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ABSTRACT
A conventional antibody can be converted into its catalytic counterparts by deleting Pro95 in the CDR-3 
of human and mice antibody light chains, as previously reported. T99wt is a naturally occurring human 
antibody light chain that we transformed into its catalytic antibody using Pro95 deletion. In peptidase 
activity tests, T99wt exhibited a low catalytic activity against a synthetic peptide Arg-pNA and hardly 
cleaved amyloid-β peptide. In contrast, the engineered variant (T99-Pro95(-)) demonstrated significant 
catalytic activity, effectively cleaving both Arg-pNA substrate and amyloid-β peptides. In this study, the 
structural basis for the acquisition of enzymatic function through Pro95 deletion in the CDR-3 region of 
the light chain was elucidated using X-ray crystallography and molecular dynamics (MD) simulations. 
X-ray crystallography revealed that Pro95 deletion substantially reduces the distance between Asp1 and 
His93—key residues for catalytic activity – from 9.56 Å in T99wt to 3.84 Å in T99-Pro95(-). The observed 
decrease in distance indicates a strong interaction between Asp1(Oδ1) and His93(Nε2), contributing to 
the formation of an active site in T99-Pro95(−). MD simulations revealed that the entire structure exhibits 
slight fluctuations and adopts various configurations upon the removal of Pro95. In particular, when His 
residues in the catalytic region are fully deprotonated, Asp1, His93, and Ser27a transiently come into 
close proximity, enabling the formation of a functional catalytic triad. Catalytic antibodies can be made 
starting from just the amino acid sequence of a desired mAb, which may be available in databases such as 
OAS or IMGT. Therefore, our finding represents a significant technological advancement.
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Introduction

Naturally occurring catalytic antibodies that hydrolyze targeted 
peptides,1,2 nucleotides,3–5 physiologically active molecules,6–10 

and viral and bacterial antigenic proteins,11–22 have been 
reported. In addition, interesting applications based on catalytic 
antibodies have been reported. The catalytic antibody UA-15 L 
degrading Helicobacter pylori urease possesses the ability not only 
to eliminate the enzymatic activity of urease, but to also reduce 
the predominance of H. pylori in the mouse stomach by oral 
administration.23 Paul et al. succeeded in clearing amyloid-beta 
(Aβ) aggregates deposited in the brains of mice using an anti-Aβ 
catalytic antibody.14 Such features can be substantially more use
ful than those of non-catalytic antibodies. However, considerable 
time and effort are required to produce catalytic antibodies, 
making their application in various fields challenging. To address 
this limitation, we developed an evolutionary method for prepar
ing catalytic antibodies, in which a conventional antibody can be 
converted into its catalytic counterpart by genetically deleting 
Pro95 in the CDR-3 region of the light chain. Using this 
approach, we successfully conferred or enhanced catalytic activity 

in conventional antibody light chains.24 This finding is particu
larly significant, as it enables the generation of catalytic antibodies 
from existing monoclonal antibodies, of which many thousands 
have been developed since the hybridoma production method 
was reported by Köhler and Milstein.25

Nonetheless, a crucial question remains: how does the con
verted catalytic antibody acquire its catalytic function? 
Specifically, how is the catalytic site formed and completed?

Many studies on the catalytic sites have reported to date. 
A catalytic triad composed of Asp-Ser-His2,8,16,26 or a dyad27 of 
His-Ser has been proposed as potential catalytic sites, whereas 
an alternative triad composed of Arg-Thr-Gln, which cleaves 
the PD-1 molecule, was recently discovered.28 In this study, we 
investigated the properties of naturally occurring T99wt, 
which is a human antibody light chain, and its genetically 
deleted Pro95 variant ((T99-Pro95(-)). Interestingly, the typi
cal amino acids (Asp1-Ser27a-His93) are present in both 
sequences. However, the wild-type (T99wt) did not show 
a catalytic function, whereas the Pro95-deleted variant (T99- 
Pro95(-)) exhibited catalytic function.
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Catalytic antibodies have been more frequently identified in 
antibody light chains than in intact full-length antibodies. This 
research trend is based on several key findings: (1) the active 
site responsible for vasoactive intestinal peptide degradation 
was first found in the light chain2; (2) certain Bence Jones 
proteins (free human antibody light chains) were discovered 
to possess peptidase activity29,30; and (3) catalytic activity is 
often observed in dissociated light chains but not in the intact 
antibody. Furthermore, a study by Okochi et al. demonstrated 
that catalytic activity present in the light chain can be lost upon 
association with the heavy chain.31 For these reasons, we have 
chosen to focus exclusively on the light chain in our study of 
catalytic antibodies.

To address the question of how the catalytic site is formed, 
we investigated the structures of both clones (T99wt and T99- 
Pro95(-)) using X-ray crystallography and molecular dynamics 
(MD) simulations, as well as their biochemical features. The 
distance between Asp1 and His93, which is related to the 
structure of the catalytic active site, was found to be 9.56 Å 
when catalytic activity was absent. However, when catalytic 
activity was present, the distance reduced to 3.84 Å, indicating 
a strong interaction between Asp1(Oδ1) and His93(Nε2). 
These results led to two important conclusions: (1) deletion 
of Pro95 from an antibody light chain generates a favorable 
catalytic site capable of cleaving the antigen; and (2) since 
residues such as Asp1, Ser27a, and His93 play critical roles in 
catalytic function, antibodies possessing these residues have 
the potential to be converted into catalytic antibodies through 
the Pro95-deletion strategy.

Results

Amino acid sequences and biochemical features of T99wt 
and T99-Pro95(-)

T99wt, a human antibody light chain derived from human 
lymphocytes,17 belongs to the germline gene Vκ2–29 × 02 in 
subgroup II. The Pro95 residue was deleted from the CDR-3 
region of T99wt to create T99-Pro95(-).24 The amino acid 
sequences are shown in Figure 1. The only difference between 
these two antibody light chains is the presence or absence of 
the Pro95 residue. However, the two light chains possess sub
stantially different biochemical features.

