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Programmed cell death 1 (PD-1) is an immune checkpoint molecule regulating T-cell function. Preventing
PD-1 binding to its ligand PD-L1 has emerged as an important tool in immunotherapy. Here, we describe a
unigue human catalytic antibody light chain, H34, which mediates enzymatic degradation of human PD-1
peptides and recombinant human PD-1 protein and thus functions to prevent the binding of PD-1 with
PD-L1. H34 degraded one half of the PD-1 molecules within about 6 h under the experimental
conditions. Investigating the acquisition of the catalytic function by H34, which belongs to subgroup |
and lacks a Pro®® residue in CDR-3, revealed the importance of this sequence, as a Pro®>-reconstituted
mutant (H34-Pro®>(+)) exhibited very little catalytic activity to cleave PD-1. Interestingly, EDTA inhibited
the catalytic activity of H34, which could work as a metallo-protease. Zn®* or Co?* ions may work as a
cofactor. It is meaningfull that H34 was obtained from the human antibody gene taken from a healthy
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Introduction

The immune checkpoint molecule programmed cell death 1
(PD-1) is attracting much attention globally following the report
by Honjo et al. that it can control T-cell function." Monoclonal
antibodies against PD-1 (anti-PD-1 mAb) act as anti-cancer
drugs by inhibiting the binding of PD-L1 with PD-1.>"* How-
ever, clinical responses to the drug are only seen in 20-30% of
cancer patients, but all may suffer toxic side effects. Deficiency
of the PD-1 gene greatly enhances T-cell immune-function,>®
further suggesting that the control of the interaction between
PD-1 and PD-L1 would be important for improving the treat-
ment efficacy and reducing the toxic side effects of anti-PD-1
mAb. It would be desirable to develop novel ways of blocking
interactions between PD-1 and PD-L1, for example by destroy-
ing the PD-1 molecule itself using a new type of protein
degrader.” Therefore, we have started to develop a molecule
capable of degrading PD-1 and inhibiting its binding to PD-L1.

“Oita University, Research Promotion Institute, 700 Dannoharu, Oita-shi,
Oita 870-1192, Japan. E-mail: e-hifumi@oita-u.ac.jp

b Suzuka University of Medical Science, Faculty of Pharmaceutical Sciences,
3500-3 Minamitamagaki-cho, Suzuka 510-0293, Japan

¢ Oita University, Faculty of Science & Technology, Division of Applied Chemistry,
700 Dannoharu, Oita-shi, Oita 870-1192, Japan

4 Nanotechnology Laboratory, Institute of Systems, Information Technologies and
Nanotechnologies (ISIT), 4-1 Kyudai-shinmachi, Fukuoka 879-5593, Japan

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/d0cb00155d

220 | RSC Chem. Biol,, 2021, 2, 220—229

volunteer, suggesting that we potentially have such unique molecules in our body.

Research on catalytic antibodies has revealed that many
naturally catalytic antibodies hydrolyze their target peptides,®™*
nucleotides,">™* and also some physiologically active molecules,>™®
in addition to some viral and bacterial antigens.'*® Many studies
have been conducted since 1989, when the first naturally-occurring
catalytic antibody was found to cleave vasoactive intestinal peptide.®
The mechanism by which such catalytic antibodies cleave their
targets is mostly thought to be similar to serine proteases,
according to studies on site-directed mutagenesis,”**® X-ray
crystallography,®** and other approaches. However, no cata-
Iytic antibodies active against PD-1 have been reported thus far.
In order to generate such desirable catalytic antibodies, over
the last 10 years, we have been working on protein banks now
containing hundreds of highly purified human antibody light
chains. By employing high-throughput screening methods, we
have now identified a unique catalytic antibody capable of
directly degrading the PD-1 molecule. Here, we describe this
antibody, H34, in detail and elucidate the importance of the
Pro®® residue for its functional properties.

Experimental
Reagents

Chemical reagents such as Tris, glycine, CuCl,-2H,0, FeCl;-
6H,0, Co(NO,),-6H,0, ZnS0,-7H,0, KCl, Na,HPO,-12H,0,
NacCl, KH,PO,4, EDTA-2Na and IPTG were purchased from Wako

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Pure Chemical Industries Ltd, Osaka, Japan (Guaranteed
Reagent). CaCl,-2H,0 was purchased from Nacalai Tesque
(Kyoto, Japan). The synthetic substrate peptidyl-pNA, Arg-pNA,
was purchased from Peptides Institute Inc., Osaka, Japan.
Tryptone and yeast extract were purchased from Becton-
Dickinson and Company, NJ, USA. A commercially available
recombinant PD-1 molecule was used (ENZO Life Sciences Inc.,
product number ENZ-PRT190; PD-1 (aa 25-167) containing a
5'-His-tag, V5 epitope tag spacer, and FLAG-tag; a doublet at
40 kDa and 50 kDa: Farmingdale, NY). In our SDS-PAGE
analysis, the doublet was observed at smaller positions (~36 kDa
and ~42 kDa) than those stated in the description manual. This
might be caused by the reducing conditions we employed.

