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Abstract

In order to generate catalytic antibodies with glutathione peroxidase (GPx) activity, we prepared GSH-S-DNP butyl ester and
GSH-S-DNP benzyl ester as the haptens. Two ScFvs that bound specifically to the haptens were selected from the human phage-displayed
antibody library. The two ScFv genes were highly homologous, consisting of 786 bps and belonging to the sameVH family-DP25. In the
premise of maintaining the amino acid sequence, mutated plasmids were constructed by use of the mutated primers in PCR, and they were
over-expressed in E. coli. After the active site serine was converted into selenocysteine with the chemica modifying method, we obtained
two human catalytic antibodies with GPx activity of 72.2U/pmol and 28.8U/pmol, respectively. With the aid of computer mimicking, it
can be assumed that the antibodies can form dimers and the mutated selenocysteine residue is located in the binding site. Furthermore, the
same Ping-Pong mechanism as the natural GPx was observed when the kinetic behavior of the antibody with the higher activity was

studied. O 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

Natural glutathione peroxidases are a series of anti-
oxidant enzymes, with the capacity of binding to thiol, and
some of these are specific for glutathione. As a kind of
biosynthetic selenoenzyme [1], the selenocysteine (Sec)
residue is indispensable to its catalyzing the reduction of
hydrogen peroxide and other hydroperoxides both in
normal and diseased cells, ultimately reducing the lesion of
biomembranes. Recently, GPx has also been reported to
provide protection against viral-induced myocarditis [2]
and to be correlative with HIV disease progression [3].
However, natural GPx is unstable and the half-life in
human body is short [4], so its sources and application
were restricted. On the other hand, the biosynthesis of
selenocysteine required both the UGA codon, which can be
trandlated into Sec and the selenocysteine insertion se-
guence (SECIS), and the expression of natural GPx in E.
coli is restricted because SECIS is very different in
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eucaryote and procaryotic [5]. Due to the important
biological function of GPx and the increasing interest in
the biochemistry of selenium, different selenoorganic
mimics have been synthesized and studied [6].

The technology of catalytic antibodies was developed
since 1986, and previous investigations has verified that
catalytic antibodies can be used in medicine [7]. For
example, catalytic antibodies have been used to hydrolyze
cocaine to be a nontoxic state [8] and to be prodrugs for
target therapy [9]. This method, together with chemical
modifying method, has been recently used by Ding to
synthesize a monoclonal antibody with GPx activity higher
than some natural GPxs [10,11]. In the antibody selected,
there is no GPx activity before the introduction of
selenium. However, the GPx activity increased by severa
folds after the serine residue was converted into
selenocysteine with chemical modification.

Because of the inherent immunogenicity of murine
antibody [12], the application of catalytic antibodies
derived from monoclonal antibodies is limited in clinical
therapy. It has been reported that by shuffling genomic
exons, simple chimeric antibodies with murine variable
regions and human constant regions have been made [13].
Such chimeric antibodies are superior to murine isotypesin
that they could reduce the anti-globulin responses during
the therapy.
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The construction of human combinatorial library of the
antibody repertoire is another important way to generate
human immunoglobulins [14]. Using the bacteriophage
lamda vector system which can be expressed in E. cali,
specific antibodies can be screened rapidly. Importantly,
the immunogenicity of the human derived catalytic anti-
bodies is very low. Here we report the successful prepara-
tion of human catalytic antibodies with GPx activity from
a human antibody library.

2. Experimental procedures
2.1 Materials

The phage-displayed antibody library was kindly sup-
plied by Dr. Winter, G. Plasmid pET2la was purchased
from Novagen, and pCANTAB 5E was purchased from
Pharmacia. Restriction endonucleases were purchased from
New England Biolab. Bacterial strains used were E. coli
TG, BL21 (DE3), and HB2151. GSH, PMSF, NADPH
were purchased from Sigma. Glutathione reductase was
purchased from Boehringer-Mannheim GmbH. Monoclo-
nal antibody (mAb) anti-E-tag and 9E10 were purchased
from Pharmacia. Sephadex G-75, G-10 came from Phar-
macia.

2.2, 9ynthesis of haptens

In according to the strategy described by Ding [10,11],
GSH-S-DNP Butyl Ester and GSH-S-DNP Benzyl Ester
was designed as hapten3 (Hp3) and hapten4 (Hp4), and
the haptens were synthesized by the method reported
[15,16] and characterized by infrared spectroscopy (IR),
NMR and mass spectroscopy (MS).