Peptidase activity

For a synthetic substrate arg-pNA
To evaluate catalytic activity of an antibody or the subunit, 
Matsuura et al.29 Durova et al.32 and Paul et al.33 used 
synthetic substrates such as peptide (or amino acid) con
jugated with p-nitroanilide (pNA) and (7-methoxycou
marin-4-yl)acetyl (MCA). In this study, we used synthetic 
peptides, such as Arg-pNA (R-pNA), Glu-pNA, Ala-pNA, 
Phe-Leu-pNA and Gly-Pro-pNA, to estimate the catalytic 
activity of T99wt and T99-Pro95 (-). Of these, only Arg- 
pNA (R-pNA), a trypsin-like substrate, was cleaved by the 
antibody light chain as described below. The chemical 
structure of R-pNA is displayed in the inset of Figure 2a, 
with the red arrow indicating the cleavable peptide bond. 
The time courses of the degradation reaction for R-pNA by 
T99-Pro95 (-) and T99wt are shown in Figure 2a. The 
cleavage reaction by T99-Pro95(-) progressed in a time- 
dependent manner, releasing 2.08 μM of R-pNA at 72 hr. 
In contrast, T99wt hardly exhibited the cleavage activity, 
which was comparable with the control (phosphate- 
buffered saline (PBS)). Notably, the deletion of Pro95 
enhanced the catalytic activity by a factor of three.

A kinetic study was performed by varying the R-pNA sub
strate concentration (50 ~ 400 μM), while keeping the concen
tration of T99-Pro95(-) constant at 5 μM. The result is 
presented in Figure 2b, where a Lineweaver – Burk plot is 
presented. A linear relationship between 1/v and 1/S is 
observed, suggesting that the degradation by T99-Pro95(-) 
obeys the Michaelis-Menten equation and the reaction should 
be enzymatic. The catalytic reaction constant (kcat) and the 
Michaelis-Menten constant (Km) were 8 × 10−3 min−1 and 
3.4 × 10−3 M, respectively. These values are comparable with 
those of catalytic antibody light chain. Matsuura et al. reported 
that a Bence Jones protein comprising immunoglobulin light 
chains produced by plasma cells derived from a patient with 
multiple myeloma exhibited a catalytic efficiency with a kcat of 
7 × 10−2 min−1 and a Km of 0.21 × 10−4 M for the R-pNA 
substrate.29 Hifumi et al. demonstrated that the S38 catalytic 
antibody light chain degraded R-pNA with a kcat of 4 × 10−3 

min−1 and a Km of 3.6 × 10−4 M24. Durova et al. reported that 
the L12 light chain cleaved PFR-MCA with a kcat of 2 × 10−3 

min−1 and a Km of 5.3 × 10−5 M32.

Figure 1. Amino acid sequences of T99wt and T99-Pro95(-). Full sequences of human antibody light chain T99wt and T99-Pro95(-). The latter was prepared by deleting 
the Pro95 residue from T99wt.
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For FRET-Aβ and -Tau peptides
Subsequent screening tests of various peptides revealed that 
T99-Pro95(-) specifically cleaves the Aβ peptide. Accordingly, 
further investigations were conducted as below.

Alzheimer disease (AD) is the most common form of demen
tia. The Aβ peptide and Tau protein are known as causative 
molecules facilitating the development of AD.34 In this study, 
the catalytic activity of T99wt and T99-Pro95(-) was analyzed 
using two chemically synthesized substrates: FRET-Aβ (26–33: 
MCA-SNKGAIIGK (DNP)rrr-NH2; a region associated with 
aggregation and oligomer formation) and FRET-Tau peptide 
(391–408: 7-MCA-EIVYKpSPVVSGDTpSPRHLK (DNP)-NH2; 

pS indicates phosphorylated serine; this region is linked to patho
genicity). The chemical structures of FRET-Aβ and FRET-Tau 
peptides are presented in Figures 3a,c respectively. Details on the 
synthesis are provided in the Materials and Methods.

Figure 3b presents the time course of the cleavage reac
tion, demonstrating that the FRET-Aβ peptide was cleaved 
by T99-Pro95(-) in a time-dependent manner. The peptide 
bond between Gly and Ala was predominantly hydrolyzed.24 

In contrast, T99wt exhibited minimal cleavage activity 
toward the FRET-Aβ peptide. The fluorescence intensity 
(Fu) of T99-Pro95(-) at 72 hours was 12 times higher than 
that of T99wt.

Figure 2. Cleavage assay using a synthetic substrate arg-pNA. (a) Time courses of the cleavage reaction of R-pNA by T99wt and T99-Pro95(-), which were conducted in 
duplicate. The chemical structure of the substrate Arg-pNA (specifically, Bz-L-Arg-pNA·HCl, abbreviated as R-pNA) is shown in the inset figure, with a red arrow 
indicating the cleavable peptide bond. T99-Pro95(-) (pink closed triangle) : 5 μM T99wt (pink open triangle): 5 μM R-pNA: 50 μM Control (closed circle with dotted line): 
PBS without any antibody light chain (n = 1) (b) Lineweaver–Burk plot for the cleavage reaction by T99-Pro95(-). [S]: R-pNA, [v]: initial rate, T99-Pro95(-): 5 μM, R-pNA: 
50~400 μM A linear relationship between 1/[v] vs. 1/[S] was observed, indicating that degradation of R-pNA obeyed the Michaelis-Menten kinetics, suggesting that the 
reaction is enzymatic.