Synthesis of the FRET substrates

The syntheses of all FRET peptides were carried out on a solid
support using the Fmoc/tBu strategy on the Rink amide resin as
previously reported.***> Briefly, removal of the Fmoc group was
carried out with 20% piperidine in dimethylformamide,
whereas chain elongation was achieved with standard HBTU/
HOBt chemistry using 3 equivalents of protected amino acids
or 7-MCA.** After completing the synthesis, the protected
peptide resin was treated with a TFA/phenol/H,O/thioanisole/
1,2-ethanedithiol (82.5:5:5:2.5, v/v/v/v) mixture. The crude
material obtained was purified by HPLC. The structures of
the FRET peptides were confirmed by MS.

Amplification of DNA fragments encoding light chains.
Preparation of the H34 gene was obtained in accordance with
that described in ref. 25 and 26.

Sequencing and molecular modelling

The H34 clone was sequenced with an ABI 3730xl analyser
(Applied Biosystems, CA, USA) by using ABI BigDye™ Termina-
tor v3.1 cycle sequencing kits. GENETIX Ver. 8 (GENETIX,
Tokyo, Japan) software was used for sequence analysis and
deduction of amino acid sequences.

Computational analysis of the antibody structures was per-
formed using the deduced antibody light chain amino acid
sequences using Discovery Studio (Accelrys Software, San
Diego, CA, USA). For the homology modelling, the template
structures were made by a BLAST search, following the mini-
mization of the total energy of the molecule by using the
CHARMM algorithm. The resulting Protein Data Bank (PDB)
data were used for modification of the CDR (complementarity-
determining region) structures defined by the Kabat number-
ing system.

Culture, recovery and purification

The transformant was grown at 18 °C in 1 liter of Luria-Bertani
medium containing 100 mg mL~" ampicillin to an A600 nm of
0.6 and then incubated with 0.01 mM IPTG for 20 h at 18 °C.
Cells were harvested by centrifugation (3500g, 4 °C, 10 min) and
then re-suspended in a 100 mL solution of 250 mM NacCl and
25 mM Tris-HCl, pH 8.0. The cells were lysed by ultra-sonication
three times for 2 min each (x3) in an ice bath, followed by
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centrifugation (21500g, 4 °C, 20 min). The expressed human
light chain was recovered as the supernatant.

The supernatant was first subjected to Ni-NTA column
chromatography (Takara, Otsu, Japan) equilibrated with 25 mM
Tris-HCl, pH 8.0, containing 250 mM NaCl. Elution was
performed by increasing the concentration of imidazole from
0 and/or 30 to 300 mM.

After the Ni-NTA column chromatography was completed,
an aliquot of a solution of 100 mM CuCl, (1.25 eq. for the light
chain) was added into the eluent, based on the calculation that
an absorbance of A600 nm of 1.0 in UV/vis was regarded as
~1mg mL~" (40 mM light chain). Then, the solution including
the light chain and copper ions was dialyzed against a 50 mM
Na acetate buffer, pH 5.5, for 22.4 h. After removing some
aggregates by centrifugation (21 500g, 4 °C, 20 min), the solution
was subjected to cation-exchange chromatography using a column
of SP-5PW (TOSOH, Japan) with a gradient of NacCl (from 100 to
500 mM) in a 50 mM Na acetate buffer, pH 5.5, on purification
apparatus (AKTA system, GE Healthcare-Japan, Tokyo). Then, the
eluent was dialyzed against 20 mM Tris-HCl/150 mM NacCl buffer
(pH 8.5) for 16.9 h, followed by concentrating the solution using an
Amicon Ultra 10000 (Millipore, USA). EDTA was put into the
solution to be 50 mM and allowed to react for 1 h under the
condition of 4 °C. Then, the solution was dialyzed against 3 L of
PBS (pH 7.4) twice. Finally, it was filtered using a 0.2 pm membrane
filter (Merck-Millipore) and stored at 4 °C or frozen.

Protein concentrations were determined by the Lowry
method using the DC protein assay kit (Bio-Rad).

For each gene of the human antibody light chain cloned, the
above procedure (expression and purification) was performed
for these ten years. As a result, the number of purified light
chains reached hundreds, which are stored as a protein bank in
our laboratory (see Fig. S6, ESIT).

Cleavage assays

For the FRET substrates. FRET-PD1, FRET-Tau and FRET-Af}
(25 uM per each) were incubated with the purified light chain
(5 uM) in TGT buffer containing 0.02% NaN; at 37 °C. The
fluorescence was measured periodically on a Fluoroskan Ascent
(Zex = 320 nm and Zey, = 405 nm; Thermo Fisher Scientific Oy,
Vantaa, Finland). All measurements were done in duplicate.

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.

For recombinant PD1. The recombinant human type PD-1
molecule (1 uM: Enzo Life Sciences, ENZO-PRT-190, Farming-
dale, NY) was mixed with the purified H34 light chain (0.5 uM)
in TGT buffer including 0.02% NaN; and incubated at 37 °C.
Then they were analyzed by SDS-PAGE with silver staining
under reducing conditions. HSA (1 pM: Sigma-Aldrich, Saint
Loius, MO) was used as the negative control.

