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CHEMISTRY

A new algorithm to convert a normal antibody into
the corresponding catalytic antibody

Emi Hifumi'*, Hiroaki Taguchi? Haruna Tsuda'?, Tetsuro Minagawa'?,

Tamami Nonaka', Taizo Uda'*

Over thousands of monoclonal antibodies (mAbs) have been produced so far, and it would be valuable if these mAbs
could be directly converted into catalytic antibodies. We have designed a system to realize the above concept
by deleting Pro®>, a highly conserved residue in CDR-3 of the antibody light chain. The deletion of Pro®® is a key
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contributor to catalytic function of the light chain. The S35 and S38 light chains have identical amino acid sequences
except for Pro®®. The former, with Pro® did not show any catalytic activity, whereas the latter, without Pro®%, exhibited
peptidase activity. To verify the generality of this finding, we tested another light chain, T99wt, which had Pro%®
and showed little catalytic activity. In contrast, a Pro®>-deleted mutant enzymatically degraded the peptide sub-
strate and amyloid-beta molecule. These two cases demonstrate the potential for a new method of creating

catalytic antibodies from the corresponding mAbs.

INTRODUCTION

Since 1986, four important articles regarding the preparation of cat-
alytic antibodies have been reported. The articles are divided into
two categories, I and II. Category I is a transition state analog (TSA)
method, which was accomplished by Lerner’s group (1) and Schultz’s
group (2). Category II is a naturally occurring catalytic antibody,
which was advanced by Paul’s group (3) and Gabibov’s group (4).
TSA is advantageous from the viewpoint of chemistry. On the other
hand, naturally occurring catalytic antibodies are valuable for bio-
chemistry and/or biotechnology, especially being beneficial for di-
gesting antigenic peptides, proteins, and nucleic acids. Regarding
naturally occurring catalytic antibodies, many catalytic antibodies
to hydrolyze targeted peptides (5, 6), nucleotides (7-9), and some
physiologically active molecules (10-14) in addition to some virus
and bacterial antigenic proteins (15-27) have been reported because
of the high catalytic activity compared with those obtained by TSA.

It should be noted that the catalytic antibodies obtained by the
above both methods have a big drawback in their production. In the
first instance, synthesis of the antigen molecule of TSA is required in
addition to hybridoma production after immunization of the TSA
molecule. In the second instance, naturally occurring catalytic anti-
bodies must be mostly screened from many monoclonal antibodies
(mAbs). These approaches not only consume a lot of time but also
take dedicated effort. Thus, a method for easily creating catalytic
antibodies has long been desired.

Unfortunately, there has been no major breakthrough in methods
of preparation of catalytic antibody in the 30 years since the above
four articles were published.

Here, we found a promising preparation method (new algorithm,
category III) of catalytic antibody, where an antibody light chain can
acquire the catalytic function by deleting Pro” residue.
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RESULTS

Human antibody light chains S35 and S38

Comparison of amino acid sequences of the Vk region and a
germ line

This study focuses on two unique light chains, S35 and S38, which
belong to subgroup II of the human kappa light chain. The amino
acid sequence of 219 amino acid residues of the S35 light chain is a
perfect match with that of the germline 2/2D-28*01 of the Vk region
(Vk: amino acids 1 to 95, see Fig. 1A). This means that no somatic
mutations took place in the S35 light chain. On the other hand, the
S38 light chain has amino acid sequences identical to S35 except for
the Pro’ residue, which was deleted from $38 during the mutation
process.

Purification and monoform structure

In the purification process, a Cu(II) ion was added into the solution
after Ni-ion affinity chromatography. This step is important and
necessary to making a monoform structure from the multiform
structures of the light chain (28-30). In the final step, EDTA was
added to take out the Cu(II) ion to keep the monoform structure in
the long term. Both Cu(II) and EDTA are not concerned to create
a catalytic site, but to make and keep the preferable structure. The
results of SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis for S35 and S38 under the reduced and nonreduced con-
ditions are presented in Fig. 1B. Bands at about 46 and 26 kDa cor-
responding to the dimer and monomer, respectively, were observed
under the nonreduced condition. Only a 30-kDa band corresponding
to the monomer was detected under the reduced condition. In SDS-
PAGE analysis, bands other than the monomer and dimer bands of
the light chains were hardly observed, suggesting that the S35 and
S$38 light chains were highly purified.