Figure 3. Time course of the cleavage reaction by T99wt and T99-Pro95(-). (a) Chemical structure of FRET-Amyloid-beta (FRET-Aβ) peptide. (b) Time course of 
degradation of FRET-Aβ by T99-Pro95(-) and T99wt. FRET-Aβ peptide, 25 μM; T99-Pro95(-) (closed circle) and T99wt (open circle), 5 μM; T99-Pro95(-) cleaved FRET-Aβ 
peptide in a time-dependent manner, while T99wt hardly not. (c) Chemical structure of FRET-Tau (391–408) peptide. (d) Time course of degradation of FRET-Tau by 
T99-Pro95(-) and T99wt. FRET-Tau peptide, 25 μM; T99-Pro95(-) and T99wt, 5 μM Both T99-Pro95(-) and T99wt light chain did not cleave the FRET-Tau-(391–408) 
peptide.
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In the experiment of FRET-Tau-(391–408) peptide, T99- 
Pro95 (-), as well as T99wt, did not cleave the peptide 
(Figure 3d). These results indicate that T99-Pro95(-) possesses 
the ability to selectively degrade Amyloid-β. The deletion of Pro95 
in the light chain confers high catalytic function to the antibody.

Binding affinity to amyloid-beta (Aβ) peptide

The deletion of Pro95 from the light chain could lead to 
significant structural and biochemical differences. To inves
tigate the immunological characteristics between T99wt and 
T99-Pro95(-), protein-protein interactions between the anti
gen and either T99wt or T99-Pro95(-) were analyzed using 
the Octet N1 system (Sartorius). In the experiment, an Aβ 
(1–42) peptide with a biotin-tag was used as the antigen to 
fix on the SA-sensor-chip. Association and dissociation 
kinetics were determined for each analyte (T99wt or T99- 
Pro95(-); 0 ~ 1000 nM). The results are presented in Table 1 
(sensorgrams are shown in Supporting Information Figure 
S1a and S1b). Because the binding experiments were com
pleted in two minutes at room temperature, the possibility of 
degradation of the amyloid-beta (1–42) peptide was considered 
unlikely. The dissociation constants (KD) of T99wt and T99- 
Pro95(-) were 4.43 × 10−8 M and 3.35 × 10−8 M, respectively. 
The values of ka are 3.73 and 4.03 (M−1s−1)(x 10,4) respectively. 
This difference is less than 10%. The kd values are 1.67 and 1.35 
(s−1 x 10−3) for each respective clone, representing a difference of 
approximately 20%. It is assumed that antigen dissociation is 
more difficult in the Pro-deleted variant, suggesting that the 
catalytic site may retain the antigen for a longer period compared 
to the wild type.

The binding affinity of T99-Pro95(-) was similar to that of 
T99wt.

X-ray crystallography

As described above, catalytic function was observed in T99- 
Pro95(-) but not in T99wt. To investigate why Pro95 causes 
this difference, the 3D-structures of both antibody light chains 
were determined by X-ray crystallography. As the germline gene 
of T99wt belongs to Vκ2–29 × 02, the Asp1-Ser27a-His93 resi
dues are the most plausible as candidates that generate a catalytic 
site 326. Hence, these three residues were the focus of the sub
sequent structural analysis (data collection and refinement sta
tistics are shown in Supporting Information Table S1).

T99wt
The crystal structure of the T99wt light chain was resolved at 
a 2.6 Å resolution (PDB code: 8ZNT). Interestingly, eight 
T99wt molecules were present in the asymmetric unit (ASU) 
of the T99wt crystal (Figure 4a). The eight molecules can be 
categorized into two types: bent and straight, as shown in 
Figure 4b. In spite of the largely different spatial arrangement 

of the two structures, the structures of their respective CL and 
VL domains are nearly identical and overall structures of the 
CDR regions are also conserved. As previously reported,24 the 
assumed catalytic triad consists of Asp1-His93-Ser27a. Hence, 
the Cα distances among these residues were calculated for the 
eight molecules to determine any significant differences 
between those positions. The results are presented in Table 2, 
where the distances of Cα between Asp1-His93 and Ser27a- 
His93 are listed. We did not observe any significant differences 
in the distances between Asp1-His93 in the range of 7.5 to 8.5 
Å. Distances between His93-Ser27a were in the range of 9.4 to 
10.4 Å. Since the values corresponding to molecule A and 
G were close to the average of the eight molecules, molecule 
A was used as the representative structure of T99wt in all 
subsequent analyses. The crystal structure of molecule A is 
shown in Figure 4c, where CDR-1 (green), CDR-2 (magenta), 
and CDR-3 (blue) are shown, along with the three amino acids 
Asp1, Ser27a, and His93. The distance between Asp1 (Oδ1)- 
His93 (Nδ1) was 9.56 Å and that between His93 (Nε2) and 
Ser27a (Oγ) was 6.62 Å.

T99-Pro95(-)
The structure of T99-Pro95 (-) was resolved at a 2.0 Å resolu
tion (PDB code: 8ZNU). In this case, one molecule of T99- 
Pro95(-) was present in the asymmetric unit of the crystal 
(Figure 5a). The structure of the variable region of T99- 
Pro95 (-) is shown in Figure 5b. The distance between Asp1 
(Oδ1)-His93 (Nε2) is 3.84 Å and that between His93 (Nε2) and 
Ser27a (Oγ) is 12.66 Å. The distance between Asp1-His93 of 
T99-Pro95(-) became shorter by 5.71 Å compared to that of 
T99wt. In contrast, the distance between His93-Ser27a was 
prolonged from 6.62 Å (T99wt) to 12.66 Å (T99-Pro95(-). In 
the case of trypsin (a typical serine protease), the distance 
between Asp102 (Oδ1)-His57 (Nε2) is 2.67 Å, which is shorter 
a little than that of T99-Pro95(-) (see supplemental Figure S4).