Kinetics

The concentration of the H34 light chain was fixed at 5 pM and
that of the FRET-PD1 substrate was varied from 2.5 to 30 uM at
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37 °C in the TGT buffer (pH 7.7). The concentration change of
the FRET-PD1 substrate within 10% conversion after mixing the
H34 light chain and the substrate was regarded as the initial
rate of the reaction.

ELISA

(1) Preparation of samples for ELISA. Prior to the ELISA
experiment, the following samples rPD-1, H34 and their mix-
ture (55 pL each) were prepared using TGT buffer (pH 7.7). They
were incubated at 37 °C for 48 h.

Sample A: the final concentration of rPD-1 was prepared as
0.25 pM in TGT buffer using an RNase free PCR tube (0.2 mL
tube, Molecular BioProducts Ltd, San Diego, CA).

Sample B: the final concentrations of PD-1 and H34 were
0.25 uM and 0.5 pM, respectively, in TGT buffer using an RNase
free PCR tube.

Sample C: the final concentration of H34 was prepared as
0.5 pM in TGT buffer using an RNase free PCR tube.

The concentration is the final concentration.

(2) ELISA. Fifty microliters of recombinant rPD-L1 (human,
recombinant, ENZ-PRT223-0100, ENZO Life Sciences, Inc.,
Farmingdale, NY) in PBS solution (2 ug mL™") was fixed on
an immunoplate (Nunc, Denmark) at 4 °C overnight. Blocking
was performed using 10 pg mL ™' human serum albumin
(Sigma-Aldrich, Saint Louis, MO) for 30 min at room tempera-
ture. Fifty microliters of each of the above samples left at 37 °C
for 48 h incubation was immuno-reacted with PD-L1, followed
by a reaction with an HRP-conjugated anti-V5 tag epitope
antibody of 1/2000 dilution (Rabbit; Abcam, ab1325, Cam-
bridge, UK). After the substrate reaction using 0.01% H,O,
and 1.3 mg mL ™' of o-phenylenediamine/2HC] (WAKO, bio-
chemical grade, Osaka) dissolved in 0.1 M citric acid/0.2 M
phosphate buffer/pH 5.0, the absorption band at 492 nm
(reference: 620 nm) was measured using an immunoplate
reader (Scanlt 3.1 for Multiskan FC, Thermo Fisher Scientific,
MA, USA).

CD spectra

The sample (1.54 for H34 or 1.55 mg mL™" for H34-Pro’>(+))
was dissolved in PBS (pH = 7.4) and its CD spectra were
recorded by using a computer-controlled Jasco ]J-1500 CD
spectropolarimeter with a cylindrical cell having an optical
path of 0.1 cm for far UV/CD, a resolution of 0.2 nm and
accumulation of 16. For near UV/CD, conditions such as an
optical path of 1.0 cm, resolution of 0.2 nm and accumulation
of 25 were used.

Results
(1) FRET-PD1, FRET-Ap and FRET-Tau substrates

For the high-throughput screening of the human PD-1 molecule
and the examination of cross-reactivity, four types of FRET-
peptide substrates were synthesized. The structure of a human
FRET-PD-1 peptide (octadecapeptide '**GAISLAPKAQIKESL-
RAE"?; this sequence was chosen as it is the epitope of nivolumab
(anti PD-1 mAb)) is presented in Fig. 1a (and Fig. Sla, ESLY
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Fig. 1 (a) Structure of FRET-PD-1: AA position 123-140 was selected to

make the FRET-PD-1 peptide substrate in which MCA (4-methyl-
coumaryl-7-amide; fluorescent reagent) was added at the N-terminal
and DNP (2,4-dinitrophenyl; quenching reagent) at the C-terminal. Lysine
was inserted in order to bind the DNP. (b) Results of screening tests: of
45 clones investigated, the H34 light chain had the highest activity for
cleaving the FRET-PD-1 substrate. Light chain: 5 uM, FRET-PD-1: 25 uM,
buffer: PBS (pH 7.4), reaction temperature: 37 °C. (c) Amino acid
sequences: the amino acid (aa) sequences of the Vk region (1-95) of
germline Vk 1D-39-01 (major clone belonging to subgroup 1), and variable
regions (1-107) of H34 and H34-Pro®>(+) are presented. Pro®® is highly
conserved in subgroup |. It is characteristic that Pro®® was lacking in H34.

showing the aa sequence of human PD-1). Adducts of MCA
are included at the N-terminal and DNP at the C terminal.
The structures of the three other FRET-peptides (mouse PD-1
(123-140), amyloid beta (AB) (26-33) and Tau peptide (391-408))
used in this study are given in Fig. S1b-d (ESIt). These FRET
substrates were obtained using the synthesis protocol described
in ref. 34.

(2) Screening of catalytic light chains from a protein bank

We have constructed a protein bank now containing several
hundred human antibody light chains, purified and stored at
4 °C or frozen. In the present study, 45 light chains from this

© 2021 The Author(s). Published by the Royal Society of Chemistry
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protein bank were randomly screened on the FRET-PD-1 sub-
strate, with the results shown in Fig. 1b. Several antibody light
chains exhibited catalytic activity resulting in cleavage of the
FRET-PD-1 substrate.

