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The fusion protein of an engineered zymogen of microbial transgluta-
minase (EzMTG) with a protein G variant, EzZMTG-pG, enabled the
proximity-based, tag-free labeling of Lys65 in the heavy chain of a
native IgG antibody (trastuzumab) with a Gln-donor peptidyl substrate
functionalized with a fluorescent molecule.

Site-specific conjugation of a chemical payload to a protein-based
therapeutic has attracted attention to achieve the desired properties
for optimal function."” In particular, antibody-drug conjugates
(ADCs) are an important class of cancer drugs that combine an
antibody with a small molecule drug via a linker, enabling both
target specificity and pharmacological efficacy.>* Conventionally,
chemical methods targeting Lys and Cys residues on the antibody
surface have been employed in ADC synthesis. However, the
presence of numerous Lys and Cys residues on the antibody surface
complicates the control of the drug-to-antibody ratio (DAR) and
the binding positions. For effectiveness and safety, achieving more
homogeneous modification is desirable, which requires site-specific
antibody modification.?

It has been previously suggested that enhancing the reactivity
and specificity of chemical modification processes can be achieved
by targeting relatively less reactive amino acid residues on the
surface of antibodies using proximity-based strategies.® Proximity-
based strategies are used not only in chemical methods but also in
enzymatic methods to enhance the specificity. Recently, the fusion of
an antibody-binding peptide”® or protein® has been used to facilitate
the proximity labeling of native antibodies with target molecules. Yu
et al. have successfully achieved the site-specific modification of
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human IgG antibodies using mutant variants that could fuse
antibody-binding proteins, such as protein Z (pZ) and protein
G (pG), with the enzyme sortase A. In this approach, the residues
of both heavy chains (K5, K123, K135, K292, and K441) and light
chains (K207) were modified, resulting in a reported DAR of 2-3.
Hence, enzymatic bioconjugation that exhibits high specificity and
react under mild conditions are attracting attention.”

One of the main enzymes used in the production of ADCs is
microbial transglutaminase (MTG). Unlike mammalian-derived
transglutaminase, MTG exhibits stable catalytic activity across a
broad range of pH and temperature conditions without dependency
on cofactors, such as Ca®*.’° MTG catalyzes acyl transfer reactions
between the y-carboxamide group of Gln residues and the e-amino
group of Lys residues within proteins and primary amines."" How-
ever, IgG antibodies possess numerous GIn and Lys residues, and
these amino acids on the antibody surface exhibit low enzymatic
reactivity. Therefore, the pretreatment of IgG via enzymatic
deglycosylation"® or genetic mutagenesis'* is necessary for the
site-specific modification of native antibodies. These pre-treatment
procedures may potentially adversely affect the inherent function-
ality and the production yield of the antibodies."” Therefore, site-
specific, tag-free modification methods for native antibodies have
garnered considerable attention.'®

To date, enzymatic modification methods for native antibodies
have included the use of MTG, which was designed to facilitate the
substitution of Gly residues near the active site loop with Ser
residues for modification at Q295 of IgG."” Additionally, the
modification of an exposed Tyr residue (Y57) on the surface of
IgG antibodies with an N-methylated luminol derivative has been
reported using horseradish peroxidase.'® A new method for intro-
ducing an octanoic acid derivative to Lys residues on IgG anti-
bodies has been developed using lipoyl ligase A, and the successful
formulation of an ADC with the anti-HER2 antibody trastuzumab
has also been recently demonstrated."

Herein, we investigated the site-specific modification of a native
IgG antibody by integrating the proximity effect with MTG-catalyzed
crosslinking reactions. The molecular design used a recently
developed engineered zymogen of MTG (EzMTG), which exhibits
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Fig. 1 (a) Schematic illustration of DNA constructs encoding the EzMTG2°
and pG. A model of the three-dimensional structure of EzMTG-pG (the PDB
entry used for EzZMTG is 31U0.pdb and for pG is 1IGC.pdb). (b) Reaction scheme
of EzMTG-pG-mediated antibody modification with TAMRA-Q. Evaluation of
the cross-linking activity of (c) EzMTG and (d) EzMTG-pG by SDS-PAGE gel
analysis and fluorescent imaging. The reaction was conducted with trastuzu-
mab (1.3 pM), EzZMTG or EzMTG-pG (2.6 uM), and TAMRA-Q (100 puM) in
40 mM Tris—HClL (pH 8.0) at 37 °C for 60 min. Raw images of electrophoretic
gels (CBB staining, left) and their fluorescence images (derived from TAMRA,
right) are shown in Fig. S2 (ESI).

crosslinking activity even in the zymogen state.’’ EzMTG is
expressed as a soluble protein in Escherichia coli and does not
require an additional activation process for the proteolytic
cleavage of the propeptide, which expands the scope of the
molecular design of new MTG mutants. In this study, we
designed a pG-fused EzMTG (EzMTG-pG) by introducing pG
at the C-terminus of EzMTG, which can be easily obtained in
E. coli (Fig. 1a and Table S1, ESIt).