Peptidase activity (hydrolysis of synthetic substrates)

We examined how the light chains with or without Pro’” affected
catalytic properties, by using synthetic substrates. As Matsuura et al.
(31) and Durova et al. (32) used the substrate Arg-pNA to evaluate
catalytic activity, we also used synthetic substrates, such as Arg-pNA
(R-pNA), Glu-pNA (E-pNA), Leu-pNA (L-pNA), Ala-pNA (A-pNA),
and Phe-Leu-pNA (FL-pNA). Figure 1C shows the reaction profiles
for the cleavage of R-pNA by the S38 and S35 light chains. Out of
the five different substrates, only R-pNA was cleaved by the S38 light
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Fig. 1. Human light chains, S35 and S$38. (A) Comparison of germline (2/2D-28*01),
S35, and S38. The sequence of the Vk region (amino acids 1 to 95) of S35 having
Pro® is identical to the germline (2/2D-28%01). On the other hand, S38 lacks the
Pro®. (B) SDS-PAGE analysis with CBB (coomassie brilliant blue) staining. Bands
of about 46 and 26 kDa correspond to the dimer and monomer, respectively,
under the nonreduced condition. Only a 30-kDa band under the reduced condition
corresponds to the monomer. Bands other than the monomer of the light chains
were hardly observed under the reduced condition. (C) Time course of the cleavage
reaction. The substrate: R-pNA (200 uM). Light chain: S38 (10 uM: open circle) and
S35 (10 uM: closed circle). Out of five substrates (R-, E-, L-, A-, and FL-pNA), only
R-pNA was cleaved by S38. The S35 did not cleave any substrates at all. (D) Kinetic
analysis by S38 light chain. The concentration of the $38 light chain was fixed at 5 uM,
and that of the R-pNA substrate varied from 75 to 400 uM at 37°C. [S] indicated
concentration of R-pNA; [V], initial rate. The Hanes-Woolf plot demonstrates that
the cleavage reaction by the 538 light chain fits the Michaelis-Menten kinetics
equation, indicating that the reactions are enzymatic.

chain, suggesting that the light chain exhibited a trypsin-like feature.
In contrast, S35 did not exhibit any catalytic activity on the five
synthetic substrates.

Kinetic analysis

The cleavage reaction for R-pNA by the $38 light chain obeyed the
Michaelis-Menten equation as shown in Fig. 1D. The catalytic reac-
tion constant (kcat) and dissociation constant (Km) values were 4 x
107> min~" and 3.6 x 10™* M, respectively. These values are compa-
rable to those obtained by Matsuura et al. (31) using the Bence Jones
protein (MOR) taken from a patient with multiple myeloma for the
R-pNA substrate (kcat = 7 x 102 min~}, Km = 0.21 x 10~ M), and
by Durova et al. (32) using the L12 light chain for the PRE-MCA
substrate (kcat = 1.55 x 10> min™}, Km = 5.3 x 10™* M), and in
our previous paper, the #7TR human catalytic antibody light chain
showed kcat and Km values of 2.2 x 107> min~" and 5.35 x 10™* M,
respectively (33).

T99wt light chain and mutant without Pro® [T99-Pro95(-)]
Germline gene and somatic mutations

The T99wt light chain belongs to the germline gene Vk2-29*02 in
subgroup II. A big difference between the T99wt and S35 light chains
is the number of somatic mutations that occurred (see Fig. 2A). The
former has many somatic mutations in the amino acid sequence,
while the latter does not. The T99wt light chain exhibited hardly
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any catalytic activity for cleaving either R-pNA or amyloid-beta (AB)
peptide. As a consequence, we used T99wt as well as a Pro’>-deleted
mutant [T99-Pro95(-)] to ascertain whether Pro® is a key amino
acid residue to the possession of a catalytic function.

Expression and purification

T99wt and the Pro’>-deleted mutant [T99-Pro95(—)] were purified
in the same manner as S35 and S38. The SDS-PAGE analysis results
for T99wt and T99-Pro95(—) under the reduced and nonreduced
conditions are presented in Fig. 2B. Bands at about 46 and 26 kDa
corresponding to the dimer and monomer, respectively, were ob-
served under the nonreduced condition. The monomer band was
single in this case, while it seemed double in the case of S35 and S38.
Under the reduced condition, only a 30-kDa band corresponding to
the monomer was detected. In the SDS-PAGE analysis, bands other
than the monomer and dimer bands of the light chains were hardly
observed, suggesting that the T99wt and T99-Pro95(-) light chains
were highly purified.

Peptidase activity of the synthetic substrate Arg-pNA

The T99wt light chain (subgroup II) was found by screening our
protein bank. There are many mutations in the light chain as indicated
in Fig. 2A, notably different from the case of S35. Therefore, we
genetically deleted Pro” from T99wt. Compared to T99wt, T99-
Pro95(—) exhibited higher catalytic activity to cleave R-pNA (Fig. 2C).
Note that the deletion of Pro’® enhanced the catalytic activity of the
light chain. For the other four substrates (E-, A-, L-, and FL-pNA),
T99-Pro95(-) did not show any catalytic activity.

Kinetic analysis using R-pNA was performed for both the T99wt
and T99-Pro95(-) light chains. The cleavage reactions by both light
chains obeyed the Michaelis-Menten equation. The kcat and Km values
of T99wt were 2 x 10~ min~" and 3.2 x 10> M, respectively. On the
other hand, T99-Pro95(-) showed values of kcat = 8 x 10~ min™!
and Km = 3.8 x 107> M. The turnover (kcat) value of T99-Pro95(-)
was higher than that of T99wt by a factor of 4, while the Km values
were not changed.