Comparison of the T99wt and T99-Pro95(-) structures
The structures of the variable region of T99wt and T99-Pro95 
(-) were superimposed, as shown in Figure 4c. With regards to 
the entire structure of both molecules, no significant changes 
were observed, except for the His93 residue. Based on an 
enlarged view, the structures of the backbone and CDR-1 for 
T99wt and T99-Pro95 (-) were highly similar. In contrast, their 
CDR-3 structures (T99wt: blue; T99-Pro95(-): light blue) were 
significantly different owing to the lack of a Pro95 residue. 
Among the Asp1, Ser27a, and His93 (with Ser26 included in 
the figure as a reference) residues, only His93 exhibited dis
tinct conformational changes, whereas the positions of Asp1, 
Ser27a, and Ser26 remained almost unchanged. In the T99wt 
structure, the His93 side chain shifted approximately 3.17 Å 
(Cα-Cα) and 6.74 Å (Nε2-Nε2) toward Pro95 (to the left in 
Figure 5c), bringing His93 closer to Asp1. The positions of 
Ser26 and Ser27a remained consistent, regardless of the 

Table 1. Binding kinetics for Amyloid-beta (1–42).

clone KD (M) ka = (M−1s−1)(x10) kd = (s−1)(x10−3)

T99wt 4.43 x 10−8 3.73 ± 0.07 1.67 ± 0.06
T99-Pro95(-) 3.35 x 10−8 4.03 ± 0.08 1.35 ± 0.06
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presence or absence of Pro95. This positioning of His93 is 
assumed to be critical for catalytic function, contributing to 
the formation of a catalytic site in the T99-Pro95(-) variant.

Molecular dynamic simulation

The structures obtained from X-ray crystallography repre
sented the lowest-energy conformational states of the mole
cules. However, molecular flexibility and conformational 

dynamics play crucial roles in solution-phase behavior. To 
capture these dynamic features, we conducted MD simulations 
of the antibody light chains, focusing on the Asp1-Ser27a- 
His93 region. Based on X-ray crystallography-derived struc
tural data under conditions mimicking the molecular environ
ment, these simulations provide insights into the 
conformational mobility and local interactions within this 
key region.

MD simulations of T99wt and T99-Pro95(-) were con
ducted under three different conditions, each based on the 
protonation states of His27d and His93.

Structural analysis of the catalytic domain
The MD simulations were performed to observe the struc
tural motion of the full-length T99wt and T99-Pro95(-) light 
chains, with a particular focus on the catalytic domain. The 
X-ray crystallography results confirmed the importance of 
His93. In these simulations, we also examined the behavior 
of His27d, which occasionally contributes to the formation 
of a catalytic triad,8,20 alongside His93, to explore the under
lying factors that confer the dominance of His93 in catalytic 

Figure 4. 3D-structure of T99wt. The crystal structure of T99wt was resolved at a 2.6 Å resolution. (a) Eight molecules in the asymmetric unit. Structure of each full- 
length T99wt molecule is presented with a different color. (b) Among the eight molecules, we observed two types of molecules with different conformations: bending 
(molecules A, B, C, and D) and straight (molecules E, F, G, and H). VL; variable region of light chain CL; constant region of light chain (c) The structure of the variable 
region is shown on the left. Enlarged view is presented on the right: CDR-1(green), CDR-3 (blue). The distance between Asp1 (Oδ1)-His93 (Nδ1) is 9.56 Å and that 
between His93 (Nε2) and Ser27a (Oγ) is 6.62 Å.

Table 2. Distances of Cα among Asp1-His93-Ser27a (Å).

T99 Asp1 His93 Ser27a

T99wt Mol A 7.5 9.8
Mol B 7.6 9.4
Mol C 8.3 10.2
Mol D 7.6 9.4
Mol E 8.5 10.4
Mol F 8.1 9.9
Mol G 7.9 9.5
Mol H 7.8 10.2

Average 7.9 9.9

(Mol A is closest to the Average); (Kabat’s numbering).
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function. In addition, examining the different protonation 
states of His27 and His93 helps capture potential variations 
in protein behavior and stability. Histidine residues are 
particularly influential in protein structure and function, as 
their pKa values are close to the physiological pH, enabling 
them to act as proton donors or acceptors. By analyzing 
three configurations, the non-protonated state with neutral 
His (i; H27d/H93) and single protonated state at either 
His27 or His93 (ii; H27dH+/H93 and iii; H27d/H93H+), 
we can evaluate how these protonation states impact struc
tural dynamics, molecular interactions, or the solvent- 
accessible surface area (SASA) around the catalytic region. 
These effects may influence the functional behavior of pro
teins under different conditions.

SASA and root mean square deviation (RMSD) ana
lyses (Figures 6a and S2) indicated that T99wt exhibits 
greater fluctuations than T99-Pro95 (-) across the MD 
trajectory, particularly in the (i) His27d/His93 system. 
T99wt exhibited higher SASA fluctuations, with increased 
flexibility and solvent exposure, likely due to the effects of 
the His27d and His93 protonation states and the presence 

of Pro95 (Figure 6a), whereas T99-Pro95 (-) appeared to 
be more stable. The average structures revealed that the 
catalytic domain had a limited area of stability in T99wt 
compared to that in T99-Pro95(-) (Figures 6b,c). The 
Asp1-His27d distance was also larger in T99wt (19.36 Å) 
than in T99-Pro95(-) (15.33 Å), with Asp1, His27d, and 
His93 exhibiting substantial fluctuations. Reduced solvent 
exposure may create a more hydrophobic and rigid active 
site, enhancing substrate binding, limiting water interfer
ence, and stabilizing the transition state for more efficient 
catalysis.

Notably, in T99wt, Asp1 frequently moved outward from 
the central catalytic region and rarely entered it. However, in 
T99-Pro95(-), His93 initially remained outside this region but 
shifted toward Ser27a after 10 ns, followed by the Asp1 
approach near 17.5–18.5 ns, suggesting a potential close inter
action configuration (See Fig. S2-S3 and Movie S1a – S1d in 
Supporting Information). Additionally, principal component 
analysis (PCA) of the last 50 ns further highlighted the distinct 
motion patterns between T99wt and T99-Pro95 (-) 
(Figure 6d).