As an initial step to demonstrate the concept, we conducted
an evaluation of the crosslinking activity of EzMTG-pG using
the Gln substrate peptide (TAMRA-YPLQMRG-NH,, TAMRA-Q)
as a drug model against an IgG antibody (trastuzumab,
Herceptin) (Fig. 1b). The labeling of the heavy chain of the
antibody, which was not observed with EzMTG alone (Fig. 1c),
was observed with TAMARA-Q (Fig. 1d, lane 2). This result
indicated that the proximity of EZMTG to IgG enabled by the pG
domain facilitated the generation of crosslinking activity.
Because the labeling of EzZMTG-pG itself with TAMARA-Q was
also observed (Fig. 1d, lane 1), the self-labeling reaction was
also promoted by the proximity-based intramolecular cross-
linking reaction.

We also observed that the reaction solution became turbid
when the concentrations of EzZMTG-pG and IgG were increased,
suggesting the formation of aggregates in the reaction mixture.

To solve these problems, we selected pG variants®™?* that
specifically bind to the Fc or Fab region to yield EzZMTG-pG(Fc)
and EzMTG-pG(Fab) (Fig. 2a and Fig. S1, Table S1, ESIf). To
circumvent the self-labeling of EzMTG-pG, the Lys and Gln
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Fig. 2 (a) Schematic illustration of (i) EzMTG-pG(Fc), in which a Fc-
specific pG with five Lys residue substitutions is fused to EzMTG, and
model of the three-dimensional structure of antibody (Fc) and Fc-specific
pG. (i) EZMTG-pG(Fab), in which a Fab-specific pG with all the Lys and Gln
residues substituted to Arg and Asn, respectively, is fused to EzMTG, and
model of the three-dimensional structure of antibody (Fab) and Fab-
specific pG. Unsubstituted amino acids are shown in black and substituted
amino acids are shown in red. The PDB entry for Fc and pG is 1FCC.pdb
and the entry for Fab and pG is 1IGC.pdb. Evaluation of the cross-linking
activity of (b) EzMTG-pGl(Fc) and (c) EzMTG-pG(Fab) by SDS-PAGE gel
analysis and fluorescent imaging. The reaction was conducted with
trastuzumab (1.3 pM), each EzMTG mutant (2.6 pM) and TAMRA-Q
(100 uM) in 40 mM Tris—HCL (pH 8.0) at 37 °C for 60 min. Raw images
of electrophoretic gels (CBB staining, left) and their fluorescence images
(derived from TAMRA, right) are shown in Fig. S2 (ESI¥).

residues in pG were replaced with Arg and Asn residues,
respectively. To create Fe-specific pG that diminish the self-
labeling reaction, five Lys residues (K3, K9, K12, K18, and K49)
that did not appear to contribute to the interaction with the Fc
domain were substituted with Arg residues (Fig. 2a(i)). For Fab-
specific pG all the Lys and Gln residues located on the surface
(K3, K9, K12, K18, K41, and Q31) were replaced with Arg and
Asn residues, respectively (Fig. 2a(ii)). Both EzMTG-pG(Fc) and
EzMTG-pG(Fab) expressed successfully in E. coli and catalyzed
the labeling of the heavy chain of the IgG antibody. For EzZMTG-
pG(Fc), in which unmodified Lys residues (K27, K30) were
present, the self-labeling with TAMRA-Q was still observed
(Fig. 2b, lane 1). In contrast, EZMTG-pG(Fab), in which all the
Lys residues were substituted, showed little self-labeling
(Fig. 2c, lane 1). These results indicated that a Lys residue in
the original pG domain caused the self-labeling.

