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Abstract

Since the discovery of a natural catalytic antibody in 1989, many catalytic antibodies
targeting peptides, nucleotides, virus and bacterial proteins, and many molecules
have been prepared. Although catalytic antibodies should have features superior to
non-catalytic monoclonal antibodies, the reports on catalytic antibodies are far fewer
than those on normal (non-catalytic) antibodies. Nowadays, we can obtain any mon-
oclonal antibody we want, which is not the case for catalytic antibodies. To over-
come this drawback of catalytic antibodies, much basic research must be done. As
one way to attain this purpose, we have been making a protein bank of human anti-
body light chains, in which the light chains were expressed, purified, and stored for
use in screening against many kinds of antigen, to then get clues to introducing a
catalytic function in normal antibodies. As the number of stored light chains in the
above protein bank has reached the hundreds, in this study, we screened them against
amyloid-beta (A), which is well-known as one of the molecules causing Alzheimer’s
disease. We found two interesting light chains, #7TR and #7GY. The former could
degrade both a fluorescence resonance energy transfer-Af substrate and Af1-40 full
peptide. In contrast, #7GY, whose sequence is identical to that of #7TR except for
the amino acids at the 29th and 30th positions, did not degrade the FRET-Af sub-
strate at all. By using a synthetic substrate, Arg-pNA, the difference between the
chemical features of the two light chains was investigated in detail. In addition, we
found that the presence of Zn(II) ion hugely influenced the catalytic activity of the
#7TR light chain but not #7GY. Through these facts and the discussion, we propose
one of the clues to how to put a catalytic function in a normal (non-catalytic)

antibody.
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1 | INTRODUCTION
Since the discovery of a natural catalytic antibody in 1989,"
many catalytic antibodies targeting pe:ptides,z’3 nucleotides,*®
virus and bacterial proteinsj’12 and molecules such as factor
VIIL"” CCRS5," and TNFo'>'® have been established. The
cleaving mechanism of the peptide bond of antigens by cat-
alytic antibodies is considered to be similar to that of serine
proteases through studies on site-directed mutagenesis,”’18
X-ray crystallography,19 etc.

Recently, molecule-targeting drugs (as antibody drugs)
have been actively developed throughout the world. Mostly,
the targeted molecules concern proteins relating to cancer,
Alzheimer’s, rheumatism, viruses, etc. Monoclonal antibod-
ies against these molecules”*! have been prepared for practi-
cal use, mainly in this decade. Although catalytic antibodies
should have features superior to those of non-catalytic mono-
clonal antibodies, few studies on them have been reported so
far.

We can obtain whatever monoclonal antibody we want if
itis a normal protein or peptide. A lot of monoclonal antibod-
ies (non-catalytic) have been produced since the technology
was discovered in 1975.%2 The number is in thousands. On
the other hand, the number of reports on catalytic antibodies
is far fewer than that of non-catalytic monoclonal antibodies.
At present, the mainstream technology to producing a cata-
lytic antibody is screening from monoclonal antibodies. It is
desirable to design the catalytic antibody for the desired anti-
gen, as we have done for monoclonal antibody production. In
order to achieve that purpose, we have to develop a new, ad-
vanced or evolutionary technology, or algorithm for the next
generation, where catalytic antibodies should be designed
on a molecular basis. Therefore, as the first step, the authors
herein have been making a protein bank of human antibody
light chains for the past ten years. At the present time, the
number of expressed and purified light chains including mu-
tants has reached hundreds. By screening the protein bank,
we can obtain many kinds of catalytic and non-catalytic anti-
bodies, which will provide us a lot of information on how to
design the catalytic antibody we want.

In addition, one has to be aware of the structural diversity
problem of antibodies. We were able to solve the structural
diversity issue, and reported how to control for an antibody
having a mono-form structure.”>? With this technology,
we can make the catalytic antibody structure take a mono-
molecular form, which is necessary to preparing the same
conformational antibody to attain effective production well
as reproducible reactivity.

In this study, antibody light chains stored in the protein
bank have a structure taking a monomolecular form, and
they were screened using a fluorescence resonance energy
transfer amyloid-beta (FRET-AP) peptide including a part
of sequence of AP1-40 full peptide, which is well-known

as one of the causes of Alzheimer’s disease. We found two
interesting light chains, #7TR and #7GY, which possessed
identical amino acid (aa) sequences except for the 29th and
30th positions in the sequences consisted of 220 residues.
The former had catalytic activity but latter did not. Therefore,
we examined their chemical features in detail and found one
of the clues on how to introduce a catalytic function in a non-
catalytic antibody light chain.

2 | MATERIALS AND METHODS

2.1 | Reagents

Chemical reagents such as Tris, glycine, CuCl,-2H,0, ZnCl,,
ZnS0O,-7H,0, KCl, Na,HPO,-12H,0, NaCl, and KH,PO,
were purchased from Wako Pure Chemical Industries Ltd.,
Osaka, Japan (Guaranteed Reagent). The synthetic sub-
strate peptidyl-pNA, benzoyl-(DL or L)-arginine-p-nitroani-
lide monohydrochloride (Arg-pNA), was purchased from
Peptides Institute Inc, Osaka, Japan. Tryptone and yeast ex-
tract were purchased from Becton-Dickinson and Company,
NJ, USA.