Cleavage for FRET-ApB

Using the FRET-AB(26-33) [MCA-SNKGAIIGK(DNP)rrr-NH,]
substrate, we examined catalytic activity by T99wt and T99-Pro95(-)
at a temperature of 37°C. The reaction time courses are shown in
Fig. 2D. T99-Pro95(-) cleaved the FRET-AR substrate, but T99wt
did not. It is clear that the mutant T99-Pro95(-) acquired the cat-
alytic activity to cleave the FRET-AP substrate, while T99wt having
Pro” did not exhibit any catalytic function.

In the cleavage reaction of the FRET-AB(26-33) substrate by
T99-Pro95(-), the scissile peptide bond was investigated by high-
performance liquid chromatography (HPLC) and mass spectrometry
(MS). The results are shown in Fig. 2E. Several fragments were ob-
served. The large peaks corresponding to the fragments 7-MCA-S-
N-K-G-OH (21 min) and NH,-A-I-I-G-K(DNP)-r-r-r-NH, (29 min)
indicate that the peptide bond between Gly and Ala was cut. The
peaks of 7-MCA-S-N-K-OH (20.6 min) and NH,-G-A-I-I-G-K(DNP)-
r-r-r-NH; (29 min) show that the bond between Lys and Gly was
cleaved. The peptide bond between Ile and Gly was cleaved, because
two small peaks of 7-MCA-S-N-K-G-A-I-I-OH (31.5 min) and NH,-
G-K(DNP)-r-r-r-NH, (23.8 min) were identified. Mainly the peptide
bond between Gly and Ala was cleaved, followed by the Lys-Gly and
Ile-Gly peptide bonds. Multiple sites were cleaved by T99-Pro95(-),
which is a characteristic feature of a catalytic antibody. These frag-
mented peptides were identified by mass spectroscopy analysis as
shown in fig. S1 (A to E). For the peaks of 7-MCA-S-N-K-OH (20.6 min)
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Fig. 2. Human light chain T99wt and the mutant, T99-Pro95(-). (A) Comparison of germline (Vk2-29*02) and T99wt. The sequence of the Vk region (amino acids 1 to
95) of T99wt is compared with that of a germline Vk2-29*02. Amino acids in the sequence of T99wt are different at many positions from those of the germ line, indicating
many somatic mutations. (B) SDS-PAGE analysis of T99wt and T99-Pro95(-) light chain. Bands were visualized by CBB staining. Similar bands to those observed in S35 and
538 were seen under both the reduced and nonreduced conditions. The bands at about 46 and 26 kDa correspond to the dimer and monomer, respectively, under
the nonreduced condition. The clear band at about 30 kDa corresponds to the monomer under the reduced condition. (C) Time course of the cleavage reaction for
Arg-pNA.T99-Pro95(-) (10 uM: open circle) clearly exhibited much higher catalytic activity than T99wt (10 uM: closed circle) to cleave the Arg-pNA substrate. In this case,
the deletion of Pro® in complementarity-determining region 3 (CDR-3) enhanced peptidase activity. The reaction was carried out in triplicate at 37°C. (D) Time course of
the cleavage reaction for FRET-AB peptide. FRET-AB:25 uM. T99wt: 5 uM (closed circle). T99-Pro95(-): 5 uM (open circle). The T99-Pro95(-) light chain exhibited the
catalytic activity to cleave FRET-AB, while T99wt did not. Deletion of Pro®® contributed to acquisition of the catalytic function. au, arbitrary units. (E) HPLC analysis of the
reaction products. Cleaved bonds of FRET-AB by T99-Pro95(—) were investigated. Fragments of 7-MCA-S-N-K-G-OH (21 min) and NH-A-I-I-G-K(DNP)-r-r-r-NH, (29 min)
show that the Gly-Ala peptide bond was cleaved. Fragments of 7-MCA-S-N-K-OH (20.6 min) and NH»-G-A-I-I-G-K(DNP)-r-r-r-NH, (29 min) show that the Lys-Gly
was cleaved. lle-Gly peptide bond was slightly cleaved. The Gly-Ala peptide bond was mostly cleaved. (F) Kinetic analysis by T99-Pro95(-). T99-Pro95(-); 5 uM, FRET-AB;
5 ~ 60 uM [S]; concentration of FRET-AB; [V]; initial rate. The Hanes-Woolf plot demonstrates that the cleavage reaction by T99-Pro95(-) light chain fits the Michaelis-Menten
kinetics equation, indicating that the reactions are enzymatic.