Of these, H34 exhibited the strongest FRET-PD-1 catalytic
degradation activity.

In Fig. 1c, the aa sequence of a germline of the Vk region
(aa 1-95:1D-39-01, a major germline gene of subgroup I) is
presented together with its variable region of H34 (aa 1-107;
Vk + Jk). Intriguingly, this reveals that H34 is characterized by
deletion of the Pro®® residue in CDR3.

(3) H34 cleavage of different substrates

For detailed investigation of the features of the H34 light chain,
it was carefully purified again according to the protocol
described in Experimental. The results of SDS-PAGE analysis
are presented in Fig. 2a, in which a 44 kDa band corresponding
to the dimer can be observed under non-reducing conditions,
where the monomer band at 23-24 kDa was hardly observed.
This fact indicates its presence in solution as the dimer. Only a
29 kDa band corresponding to the monomer was detected
under reducing conditions (the monomer band at 23-24 kDa
under non-reduced conditions always shifts to 28-30 kDa
under reduced conditions, because of the conformational
change on cutting the S-S bond using p-ME). No other bands
were detected with CBB staining.

The cross-reactivity of the H34 light chain was investigated
using other FRET substrates such as FRET-A and FRET-Tau as
well as specific FRET-PD1. The reaction profiles using 5 uM of
H34 light chain and 25 uM of the FRET substrates are shown in
Fig. 2b. Interestingly, H34 rapidly cleaved the FRET-PD-1 sub-
strate (PD1: aa 123rd-141st (7-MCA-GAISLAPKAQIKESLRAE-
K(DNP)-NH,)), but had little or no effect on the FRET-AP
(AB: aa 26th-33rd (7-MCA-SNKGAIIGK(DNP)r11-NH,)) or FRET-Tau
(Tau: aa 391st-408th (7-MCA-EIVYKpSPVVSGDTpSPRHLK(DNP)-
NH,:pS, phosphorylated serine)) substrates until 24 h later.
Although H34 belongs to subgroup I and has no histidine
residue in the variable region (Fig. 1c; aa 1-117), it exhibited
high FRET-PD-1 substrate degradation activity. In contrast, H34
did not cleave a mouse PD-1 peptide at all (see Fig. S1e, ESIT),
suggesting a high degree of specificity for human PD-1.

(4) Identification of the scissile bond in the FRET-PD1
substrate

Because the H34 light chain mediated the catalytic activity, the
reaction products were analyzed by means of HPLC and MS,
with the results shown in Fig. 2c. Two peaks were present with
29.6 min and 31.7 min retention times, relative to the native
FRET-PD-1 substrate at around 37 min. The two peaks at
29.6 min and 31.7 min were analyzed by MS as shown in
Fig. S2a and b (ESIY), respectively. The divalent mass of the
former was detected at 619.81 m/2z, which was identified as an
NH,-I-K-E-S-L-R-A-E-K(DNP)-NH, fragment (Fig. S2a, ESIt), and
for the latter at 586.29 m/2z, identified as a 7-MCA-G-A-I-S-L-A-P-
K-A-Q-OH fragment (Fig. S2b, ESIT). These results suggest that
the peptide bond between GIn'*> and Ile** was cleaved by H34.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Results of SDS-PAGE analysis: a band of the dimer at ~44 kDa is
observed under non-reduced conditions. Under reduced conditions, only
a single ~29 kDa band corresponding to the monomer is detected. Bands
other than the monomer of the light chains were essentially absent under
either reducing or non-reducing conditions. (b) Cleavage reaction for
FRET substrates: the cleavage reaction was performed with 5 uM H34
using 25 pM of FRET-PD1 (PD-1; aa 123-140), FRET-AP (AB; aa 26-33) or
FRET-Tau (Tau; aa 391-408). H34 exhibited strong catalytic activity for
FRET-PD1, but low activity on FRET-AB or FRET-Tau. All reactions were
carried out in duplicate. (c) Bond cleavage for FRET-PD1: the H34 reaction
products were analyzed by HPLC and MS. The fragments were identified as
7-MCA-GAISLAPKAQ-OH (31.7 min) and NH,-IKESLRAEK(DNP)-NH;
(29.6 min), indicating cleavage of the peptide bond between GIn132 and
Ile133. (d) Kinetic analysis: [S]: concentration of the FRET-PD1 substrate.
[V]: initial rate of the cleavage reaction. The Hanes—Woolf plot demon-
strates that cleavage by the H34 light chain fits Michaelis—Menten kinetics,
indicating that the reaction is enzymatic. k.t and K, were 1.3 x 1072 min~*
and 3.32 x 107% M, respectively.
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(5) Kinetics