2.2 | Amplification of DNA fragments
encoding light chains from germline
genes of subgroup

The human kappa light chain gene was prepared in accordance
with the criteria described in a reference.'? Briefly stated, pe-
ripheral blood lymphocytes were harvested from 100 mL of
peripheral blood obtained from healthy volunteers. The lym-
phocytes were harvested using a Ficoll-Paque gradient me-
dium (GE Healthcare UK Ltd., Buckinghamshire, England)
and stored appropriately. Total RNA was prepared from
3.0 x 107 cells using an RNA isolation kit (Stratagene, La
Jolla, CA, USA) for synthesizing cDNA. Oligo (dT) was used
for reverse transcription PCR using the total RNA as a tem-
plate (ThermoScript RT-PCR System; Invitrogen, Carlsbad,
CA, USA). DNA fragments encoding human light chains
were amplified from the cDNA by PCR using four primers
separately as a forward primer (5'-cacctagGATATTGTGAT-
GACCCAG-3’, 5'-cacctagGATATTGTGATGACTCAG-3’,
5'-cacctagGATGTTGTGATGACTCAG-3’, 5'-cacctagGA-
GATTGTGATGACCCAG-3’), and one reverse primer (5'-
ACACTCTCCCCTGTTGAAGCTCTTTGTG-3’) including
a direct insert to the TOPO site and a start codon. The PCR
reaction occurred under the following incubation conditions:
5 minutes at 95°C, and 35 cycles of 15 seconds at 95°C,
50 seconds at 54°C for annealing, and 90 seconds at 72°C
for extension.

The amplified DNA fragments were separated by 3%
agarose gel electrophoresis. Fragments of the expected
size were extracted using the QIAquick Gel Extraction Kit
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(Qiagen, Valencia, CA, USA). Purified PCR products were
directly ligated to pET TOPO vectors (Invitrogen), and the
vectors were transformed into TOP10 cells continuously with
the Champion pET101 Directional TOPO Expression Kit
(Invitrogen). After propagation of the vectors in the TOP10
cells, the inserted pET21b(+) vector was repurified and trans-
formed into BL21 Star (DE3) for expression of light chains
belonging to subgroup II.

23 |

The #7GY and #7TR clones were sequenced with the ABI au-
tomated DNA sequencer Model 3100 (Applied Biosystems,
CA, USA) using the universal primer of a T7 promoter.
GENETIX Ver. 8 (GENETIX, Tokyo, Japan) software was
used for sequence analysis and deduction of aa sequences.
Computational analysis of the antibody structures was per-
formed using the deduced antibody light chain aa sequences
by Discovery Studio (Accelrys Software, San Diego, CA,
USA). For the homology modeling, the template structures
were made by a BLAST search, following the minimization of
the total energy of the molecule by using the CHARMM algo-
rithm. The resulting Protein Data Bank (PDB) data were used
for modification of the CDR (complementarity-determining
region) structures defined by the Kabat numbering system.

Sequencing and molecular modeling

24 | Expression and purification of
#7GY and #7TR light chains

PCR-Blunt IT TOPO vectors containing DNA fragments en-
coding human light chains were digested with restriction en-
zymes Ncol and Xhol (New England Biolabs, Beverly, MA,
USA). The resulting DNA fragments were inserted between
the same restriction sites of expression vector pET20b (+)
(Novagen, Madison, WI, USA). To express light chains,
the expression vectors were transformed into BL21 (DE3)
pLysS (Novagen). The transformant was grown at 37°C
in 1 L of a Luria-Bertani medium containing 100 ug/mL
of ampicillin to 0.6 OD at 600 nm and then incubated with
0.01 mmol/LL isopropyl-p-D-thiogalactopyranoside (Wako
Pure Chemicals, Osaka, Japan) for 20 hours at 18°C.

Cells were harvested by centrifugation (3500 g, 4°C,
10 minutes) and then re-suspended in a solution (0.25 mol/L
NaCl, 25 mmol/L Tris-HCI, pH 8.0). The cells were lysed by
ultrasonication for 2 minutes X 3 in an ice bath, followed by
centrifugation (14 000 g, 4°C, 20 minutes). The expressed
human light chain was recovered as the supernatant. A sol-
uble fraction from Escherichia coli was directly applied
to Ni-NTA column chromatography (Takara, Otsu, Japan)
equilibrated with 50 mmol/L Na phosphate, pH 7.0, contain-
ing 300 mmol/LL NaCl. The elution was performed by increas-
ing the concentration of imidazole from 0 to 300 mmol/L.
Fractions containing 31-kDa protein (corresponding to a

& PASEB _wiL ey~
human light chain) in sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) analysis were collected, and
the protein concentration was determined by the Bradford and
Lowry assay method using a DC protein assay kit (Bio-Rad).
In order to make the light chain structure take a monomo-
lecular form, 1.25 equivalent of CuCl, (50 mmol/L solution)
to the light chain was added in the solution and allowed to
react for 16 hours under the condition of 4°C. The solution
was concentrated to 6.0 mg/mL of the light chain by using
the Amicon Ultra 10000 (Merck-Millipore, Burlington, MA,
USA). A 0.5 mol/L. EDTA was put into the solution to be
50 mmol/L and allowed to react for 1 hour under the condition
of 4°C, followed by dialysis against 2 L of phosphate buffered
saline (PBS), twice. In the case of occurrence of aggregation,
it was centrifuged at 17,800g for 20 minutes under the condi-
tion of 4°C. Finally, it was filtered using a 0.2 um membrane
filter (Merck-Millipore) and stored at 4°C or frozen.