2.3, Rescue and selection of phage library

The phagemid particles were rescued from the phage
library as described [17]. The library cells at a density of
OD,,=0.5 were infected with M13K07 helper phage, and
the mixture was incubated for 30 min at 37°C. The phage
particles were rescued from the culture and concentrated.
Phages were selected for three rounds as described previ-
ously [18], and the specificity of the selected antibody was
checked with ELISA.

2.4. Screening and sequencing of clones

Soluble ScFv fragment was secreted from a non-sup-
pressor strain of bacteria HB2151, which were infected by
the selected phage. The specificity of ScFvs to antigen was
assayed by ELISA via the use of a mouse monoclona
antibody (mAb) 9E10, which recognizes the c-myc peptide
tag, and HRP-goat anti-mouse IgG was used as the

secondary antibody. Western blot analysis was performed
to detect the binding activity of soluble ScFv that had
come from the culture supernatants and periplasmic ex-
tracts. The concentrated culture supernatants and periplas-
mic extracts (which include 2 ng ScFv) were run on 12%
SDS-PAGE and then electroblotted. The filters were
blocked by 5% MPBS for 2 h at room temperature and
then mADb 9E10 was added and incubated overnight at 4°C.
After washing with PBST (PBS containing 0.2% Tween
20) and PBS, HRP-goat anti-mouse I1gG was used to detect
the bound 9E10. The clone which gave the strongest
positive ELISA signal was sequenced by use of dideoxy
method [19].

2.5, Computer-assisted structural analysis

We used the overall backbone template of an immuno-
[gobulin, anti-phosphatidylinositol specific phospholipase
C diabody (PDB code: 1LMK), as the template of the
protein. The other homologous templates 1 VGE (chain
H), 1ADQ (chain L) and INFD (chain B) were also used
for refined homology modeling. The program RASMOL
was used to mimic the structure. The coordinates of the
linker (residues 123—137) were not included, because their
conformations are difficult to determine and less important
to the function.

2.6. Congtruction and over-expression of human ScFv

The construction was made in the standard ways [20].
The Sfil-Notl fragment containing the ScFv gene was cut
off from pHENZ1, on which the library was built, and was
ligated into pCANTAB 5E encoding E-tag, which made
the detection and purification of the ScFv simple. Then
PCR was performed with recombinant pPCANTAB 5E as
the template. The amplified product was ligated to pET21a
with the cut at Ndel and Hindlll restriction sites, which
generated the human ScFv over-expression recombination
vector. To increase the yield of antibody expression, on the
premise of maintaining the amino acid sequence, two
forward primers and one reverse primer were designed in
PCR. One primer corresponded to the encoding gene
(5’-AGATATACATATGGCCCAGGTG), and the other
one had six mutated sites (5'-GATATACATATGGCTC-
AGGTTCAGCTGGTTCAATCAGGT), both the two
forward primers containing Ndel restriction site. The back
primer (5'-AGCAAGCTTTTATTATGCGGCACGCGG)
that overlapped part of the 3’ end of the coding sequence
contains a Hindlll site.

The recombinant was transformed into E. coli BL21
(DE3). As the density of cells reached OD,,=0.3-0.9,
the expression was induced with 4 mM IPTG (isopropyl-
B-p-thiogalactopyranoside), growth was continued for 4-5
h at 37°C.
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2.7. Refolding and purification of the ScFv

The cells harvested (1.5 g) from a 1 liter culture were
resuspended in 50 mM Tris—HCI (pH=8.0, containing 10
mM B-mercaptoethonal and 0.01% lysozyme). The mixture
was then sonicated for 1.5 min with intervals of 15 s. After
centrifugation (12 000 rpm, 30 min) and washing with 2 M
NaCl, 0.5% Triton X-100 and 4 M urea, inclusion body
(0.3 g) was recovered and dissolved in 10 ml denaturing
buffer (6 M guanidine hydrochloride/50 mM Tris, pH=
8.0). The resulting solution was filtered through 0.45 pm
membrane and then centrifuged (12 000 rpm, 30 min). The
supernatant was saved and the protein concentration of the
denatured inclusion bodies was determined with the BIO-
RAD Protein Assay Kit.