Kinetic data were obtained by varying the concentration of the
FRET-PD-1 substrate (5-60 mM), while keeping H34 constant at
5 puM. Hanes-Woolf plots (Fig. 2d) revealed that the H34
reactions fitted the Michaelis-Menten equation. Thus, degra-
dation of the FRET-PD-1 substrate by H34 should be enzymatic.
The Michaelis constant (K,,) was determined to be 3.32 x 10~ ° M.
The catalytic reaction constant (k) was 1.3 x 10> min~* and
the catalytic efficiency (keai/Km) was 1.96 x 10° M~ " min~". Paul
et al.' reported that an anti-VIP antibody light chain cleaved
the substrate VIP with K, = 0.2 x 10°® M and k., = 1.1 X
10> min~ ', Hifumi et al. showed that 41S-2 light chains cleaved
the antigenic HIV-gp41 peptide with K, = 022 x 10°° M
and ke = 6 x 10" min~ . They also reported that the HpU-9
light chain hydrolyzed an antigenic peptide of urease with
Km =1.6 X 107° M and ky = 1.1 x 10~ min~*.%* The kinetic
values for H34 are therefore similar to those of other catalytic
antibodies reported so far.

(6) Cleavage of the recombinant PD-1 molecule

A recombinant PD-1 molecule (rPD-1, 1 uM), the aa sequence of
which is presented in Fig. S3 (ESIt), was mixed with H34 light
chains (0.5 uM) in TGT buffer containing 0.02% sodium azide,
and incubated at 37 °C. Samples taken after 0, 24, 48 and 72 h
were analyzed by SDS-PAGE with silver staining (Fig. 3a and b).
In this experiment, human serum albumin (HSA) was used as
the negative control. Fig. 3a shows the time course of the
reaction of rPD-1 with H34 light chains. Fig. 3b presents several
control experiments, (HSA + H34), H34, PD-1 and HSA.
In Fig. 3a, two major rPD1 bands were observed at around
38 kDa and 43 kDa. H34 was present as a single band at
~30 kDa. After 24 h of incubation, bands at ~28 kDa and
~17 kDa could be clearly observed and became more promi-
nent up to 72 h of incubation. In contrast, the band at ~38 kDa
gradually faded with time up to 72 h. In the control experiments
(Fig. 3b), no fragmented bands were detected in the mixture of
HSA and H34 up to 72 h of incubation.

The bands corresponding to H34 (30 kDa), PD-1 (~36 kDa
and ~42 kDa) and HSA (mainly 66 kDa) did not show any
changes during incubation. These findings indicate that H34
cleaves the rPD-1 molecule in a time-dependent manner. Con-
sidering the molecular size, the band at 17 kDa is attributed to
a fragmented peptide from the N-terminus of rPD1 cleaved at
Q"*-1"*%, The band at 28 kDa may be a dimer of the above
fragmented peptide (see the aa sequences of PD-1, rPD-1 and
fragmented PD-1 in Fig. S3a-d, ESIf).

(7) ELISAs

The binding behaviour of rPD-1 with rPD-L1 was examined
using an ELISA system. rPD-1 was incubated with the H34
catalytic antibody at 37 °C for 48 h, and rPD-1 or H34 incubated
alone under the same conditions served as controls. Thereafter,
each was transferred to the wells of ELISA plates coated with
rPD-L1 and the binding was visualized by the HRP-conjugated
anti V5-epitope tag antibody. The results are presented in Fig. 3c.
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Fig. 3 (a and b) SDS-PAGE analysis with silver staining under reduced

conditions: (a) cleavage of recombinant PD-1 molecules: recombinant
PD1 molecules (rPD1; 1 uM) were incubated with H34 (0.5 pM) at 37 °C for
72 h. The rPD1 bands are around 38 kDa and 43 kDa, whereas H34 is a
single band at 30 kDa. After 24 h, bands at 28 kDa and around 17 kDa are
visible and become gradually more prominent from 24 h to 72 h. In
contrast, the 38—-42 kDa PD-1 bands gradually fade with time. (b) Irrelevant
protein HSA: HSA is an irrelevant protein used as a control. Only the band
at ~66 kDa and the rPD-1 band were observed. No fragments were
detected from H34, PD-1, HSA and a mixture of H34 and HSA up to 72 h.
Thus, H34 cleaved the rPD-1 molecule in a time-dependent manner.
(c) ELISA-1: first, rPD-1 alone, H34 alone or a mixture of both was
incubated in TGT buffer (pH 7.7) at 37 °C for 48 h. Next, 50 pL of
each sample was assayed by ELISA on rPD-L1-coated wells at room
temperature. The reaction was detected using the HRP-conjugated
anti-V5 tag epitope antibody. For rPD-1 alone, the absorbance at
492 nm was 0.569, and 0.003 for H34 alone, suggesting no reaction of
H34 with rPD-L1. In contrast, the absorbance for the mixture of rPD-1
and H34 was 0.151. This is lower than the value of rPD-1 alone by a factor
of four. It is clear that H34 diminished the binding interaction between
PD-1 and PD-L1 by degrading the PD-1 molecule. (d) ELISA-2: a mixture
of rPD-1 (0.18 uM) and H34 (0.5 uM) was incubated up to 48 h. A sample
at 0, 6, 24, and 48 h was taken and we measured the binding of
rPD-1/PD-L1 by ELISA.