Figure 5. 3D-structure of T99-Pro95(-). The structure of T99-Pro95(-) has been resolved at a 2.0 Å resolution. (a) One molecule in the asymmetric unit. The structure of 
the full-length T99-Pro95(-) is presented. This is a straightforward type. (b) Structure of the variable region. An enlarged view is presented on the right-hand side (CDR- 
1; green, CDR-3; blue). The distances between Asp1 (Oδ1)-His93 (Nε2) is 3.84 Å and that between His93 (Nε2) and Ser27a (Oγ) is 12.66 Å. Note that the distance 
between Asp1-His93 of T99-Pro95(-) became shorter by 5.71 Å compared to that of T99wt. (c) Superimposed view: T99wt, backbone (light red); CDR-1 (green), CDR-3 
(blue) Amino acid residues: T99wt; gray, T99-Pro95(-); green, Proline; yellow
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Structural stability and flexibility
The two-dimensional free energy landscape (2D FEL) 
revealed significant differences in the conformational sta
bility and flexibility between the two systems (Figure 7a). 
In the T99-Pro95(-) system, the global minimum state 
exhibited a more restricted and narrow chemical search 
space for (i) His27d/His93 than for the other protonation 
states (ii) His27dH+/His93, and (iii) His27d/His93H+. This 
result suggests the highly stable conformation of T99- 
Pro95(-) under these conditions. The distance between 
Oδ1 of Asp1 and Nε2 of His93 (dD1Oδ1 . . . H93Nε2) 
remained at a 5 Å diameter throughout the MD simulation 
in T99-Pro95(-), indicating minimal fluctuation. In con
trast, the T99wt system exhibited a broader distribution, 
fluctuating between 5 Å and 11 Å, forming two distinct 
clusters across three independent runs. These results sug
gest a higher degree of flexibility in T99wt compared to 
T99-Pro95(-). This result indicated that they hardly formed 
the catalytic triad of Asp1, Ser27a, and His93, which is 
consistent with the X-ray crystallography results.

In the (ii) and (iii) His27d/His93H+ systems, both T99wt 
and T99-Pro95(-) displayed the broadest free energy 

landscape, indicating more conformational freedom and 
higher fluctuation. In T99wt, the overall protein fluctuation 
is substantial, but due to the hydrophobic interaction with 
Pro95, His93 cannot approach Asp1. In contrast, in 
T99Pro95(-), the absence of Pro95 prevents the formation 
of a hydrophobic interaction with His93. This increases the 
fluctuation of His93, allowing it to approach Asp1. 
Protonation at His93 appears to play a significant role in 
increasing the flexibility of the system, as seen in the 
broader 2D FEL for the (iii) His27d/His93H+ state. These 
results are consistent with the RMSD profiles of these sys
tems (Fig. S3).

Discussion

As previously reported,26,28 an amino acid residue Pro95 is 
a highly conserved residue even though it resides in the CDR-3 
of the antibody light chain. Surprisingly, an existing antibody can 
be converted into the corresponding catalytic antibody by delet
ing the Pro95 residue (and/or the proline residue(s) close to 
Pro95).24 This approach represents a significant advancement 
over conventional methods for generating catalytic antibodies 

Figure 6. Structural and dynamic analysis of the T99wt and T99-Pro95(-) catalytic domains. (a) Solvent-accessible surface area (SASA) of T99wt and T99-Pro95(-) at 
residues His27d and His93, highlighting the catalytic domain with key residues Asp1, Ser27a, and His93. The density plot displays data from the last 50 ns of MD 
trajectories across three independent runs. The 3D structures of T99wt (green) and T99-Pro95(-) (cyan) show the entire protein, including the constant (CL) and variable 
(VL) regions. (b) Superimposed structures of the T99wt and T99-Pro95(-) catalytic domains. (c) The representative structures extracted from the last snapshot of the MD 
simulation are plotted for the distances between residues Asp1-His27d and Ser27a-His93, which are depicted with blue and orange dashed lines, respectively. (d) 
Principal component analysis (PCA) of the last 50 ns of the MD trajectories for each system. Residues Asp1, Ser27a, His27d, and His93 are marked as spheres in all 
structural representations.
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because we can produce catalytic antibodies more efficiently and 
rapidly compared to conventional ones. However, the underlying 
mechanism by which the Pro95-deleted antibody is able to 
acquire the catalytic function has not been elucidated until now. 
Therefore, in this study, we investigated the biochemical and 
structural differences between antibodies with and without Pro95.

The T99 light chain belongs to the germline gene 
Vk2–29 × 02 in subgroup II of the human kappa light 
chain, which encodes a catalytic triad-like structure com
posed of Asp1-Ser27a-His93 (or His27d).1,10,11,16,20,23 The 
proportion of Vk2–29 germline is about 0.4% of 3,794 
cDNA kappa sequences annotated in IMGT. Its residues 
can function as catalytic sites if placed in an appropriate 
position and under appropriate conditions.

Considering the above explanation, donanemab and/or 
lecanemab, whose light chain belongs to the above germline 
gene, may be considered potential catalytic antibody candi
dates for amyloid-β clearance.

In the case of T99wt, the Aβ peptide cannot be cleaved 
owing to the lack of catalytic activity. However, the Pro95 
deleted variant (T99-Pro95(-)) was able to cleave both the 
FRET-Aβ peptide and Aβ (1–40) molecule.24 The only dif
ference between these two molecules was the presence or 
absence of Pro95. Based on the X-ray crystallography analy
sis, we discovered that the deletion of Pro95 reduces the 
distance between the functional group of Asp1-His93 from 

9.56 Å (T99wt) to 3.84 Å (T99-Pro95 (-)), as shown in 
Figure 5c. Although residues such as Asp1 and Ser27a did 
not change their location and configuration, His93 of T99- 
Pro95(-) was shifted several angstroms toward Asp1. No 
other changes were observed in the crystal structure. This 
significant change is related to the formation of a catalytic 
site in T99-Pro95(-).

According to molecular modeling, the distance between 
Asp1(Oδ1) and His93(Nδ1) was 8.67 Å in T99wt and 5.71 Å 
in T99-Pro95(−). In X-ray crystallographic analysis, the dis
tance between Asp1(Oδ1) and His93(Nδ1) was 9.56 Å in 
T99wt, while that between Asp1(Oδ1) and His93(Nε2) was 
3.84 Å in T99-Pro95(-). Both analyses showed a consistent 
trend.