2.5 | Synthesis of FRET substrate for
p-amyloid

The FRET-Ap substrate (MCA-SNKGAIIGK(DNP)rrr-NH,)
was synthesized as follows. The Ap26-33 sequence with MCA,
K(DNP), and (D-Arg); was constructed on a Rink amide resin
by the standard 9-fluorenylmethoxycarbonyl protocol.26 The
peptide resin was treated with trifluoroacetic acid-H,O-phe-
nol-thioanisole-ethanedithiol (82.5:5:5:5:2.5) at room temper-
ature for 2 hours After removal of the resin by filtration, cold
diethyl ether was added to the solution to afford a precipitate,
which was collected by centrifugation and washed with die-
thyl ether. The crude peptide was purified by reversed-phase
HPLC (RP-HPLC) on a Waters DELTA 600 system, incor-
porating the 2487 UV/visible detector (Waters, Milford, MA).
The HPLC-purified peptide (retention time: 30.23 minutes;
Cosmosil type: 5C18-AR-2 [4.6 X 250 mm]; milliQ water in
0.05% TFA: Acetonitrile in 0.05% TFA from 90:10 to 30:70 in
60 minutes [1.0 mL/min]) was characterized by ESI-MS.

2.6 |

To avoid contamination in cleavage assays, the glassware,
plasticware, and buffer solutions used in this experiment
were sterilized as much as possible by heating (180°C,
2 hours), autoclaving (121°C, 20 minutes), or filtration
through a 0.20-um sterilized filter. The experiments were
mostly performed in a biological safety cabinet to avoid
airborne contamination.

Cleavage assays

2.6.1 | Hydrolysis of synthetic peptidyl
substrates (peptidase activity)

Cleavage of the amide bond linking p-nitroanilide to the
C-terminal aa in Arg(R)-pNA substrates (Peptides Institute
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Inc, Osaka, Japan) was measured at 37°C in a glycine/
Tris buffer containing 0.025% Tween20 (TGT buffer;
pH 7.7) in 96-well plates (96-well plate/353075, Becton-
Dickinson, NJ, USA). The purified light chain (20 pL) was
mixed with 180 pl of a synthetic substrate, R-pNA. The
final concentrations of the light chain and the substrate
were 10-15 umol/L and 200 umol/L, respectively. Para-ni-
troaniline released from the substrate catalyzed by the light
chains was detected by the measurement of absorbance
at 405 nm, while 620 nm was employed as the reference
using a microplate reader (Scanlt 3.1 for Multiskan FC,
ThermoFisher Scientific, MA, USA). The peptidase activ-
ity of catalytic antibodies was estimated from the concen-
tration of released p-nitroaniline.

2.6.2 | Hydrolysis of FRET substrate

The FRET-AP substrate (100 umol/L) was incubated with
the purified L-chain (5 umol/L) in 10 mmol/L PBS, pH
7.4, at 37°C. Fluorescence was measured periodically at
Aex =325 nm and A, =394 nm on the SpectraMax M5
Microplate Reader (Molecular Devices, CA, USA) for up to
120 hours All measurements were done in duplicate. Rates of
hydrolysis (Fu/h) were determined from plots of fluorescence
over time.

2.6.3 | Hydrolysis of Ap1-40

Synthetic Ap1-40 (100 umol/L) was treated with 1,1,1,3,3,3-
hexafluoro-2-propanol (TCI, Japan) to eliminate aggregates27
and incubated at 37°C with the purified L-chain (10 umol/L) in
10 mmol/L PBS, pH 7.4, for 144 hours The reaction mixtures
were fractionated by RP-HPLC (Cosmosil type: 5C18-AR-2
[4.6 x 250 mm]; milliQ water in 0.05% TFA: Acetonitrile in
0.05% TFA from 90:10 to 30:70 in 60 min [1.0 mL/min]). The
peaks fractionated were analyzed by ESI-MS.

27 |

The concentration of the #7TR light chain was fixed at
9.2 umol/L and that of the Arg-pNA substrate was varied
from 12.5 to 400 umol/L at 37°C in the TGT buffer (pH 7.7).
The concentration change of the Arg-pNA substrate within
0.5-1 hour after mixing the #7TR light chain and the Arg-
pNA substrate was regarded as the initial rate of the reaction.

Kinetics

28 |

The Gly/Tris solution containing 0.025% Tween20 (TGT
buffer) was used as the solution. Fluorescence spec-
tra (Fluorescence spectrum FP8300, JASCO, Japan; A,
276.6 nm; A.,, 250-450 nm; Bandwidth, 5nm; Lamp,
Xenon; Sample volume, 300 pL in quartz cell) were taken for

Fluorescence spectroscopy

each sample, such as #7GY, #7TR, and CR (constant region
domain), with or without Zn(II) ions.

29 |

Ultraviolet-visible spectroscopy (UV/VIS) spectra were
taken by an MPS-2400 spectrophotometer (Shimadzu, Kyoto,
Japan) in the range of 900-220 nm with a bandwidth of 1 nm.
An aliquot of CuCl, solution (1 eq; 40 umol/L) was added in
the Ni-NTA eluent and incubated for 20 hours. After the sam-
ples were dialyzed against PBS (500 mL, 1 time), the spectra
measurement was performed on them.