and NH,-G-A-I-I-G-K(DNP)-r-r-r-NH,; (29 min), the monovalent  Kinetics for the FRET-Ap substrate

mass was detected at 564.21 mass/charge ratio (m/z) (fig. S1A) and  The kinetic data were obtained by varying the concentration of the
the divalent mass at 596.33 m/2z (fig. S1B, inset graph), respectively. ~ FRET-Ap substrate while keeping that of the T99-Pro95(-) light
For the fragments of 7-MCA-S-N-K-G-OH (21 min) and NH,-A-I-  chain constant at 5 uM. A Hanes-Woolf plot (Fig. 2F) revealed that
I-G-K(DNP)-r-r-r-NH; (29 min), the monovalent mass was observed  the reaction by the T99-Pro95(-) light chain fits the Michaelis-
at 621.23 m/z (fig. S1C) and the divalent mass at 567.82 m/2z (fig. S1B), Menten equation. Thus, the degradation of the substrate by the light
respectively. For the peaks of 7-MCA-S-N-K-G-A-I-I-OH (31.5min)  chain should be enzymatic. The dissociation constant (Km) was
and NH,-G-K(DNP)-r-r-r-NH, (23.8 min), the monovalent masswas ~ determined to be 0.9 x 107 M. The catalytic reaction constant
detected at 918.43 m/2z (fig. S1D) and the divalent mass at419.22 m/2z ~ (kcat) was 4 X 10~ min~’. The catalytic efficiency (kcat/Km) was
(fig. SI1E), respectively. 8.58 x 10° M™" min~". These values are comparable with those of
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catalytic antibodies reported so far. Paul et al. (3) found that the
anti-vasoactive intestinal peptide (VIP) antibody light chain cleaved
the substrate VIP with Km = 0.2 x 10"® M and kcat = 1.1 x 10~ min ™",
For the substrate Pro-Phe-Arg-MCA, the values were Km = 11.5 x
107° M and kcat = 6.8 x 10~> min~'. Hifumi ef al. (15) obtained re-
sults in which the 41S-2 light chain cleaved the antigenic peptide of
HIV-gp41 with Km = 0.22 x 10 M and kcat = 6 x 10™" min ™",
Hifumi et al. (16) also obtained data in which the HpU-9 light chain
hydrolyzed the antigenic peptide of urease with Km = 1.6 x 107> M
and kcat = 1.1 x 10 min~".

Regarding the kinetic data for AP, Paul et al. obtained results
with Vmax = 17.6 x 107> uM AB/uM immunoglobulin M (IgM) per
minute and Km = 2.83 x 10~ M by using monoclonal IgM Yvo (17).
Furthermore, Planque et al. found the catalytic antibody algV to
cleave AB, where the kinetic data were Km = 8 x 10™> M and kcat = 3 x
107 min™" (18).

Cleavage for AB1-40 molecule

To investigate whether the T99-Pro95(-) light chain is able to cleave
the full molecule of AB1-40 peptide, 10 uM T99-Pro95(-) and
100 uM AB1-40 peptide in phosphate-buffered saline (PBS) were
incubated for 70 hours at 37°C. The results are presented in Fig. 3A.
The peak of the AB1-40 peptide was detected at around 34.8 min. In
the reaction products, one clear peak was observed at the retention
time of 17.8 min. As shown in Fig. 3B, the peak at 17.8 min was
analyzed by MS. The divalent mass was detected at 849.82 m/2z and
the trivalent mass at 566.89 m/3z. This was identified as a fragment,

A AB1-40

|

AB1—40 alone 4_4]\_"
,/ Fragment
AB1—14; DAEFRHDSGYEVHH
T99-Pro95A
+
AB1-40
1006 12/06 1400 1600 1800 2000 3200 3400 2600 2800 3000 3200 3400 5600 00 oo min
Retention time (min)
Intens. +MS, 0.1-0.5 min #(7-30)|
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6000
(M + 3H)>*
Cal., 566.91 84083
4000 Obs., 566.89 (M + 2H)*
Cal., 849.86
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0 l L 501.87 L | h.. v
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AB1-14, DAEFRHDSGYEVHH
DAEFRHDSGYEVHH-QKLVFFAEDVGSNKGAIIGLMVGGVV

Cleavage site

Fig. 3. Cleavage of AB1-40 molecule by T99-Pro95(-). (A) HPLC analysis results
for the AB1-40 molecule. In the case of the AB1-40 peptide (100 uM), a peak at the
retention time of around 34.8 min was detected. When the AB1-40 peptide was
mixed with the T99-Pro95(-) catalytic light chain (10 uM), a new peak was observed
at the retention time of 17.7 min. (B) Mass spectroscopy analysis. The peak appearing
at the retention time of 18 min was analyzed by mass spectroscopy. The divalent
mass was detected at 849.96 m/2z and the trivalent mass at 566.91 m/3z. This was
identified as a fragment, DAEFRHDSGYEVHH, from the AB1-40 peptide, indicating
that the H13-Q14 peptide bond was cleaved.
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DAEFRHDSGYEVHH, from the AB1-40 peptide, indicating that the
H14-Q15 peptide bond was cleaved.

Molecular modeling

The molecular modeling is not appropriate to understand with high
accuracy. However, it is a useful tool as a guide to interpret the present
results without x-ray diffraction analysis.