As the distance between His93 and Ser27a is 12.66 Å 
(Figure 5b,c), it is possible that Ser26 plays a role in 
a catalytic site instead of Ser27, because the distance to His93 
is shortened to 7.39 Å.

Regarding the binding kinetics study, the KD values of 
T99wt and T99-Pro95(-) were 4.43 and 3.35 × 10−8 (M), 
respectively. The values of ka are 3.73 and 4.03 (M−1s−1)(x 
104). This difference is less than 10%. On the other hand, kd 
values are 1.67 and 1.35 (s−1 ×10−3) for each respective clone, 
representing a difference of approximately 20%. It is assumed 
that antigen dissociation is more difficult in the Pro-deleted 
variant, suggesting that the catalytic site may retain the antigen 

Figure 7. Molecular dynamics/ two-dimensional free energy calculation. Two-dimensional free energy landscape (2D FEL) of T99wt and T99-Pro95(-) for (i) His27d/ 
isH93, (ii) His27dH+/His93, and (iii) His27d/His93H+, plotted based on the distance between Oδ1 of D1 and Nε2 of H93 (dD1Oδ1. . .H93Nε2) on the x-axis, and Oγ of Ser27a 
and Nδ1 of H93 (dS27aOγ. . .H93Nδ1) on the y-axis. The free-energy scale ranged from 0 to 5 kBT. The superimposition structure extracted from the last 50 ns-MD 
trajectories is illustrated along with the 2D-FEL.
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for a longer period compared to the wild type. Considering 
that the similar KD values between T99wt and T99-Pro95(-), 
the deletion of Pro95 in CDR-3 does not directly correlate with 
the antigen recognition ability.

MD simulation also provided additional insights into the 
higher activity of T99-Pro95 (-) compared to that of T99wt. An 
important finding was the larger molecular motion of the Asp1 
and His93 residues, while that of Ser27a was small (Figure 6a- 
d). Significant fluctuations in Asp1 were expected owing to its 
location at the N-terminus. The presence of Pro95 in T99wt 
introduced hydrophobic contact interactions with His93, 
which restricted the molecular motion of His93 and potentially 
reduced its catalytic efficiency. However, the large movement 
of His93 in T99-Pro95(-) resulted in the generation of 
a catalytic site, which is an interesting phenomenon.

The 2D FEL revealed that T99-Pro95(-) adopted a more 
stable and restricted conformation, minimizing fluctuations in 
the catalytic region and preserving a consistent distance 
between important residues, such as Asp1 and His93. In con
trast, T99wt exhibited broader fluctuations, which may desta
bilize the catalytic sites and impair catalytic efficiency.

SASA analysis further supported these observations, as 
T99-Pro95 (-) exhibited a more insulated and less solvent- 
exposed catalytic pocket, shielding the active site from disrup
tive solvent interactions (Figure 6). These combined factors 
suggest that T99-Pro95(-) forms a more rigid and efficient 
catalytic environment, leading to higher enzymatic activity 
than T99wt. The flexibility of His93 observed in T99-Pro95 
(-) suggests that its protonation state could influence catalytic 
activity. Given His93’s role in proton transfer, pH-dependent 
catalysis is likely relevant under physiological conditions and 
may modulate enzyme efficiency. The pKa values of His27d 
and His93, calculated from MD-averaged structures, shifted 
closer to physiological pH in T99-Pro95(–) compared to 
T99wt, supporting a more favorable protonation state for 
catalysis. Additionally, Trp94, positioned next to His93, 
shows greater conformational flexibility in T99-Pro95(-) due 
to the absence of Pro95, which in T99wt forms stabilizing 
hydrophobic contacts. This increased mobility allows His93 
to sample conformations closer to Asp1 and Ser27a, contribut
ing to a more catalytically favorable active site.

The formation of a catalytic site by deleting Pro95 is neces
sarily for the conversion stated above. There are many kinds of 
catalytic sites, for example Asp-Ser-His (Trypsin), Gln-Ser-Lys 
(β-Lactamase), and Glu-Ser-His (Acetyl Cholinesterase), in 
natural enzymes. In addition, in the case of antibodies, the 
presence of some kinds of catalytic sites, such as 
triads2,17,18,23,31 and dyads,27,35,36 among others,28,37 have 
been reported. The amino acids forming a catalytic site pre
ferably come close to each other, which can be achieved by the 
structural change like deletion of Pro95. Considering that the 
conversion of mouse antibody light chains into catalytic anti
body light chains was successfully achieved,38 the Pro95- 
deletion strategy is likely to be applicable in many cases. 
Incidentally, approximately 5% of the therapeutic antibodies 
use the Vk2–29 germline (the clones are humanized) and all 
the antibodies possess Pro95 residue. It will be important to 
determine how the Pro-deletion strategy can be applied to 
other germline genes.

In conclusion, this study resolves the long-standing ques
tion of why Pro95-deleted antibodies acquire catalytic activity. 
Structural analysis using X-ray crystallography and MD simu
lations demonstrated that His residues play a crucial role in 
catalytic site formation, which strongly correlates with the 
biochemical properties of both catalytic and non-catalytic 
antibodies.