UV/VIS spectroscopy

3 | RESULTS

31 |

DNA encoding a human light chain was inserted into expres-
sion vector pET20b (+), and the light chain was expressed in
E coli with a C-terminal histidine tag. After ultrasonication
of the E coli, a soluble fraction was recovered and applied to
Ni-ion affinity chromatography, as described in Section 2.
After this step, Cu(II) ion was added to make the heterogene-
ous structures of the light chain (possessing different elec-
trical charges) to the homogeneous (a single charge), which
contributes to the efficient production and the high reproduc-
ibility (see Reference 23,24). Then, the treatment of EDTA
(for taking out Cu from the system) was carried out to keep
the stability of the homogeneous structure for a long-term
period. In this study, 61 kinds of light chains prepared as de-
scribed above were submitted for the screening assays using
the FRET-AP substrate. Two unique antibody light chains,
#7GY and #7TR (which are belonging to A3/A19 family of
subgroup II of human kappa light chain), were focused on
and investigated in detail. The results of SDS-PAGE analy-
sis for #7GY and #7TR under the reduced and non-reduced
conditions are presented in Figure S1, where 51- and 26-kDa
bands corresponding to the dimer and monomer, respec-
tively, were observed. Under the reduced condition, only the
31-kDa band corresponding to the monomer was detected.
In this experiment, we could obtain 21.3 mg and 18.3 mg of
purified #7GY and #7TR light chains, respectively, from a
one-liter scale culture.

Expression and purification

3.2 | Screening of human catalytic
antibodies using FRET-A substrate

3.2.1 | FRET-AP substrate structure

We prepared the FRET-AP substrate in accordance with a
reference,”® which has a part of the sequence from the 26th
aa to 33rd aa, SNKGAIIG (8mer), of the amyloid-f(Ap)1-40
full-size peptide. A molecule of MCA at the N-terminal and
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FIGURE 1 Molecular structure of N
FRET-AB. The sequence 26-33 was selected
from the AB1-40 peptide. MCA: 4-methyl-
coumaryl-7-amide; DNP: 2,4-dinitrophenyl; r:
Arginine residue that is adducted to elevate the
hydrophilic property. FRET-Ap substrate has
a molecule of MCA at the N-terminal and a
molecule of Lys(DNP) at the C-terminal of the
sequence 26-33 peptide

a molecule of Lys(DNP) at the C-terminal of the SNKGAIIG
peptide were introduced to make the FRET-Ap substrate. The
structure is shown in Figure 1.

3.2.2 | Light chains capable of cleaving
FRET-A@ substrate

Sixty-one purified human light chains were screened using
the above-described FRET-A substrate. The results for sev-
eral light chains are shown in Figure 2, where 5 umol/L of a
light chain and 100 pmol/L of the FRET-A substrate in PBS
(pH = 7.4) were incubated for 120 hours under the condition
of 37°C, which was an experiment done in duplicate. #7TR
showed the most reactive feature (AFu = 57 Fu/h), while #28
exhibited the lowest activity (AFu = 1 Fu/h). The 61 samples
screened are summarized in Figure 3, where there are three
groups. Group I is the most reactive light chain like #7TR.
Group II showed the moderate catalytic activity such as #47
and #48. Third group includes very low or non-active light
chains. #7GY is belonging to group III.

3.2.3 | Identification of scissile bond of
FRET-AP substrate

As #7TR showed the strong catalytic activity, the reaction
products were analyzed by means of HPLC and mass spectros-
copy. The results are presented in Figure 4. The fragments such
as MCA-S-N-K-OH (19.364 minutes), MCA-S-N-K-G-OH
(19.566 minutes), NH,-A-I-I-G-K-r-r-r-NH, (28.185 min-
utes), and NH,-G-A-I-I-G-K-r-r-r-NH, (28.509 minutes)
were detected, suggesting that K28-G29 and/or G29-A30
were cleaved. As the peak of MCA-S-N-K-G-OH is higher
than MCA-S-N-K-OH, #7TR could cleave mainly the G29-
A30 peptide bond.

3.2.4 | Difference in features between
#7TR and #7GY

#7TR and #7GY have very similar aa sequences. The former
has aas of Thr29-Arg30 at the 29th and 30th positions of the aa

NO,
NH, HN/©/ HNﬁ,NHz

7-MCA-S-N-K-G-A-l-I-G-K-r-r-r-NH,
26 33

#7TR
8000+
6000+
-]
[T
4000+
#14
#41
#43

#28

0 50 100
Incubation Time (h)

FIGURE 2 Cleavage for fluorescence resonance energy transfer
amyloid-beta (FRET-Ap) substrate. Light chain: 5 umol/L; FRET-A:
100 pmol/L; Reaction temperature: 37°C. Sixty-one purified human
light chains were screened using the FRET-Ap substrate. #7TR showed
the most reactive feature (AFu = 57 Fu/hr), while #28 exhibited the
lowest activity (AFu = 1 Fu/hr)

