti-M13 monoclo
ntibody coupled to horseradish peroxidase was adde

ncubated at 37◦C for 2 h. The plate was washed three tim
gain with PBS and the substrate solution [1 mg/mL 3,3′,5,5′-

etramethyllbenzidine (TMB) and 0.3% hydrogen perox
.11 mol/L citrate buffer, pH 5.8] was added. The reac
as stopped with 1.0 mol/L sulfuric acid in 20 min. T
bsorbances (at 450 nm) were measured with a micro
eader. Sixty phage clones were randomly picked up an
6 and C1 with the highest ELISA signals were chosen

urther study. The dissociation constants were measure
he same experiment as ELISA according to Prism soft
35].

.4. Immobilization of haptens on to the sensor chip

SPR biosensor[25] used was developed and improved
he Institute of Miniature Analytical Instrumentation, Colle
f Chemistry, Jilin University, China. First, the gold film w
odified using 6.7 mmol/L DDA for 30 min, and then t
ctivated gold film was incubated with 50�g/mL B, H or
(pH 7.4 PBS) for 30 min; finally, the excess binding s

ere blocked by 5 g/L BSA in PBS buffer (pH 7.4).
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2.5. Characterization of phage antibodies B8, H6 and
C1 with SPR biosensor

The kinetic analysis of the reaction of biological
molecules with SPR biosensor was as follows: flow cell
was washed with three injections of PBS for 10 min and
the resonant wavelength at this point was recorded as
baseline. Association—100�mol/L phage antibodies was
diluted 10-fold with pH 7.4 PBS and injected into flow cell
and incubated for 30 min and the change of the resonant
wavelength was monitored every 2 min for 30 min during
an analytical run. Dissociation—flow cell was washed with
three injections of 200�L PBS buffer and the change of the
resonant wavelength was monitored every 2 min for another
30 min during washing. Regeneration—0.3 mol/L citrate
(pH 2.7) was used to rinse the sensing surface for 2 min
to remove the antibody molecules bound to the sensing
membrane and make SPR biosensor regenerated. Return to
baseline—flow cell was washed with PBS for 10 min until
the resonant wavelength returns to the baseline, and then the
biosensor is ready for a new run.

2.6. Preparation of Se-B8 (H6 and C1) and
determination of GPX activity

One liter phage antibodies (B8, H6 or C1) approximate
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round. The concentrations were 50�g/mL in the first round
and 1�g/mL in the last round. The ratios between the haptens
and the phage particles were ranged from 1:1 to 1:50. During
the selection step of each round, the concentrations of the
haptens were decreased while the washing times with PBST
buffer were increased. The recovery ratios become higher and
higher when the rounds of selection were increased. This indi-
cated that the bound phage antibodies were enriched while the
selections were carried out one after another. ELISA results
(not shown in this paper) also showed that above 70% clones
randomly chosen from the fourth round were positive ones.
It was found from the ELISA signals that B8, H6 and C1 had
good ability to bind GSH. Therefore, when catalytic group
Sec was incorporated into the B8, H6 and C1, the GPX activ-
ities of Se-C1, Se-H6 and Se-B8 (shown inTable 1) reached
700, 2000 and 3000 units/�mol, respectively. These results
indicate that the catalytic antibody with higher GPX activ-
ities could be obtained by incorporating Sec into the phage
mAb with GSH binding site[5–13].

As shown inTable 1, the dissociation constants of the
B8, H6 and C1 are in the order of magnitude of�mol/L,
indicating that the binding between the phage antibodies and
GSH analogues was firm.

3.2. Kinetic determination
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o 1013 phage particles were reacted with PMSF (20�L
f 0.2 mg/mL in acetonitrile) at 25◦C for 3 h. The mixture
as flushed with purified N2 for 20 min, and then 20�L of
mol/L NaHSe solution was added[36] and incubated a
7◦C for 40 h under the nitrogen atmosphere. Se-B8
nd C1) was separated from the reaction mixture by u
ephadex G-25 column, eluted with 20 mmol/L Tris/HCl (
.0) and freeze-dried.