Materials and methods

Reagents

Chemical reagents such as Tris, glycine, CuCl2·2 h2O, ZnSO4 
·7 h2O, KCl, Na2HPO4·12 h2O, NaCl, KH2PO4, EDTA·2Na and 
IPTG were purchased from Wako Pure Chemical Industries 
Ltd., Osaka, Japan (Guaranteed Reagent). Synthetic peptides of 
Arg-pNA (Precisely, Bz-L-Arg-pNA·HCl), Glu-pNA, Ala- 
pNA, Phe-Leu-pNA and Gly-Pro-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) substrates

The FRET-Aβ substrate (7-MCA-SNKGAIIGK(DNP)rrr- 
NH2) was synthesized as follows; the Aβ26–33 sequence 
with 7-MCA, K(DNP), and (D-Arg)3 was constructed on 
a Rink amide resin by the standard 9-fluorenylmethoxy
carbonyl protocol.24 For the FRET-Tau peptide, the 
sequence of 391–408 of the Tau protein was selected. The 
peptide was chemically modified by attaching MCA to the 
N-terminus and DNP to the C-terminus. The resulting 
modified sequence is 7-MCA-EIVYK(pS)PVVSGDT(pS) 
PRHLK(DNP)-NH₂, where pS indicates phosphorylated 
serine residues. The peptide resin was treated with trifluor
oacetic acid-H2O-phenol-thioanisole-ethanedithiol 
(82.5:5:5:5:2.5) at room temperature for 2 hr. 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 
UV/visible detector (Waters, Milford, MA). The HPLC- 
purified peptide (retention time: 30.23 min; Cosmosil 
type: 5C18-AR-2 (4.6 × 250 mm); milliQ 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 characterized 
by electrospray ionization mass spectrometry.

Amplification of DNA fragments encoding light chains 
from germline genes of subgroup II

T99wt light chains
Preparation of the human kappa light chain genes (T99wt) 
were performed in accordance with that described in refer
ences 17, 19, and 20. Briefly stated, peripheral blood lym
phocytes obtained from healthy volunteers were harvested 
using a Ficoll-Paque (GE Healthcare UK Ltd., 
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Buckinghamshire, England) gradient, and stored appropri
ately. Total RNA was prepared from 3.0 × 107 cells using an 
RNA isolation kit (Stratagene, La Jolla, CA, USA) for 
synthesizing cDNA. Oligo (dT) was used for reverse tran
scription PCR using the total RNA as a template 
(ThermoScript RT-PCR System; Invitrogen, Carlsbad, CA, 
USA). To prepare T-series human antibody light chain 
belonging to kappa subgroup 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 reaction 
occurred under the following incubation conditions: 30  
seconds at 98°C, 29 cycles of 10 seconds at 98°C for dena
turation, 30 seconds at 63.5 C (or 67°C) for annealing, and 
30 seconds at 72°C for extension. Finally, the extension was 
carried out for 5 minutes at 72°C. At the second step, the 
following primers were used as a forward primer 5’- 
acgctaccatgGATATTGTGATGACTCAGTCT-3’ and 
a reverse primer 5’-atggtactcgagACACTCTCCCCTGTTG 
-3’. The PCR reaction occurred under the following incuba
tion conditions: 30 seconds at 98°C, 25 cycles of 10 seconds 
at 98°C for denaturation, 30 seconds at 62.8°C for annealing, 
and 30 seconds at 72°C for extension. Finally, the extension 
was carried out for 5 minutes at 72°C. In the PCR, 
a restricted enzyme, Phusion (High-Fidelity DNA 
Polymerase, Finnzyme, Finland), was used.

The amplified DNA fragment was separated by 3% agar
ose 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 pET20b (+) vector (Novagen, Madison, WI, 
USA), which was repurified and transformed into BL21 
(DE3)pLysS for expression of light chains.

Construct of T99-Pro95(-)
Deletion of Pro95 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 pri
mer 5’-GGGACTTTCGGCCCTGGGA-3’. In the experiment, 
KOD-Plus-Mutagenesis Kit (TOYOBO, Code SMK-101, Osaka) 
was used and the construct was firstly transformed to DH5α and 
finally 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 100 µg/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 (3500 g, 4°C, 10 min) and 
then resuspended in a 100 mL solution of 250 mm NaCl, 
25 mm Tris-HCl, pH 8.0). The cells were lysed by ultra- 
sonication three times for 2 min each in an ice bath, followed 
by centrifugation (17,800 g, 4°C, 20 min). The expressed 
human light chain was recovered as the supernatant.

The supernatant was first subjected to Ni-NTA column chro
matography (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 50 µM CuCl2 (1.25–2.0 eq. for the 
light chain) was added into the eluent, based on the calculation 
that the absorbance of A280 nm of 1.0 in UV/VIS was regarded 
as ~1 mg/mL (40 µM light chain). Then, the solution including 
the light chain and copper ion was dialyzed against a 50 mm 
Tris-HCl buffer, pH 8.0, for about 20 hr. After removing some 
aggregates by centrifugation (17,800 g, 4°C, 20 min), the solu
tion 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-HCl (pH 8.0) buffer on the purification appa
ratus (AKTA system, GE-Healthcare-Japan, Tokyo). Then, the 
eluent (as a flow-through) was recovered and submitted to 
dialysis against 20 mm Tris-HCl/150 mm NaCl buffer (pH 
8.5) for about 17 hr, then concentrated using Amicon 
ultra10000 (Millipore, USA). EDTA was added the solution 
to a concentration of 50 mm and allowed to react for 1 hr at 
4°C, followed by dialysis against 2 L of PBS (pH 7.4), twice (1st 

was for 5 hr and 2nd for 16 hr). After confirming the complete 
removal of Cu(II) by UV/VIS spectroscopy, it was filtered 
using a 0.2 µm 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).

Sequencing

T99wt and T99-Pro95(-) clones were sequenced with an ABI 
3730×l 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.

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 hr), 
autoclaving (121°C, 20 min), or filtration through a 0.20-µm 
sterilized filter. The experiments were mostly performed in 
a biological safety cabinet to avoid airborne contamination.

Cleavage of the amide bond linking pNA to C-terminal 
amino acid in peptidyl-pNA substrates such as Arg-pNA, Glu- 
pNA, Ala-pNA, Phe-Leu-pNA, and Gly-Pro-pNA (Peptides 
Institute Inc., Osaka, Japan) was measured at 37°C in 
Glycine/Tris buffer containing 0.025% Tween20 (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 μL) was mixed with 90 μL of each synthetic substrate 
solution. The final concentration of the light chain and the 
substrate was 5 μM and 50 μM, respectively. pNA 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 micro-plate reader (Scanlt 3.1 
for Multiskan FC, ThermoFisher Scientific, MA, USA). The 
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peptidase activity of catalytic antibodies was estimated by the 
concentration of released pNA.