The formation of aggregates was also suppressed by the sub-
stitution of pG domain (Fig. S3, ESIt), and therefore the observed
aggregation was caused by the intrinsic characteristics of pG, which
binds to distinct sites of IgG, Fab,>* and Fc> regions. The fact that
aggregation was sufficiently suppressed with both the newly
designed EzMTG-pG(Fc) and EzMTG-pG(Fab) variants indicated
the validity of increasing the specificity of pG to the Fab or Fc
regions to achieve better handling of the EzZMTG-pG variants.

Next, we conducted peptide mapping of the antibody modified
with TAMRA-Q by EzMTG-pG(Fab) to identify the modification
sites. The results revealed that Lys65 of the heavy chain was almost
exclusively modified by TAMRA-Q (Fig. 3a and Fig. S4, S5, ESIT). To
understand this highly selective modification of Lys65, though
another lysine residue such as Lys76 is present in the vicinity

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Identification of Lys residues modified with TAMRA-Q by EzMTG-pG(Fab). RP-HPLC chromatographs of antibodies modified by

EzMTG-pG(Fab). (b) Model of the three-dimensional structure of Fab and EzMTG-pG(Fab). Fab, MTG domain, pG(Fab) are shown in gray, orange, and
purple, respectively. Lys65 and Lys76 of trastuzumab represented as the space-filling model are shown in red and blue, respectively. The PDB entries
used for Fab, EzMTG, and Fab-specific pG are 1IN8Z.pdb, 3IU0.pdb, and 1IGC.pdb, respectively. (c) Time course of modification of Lys65 in trastuzumab
(1.3 uM) with TAMRA-Q (100 pM) by EzMTG-pG(Fab) (2.6 pM) in 40 mM Tris—HCl (pH 8.0) at 37 °C. N = 3; mean + SD.

(Fig. 3b), we characterized all the lysine residues in the heavy
chain of the antibody using the molecular operating environ-
ment (MOE). The positive residue patch area (PRPA) of each
residue determined by MOE revealed that the PRPA value of
Lys65 was higher than those of other lysine residues (Table S2,
ESIT). Judging from the solvent-exposure parameters such as
ASA* and Exp,?° both Lys65 and Lys76 were similarly exposed
to the solvent, but their PRPA values were markedly different
(Table S2, ESI). The PRPA value represents the contribution of
residues to positively charged regions on the protein surface. In
the reaction mechanism of MTG, the Gln residue of a substrate
is initially recognized at the hydrophobic pocket, followed by
the recognition of the Lys residue formation at the negatively
charged active site."" Therefore, Lys65, surrounded by a posi-
tively charged region, was selectively modified because of
favorable electrostatic interactions with the active site com-
pared with the other Lys residues such as Lys76.

The modification rate of IgG by EzMTG-pG(Fab) was 90.4 +
2.5%, while EzZMTG-pG(Fc) had a low modification rate of ca.
13% (Fig. 3c and Fig. S6a-d, ESIt). Using bio-layer interfero-
metry, the binding affinity of EzMTG-pG(Fc) and EzMTG-
pG(Fab) to trastuzumab was evaluated by the dissociation
constant (Kp). The Kp values of EzMTG-pG(Fc) and EzMTG-
PG(Fab) were 7.2 nM and 138 nM, respectively (Fig. S7, ESIT).
Because both mutants showed sufficient affinity for the anti-
body under the experimental conditions and the modification
site was found to be Lys65 in both cases (Fig. S4 and Sée and f,
ESIY), the decrease in the modification rate was likely because
of the low reactivity of EZMTG-pG(Fc) with Lys65. The structural
predictions using MOE clearly showed differences in the dis-
tances between EzMTG and Lys65 when pG was bound to the
Fab region compared with when bound to the Fc region. When
pG was bound to Fab, MTG and Lys65 were in close proximity,
leading to the high modification rate of EzMTG-pG(Fab)
(Fig. S6g, ESIT). In contrast, when bound to Fc, EZMTG and
Lys65 were physically separated, resulting in a considerable
lowering of the reactivity, as it was only possible for these units
to approach when the linker between EzMTG and pG was
sufficiently extended (Fig. S6h, ESIT).