A phage antibody GPX activity was measured acc
ng to the literature[1]. The reaction mixture was in 250�L
0 mmol/L potassium phosphate buffer (pH 7.0) contai
mmol/L EDTA, 50�L 1 mmol/L GSH and 10–50 nmol/
e-B8 (Se-H6 and Se-C1), and then incubated at 37◦C for
0 min. One unit of GSH reductase and 50�L 0.25 mmol/L
ADPH were added and incubated at 37◦C for 3 min. Then

he reaction was initiated by adding 50�L 0.5 mmol/L of
2O2. The activity was measured by the change of NAD
bsorption at 340 nm. The same experiment was carrie
ith the phage antibodies without B8, H6 and C1 and
bsorbance values of them were used as blank contro
ctivity unit is defined as the mole number of Se-B8 (Se
nd Se-C1), which consumes 1�mol of NADPH per min.

. Results

.1. Screening of GSH binding phage antibodies

Both the concentrations of the haptens and the ratio
ween the haptens and the phage particles were varied in
The DDA monolayer sticks firmly on the gold surface w
ts disulfide bonds. To observe the DDA assembling on
ubstrate, a solution of DDA was injected into the flow c
he changes of resonant wavelength were determined i

ime. The shift of the resonant wavelength (�λ) reaches a
9% of its total shift within 15 min in the 6.7 mmol/L DDA s

ution. When the assembling time increases, the�λ keeps al
ost constant. That means the self-assembly has comp
ecause the disulfide bond of DDA easily reacts with A

orm S Au bond, a good monolayer is formed.
A series of hapten (B, H and C) solutions were prep

nd injected into the flow cell, respectively. After the re
ion of hapten (B, H or C) with DDA on the Au film wa
ompleted, a large excess of 5% BSA was used to bloc
on-specific binding sites on the sensor surface and no w

ength shift was observed in this process. Then, 10�mol/L
f the phage antibodies was injected into flow cell and

o immerse the sensing membrane for 30 min. SPR sp
f molecule assembling on the sensor surface are sho
ig. 2. The optimum determination conditions were sh

o be in PBS buffer (pH 7.4) at 20◦C for 30 min. Room tem
erature (20◦C) was chosen for molecular assembling.
eating the determination of 10�mol/L phage antibodies fo
1 times, a relative standard deviation of 1.5% is obtain

As shown inFig. 3, the SPR resonance wavelength s
f the phage B8 on the sensor is much larger than that o
nd C1. This result coincides with that detected via EL
Table 2). For SPR, resonance wavelength shift showe
ffinity between hapten and phage. For ELISA, OD450 was
sed to measure the affinity between hapten and phag
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Table 1
GPX activity comparison between the phage abzymes and other abzymes

Species Phage (Cfu/mL) before
binding Se

Protein (�g/mL) before
binding Se

Protein (�g/mL) after
binding Se

GPX activity (U/�mol) KD (�mol/L)

Se-B8 1013 260 220 3012 14
Se-H6 1013 271 260 2102 12
Se-C1 1013 253 241 694 12
Se-2F3-scFv 3394± 68a

Native GPX 5780a

Note: [GSH] = 1 mmol/L; [H2O2] = 0.5 mmol/L.
a [13].

Fig. 2. SPR spectra of molecule assembling on the surface of Au Film: (a)
with DDA; (b) with hapten (B, H or C),t= 30 min; (c) with BSA; (d) with
phage,t= 30 min.