In the process of refolding the protein, a dilute solution
of denatured inclusion bodies was rapidly placed into 50
ml of refolding buffer (0.4 M Tris—HCI/0.5 M Arg/2 mM
EDTA/2 M guanidine hydrochloride, pH=8.0). Every 1 h,
denatured solution was added to the refolding buffer,
which was stored unstirred at 4°C, increasing the protein
concentration by 10 pg/ml. After five cycles, a find
protein concentration of 50 pg/ml was reached. The
refolding buffer was incubated overnight, then was con-
centrated on a membrane (10 KD molecular weight-cut
off) by several dilution to remove the guanidine hydro-
chloride. ELISA was used to assay the binding activity of
refolded protein. The concentrated refolded protein was
loaded onto an affinity anti E-tag column and subsequently
onto Sephadex G-75 column.

2.8. Introduction of selenium and assay of the enzyme
activity

Sodium hydrogen selenide was prepared according to
the method described by Klayman and Griffin [21]. The
protocol of conversion of the active site serine into
selenocysteine with PMSF was improved by Wu and
Hilvert [22]. After gel filtration of the crude reaction
mixture on Sephadex G-10, the protein fraction Se-ScFv
was collected. The GPx activity was assayed directly.

According to DTNB method described previously [23],
the Sec content of modified antibody was calculated by
measuring the total thiol groups of modified antibody. The
dissociation constants for both ScFv and Se-ScFv with
haptens were measured by ELISA.

The enzyme activity assay was carried out as described
by Wendel et a. [24], using hydrogen peroxide as the
substrate in the presence of GSH with NADPH as a
cofactor. The decrease in NADPH concentration spectro-
photometrically monitored at 366 nm is a measure of GPx
activity.

2.9. Kinetic study

Kinetic parameters were determined by Dalziel analysis.

To investigate the dependence of the rate on substrate
concentration, the reaction rates were determined at several
concentrations of H,O, while keeping the concentration of
GSH constant. Three groups of data were obtained in this

way.

3. Results

The prepared hapten3 and haptend were characterized
by NMR, IR and MS, with the results showing that the
products were the designed haptens.

After three rounds of panning and ELISA detection, five
of 55 and five of 50 specific ScFv antibodies displayed on
phage against Hp3 and Hp4, respectively, were obtained.
The specific antibodies that gave the strongest ELISA
signal, were named 3B10 to Hp3, and 4F4 to Hp4. The
result of ELISA and Western blot analyses showed that
soluble 3B10 and 4F4 were able to recognize and bind the
respective hapten and they could be found in culture
supernatant and periplasmic extracts (Fig. 1). The molecu-
lar weights of both 3B10 and 4F4 were 31 kD.

The nucleotide sequence of the VH segments of 3B10
and 4F4 (Fig. 2) were compared with the germline gene
segments presented on the VH directory compiled by the
library constructor [14] (Table 1). It was found the ScFv
gene consisted of 786 bps, and belonged to theVH family-
DP25. The tertiary structure of the protein was obtained by
use of a computer model, which showed that the protein is
most likely to function as a dimer and the amino acids in
the CDRS3 region can form a pocket which may be located
on the surface of the protein (Fig. 3).

When expressing the protein with unmutated primers,

31KD | p— —

|

Fig. 1. Western blot analysis of soluble scFvs. (8) Concentrated E. coli
cell expressing 3B10 culture supernatant. (b) Periplasmic extract from E.
coli cell expressing 3B10. (c) Periplasmic extract from E. coli cell
expressing 4F4. (d) Concentrated E. coli cell expressing 4F4 culture
supernatant.
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ATG GCC CAG GTG CAG CTG GIG CAG TCT GGG GCT GAG GTG AAG AAG
M A Q v Q L Y% Q S G A E v K K
CCT GGG GCC TCA GTG AAG GTT TCC TGC AAG GCT TCT GGA TAC ACC
P G A S \% K \% S C K A S G Y T
TTC ACT AGC TAT GCT ATG CAT TGG GIG CGC CAG GCC CCC GGA CAA
F T s Y A M__H w v R Q A P G Q
CDR1
AGG CTT GAG TGG ATG GGA TGG ATC AAC GCT GGC AAT GGT AAC ACA
R L E W M G w1 N A G N G N T
CDR2
AAA TAT TCA CAG AAG TTC CAG GGC AGA GTC ACC ATT ACC AGG GAC
K Y S Q K _F Q G R Y% T 1 T R D
ACA TCC GCG AGC ACA GCC TAC ATG GAG CTG AGC AGC CTG AGA TCT
T S A S T A Y M E L S S L R S
GAA GAC ACG GCC GTG TAT TAC TGT GCA AGG TTG ACG CCT AAT AAG
E D T A \% Y Y c A R L T R(P) N K
TIT AAG TCG CGT GGT CAT TGG GGC CAA GGT ACC CTG GIC ACC GIG
F K S R G H W G Q G T L Y% T \Y%
CDR3
TCG AGA GGT GGC GGT GGC TCG GGC GGT GGT GGG TCG GGT GGC GGC
S R G G G G s G G G G S G G G