@ #7TR }groupl
50 -
=
B
D . o #47
< _ roup Il
257 o #48 }g P
1 o0 ® oo
i ‘ '.... ' group Il
o -
Antibody light chain examined (n=61)
FIGURE 3 Screening tests for 61 light chains. The #7TR light

chain had the highest activity cleaving the fluorescence resonance
energy transfer amyloid-beta substrate, following the #47 and #48
light chains. Other light chains including #7GY did not show catalytic
activity
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| 1
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| I FIGURE 4 Cleaved peptide bonds
n ‘ ‘ ‘ ‘f“‘ of fluorescence resonance energy transfer
m “ H I f | ﬁ amyloid-beta. From both HPLC analysis
|

__J} \L\Jl [ N \ I\ l\k ___Jl ‘.Lu » W and mass spectroscopy, several fragments
o ———— - ' such as MCA-S-N-K-OH (19.364 minutes),

100 150 200 250 300 35.0 min MCA-S-N-K-G-OH (19.566 minutes),
NH,-A-I-I-G-K-r-r-r-NH, (28.185 minutes),

DNP and NH,-G-A-I-I-G-K-r-r-r-NH,

0.054

Cleavage sites (28.509 minutes) were detected, indicating

|
7-MCA-S-N-K-G-A-I-I-G-K-r-r-r-NH, that the K28-G29 and/or G29-A30 peptide
26 t‘ 33 bond was cleaved

@

s AL ks . 4TTR#AR1H40

— S b T AB1-40 alone

" FIGURE 5 Cleavage of Ap-1-40

A - A~ H7TR alone peptide. The AP1-40 peptide was incubated
with the #7TR catalytic light chain for

000 s e | 13w mee | m® ;e 3500 "o min 144 hours. Light chain: 10 umol/L; AB1-40

peptide: 100 umol/L; Reaction temperature:

(B) 37°C. A, HPLC analysis. In the case of
(M+2H)* .
. (M+3H)* Calculated, 849.86 only the AP1-40 peptide, a peak at the
4] Calculated, 566.91 Observed, 849.90
e Observed, 566.94

retention time of around 35 minutes was
detected. When the AB1-40 peptide was
mixed with the #7TR catalytic light chain,
a new peak was observed at the retention

111 time of 18 minutes. B, Mass spectroscopic
] 4257062 \ - 1133.1935

’ : . analysis. The peak appearing at the retention
400 600 800 1000 1200 1400 miz

time of 18 minutes was analyzed by mass
spectroscopy. The divalent mass was
detected at 849.9 m/2z and the trivalent

at 566.94 m/3z. This was identified as a
fragment, DAEFRHDSGYEVHH, from the
AP1-40 peptide, indicating that the H13-
Q14 peptide bond was cleaved

AB1-14, DAEFRHDSGYEVHH

DAEFRHDSGYEVH |;QKLVFFAEDVGSN KGAIIGLMVGGVV

Cleavage site

sequence. The latter possesses Gly29-Tyr30 at the same posi- reactivity to cleave the FRET-A substrate, but #7GY did not
tions. The aa sequences except for these two aas are identical at all. These phenomena suggest a crucial factor for an antibody
as shown in Figure S2. The #7TR light chain exhibited the high to possess a catalytic function, which will be discussed later.
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Next, a full AB1-40 peptide was used for a cleavage assay
using the #7TR catalytic light chain. In this experiment,
10 umol/L of the #7TR light chain and 100 pmol/L of the
AP1-40 peptide in PBS were incubated for 144 hours under
the condition of 37°C. The results are presented in Figure SA.
The peak of the AB1-40 peptide was detected at around 35
minutes. In the reaction products, one clear peak was ob-
served at the retention time of 18 minutes. It was analyzed by
mass spectroscopy as shown in Figure 5B. The divalent mass
was detected at 849.9 m/2z and the trivalent at 566.94 m/3z.
This was identified as a fragment, DAEFRHDSGYEVHH,
from the AB1-40 peptide, indicating that the H13-Q14 pep-
tide bond was cleaved.

Cleavage of Ap1-40 peptide

3.3 | Hydrolysis of synthetic substrate
(peptidase activity)

Because of the reason stated in Section 3.2.4, we exam-
ined the catalytic properties of the two light chains, #7GY
and #7TR, using a synthetic Arg (R)-pNA, which is a
trypsin-like substrate molecule. The results are shown in
Figure 6A. Both light chains cleaved the peptide bond
between Arg and pNA in the substrate. The #7TR light
chain cleaved the peptide bond with a reaction velocity of
0.63 umol/L/h at a concentration of 15.0 umol/L of #7TR,
while #7GY degraded the R-pNA with 0.17 pmol/L/h at
the same concentration of the light chain. The reaction ve-
locity of #7TR was larger than #7GY by a factor of about
3.7-fold. The reaction velocity was comparable to those of
the 22F6 catalytic light chain (wild type).12 On the other
hand, the CR domain, which is a common and identical aa
sequence in both light chains,?* did not cleave the substrate
(data not shown).