Fig. 3. The kinetic adsorption curves of B8, H6 and C1 phages on the surface
of biosensor’s film.

using either ELISA or SPR, it was found that the affinity ob-
tained between phage B8 and hapten B is highest. The affinity
between phage C1 and hapten C is the lowest. The kinetic pro-
cess could be studied in real time by monitoring the change
of the resonant wavelength with SPR biosensor. The whole
assay can be well done within 2 h. Compared with ELISA
method, SPR biosensor was shown to be much simpler, more

Table 2
The comparison between ELISA and SPR in molecular interaction analysis

Phage �mol/L ELISA SPR

OD450 t (h) �λ (nm) t (h)

B8 10 1.5 >24 1.4 <2
H6 10 1.3 >24 1.2 <2
C1 10 0.6 >24 0.8 <2

rapid and cost-effective, as well as without the need to label
antibodies with HRP.

4. Discussions

In this paper, several kinds of GPX catalytic antibodies
were screened from phage displayed antibody library and
detected by ELISA and SPR biosensor. GPX activities of
the phage clones (Se-B8, Se-H6 and Se-C1) were directly
determined on the basis of ratio relationships among the mole
fraction of Se-B8, Se-H6, Se-C1, phage particles, the titer
of phage particles and the concentrations of proteins when
the Sec group was incorporated into B8, H6 and C1. This
method relies on: (1) unique enzyme is highly specific for the
substrate, GPX activity is mainly ascribed to the phage clones
with GSH binding site; (2) the structure and the genome
of the phage are well known. A phage is considered as a
bio-macromolecule in protein level and its molecular mass is
approximate to 3000 protein pVIII (1.6× 104 kDa). Further-
more, there is a specific ratio between titer of phage particles
and the concentration of protein. The protein concentration
of 1013 phage particles (1013× 1.6× 107/6.02× 1023)
equals to 2.7× 10−4 g/mL in theory. Not only the protein
concentration of freeze-dried Se-B8 (H6 and C1), but also
the phage titer of Se-B8 (H6 and C1) and the mole fraction
c the
o at the
e very
p sed
V ssed
p r and
t The
e s:

mul-
t ring
p hown
i of
an be accurately calculated according to this ratio. On
ther hand, the expressed proteins are always fused
nd of protein pIII of the phage particles. In general, e
hage has five pIII proteins, of which two or three are fu
H-Linker-VL genes. So, every phage is fused 2.5 expre
roteins on average. The ratio between the phage tite

he mole fraction of expressed protein is thus obtained.
quation for calculating GPX activity of scFv is as follow

GPX activity of phage with B8 (H6 and C1)

−GPX activity of phage without B8 (H6 and C1)

expressed protein of every phage on the average

= GPX activity of ScFv

A newly developed SPR optical biosensor based on si
aneous multi-wavelength detection is suitable for monito
hage clone binding (Scheme). The SPR spectra are s

n terms of reflected light intensity versus wavelength
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Scheme. The SPR design for simultaneous multi-wavelength detection.

incident light, while the SPR spectra of BIAcore instruments
(Pharmacia) are shown in terms of light intensity versus angle
of incident light. The intensity of the reflected light is the min-
imum at the resonant wavelength. Molecular self-assembling
in solution is used to form the sensing membrane on the
gold substrate. The processes of sensing monolayer forma-
tion were studied in real time through observing the change of
resonant wavelength. Compared with ELISA, SPR biosensor
could be used to study the kinetic process in real time by mon-
itoring the change of the resonant wavelength. It was shown
that the method is simple, rapid as well as without the need
to label antibodies with HRP. In addition, the SPR apparatus
is rather cost-effective compared with BIAcore systems.

In summary, a novel combination of phage displayed an-
tibody library with chemical modification was developed for
rapidly selecting phage antibodies. Three phage antibodies
with GPX activity were successfully selected by using this
method, demonstrating that the method can be used to pre-
pare rapidly humanized single chain antibodies with GPX
activity. Here, we present an improved device that can be
used as both a molecular recognition device for detecting
related biomolecules and a tool for studying macromolecu-
lar interactions including measuring antibody–antigen, and
ligand–receptors kinetic association and dissociation con-
stants. Under optimum experimental conditions, the SPR
biosensor has a good repeatability, sensitivity, reversibility
a
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