S$35 and S38 light chains

Figure 4A shows structural models of the S35 and S38 light chains,
respectively. Through studies on the catalytic features of antibody
light chains so far (3, 5, 12-25), the amino acid residues of Asp!,
Ser27a, and His27d (or His™®) are considered to be the residues most
likely to form a catalytic triad-like structure. From the modeling in
this case, the distances between Asp1(O), Ser27a(O), and His27d(N)
were measured, and they are summarized in table S1. The distance
between Ser27a(0) and His27d(N) is 10.37 A in S35 and 10.43 A
in $38. They are almost the same. On the other hand, the distance
between His27d(N) and Asp1(O) is 17.42 Ain $35and 13.77 A in
$38. The S38 distance is shorter than the $35 distance by 3.65 A.
T99wt and T99-Pro95(-)

Modeling with T99wt and T99-Pro95(-) was also performed in the
same manner as stated above. The results are shown in Fig. 4B. In
this case, a catalytic triad composed of Asp', Ser27a, and His™ is
preferable. The distances between Asp1(O), Ser27a(O), and His93(N)

S35 S38

His27d

T99wt T99-Pro95(-)

Fig. 4. Molecular modeling of light chains. (A) S35 and S38 light chains. In the
case of S38, the amino acid residues of Asp1, Ser27a, and His27d (or Hisg3) are con-
sidered to form a catalytic triad-like structure, although the distances are slightly
long. The distance between Ser27a(0) and His27d (N) is 10.37 A in S35 and 10.43 A
in $38. The distance between His27d(N) and Asp1(0) is 17.42 A in S35 and 13.77 A
in $38. The 538 distance is shorter than the 535 distance by 3.65 A, suggesting that
Asp' can approach His27d. (B) T99wt and T99-Pro95(-) light chains. In this case,
a catalytic triad composed of Asp', Ser27a, and His® is preferable. The distance
between Ser27a(0) and His93(N) is 7.66 A in T99wt and 6.20 A in T99-Pro95(-). The
distance between His93(N) and Asp1(O) changed from 12.26 A in T99wt to 6.208 A
in T99-Pro95(-), and the residues face each other. This is a crucial change from
which the catalytic triad can be derived.
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are also summarized in table S1. The distance between Ser27a(O)
and His93(N) is 7.46 A in T99wt and 6.20 A in T99-Pro95(-). On
the other hand, the carboxyl group of Asp' in T99-Pro95(-) faces
the amino group of His”. The distance between His93(N) and
Asp1(O) changed from 12.26 A in T99wt to 6.21 A in T99-Pro95(-).
His27d (blue) may not be relevant to the construction of the catalytic
triad in this case.

DISCUSSION

Screening the protein data bank revealed two unique light chains,
S35 and S38, whose 219 amino acid sequences are identical except
for Pro”. The two light chains belong to subgroup II of human kappa
light chains. The former light chain has a Pro”® residue, whereas the
latter does not. The amino acid sequence of S35 in the V-gene is
identical to the germline 2/2D-28%01, indicating that no somatic
mutations took place in the light chain. Regarding the conservation
of the Pro” residue in the antibody light chain, about 90% of the
human and ~100% of the mouse (Balb/c) Vi« germ line have Pro”
residue. Thus, Pro’ is a highly conserved residue.

The S35 light chain did not show catalytic activity for cleaving
five synthetic substrates including R-pNA. In contrast, the S38 light
chain, whose Pro’ residue was deleted in the process of somatic
mutation, clearly showed the catalytic activity to cleave the synthetic
substrate R-pNA (trypsin-like substrate). On the other four synthetic
substrates, S38 did not exhibit any catalytic activity. Therefore, S38
is considered to have a trypsin-like function.

Why could the S38 light chain acquire the catalytic function? The
cleavage mechanism of these catalytic antibodies has been mostly
considered similar to that of serine proteases, according to studies
on site-directed mutagenesis (34, 35), x-ray crystallography (36), etc.

The most plausible explanation is that the three amino acid resi-
dues Asp1-Ser27a-His27d can form a catalytic triad, based on articles
published so far (6, 12, 13, 16-25). From the molecular modelin%
of $35 and $38, the Pro” residue in S35 is situated close to Asp
(see Fig. 4A). Pro” seems to disturb or limit the molecular motion of
Asp' approaching His27d. On the other hand, in S38 (see Fig. 4A),
no such barrier exists because Pro’> does not exist. Actually, the
distance between His27d(N) and Asp1(O) in S38 is shorter than
that in S35 by a length of 3.65 A. Although both amino acids come
closer, the distance of 13.77 A is too far. They should be situated
within around 12 A (12). The preferable Ca distance between Ser27a
and His27d is 6 to 8 A. Therefore, the amino acids comprising the
catalytic triad in S38 must be closer when the substrate approaches
the triad. Or, other mechanisms such as another triad, dyad, metal
ion, etc., should be considered. Nonetheless, the facts stated above
are crucial hints or clues to introducing a catalytic function to a
normal (noncatalytic) antibody.