This journal is © The Royal Society of Chemistry 2024

In addition, we evaluated the effect of the EZMTG domain on
the IgG labeling by cleaving the propeptide by thrombin
(Fig. 1a) to yield AproMTG-pG(Fab). The results showed that
the initial reaction rate of AproMTG-pG(Fab) for labeling Lys65
was faster than that of EzZMTG-pG(Fab), whereas the degree of
final modification was saturated at 84.1% for AproMTG-
pG(Fab) (Fig. S8, ESIt). The higher product yield can be
ascribed by the suppression of competing hydrolysis of GIn of
TAMRA-Q to Glu, implying the unique substrate-dependent
reactivity of EZMTG.*°

The Lys65 residue of trastuzumab is located in the frame-
work region (FR3) but close to the edge of the complementarity-
determining region (CDR) of the antibody (Fig. S9, ESIt). The
CDR is the region directly involved in binding with antigens,
and thus the CDR potentially affects the antigen binding
affinity. Therefore, we evaluated the antigen binding capability
of the K65-modified antibody (TAMRA-Q-modified trastuzu-
mab) by examining the binding to HER2, the target macro-
molecular antigen of trastuzumab. TAMRA-Q-modified tras-
tuzumab was purified by separating EzMTG-pG(Fab) from the
cross-linked products. The dissociation of EzZMTG-pG(Fab) was
achieved by cation exchange chromatography under acidic
conditions at pH 3.0, yielding TAMRA-Q-modified trastuzumab
with a purity of approximately 57% (see ESIt for details,
Fig. 510). The binding affinity of purified TAMRA-Q-modified
trastuzumab to HER2 was evaluated. The apparent Ky, value of
the purified sample was determined to be 3.8 nM, indicating
that TAMRA-Q-modified trastuzumab maintained a binding
affinity comparable with that of the unmodified antibody
(Kp value of 6.3 nM) (Fig. S11, ESIf). With the HER2 binding
confirmed, we proceeded to investigate the binding of purified
TAMRA-Q-modified trastuzumab to the HER2-positive cell line,
SK-BR-3. TAMRA-Q-modified trastuzumab was applied to SK-
BR-3 cells for 1 h, and the cells were then observed using
confocal laser scanning microscopy (CLSM) after the cells had
been washed and fixed by paraformaldehyde. The results
clearly showed fluorescence from the cell membrane region,
indicating the binding of TAMRA-Q-modified trastuzumab to
the SK-BR-3 cells (Fig. 4). Red fluorescence was not observed

Chem. Commun., 2024, 60, 8545-8548 | 8547


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc01728e

Open Access Article. Published on 17 juli 2024. Downloaded on 18/10/2025 1:58:29.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

Bright-field
Non treated

TAMRA-Q

Trastuzumab
+

TAMRA-Q

TAMRA-Q-modified
trastuzumab

Fig. 4 Binding of TAMRA-Q-modified trastuzumab to the SK-BR-3 cell
line. Representative fluorescence images obtained by CLSM. SK-BR-3 cells
were incubated with each sample at 37 °C for 1 h. Bars: 10 pm.

from the cell membrane region of the HER2-negative cell line,
MDA-MB-231 (Fig. S12, ESIt), which indicated that the bind-
ing of TAMRA-Q-modified trastuzumab was specific to the
membrane antigen.

To test our concept on other IgGs, we applied EzMTG-
PG(Fab) to the modification of rituximab and ramucirumab,
and found that their modification rates seemed to saturate at
about 28% and 12%, respectively (Fig. S13a, b and c, ESI¥).
Although the microenvironment around Lys65 of rituximab is
similar to that of trastuzumab, those amino acid sequences are
different (Table S3 and Fig. S13d, ESIf). By contrast, different
microenvironment around Lys65 should lead to the low label-
ing efficiency because ramucirumab has the same surrounding
amino acid sequence (Table S3 and Fig. S13e and f, ESIt). These
results illustrate the high substrate specificity of EzZMTG-pG
toward Lys65 of trastuzumab, and in turn, suggest that further
molecular design is required to ensure the general utility.

In conclusion, by using the proximity effect by fusing an
engineered protein G to an active form of a zymogen of MTG
(EzMTG), we achieved the site-specific labeling of Lys65 in the
heavy chain of a native IgG antibody (trastuzumab). Through
the optimization of the pG domain, EzMTG-pG(Fab) was devel-
oped, which enabled an approximately 90% modification rate
of the IgG heavy chain, corresponding to a dye-antibody ratio of
1.8. It was confirmed that the antibody retained antigen-
binding affinity even after the modification. Although the
applicability of the current format of EzMTG fusion protein
may be limited to trastuzumab, our results will pave the way for
the site-specific and tag-free labeling of native IgGs by altering
the substrate preferences of EzMTG, e.g. by introducing muta-
tions or changing the composition of the Gln substrate.”
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