Linker

Light Chain Variable Region

GGA TCT TCT GAG CTG ACT CAG GAC CCT GCT GTG TCT GTG GCC TTG
G S S E L T Q D P A v S \% A L
GGA CAG ACA GTC AGG ATC ACA TGC CAA GGA GAC AGC CTC AGA AGC
G Q T \% R 1 T C Q G D S L R S
CDR1
TAT TAT GCA AGC TGG TAC CAG CAG AAG CCA GGA CAG GCC CCT GTA
Y Y A S w Y Q Q K P G Q A P A%
CTT GTC ATC TAT GGT AAA AAC AAC CGG CCC TCA GGG ATC CCA GAC
L \% I Y G K N N R P S G I P D
CDR2
CGA TTC TCT GGC TCC AGC TCA GGA AAC ACA GCT TCC TTG ACC ATC
R F S G S S S G N T A S L T 1
ACT GGG GCT CAG GCG GAA GAT GAG GCT GAC TAT TAC TGT AAC TCC
T GA Q A E D E A D Y Y C N S
CGG GAC AGC AGT GGT AAC CAT GTG GTA TTC GGC GGA GGG ACC AAG
R D S S G N H A% v F G G G T K
CDR3
CTG ACC GTC CTA GGT GCG GCC GCA GAA CAA AAA CTC ATC TCA GAA
L T \Y L G A A A E Q K L 1 S E
Not I c-myc Tag
GAG GAT CTG AAT GGG GCC GCA TAG

E D L N G A A

E)

Fig. 2. The nuclectide sequence of 3B10 (103 is R) and 4F4 (103 is P).

the yield is very low, while with the mutated primers the
yield is much higher. By use of the mutated primers,
over-expression 3B10 and 4F4 were achieved. Western blot
analysis confirmed that the highly expressed foreign
protein was our desired ScFv (Fig. 4), exhibiting the
expected molecular weight. The amount of expressed
desired proteins was approximately 100 mg per liter
culture. The results of SDS—-PAGE indicated that the ratio
of expressed antibody to total E. coli protein was approxi-
mately 40%. Moreover, the results of SDS—-PAGE indi-
cated that the recovered 3B10 and 4F4 show two bands.
The molecular weight of the more prominent band was 31
kD. The molecular weight of the other band was about 62
kD.

The products we obtained had no GPx activity without
selenium. After introducing selenium into the 3B10 and
4F4, we found they exhibited GPx activity of 72.2U/pumol
and 28.8U/pmol protein respectively, while the binding to

Table 1

Deduced VH-CDR3 sequences and germline origin of both 3B10 and 4F4
Hapten scFv CDRS3 sequence Family Segment
3 3B10 LTRNKFKSRGH VH1 DP25

4 4F4 LTPNKFKSRGH VH1 DP25

the haptens changed little. The DTNB results show there is
about one Sec residue in every protein molecule in the
mutated antibody. Three parallel lines of Dalziel plots
were constructed by holding three different GSH con-
centrations constant while varying the concentration of
H,O, respectively, which is consistent with the Ping-Pong
mechanism involved in the natural GPx [25] (Fig. 5).

4. Discussion

Theoretically, catalytic antibodies can catalyze chemical
transformations whether a natural enzyme to the reaction
exists or not. When atarget is selected, a catalytic antibody
is always there. As a new class of potential therapeutic
agents, catalytic antibodies might mediate the selective
destruction of viral coat proteins or tumor antigens and
may prove efficacious in the lysis of blood clot. Thus,
catalytic antibodies provide a novel path for drug de-
signers. Unlike the catalytic antibodies that catalyze the
organic reaction, monoclonal antibodies obtained from
immunized mice will cause Human Anti-Mouse Antibody
(HAMA) when they were used in humans, so they cannot
be used directly. On the other hand, human catalytic
antibodies should be more advantageous in clinica
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Fig. 3. Model structure by use of Rasmol analyzing software. (@) Dimer of ScFv 3B10, (b) CDR3 region of 3B10, (c) CDR3 region of 4F4.

therapy, but so far there have been few reports on human
catalytic antibodies [26].