To ascertain whether the above results are common phenomena,
we used the T99wt light chain, which has many somatic mutations,
and also deleted Pro’ residue from the T99wt light chain (see Fig. 2A).
As shown in Fig. 2C, the catalytic activity of T99-Pro95(-) for R-pNA
was enhanced as compared with T99wt. Moreover, T99-Pro95(-)
enzymatically cleaved the peptide bond between mainly Gly and Ala
of FRET-AP with a reaction velocity (kcat) of 4 x 10~ min ", while
T99wt hardly cleaved the FRET-AP peptide (Fig. 2D). What caused
the big difference? The kinetic data for the R-pNA substrate suggest
one answer. The kcat value of T99wt is 2 x 107> min~". On the other
hand, that of T99-Pro95(-) is 8 x 10~ min ', while their Km values
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were at the same level. Therefore, it is considered that the generation
of a new catalytic site or a significant improvement of the catalytic
site took place in T99-Pro95(-). The same thing could have occurred
in the case of S38 and S35. Furthermore, it should be noted that the
keat and Km values of T99-Pro95(~) for FRET-AB were 4 x 10~ min "
and 0.9 x 107° M, respectively. The kcat value is at the same level as
that obtained in the R-pNA cleavage reaction. The function of the
catalytic site is working similarly for both substrates, R-pNA and
FRET-AB. However, Km changed tremendously from 3.4 x 107> M
for R-pNA to 9 x 107" M for FRET-AB. As R-pNA is a small mole-
cule that can easily approach the catalytic site and then be hydro-
lyzed by the site. In contrast, FRET-AP has a bigger molecule than
R-pNA. Thus, FRET-AB first must bind to the binding site of the
T99-Pro95(-) light chain, and the AP peptide bond close to the
catalytic site may be cleaved by the site. Therefore, it is reasonable
in the case of FRET-AP that the binding site and catalytic site of
T99-Pro95(-) are different.

Regarding the scissile peptide bond, the T99-Pro95(-) light chain
mainly cleaved Gly-Ala, followed by Lys-Gly and Ile-Gly of FRET-
AB. For the AB1-40 peptide, the light chain preferentially cut the
His-Gln peptide bond. The scissile bond was not the same in the
two substrates. This phenomenon was well explained by a split-site
model (17, 37). If the conformations of the substrates are divergent,
then different peptide bonds can be placed with the catalytic site even
with a common noncovalent interaction mechanism. It is considered
that the reaction of T99-Pro95(—) with two kinds of substrates ad-
vanced along with the split-site model.

As the reason why T99-Pro95(-) acquired the catalytic function
is very important, molecular modeling was performed to clarify this
point. The calculated structures are shown in Fig. 4B. In the case of
T99-Pro95(-), the Asp', Ser27a, and His” residues are considered
to construct the catalytic triad frequently observed in many catalytic
antibodies (6, 12-25). In the case of T99wt, Pro” clearly interferes
with Asp' approaching His”. The same phenomenon is seen in the
case of $35. Asp' of T99-Pro95(-) directly faces the amino group of
His”. The distance between His93(N) and Asp1(O) changed from
12.26 A in T99wt to 6.21 A in T99-Pro95(-). This is a crucial change.
Furthermore, the distance between His93(N) and Ser27a(O) changed
from 7.46 A in T99wt to 6.20 A in T99-Pro95(-). These discussions
will be confirmed by x-ray diffraction analysis in the near future.

In the T99-Pro95(-) mutant, the three residues involved in the
formation of the catalytic triad come close to each other and take a
better situation to function as a catalyst. These structural changes
match the results of kinetic analysis. Namely, the creation or the
improvement of a catalytic site occurred, caused by the deletion of
Pro”®, which demonstrated catalytic function. Note that these were
the findings in both cases. It is considered that the algorism found in
this study is applicable for kappa light chain. It does not deny the
catalytic antibody light chains having Pro’>. In such case, the cata-
Iytic activity will be enhanced by the deletion of Pro”>. Regarding
the case of the lambda light chain, it has no Pro”” residue in addition
that the amino acid sequence is quite different from that of the kappa
type. Therefore, we consider that the deletion of Pro’® cannot apply
to the lambda-type light chain.

Catalytic antibodies have a huge potential for application to many
fields including therapeutics, as described in (38). The new technology
(or algorithm) will contribute hugely to making the desired catalytic
antibodies without difficulty. Because thousands of mAbs have been
produced in the world since 1975 (39), some of them should definitely
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be converted into the corresponding catalytic antibodies including
therapeutics.

MATERIALS AND METHODS

Reagents

Chemical reagents such as tris, glycine, CuCl,-2H,0, ZnSO47H,0,
KCI, Na,HPO,4-12H,0, NaCl, KH,PO,4, EDTA-2Na, and isopropyl-
B-p-thiogalactopyranoside (IPTG) were purchased from Wako Pure
Chemical Industries Ltd., Osaka, Japan (Guaranteed Reagent).
CaCl2.2H20 was purchased from Nacalai Tesque (Kyoto, Japan).
The synthetic substrates such as Arg-pNA, Glu-pNA, Leu-pNA,
Ala-pNA, and Phe-Leu-pNA were purchased from Peptide Institute
Inc., Osaka, Japan. Tryptone and yeast extract were purchased from
Becton-Dickinson and Company, NJ, USA.