3.4 | Effect of Zn(II) ion on hydrolysis of
Arg-pNA substrate

Paul et al reported the effect of Zn(Il) ions on the cata-
lytic activity of their IgV 2E6 catalytic antibody that could
cleave an Ap1-40/42 peptide.29 Therefore, we also in-
vestigated the effect of Zn(Il) ions in our antibody light
chains, #7TR and #7GY. The results are shown in Figure
6B, where the final concentration of ZnSO, was adjusted to
0.20 mmol/L in the reaction solution under the conditions
of 200 umol/L of the R-pNA substrate and 15 umol/L of
the #7TR or #7GY light chain. When the Zn(II) ion was
added, the cleavage rate was greatly enhanced for #7TR
but not for #7GY. The cleaved R-pNA (or released pNA)
in 2.5 hours of incubation was 9.0 umol/L (3.6 umol/L/h),
while it was 0.78 pumol/L (0.31 umol/L/h) without Zn(II)
(Figure 6B). The initial reaction rate in the case with Zn(II)
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FIGURE 6 Peptidase activity tests using synthetic substrate
(Arg-pNA). Light chain (#7TR or #7GY): 15 umol/L; (L)-Arg-pNA
(R-pNA) (trypsin-like substrate): 200 pumol/L; Reaction temperature:
37°C; Reaction volume: 200 pL. In this reaction in the TGT buffer,
(L)-Arg-pNA was used as the substrate. The reaction was carried out
in triplicate. A, Without Zn(Il): The #7GY and #7TR light chains
cleaved the peptide bond between Arg and pNA in the substrate. The
#7TR light chain cleaved the peptide bond with a reaction velocity of
0.63 umol/L/h at a concentration of 15.0 pmol/L of the light chain.
The reaction velocity of #7TR was larger than that of #7GY by a factor
of about 3.7-fold. B, With Zn(II): Concentration of Zn(II) (ZnSO,):
0.20 mmol/L. When the Zn(II) ion was added, the cleavage rate was
greatly enhanced for #7TR but not for #7GY. The reaction rate of

the initial stage became larger than that without Zn(II) by a factor of
tenfold. The constant region domain (CR) did not cleave the R-pNA
substrate even under the presence of Zn(II).

became larger than that without Zn(II) by a factor of ten-
fold. In the case of the constant domain, no cleavage of
R-pNA was observed regardless of whether the Zn ion was
present.

The cleavage reaction of #7TR for R-pNA under the pres-
ence of Zn obeyed the Michaelis-Menten equation. The val-
ues of kcat and Km were 0.022/min and 53.5 x 107> mol/L,
respectively. These values are comparable to those obtained
using a human kappa light chain (Bence Jones Protein) taken
from a multiple myeloma patient (MOR) as reported by
Matsuura.”
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FIGURE 7 Effect of Zn(IT) concentration on catalytic reaction.
Light chain (#7TR): 10 umol/L; Zn(II) ion: 0, 0.02, 0.08, 0.25, 1.0,
and 4.0 mmol/L; Reaction time: 6.2 hours. Small content of Zn(II)
influenced on the catalytic activity. The cleavage reaction proceeded
rapidly from 0.02 mmol/L up to 0.25 mmol/L of Zn ions. Over

0.25 mmol/L, the cleavage reaction reached the maximum. Below
0.02 mmol/L, it was not effective. (The numerical value in the figure
represents the Zn(II) concentration)

3.5 | Concentration of Zn(II) on
catalytic reaction

The Zn(II) ion concentration for the substrate cleavage reac-
tion using the #7TR light chain was examined. The Zn(II) ion
concentration was varied from 0 to 2 mmol/L (0, 0.02, 0.08,
0.25, 1.0, and 2.0 mmol/L). The results after an incubation
time of 6.2 hours are shown in Figure 7, where 10 umol/L of
#7TR was used. Over 0.02 mmol/L of Zn(II), the cleavage re-
action rapidly proceeded up to 0.25 mmol/L of Zn ions. Over
0.25 mmol/L, the reaction seemed to reach the maximum.
Below 0.02 mmol/L, it was not effective.

3.6 |

The fluorescence emission spectra for the #7GY, #7TR, and
CR domain protein samples were measured with and with-
out the Zn(Il) ion. In this experiment, the #7GY, #7TR, and
CR concentrations were kept constant at 4 pmol/L. The zinc
ion concentration was varied from 0 to 2 mmol/L (0, 0.02,
0.08, 0.25, 1.0, and 2.0 mmol/L). The results are presented
in Figure 8 A-D. In these experiments, the emission spectra
were monitored from 285 to 400 nm. For #7GY, CR, and
TGT buffer (control), the emission maximum at 305 nm was
observed. For #7TR, the maximum spectrum appeared at
330 nm and the intensity was strong. The #7GY and #7TR
light chains showed a big difference even though their aa
sequences were very similar.

In the sequences, there are eight and seven arginine resi-
dues in the #7TR and #7GY light chain, respectively. Fifteen
and fourteen threonine residues are involved in #7TR and

Fluorescent spectra

#7GY, respectively. In the CR, there are three arginine and
eight threonine residues. Both the #7GY and CR samples did
not show any absorbance at 330 nm. Taking these facts and the
aa sequences into account, the observed emission maximum of
330 nm for #7TR should be ascribed to the presence of Thr29-
Arg30, which may be interacting each other. Regarding the
concentration of Zn(II), neither absorbance at 305 nm nor at
330 nm showed any dependency on the Zn(II) concentration.
This suggests that TR does not concern with the binding of Zn.

37 |

The aa sequences of #7GY and #7TR were deduced from the
cDNA sequences. In the results, the two light chains are cat-
egorized in A3/A19 of subgroup II. By using the aa sequences,
molecular modeling was carried out. Figure 9 shows the struc-
tural models of the light chains. Through studies on the catalytic
features of antibody light chains so far,'18! the aa residues of
Aspl, Ser27a, and His27d (or His93) are considered to be can-
didate residues to forming a catalytic triad-like structure.