When rPD-1 was incubated alone, the absorbance at 492 nm was
0.569. For H34 alone, the absorbance was 0.003, suggesting that
the cross-reactivity of the antibody with rPD-L1 was negligible.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In contrast, rPD-1 incubated with H34 for 48 h yielded an
absorbance of 0.151, only a quarter of the value with rPD-1 alone.
Thus, it is concluded that the binding of rPD-1 with rPD-L1 was
inhibited or blocked by the degradation of rPD-1.

In addition, another experiment, where the incubation was
carried out for 0, 6, 24 and 48 h for the mixture rPD-1 (0.18 pM)
and H34 (0.5 pM), was performed. Then, each sample was
submitted to ELISA. About one half of the rPD-1 molecules
were degraded at 6 h of incubation. At an incubation time of 48 h,
rPD-1 had almost disappeared, suggesting that the event did not
occurr by a competitive reaction but degradation (Fig. 3d).

(8) Chemical features of H34

(8-1) Inhibitors. EDTA (2 mM; metalloproteinase inhibitor),
iodoacetamide (0.1 mM; cysteine proteinase inhibitor), pepstatin A
(0.02 mM; aspartic/glutamic protease inhibitor) and benzamidine
(1 mM; serine protease inhibitor) were tested for their ability
to block substrate cleavage by H34. These concentrations of
inhibitors are sufficient to inactivate the corresponding
proteases.®® Interestingly, of the four inhibitors, only EDTA
completely suppressed cleavage of the FRET-PD-1 substrate, as
shown in Fig. 4a. In contrast, the serine protease inhibitor,
benzamidine, had no effect on the catalytic activity.

(8-2) Concentration of EDTA. The concentration of EDTA
was varied from 0.125 to 2.0 mM, showing that the FRET-PD-1
cleavage reaction proceeded in a dose-dependent manner
(Fig. 4b). An inhibitory effect could be clearly observed at
concentrations over 0.5 mM and the cleavage reaction was
completely suppressed at 2 mM.

(8-3) Recovery of the catalytic activity. Because 2 mM of
EDTA completely inhibited FRET-PD-1 cleavage, 3 mM of
several metal ions such as Zn(u), Ca(u), Co(u) and Fe(m) were
included in the reaction solution in the presence of this dose of
EDTA. As shown in Fig. 4c, addition of Zn(u) and Co(u) ions
allowed recovery of the catalytic activity, followed in efficacy by
Ca(u) and Fe(m). These findings indicate that the H34 light
chain requires Zn(u) or/and Co(u) for its activity, in the manner
of a metalloproteinase such as a carboxypeptidase.

(9) Pro®*-insertion

It was recently reported that the amino acid residue Pro®,
present in the CDR3 of the antibody light chain, plays an
important role in the catalytic function.’” Therefore, in this
study, a mutant was made with an inserted Pro°® (H34-Pro”(+))
and the effect on the catalytic activity was investigated. H34
(without Pro®’) began cleaving the FRET-PD-1 substrate very
soon after initial mixing and this gradually increased up to
78 h. On the other hand, the mutant with an inserted Pro® only
weakly cleaved FRET-PD-1 even after 78 h. These profiles up to
78 h for both tested light chains are presented in Fig. 5. Thus,
the deletion of the Pro®® residue is important for the observed
peptidase activity.

(10) CD spectra

CD spectrometry is useful to analyze the change of chemical
circumstances in the catalytic antibody field, as shown by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Inhibition of FRET-PD1 cleavage: four inhibitors were tested:
EDTA (2 mM; metalloproteinase inhibitor), iodoacetamide (0.1 mM;
cysteine proteinase inhibitor), pepstatin A (0.02 mM; aspartic/glutamic
protease inhibitor) and benzamidine (1 mM; serine protease inhibitor).
Only EDTA suppressed the cleavage reaction. (b) Dependence on the
concentration of EDTA: the cleavage reaction was suppressed in a dose-
dependent manner. At a concentration >500 mM, the inhibitory effect
was clearly observed, and no cleavage occurred at 2 mM. The intensity of
fluorescence (IF) was measured as the catalytic activity at 21.1 h of
incubation. (c) Effect of metal ions: in the presence of EDTA (2 mM),
3 mM metal ions such as Zn(i), Ca(i), Co(i) and Fe(i) were added to the
reaction solution. Zn(i) ions completely recovered the catalytic activity,
followed in decreasing order by Co(n), Ca(i) and Fe().

Gololobov et al.** In this study, CD spectrometry was under-
taken using a concentration of 1.54-1.55 mg mL ™" for both H34
and H34-Pro”>(+) samples. Fig. 6a and b show the far UV/CD
spectra (for the secondary structure) and the near UV/CD
spectra (for the tertiary structure), respectively. The spectrum
changes from 200-205 nm and from 225-245 nm in Fig. 6a
suggest increasing o-helical content in H34-Pro’>(+). In Fig. 6b,
the bands with fine structure arising from vibrational transi-
tions from 260 to 270 nm (assigned to Phe) became different.*?
This means that the chemical circumstances of Phe should be
changed between the two light chains. It is hypothesized that

RSC Chem. Biol.,, 2021, 2, 220-229 | 225
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Fig. 5 Catalytic activity of H34 with inserted Pro95 (H34-Pro95(+)):
reaction profiles for FRET-PD-1 substrate cleavage were investigated for
up to 78 h of reaction time using H34 and H34-Pro®>(+). The catalytic
activity of the H34-Pro®®(+) mutant was substantially reduced relative to
H34 lacking Pro®®.

these small conformational changes contribute to making H34
more catalytic.