Synthesis of fluorescence resonance energy transfer (FRET)
substrate for B-amyloid (Ap)

The FRET-AR substrate [7-MCA-SNKGAIIGK(DNP)rrr-NH,] was
synthesized as follows. The AB(26-33) sequence with 7-MCA,
K(DNP), and (D-Arg); was constructed on a Rink amide resin
by the standard 9-fluorenylmethoxycarbonyl protocol (40). The
peptide resin was treated with trifluoroacetic acid-H,O-phenol-
thioanisole—ethanedithiol (82.5:5:5:5:2.5) at room temperature 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 diethyl ether. The crude peptide
was purified by reversed-phase HPLC (RP-HPLC) on a Waters
DELTA 600 system, incorporating the 2487 ultraviolet (UV)/visible
(VIS) detector (Waters, Milford, MA). The HPLC-purified peptide
[retention time, 30.23 min; Cosmosil type: 5C18-AR-2 (4.6 X 250 mm);
Milli-Q water in 0.05% trifluoroacetic acid (TFA): acetonitrile in
0.05% TFA from 90:10 to 30:70 in 60 min (1.0 ml/min)] was charac-
terized by electrospray ionization MS (ESI-MS).

Amplification of DNA fragments encoding light chains

from germline genes of subgroup Il

535,538, and T99wt light chains

Preparation of the human kappa light chain genes (including S35,
S38, and T99wt) was performed in accordance with that described
in (15, 17, 18). Briefly stated, peripheral blood lymphocytes obtained
from healthy volunteers were harvested using a Ficoll-Paque (GE
Healthcare UK Ltd., Buckinghamshire, England) gradient and stored
appropriately. Total RNA was prepared from 3.0 x 10’ cells using
an RNA isolation kit (Stratagene, La Jolla, CA, USA) for synthesizing
complementary DNA. Oligo (dT) was used for reverse transcription
polymerase chain reaction (PCR) using the total RNA as a template
(ThermoScript RT-PCR System; Invitrogen, Carlsbad, CA, USA).
To prepare S-series human antibody light chain belonging to sub-
group II used in this study, we used a two-step PCR technique. At
the first step, a DNA fragment was amplified using the primers
as a forward primer 5-CCTGGGGCTGCTAATC-3’ and a reverse
primer 5'-ACACTCTCCCCTGTTGAAG-3'. The PCR occurred
under the following incubation conditions: 30 s at 98°C, 29 cycles of
10 s at 98°C for denaturation, 30 s at 63.5°C (or 67°C) for annealing,
and 30 s at 72°C for extension. Last, the extension was carried out
for 5 min at 72°C. At the second step, the following primers were
used: forward primer, 5'-acgctaccatgGATATTGTGATGACT-
CAGTCT-3’; reverse primer, 5'-atggtactcgagACACTCTCCCCT-
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GTTG-3'. The PCR occurred under the following incubation condi-
tions: 30 s at 98°C, 25 cycles of 10 s at 98°C for denaturation, 30 s at
62.8°C for annealing, and 30 s at 72°C for extension. Last, the exten-
sion was carried out for 5 min at 72°C. In the PCR, a restricted en-
zyme, Phusion (High-Fidelity DNA Polymerase, Finnzyme, Finland),
was used.

The amplified DNA fragment was separated by 3% agarose gel

electrophoresis. The fragment of the expected size was extracted
using a QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA).
Purified PCR product was directly ligated to pET21b (+) vector
(Novagen, Madison, W1, USA), which was repurified and trans-
formed into BL21 (DE3)pLysS for expression of light chains.
Construct of T99-Pro95(-)
Deletion of Pro’® from the wild type of T99 (T99wt) was per-
formed by the method of inverse PCR using as the reverse primer
5-CCAGTGTGTACCTTGCATGCAGT-3' and the forward primer
5'-GGGACTTTCGGCCCTGGGA-3". In the experiment, KOD-
Plus-Mutagenesis Kit (TOYOBO, Code SMK-101, Osaka) was used,
and the construct was first transformed to DH50 and lastly to
BL21(DE3)pLysS for the expression.

Culture, recovery, and purification

The transformant was grown at 37°C in 1 liter of Luria-Bertani
medium containing ampicillin (100 ug/ml) to an Aggo (absorbance
at 600 nm) of 0.6 and then incubated with 0.01 mM IPTG for
20 hours at 18°C. Cells were harvested by centrifugation (3500g,
4°C, 10 min) and then resuspended in a 100-ml solution of 250 mM
NaCl, 25 mM tris-HCI (pH 8.0). The cells were lysed by ultra-
sonication three times for 2 min each in an ice bath, followed by
centrifugation (17,800g, 4°C, 20 min). The expressed human light
chain was recovered as the supernatant.