Though the Ca distances are not accurate to estimate the
formation of a catalytic triad, it becomes an indicator to con-
sider the possibility. For instance, the residues that the distance
is over 15 A should be excluded from the possibility of the
triad. From the model of #7GY and #7TR, the Ca distances
among Aspl, Ser27a, and His27d were measured, and they are
summarized in Table 1. The distances among Aspl-Ser27a
and His27d-Aspl of #7TR are shorter than those of #7GY.

It is well-known that arginine is a basic aa and can play
a role similar to histidine. The #7TR light chain possesses
arginine residue at the 30th position in the sequence. The as-
partic acid and serine residues closest to Arg30 are Asp34
and Ser52 in the sequence (Figure 9). The Ca distances of
Asp34-Arg30, Arg30-Ser52, and Ser52-Asp34 are 11.82,
11.41, and 8.35 A respectively, as summarized in Table 1. It
should be considered that Thr29 may be involved in forma-
tion of the catalytic triad, because the Ca distance between
Thr29 and Arg30 is 3.77 A, which is much shorter than the
case of Ser52.

Molecular modeling

4 | DISCUSSION

As mentioned in Section 1, we have been preparing a protein
bank of human antibody kappa light chains mainly belonging
to subgroups I, II, and III. At present, the number of light
chains stocked as protein is in hundreds. They are submit-
ted to the assay finding which type of light chain has a cata-
lytic function. In this study, we randomly screened 61 human
kappa light chains from the protein bank. In the screening
tests using the FRET-Ap substrate, three light chains showed
catalytic activity to cleave the FRET-Af substrate. Out of
them, #7TR exhibited the most reactive feature. In contrast,
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FIGURE 8 Fluorescent spectra. Concentration of light chains or CR: 4 umol/L; Zn(II) ion: 0, 0.02, 0.08, 0.25, 1.0, and 2.0 mmol/L; Buffer:
TGT (hgye
at 305 nm. B, #7TR: The emission spectrum was observed at 330 nm, which is quite different from that of #7GY. C, CR (constant region domain):

276.6 nm; A, 250-450 nm) The emission spectra were monitored from 250 to 450 nm. A, #7GY: The emission spectrum was observed

A small emission spectrum was observed at 305 nm, which is the same as observed in the case of #7GY. D, Buffer (TGT): A similar small emission
spectrum was observed at 305 nm. For only the #7TR light chain, the maximum emission spectrum was observed at 330 nm and the intensity was

strong. For others, the maximum emission spectra appeared at 305 nm. The #7GY and #7TR light chains showed a big difference. This must be due
to the different residues, Thr-Arg and Gly-Tyr in #7TR and #7GY, respectively. Generally, the spectrum at 330 nm is caused by Try residues, which

circumstances were hugely changed by the Thr29 and Arg30 residues

the #7GY light chain did not show any catalytic activity to
degrade the FRET-Ap substrate (the data are not shown).
Interestingly, the aa sequences of the #7TR and #7GY light
chains are very similar except for the residues at the 29th and
30th positions in the sequences. As shown in Figure S2, the
aa residues of #7TR are Thr29-Arg30, and those of #7GY
are Gly29-Tyr30. The aa sequences of the CR are identical.
Therefore, we examined the reason why #7TR possesses cat-
alytic features but #7GY does not.

First, we will discuss the phenomena of cleaving the Af-
related substrates. In the FRET-AP substrate, we designated
the sequence SNKGAIIG from aa26 to aa33 of AP as the
FRET substrate, because the part of the sequence is import-
ant to generating fibrils in the brain. Previously, Taguchi et al
found that hydrolysis of Ap at the Lys28-Gly29 bond leads to
decrease of the formation of A aggregates and protection of
neuronal cells from Ap-induced neurotoxicity.32

In this study, the #7TR light chain cleaved the K28-G29
and/or G29-A30 peptide bond of FRET-AP. For the AB1-40
peptide, the light chain preferentially cut the H13-Q14 pep-
tide bond. The scissile bond was not the same, assuming
that the H13-Q14 peptide bond has a tendency to be easily
cleaved, rather than the K28-G29 and/or G29-A30 peptide
bond in the FRET-Ap substrate.

Second, we have to discuss how and why the catalytic
function is generated in the case of #7TR, on the basis of
molecular level. For this purpose, we employed a synthetic
substrate, Arg-pNA, which is a characteristic substrate for
trypsin-like proteases, as Matsuura et al’” and Ponomarenko
et al* employed the substrate to evaluate catalytic activity.
As shown in Figure 6, the #7TR light chain possessed cata-
lytic activity cleaving the substrate, higher than that of #7GY
by a factor of 3.7-fold. CR did not show any catalytic activity
at all, indicating that the catalytic site must be present in the
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FIGURE 9 Molecular modeling of light chain structures. By
using the deduced amino acid (aa) sequences, the molecular modeling
was carried out. Amino acid residues of Aspl, Ser27a, and His27d (or
His93) are generally considered to be candidate residues to forming

a catalytic triad-like structure (the black dotted circle indicates the
triad). From the model of #7GY and #7TR, 7TR has shorter distances
than those of #7GY. (see Table 1). Taking the data on aa sequence,
catalytic activity, and spectroscopy into account, a new triad composed
of Asp34-Ser52-Arg30 may be generated, which is presented as a red
circle. As the distance between Thr29-Arg30 is 3.77 A, Thr29 may be
more preferable than Ser52 in cases