(11) Molecular modelling

We have succeeded in the X-ray diffraction analysis for only
the #4 light chain,®® although many light chains have been
submitted to the experiment. It is not difficult to determine the
crystal structure of Fab or scFv of the antibody. However, note
that the crystallization of only the light chains is very difficult,
maybe due to the structural diversity.>® Therefore, in this study,
we employed molecular modelling as a tool to interpret the
present results.

(11-1) Comparison of H34 with the mutant H34-Pro®>(+).
Fig. S4a and b in the ESIf show a comparison of structural
models of H34 and the H34-Pro®>(+) mutant. The Asp’ residue
in H34 (ball and stick shown in pink) is more oriented towards
the inner side than in the mutant H34-Pro®>(+) (ball and stick
shown in red). In fact, the distances between the carboxyl
oxygen of Aspl and the guanidinium nitrogen of the Arg®®
residue (ball and stick, light blue) in CDR3 are less in H34
(9.65 A) than in the mutant (13.54 A) (ball and stick, blue) by a
factor of ~4 A. As seen in a previous study,’” the presence of

a) b) —H34
09 e H34 PO5(+)
—H34

~~~~~~ H34 PO5(+)

[6] (deg.cm?/dmol)

[6] (deg.cm?/dmol)
g
8

-1000

-2000

-3000

-4000 h Wave length (nm)
Wave length (nm)

Fig. 6 (a and b) CD spectra: (a) Far UV/CD spectra (secondary structure).
(b) Near UV/CD spectra (tertiary structure). H34; blue solid line, H34-
Pro®>(+); red dotted line. From the secondary structure (a), it seems that
H34-Pro®>(+) has a higher a-helical content than that of H34. In the
tertiary structure (b), the two peaks of Trp (295 nm) are almost the same
between the two light chains. Differences are observed in the range from
260 to 270 nm, which is assigned to Phe. Thus, the chemical circum-
stances of Phe should be changed with or without the Pro®® residue.
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Pro® hinders the approach of Asp" to the CDR3 loop. A similar
tendency was also observed in the present study.

(11-2) Location of Zn(u). We may consider two possibilities
for the Zn(u) binding site. One is shown in Fig. S4c (ESIT) where
a comprehensive view of the structure is presented. A typical
metalloenzyme, carboxypeptidase, contains Zn(u) in a position
which coordinates two nitrogen atoms of imidazole of two
histidine residues (His69 and His196) and two oxygens of the
carboxyl group of glutamic acid (Glu’?) (see Fig. S4d, ESIY)
within a distance of 2-3 A. In the H34 light chain, the basic
amino acids are arginine (Arg”*, Arg ®' and Arg®®) and lysine
residues (Lys®®). Of these, Arg>* is next to Glu’® at a distance
of 2.88 A (Glu”°(0)-Arg**(N)), with 5.78 A between both Ca.
By analogy with the example of carboxypeptidase, this is an
optimal distance.

A second possibility, namely that the constant region of
the antibody light chain possesses a zinc finger-like motif,
should also be considered. This motif is Cys-X3-His (the
H34 aa sequence (193-197) is Cys-Glu-Val-Thr-His; see the full
sequence of H34 in Fig. S5, ESIt). Interestingly, a complete
motif (Cys-X3-His-X15-Cys-X3-His) of a zinc finger is present at
aa 193-217.°>*° The sequence is CEVTHQGLSSPVTKSFNRGE-
CLEHH, in which the His residues at positions 216 and 217 are
part of a His tag. This motif can take up a divalent metal ion
such as Zn** or Ni*".

Discussion

The aims of this study were both to find a new catalytic
antibody light chain which can enzymatically and specifically
decompose the PD-1 molecule, and characterization of the
chemical properties of the catalytic antibody. To approach
these goals, we explored the catalytic antibody light chains
from our protein bank. We have assembled a protein bank of
human antibody kappa light chains mainly belonging to sub-
groups I, II, and III (according to Kabat’s numbering system).
Once several hundred had been collected, they were screened
for the presence of catalytic antibody light chains capable of
degrading the PD-1 molecule. For high-throughput screening,
we synthesized a FRET-PD-1 substrate, consisting of the 18-mer
GAISLAPKAQIKESLRAE (aa position 123-140 of the PD-1
molecule) with MCA at the N-terminal and Lys (DNP) at the
C-terminal. In the present study, we randomly screened 45 of
the human kappa light chains from our protein bank for their
ability to cleave this FRET-PD-1 peptide. We focused on the
most reactive of these, clone H34, which had minimal activity
on other substrates such as FRET-AB (26-33) and FRET-Tau
(391-408), as well as the HSA protein (Fig. 2b). Thus, the H34
catalytic antibody light chain cleaved the human r-PD-1 mole-
cule with high specificity. Note that this is the first finding of a
catalytic antibody degrading the PD-1 molecule. And it should
be also stressed that H34 existed in human genes donated by a
volunteer.

Next, we investigated the physicochemical properties of H34
and determined that the k., and K, values were 1.3 x 10~2 min ™

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and 3.32 x 10~° M, respectively, for FRET-PD1 cleavage. These