The FRET-Aβ or FRET-Tau substrates (25 µM) was incu
bated with the purified T99wt or T99-Pro95(-) (5 µM) in 
50 mm/Tris-100 mm/Glycine-Tween25 (TGT buffer contain
ing 0.02% sodium azide, pH7.7, at 37°C. Fluorescence was 
measured periodically on the Fluoroskan Ascent (λex = 320  
nm and λem = 405 nm; Thermo Fisher Scientific Oy, Vantaa, 
Finland) for up to 72 hr. All measurements were done in 
duplicate.

Binding affinity

The binding affinity of T99wt and T99-Pro95(-) to amyloid- 
beta was measured by using an Octet N1 (Sartorius AG, 
Germany) and Advanced Kinetics method in accordance 
with the protocol. Streptavidin fixed biosensor-tip (SA- 
biosensor) was used to fix the amyloid-beta molecule with 
biotin-tag (ASI Anaspec; AS-23523-05). The experiment fol
lowed a five-step sequential assay at room temperature. 
First, a SA-biosensor was dipped in a PBS buffer (250 µL) 
in a microtube (ClickFit, LightBlock, PP, Black, 0.5 mL, 
TreffLab, Degersheim, Switzerland) for 30 s, and then the 
SA-biosensor was dipped in a Drop-Holder containing 4 µL 
of 250 nM of amyloid-beta with biotin-tag for 120 s. At the 
third step, the SA-biosensor (immobilized with an amyloid- 
beta molecule with biotin-tag) was dipped in the PBS of the 
microtube for washing. At the fourth step, the Amyloid-beta 
immobilized SA-biosensor was applied in a drop-holder 
containing 4 µL of an antibody solution to associate with 
the antibody for 120 s, and, at final (fifth) step, the SA- 
biosensor bound with antibody was again dipped in a PBS 
buffer to measure the dissociation. The results (KD, ka and 
kd) were calculated by Octet N1 software (version 1.4.0.13) 
using a global fitting. In this experiment, various concentra
tions of each antibody were prepared to obtain accurate 
evaluation of the binding affinity (KD,) the association 
value (ka) and the dissociation value (kd). The binding 
affinity (KD) was calculated by kd/ka.

X-ray crystallography

The initial crystallization screening was carried out by 
using an automated crystallization system.39 After crystal
lization condition refinement, the crystals of T99wt were 
grown in 10 mg/ml T99wt protein, 14% (w/v) PG3350, 0.4  
M KSCN, 0.1 M HEPES (pH7.5) and 30% (v/v) glycerol at 
20°C by vapor diffusion method. X-ray diffraction data 
were collected at BL-5A (Photon Factory, KEK) at 1.0000 
Å. The data were processed using the HKL2000 system.40 

The initial phase was determined by the molecular replace
ment method with the program Molrep41 using the struc
ture of L-chain of Fab for integrin binding protein (PDB 
code: 4HCR) as a search model. The model automatically 
constructed using Crank242 was refined using Phenix.43 

The data collection and refinement statistics are listed in 
supporting Table S1.

T99-Pro95(-) protein (5 mg/ml) was mixed with 0.5% 
CoCage-144 and 1 mm SNKGAIIGK peptide which worked as 

crystallization additives and subjected to crystallization. The crys
tals were grown in 0.1 M sodium cacodylate (pH 6.5) and 36% 
PEG2000MME at 4°C by vapor diffusion method. X-ray diffrac
tion data were collected at BL32XU (SPring-8) at 1.0000 Å. 
Multiple data were collected by ZOO system45 and merged by 
KAMO.46 The data were integrated by XDS47 and scaled by 
Xscale. The phase was determined by the molecular replacement 
method by Phaser48 using the structure of T99wt as a search 
model.

Molecular modeling

The deduced antibody light-chain amino acid sequences 
were used for computational analysis of the antibody struc
tures using Discovery Studio (Accelrys, Inc., San Diego, 
CA, USA). For homology modeling, template structures 
were created using a BLAST search, following minimiza
tion of the total energy of the molecule using the 
CHARMM algorithm. The resulting Protein Data Bank 
data were used to modify the complementarity- 
determining region (CDR) structures defined using the 
Kabat numbering system.

Molecular dynamics simulation

The 3D structures of T99wt and T99-Pro95(-) from X-ray 
crystallography were used for MD simulations. Protonation 
states at pH 7.0 were assigned using PDB2PQR,49 creating 
three systems for each protein based on the protonation 
states of His27 and His93, including (i) H27d/H93, (ii) 
H27dH+/H93, and (iii) H27d/H93H+. Hydrogen atoms and 
ions were added, and the structures were solvated in 
a TIP3P water50 box with a 15 Å from the protein’s surface 
in a cubic box. These steps were performed using the tLEaP 
module in AmberTools24,51 as previously described.52–54 

Energy minimization was then carried out with 5,000 steps 
of the steepest descent/conjugate gradient algorithm, fol
lowed by heating to 300 K under the NVT ensemble for 1 
ns. Each system was simulated for 300 ns at 300 K with 
three independent replicates using PMEMD.cuda in 
AMBER24,55 under the NPT ensemble, totaling 12 systems. 
MD trajectories were analyzed for structural stability, includ
ing RMSD, SASA, and PCA, as well as free energy land
scapes using CPPTRAJ56 in AmberTools24 and PyEMMA.57 

Structural superimpositions extracted from the last 50 ns of 
(i) H27d/H93 and plots were visualized with VMD 1.9.4,58 

and Matplotlib,59 in an in-house Python script.

Statistical analysis

Correlation and standard deviation analyses were performed 
using Microsoft Excel for Mac (version 16.66.1).
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