TABLE 1 Distances between Ca of two amino acid residues

Distance between Ca (1&)

Aspl-Ser27a Ser27a-His27d His27d-Aspl
#1GY 12.45 8.07 15.89
#7TR 11.26 8.27 14.64
#7TR Asp34-Ser52 Ser52-Arg30 Arg30-Asp34

8.35 11.4 11.82

variable region. Interestingly, as shown in Figure 7, the Zn(II)
ion significantly enhanced the catalytic activity for 7TR, but
not for #7GY and CR Considering that #7GY did not cleave
the Ap-peptide but #7TR did, the residues, Thr29 and Arg30
must be concerned with the recognition of Ap-peptide in ad-
dition to the catalytic function. To clarify the role of Thr29
and/or Arg30, the mutating experiments replaced by His,
Lys, Ser etc are under investigation.

Recently, several groups studying catalytic antibodies
have reported the effects of metal ions.”’*** Especially,
Nishiyama et al found that 225 umol/L of Zn(II) (or Co(Il))
ions exhibited preferable catalytic activity to degrade AB1-40
using their IgV 2E6 catalytic antibody of 20 ug/mL.29 From
experiments with fluorescence spectroscopy (A, = 336 nm)
and assays of the catalytic activity, they concluded that Zn(II)
ions induced the conformational transition and could possess
catalytic activity where the preferable catalytic triad con-
sisted of Glu-Ser-Arg.

In our experiment, #7TR showed an emission spectrum
of 330 nm, but #7GY did not. It is obvious that the emission
spectrum observed at 330 nm is ascribed to the presence of
Thr29-Arg30 residues, which might generate a new circum-
stance around Trp residue (for fluorescence), taking the in-
teraction with Zn ion into account. On the other hand, #7GY
and CR showed a small emission spectrum (A,,,) at 305 nm.
Most of the catalytic antibody light chains seem to have a
catalytic triad consisting of Asp, Ser, and His. As the chem-
ical features of aa, both histidine and arginine belong to the
same category as the basic aa. Namely, arginine residue can
replace the function, instead of histidine, and can form a cata-
lytic triad-like structure. This has been already pointed out by
Taguchi et al.*> With respect to the reaction rate reported by
Taguchi et al,*® they found 0.052 uM/h/(uM-Ig) for IEGR-
AMC (IgV; -t'5D3 clone). In our case, #7TR, the rate (with-
out Zn) was 0.06 pM/h/(uM-L chain) for R-pNA. These two
values of the rate are comparable, suggesting that both cata-
lytic antibodies may have the similar features by using argi-
nine residue instead of histidine residue.*? Considering those
data and facts, it is preferable that Arg30 (and/or Thr29)
should be involved in the formation of the catalytic triad in
the #7TR light chain.

The analysis of the molecular modeling indicates the dis-
tances between the aa residues relating to catalytic function.
An electron relay in the catalytic triad was done with Asp-
Arg-Ser (or Thr) in #7TR. Furthermore, an oxyanion hole
may have been created near the serine residue. Therefore,
the distances between Asp-Arg and Arg-Ser (or Thr) must
be important. The closest aas to Arg30 are Asp34 and
Ser52 in all Asp and Ser residues included in the variable
region. The distance of the oxygen (O1) of Asp34 and the
nitrogen (N1) of Arg30 is 7.00 A, and that of the nitrogen
(N1) of Arg30 and the oxygen (O) of Ser52 is 7.10 A as
shown in Figure 10. They are longer than those of chymo-
trypsin (3.00 A for Asp102(O1)-His57(N1) and 3.02 A for
His57(N2)-Ser195(0)) by a factor of about twofold. In the
presence of Zn(II), the metal ion might bind with the lone
pair of nitrogen atoms of Arg (or oxygen atoms of Thr),
quickly leading to the incident of conformational transition
and in turn to a preferable catalytic triad structure. The huge
enhancement of the initial cleavage rate of #7TR is derived
from this event.
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FIGURE 10 Distances between functional group. The distance
of the oxygen (O1) of Asp34 and the nitrogen (N1) of Arg30 is 7.00 A,
and that of the nitrogen (N1) of Arg30 and the oxygen (O) of Ser52

is 7.10 A. They are longer than those of chymotrypsin (3.00 A for
Aspl02(01)-His57(N1) and 3.02 A for His57(N2)-Ser195(0)) by a
factor of about twofold. The Zn(II) ion might bind with the lone pair
of nitrogen atoms of Arg, leading to the incident of conformational
transition and in turn to a preferable catalytic triad structure. The
tremendous enhancement of the cleavage rate of #7TR may derive
from this event

Through the investigation of chemical and biochemi-
cal features of the light chains belonging to A3/A19 fam-
ily of subgroup II (Kabat’s classification), we found “Key
aas (Thr29-Arg30)” which are important to introducing
a catalytic function in a non-catalytic antibody. This first
paper concerning to the conversion of a normal antibody
to the catalytic antibody by the molecular basis algorithm
will accelerate the study on how to easily make a catalytic
antibody.
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