values were similar to those obtained for several peptide antigens
by Paul et al.'® and Hifumi et al.,'*>* where the k. value was
reported to range from 10" to 10> min™ ' and K, from 10~ to
10~° M. One of the most important findings in the present study
is that the H34 catalytic antibody light chain blocks the binding of
PD-1 with its ligand PD-L1 by virtue of its ability to degrade the
PD-1 molecule. The mechanism of action of monoclonal anti-
bodies against PD-1 (for example, nivolumab) is thought to be via
blocking the binding of PD-1 to PD-L1 through stoichiometric
hindrance. In contrast, the mechanism of action of H34 inter-
ference with the binding is thought to be quite different, resulting
from degradation of the PD-1 molecule itself, a new type of
blockade mediator.”

The presence of a metal ion is necessary for H34 to mediate
its catalytic activity and cleave PD-1, with Zn(u) or Co(u) being
particularly effective. Several metal-dependent catalytic antibo-
dies have been reported by Paul’s group® and Nevinsky’s
group.** The catalytic antibody IgV 2E6, described by Paul’s
group, requires the same metal ions (Zn(u) or Co(u)) as H34.
They concluded that the metal ion induced a conformational
transition of the catalytic antibody and exerted a favorable
effect on a catalytic step after the initial nucleophilic attack
on the amyloid-B antigen. Thus, the metal ion acts as a co-
factor. In the case of H34, the metal ion may be working as the
cofactor, but not the active site. Furthermore, many catalytic
antibody light chains function optimally in dimeric form but
not as monomers; H34 is also considered to function as a dimer
(Fig. 2a). Smider et al. published a paper regarding the relation-
ship between the structure and the catalytic activity of human
antibody light chains; in that study, monomers also mediated
lower catalytic activity for cleaving the PFR-MCA synthetic
substrate than did dimers or tetramers."® In our case, the metal
ion may contribute to dimer formation, which facilitates cata-
lytic function.

The results of H34 CD spectral analysis were also interesting
in this respect. Namely, differences between H34 and the H34-
Pro°>(+) mutant were observed in the ranges from 200-205 nm
and from 225-245 nm, suggesting that the conformational
change of H34-Pro®>(+) slightly occurred so as to increase the
o-helical content. The near UV/CD revealed that the chemical
circumstances of Phe should be changed. This phenomenon
was in good agreement with the result of molecular modelling.

Molecular modelling was performed in order to explore the
catalytic site. Asp' in H34 lacking Pro’® has a tendency to
approach near to the CDR3 loop, which is similar to what
is observed in other catalytic antibodies such as S38 and
T99-Pro’>(—).>” This conformational change seems to contri-
bute to the catalytic function.

We have already pointed out the importance of the deletion
of the Pro® residue for acquisition or enhancement of the
catalytic activity of antibody light chains belonging to subgroup
1> However, H34 belongs to subgroup I, which is the
major group (~50% of human light chains). Thus, it is sig-
nificant that H34 nonetheless exhibited catalytic activity. Note
that production of large numbers of catalytic antibodies from

© 2021 The Author(s). Published by the Royal Society of Chemistry
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subgroup I and II light chains is relatively straightforward by
means of deleting Pro®® from many of the monoclonal anti-
bodies produced worldwide since 1974.*

From a biological point of view, it is very interesting that the
H34 light chain was included in our protein bank, which has
been made from a human antibody gene. In addition, H34
could degrade human PD-1 more specifically than mouse PD-1.

Conclusions

We have identified a catalytic antibody light chain, designated
H34, which is capable of degrading the human PD-1 molecule
with high specificity. This catalytic antibody may usher in a new
form of checkpoint blockade by inhibiting the binding of PD-1
to PD-L1 by a mechanism different from the anti PD-1 anti-
bodies. Finally, we conclude that also subgroup I antibody light
chains lacking Pro®> can mediate catalytic activity. These types
of catalytic antibody should have a great deal of potential as a
new biocatalyst or protein degrader to expand drug develop-
ment, as they can easily be created from the many currently
available well-characterized monoclonal antibodies.

Abbreviations

aa Amino acid

AP Amyloid-beta

au Arbitrary unit

B-ME  Beta-mercaptoethanol
CBB Coomassie brilliant blue
CD Circular dichroism

DNP 2,4-Dinitrophenyl

eq. Equivalent

FRET  Forster resonance energy transfer
HRP Horseradish peroxidase

HSA Human serum albumin

IPTG Isopropyl-B-p-thiogalactopyranoside
mAb Monoclonal antibody

7-MCA (7-Methoxycoumarin-4-yl)acetyl

MS Mass spectroscopy

PBS Phosphate buffered saline

rPD-1  Recombinant PD-1

rPD-L1 Recombinant PD-L1

TGT 50 mM Tris-100 mM glycine-Tween-20 buffer (pH 7.7)
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