The phage-displayed antibody library has been verified
to be a powerful means to create novel catalytic antibodies
of human sources. A variety of catalytic antibodies can be
derived from an antibody library with the variety and
specificity depending on the size of the library. The library
used in this work contained 10 different clones, and we
have obtained several different clones specific to Hp3 and

Hp4 from this library. The antibodies we expressed in the
research were those that bound the haptens with the
greatest affinity. Since the catalytic activity has no rela
tionship to binding capacity [27], we will express addition-
al antibodies in hope to produce catalytic antibodies with
higher activity.

Here we have prepared the human catalytic antibodies
with GPx activity by the chemical modification of specific
antibodies obtained from a human phage-displayed anti-
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a b
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Fig. 4. Western blotting of high level expressed 3B10. (8) Purified
renatured 3B10 on Sephadex G-75, (b) E. coli cell proteins after
induction.

body library. The negative control protein with Sec by
chemical modifying method has been proved to have GPx
activity of only 10U/umol [28], so the GPx activity of our
catalytic antibodies is due to their specific binding to the
haptens. Although their activities are somewhat low com-
paring to the activity of the natural rabbit liver GPx, which
is 5780U/umol, they have many advantages to be used.
The highly expressed catalytic antibodies Se-3B10 and
Se-4F4 should express lower immunogenicity when they
are used in therapy. Furthermore, their smaller size should
make them easier to be absorbed. Because they are easier
to crystalize than natural GPx, their structures and re-
action mechanism are more amenable to study.

As seen from the results of the gene sequencing, the
sequences of CDR3 region of the ScFv and GSH binding
site of native GPx do not resemble. The main reason is that
they belong to the different families, antibody and enzyme.
However, according to the data of binding and catalyzing,
we may suppose their tertiary structure are similar, which
contribute to the catalytic activity of the antibodies. On the
other hand, it can be expected that if we made some
mutations on the CDR3 region according to the GSH
binding site of native GPx, the mutated antibodies will
have higher activity than 3B10 and 4F4.

Our many results indicate that ScFv 3B10 and 4F4 can
form dimers after purification. After refolding the ScFv
fragment emerged in two peaks, corresponding in sizeto a

_0.43
& [GEH]=1mM
g 0.38 ' m[osHl=2mM
mg 0.33 F A [GSH]=3mM
— 0.28 F
NG
> 0.23 F
3
218 F
0.13 4 0.02 0.04 0.06

V{H,0] (mM)!

Fig. 5. Dalziel curve showed the mechanism of the Se-3B10 is Ping-Pong
mechanism similar to the natural GPx.

monomer and dimer on Sephadex G-75. The dimer could
not be dissociated in presence of dithiothreitol, and was
therefore not linked by disulphide bonds. The computer
model also showed that the two subunit bind in the site of
the linker. In fact, the mimicking should be successful,
since the template 1LMK is similar to 8FAB (also an Fv
dimer) that was used in the paper by Hirose et a. [29], but
it is probably better than 8FAB due to the closer topo-
logical relationship between ScFv and 1LMK. Another
result in the computer model is that the CDR3 is on the
surface. In the natural GPX, there is Arg-167 in the active
region, which binds to GSH. In the most kinds of natural
GPx, Arg, GIn, Ser, and Thr often bind to GSH by
hydrogen bonds. The ScFv shows similar hydrogen bond-
ing. This indicates that the reaction mechanism of the ScFv
should be similar to the natural GPx. The results obtained
from the kinetic analysis have proved it.

In conclusion, a human antibody library is capable of
providing various human antibodies for producing catalytic
antibodies for clinical therapy, and in the future human
catalytic antibodies with higher catalytic activity may
emerge by affinity maturation of selected antibodies by
chain shuffling. The use of this library has highlighted the
new possibilities for the application of catalytic antibodies
in medicine.

5. Notation

GSH, reduced glutathione; cGPx, cytosolic glutathione
peroxidase; GSH-S-DNP, S-(2,4-dinitrophenyl) gluta-
thione; DTNB, 5,5'-dithiobis(2-nitrobenzoic acid); PMSF,
phenylmethanesulfonyl fluoride
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