The supernatant was first subjected to Ni-nitrilotriacetic acid
(NTA) column chromatography (Takara, Otsu, Japan) equilibrated
with 25 mM tris-HCI (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 50 uM CuCl; (1.25 to 2.0 eq. for the light
chain) was added into the eluent, based on the calculation that the
absorbance of A,gy of 1.0 in UV/VIS was regarded as ~1 mg/ml
(40 uM light chain). Then, the solution including the light chain and
copper ion was dialyzed against a 50 mM tris-HCI buffer (pH 8.0)
for about 20 hours. After removing some aggregates by centrifugation
(17,800g, 4°C, 20 min), the solution was concentrated to 2 mg/ml
and subjected to a cation-exchange chromatography using a column
of SP-5PW (TOSOH, Japan) with a gradient of NaCl (from 0.0 to
15.0%) in tris-HCI (pH 8.0) buffer on the purification apparatus
(AKTA system, GE Healthcare, Japan, Tokyo). Then, the eluent
(as a flow-through) was recovered and submitted to dialysis against
20 mM tris-HCI/150 mM NaCl buffer (pH 8.5) for about 17 hours,
followed by concentrating the solution using Amicon ultral0000
(Millipore, USA). EDTA was put into the solution to be 50 mM and
allowed to react for 1 hour under the condition of 4°C, followed by
dialysis against 2 liters of PBS (pH 7.4) twice (first was for 5 hours
and second for 16 hours). After confirming the complete removal
of Cu(II) by UV/VIS spectroscopy, it was filtered using a 0.2-um
membrane filter (Merck-Millipore) and stored at 4°C or frozen.

Protein concentrations were determined by the Bradford method
using a Lowry method using the DC protein assay kit (Bio-Rad).
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Sequencing and molecular modeling
The S35, S38 T99wt, and T99-Pro95(-) clones were sequenced with
an ABI 3730x] Analyzer (Applied Biosystems, CA, USA) by using
ABI BigDye Terminator 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 performed
using the deduced antibody light chain amino acid 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 algorithm. The resulting
Protein Data Bank data were used for modification of the CDR
(complementarity-determining region) structures defined by the
Kabat numbering system.

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

1) Peptidase tests (hydrolysis of synthetic peptidyl-pNA substrates)

Cleavage of the amide bond linking p-nitroanilide (pNA) to
C-terminal amino acids in peptidyl-pNA substrates such as Arg-pNA,
Glu-pNA, Leu-pNA, Ala-pNA, and Phe-Leu-pNA (Peptides Institute
Inc., Osaka, Japan) was measured at 37°C in glycine/tris buffer con-
taining 0.025% Tween 20 (TGT buffer containing 0.02% sodium azide;
pH 7.7) in 96-well plates (96-well plate/353075, Becton-Dickinson,
NJ, USA). Purified light chain (10 ul) was mixed with 90 ul of each
synthetic substrate solution. The final concentrations of the light chain
and the substrate were 10 and 200 pM, respectively. Para-nitroaniline
released from the substrate catalyzed by the light chain was detected by
measurement of the absorbance at 405 nm, while 620 nm was used
as the reference using a microplate reader (Scanlt 3.1 for Multiskan
FC, Thermo Fisher Scientific, MA, USA). The peptidase activity of
catalytic antibodies was estimated by the concentration of released
p-nitroaniline.

2) Hydrolysis of FRET-AP substrate

The FRET-Ap substrate (25 uM) was incubated with the purified
L chain (5 uM) in 50 mM/tris-100 mM/glycine-Tween 25 (TGT buffer
containing 0.02% sodium azide, pH 7.7) at 37°C. Fluorescence was
measured periodically on the Fluoroskan Ascent (Aex = 320 nm and
Aem = 405 nm; Thermo Fisher Scientific Oy, Vantaa, Finland) for up
to 72 hours. All measurements were done in duplicate.

3) Hydrolysis of AB1-40

Synthetic AB1-40 (100 uM) was treated with 1,1,1,3,3,3-hexafluoro-
2-propanol (TCI, Japan) to eliminate aggregates and incubated at 37°C
with the purified L chain (10 uM) in 10 mM PBS (pH 7.4) for 70 hours.
The reaction mixtures were fractionated by RP-HPLC [Cosmosil type:
5C18-AR-2 (4.6 x 250 mm); Milli-Q 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.

Kinetics

For Arg-pNA substrate

§38, T99wt, and T99-Pro95(—) light chains: The concentration of each
light chain was fixed at 5 uM, and that of the Arg-pNA substrate
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varied from 50 or 75 uM to 400 uM at 37°C in the TGT buffer
(pH 7.7). The concentration change of the Arg-pNA substrate be-
low 5% was regarded as the initial rate of the reaction.

For FRET-Ap substrate

T99-Pro95(-) light chain for FRET-AB: The concentration of T99-
Pro95(-) light chain was fixed at 5 puM, and that of the FRET-
APB(26-33) substrate varied from 5 to 60 uM at 37°C in the TGT
buffer (pH 7.7). The concentration change of the FRET-AB(26-33)
substrate within 10% conversion was regarded as the initial rate
of the reaction. The measurements were performed in triplicate.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/13/eaay6441/DC1

Fig. S1. Mass spectroscopy.

Table S1. Distances between two amino acid residues.
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