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Abstract: Methods for chemical modification of
proteins and peptides at certain positions are
required for the preparation of antibody-drug con-
jugates, protein- or peptide-biotin conjugates, and
conjugates used as therapeutics or as tools in
biomedical research. We have developed chemical
modification methods that use spirooxindole oxirane
derivatives for the synthesis of protein- and peptide-
conjugates. In most cases, the epoxide group of the
spirooxindole oxirane derivatives reacted to form a
covalent bond with certain histidine residues and/or
the N-terminal amino group of peptides and
proteins. The modification reactions of various
proteins resulted in the formation of proteins
modified at only one or two positions.

Keywords: addition reaction; protein modifications;
peptide modifications; spiro compounds

Chemical modification reactions of proteins and
peptides are necessary for the synthesis of protein
conjugates and peptide conjugates that are used as
therapeutics, diagnostics, and tools for biomedical
research.[1] Traditional protein modification reactions
include, for example, reactions at lysine amino groups
with N-hydroxysuccinimide (NHS) ester derivatives.[1a]
Reactions with NHS derivatives often result in the
formation of a mixture of products modified at differ-
ent lysine residues. The mixture of the species can
cause difficulties in characterization and lack of

reproducibility in quantitative analyses. It is especially
critical that the modified proteins used as therapeutics
or in diagnostics can be purified as a single species.
Thus, in recent years, there has been interest in the
development of methods for selective modification at a
single position or only a few positions within a
protein.[1] Selective modifications have been performed
using ligand-assisted or linchpin-assisted (amino
group-interaction assisted) strategies, in which only
targeted protein and targeted positions are modified
based on the design of the protein-ligand or protein-
linchpin interaction.[1,2] Alternatively, selective modifi-
cations of the N-terminal amino group, which is a
single unique site within a polypeptide chain of a
protein, and/or of amino acid residues that are present
at only one or a few sites on the surface of a protein
have also resulted in modifications at a single position
or only a few positions within a protein.[1a,f,n,s] Here we
report a chemical modification reaction strategy that
uses spirooxindole oxirane derivatives to modify N-
terminal amino groups and/or certain histidines under
mild conditions (Scheme 1).

Scheme 1. Chemical modifications of peptides and proteins
with spirooxindole oxirane derivatives as modification mole-
cules.
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In synthetic chemistry, epoxide derivatives have
been used for various reactions including reactions
with nucleophiles.[3] In protein modification reactions,
alkyl-substituted epoxide derivatives that are linked
with ligands of the target proteins or moieties that
function as linchpins have been used for modification
of certain histidine residues of the target proteins.[2]
Alkyl-substituted epoxides have also been used to
identify proteins that have exceptionally highly nucle-
ophilic residues.[4] These previous reports indicate that
alkyl-substituted epoxides do not react with most
proteins under aqueous buffered conditions unless
strategies are used that locate the epoxide in proximity
to the reacting residue on the protein. In fact, when
reactions of 1,2-epoxyhexane with proteins in aqueous
solutions were tested, proteins were not modified or
the modified products were formed in less than 3%
yield. Thus, we sought designs of epoxide-derived
modification molecules that modify various peptides
and proteins at only a single or a few certain positions
within a peptide or protein.

We hypothesized that spirooxindole oxirane deriva-
tives would serve as molecules used for modifications
of proteins and peptides. We reasoned that spiroox-
indole oxirane derivatives would react at histidine
residues, N-terminal amino groups, and/or other
nucleophilic residues depending on the structure of
peptide or protein, the structure of the spirooxindole
oxirane derivative (i. e., substituents and functional
moieties linked with the derivative), and reaction
conditions. There are fewer histidine residues on
protein surfaces than lysine residues and there is only a
single N-terminal amino group per polypeptide chain.
Thus, reactions at histidine residues and/or at the N-
terminal amino group should result in more selective
modification than reactions with lysine residues.[1g,h]
However, the development of reactions at certain
histidine residues with modification molecules without
the need for protein-ligand or protein-linchpin inter-
actions and without the need of additional reagents or
catalysts has lagged behind,[1b,g] and as such further
development is required.

In our design, the epoxide moiety is conjugated
with a lactam amide carbonyl group, which is electron-
withdrawing, and thus the reactions of proteins and
peptides with the epoxide should proceed efficiently.
Functional groups introduced to proteins and peptides
would be linked to the nitrogen of the lactam amide of
the oxindole structure. Tuning of the epoxide reactivity
should also be possible by the design of the linker
structure that connects the oxindole with the functional
moieties to be introduced into proteins or peptides.
Tuning of the reactivities and/or the steric bulk of the
spirooxindole oxirane derivatives should allow selec-
tive modifications at certain histidines or other posi-
tions in a protein without reacting at functionally
important histidine residues.

To evaluate the use of spirooxindole oxirane
derivatives in modifications of proteins and peptides,
first, reactions of 1a with amino acid derivatives,
phenylalanine methyl ester (2a), leucine methyl ester
(2b), and N-acetyl histidine methyl ester (2c) were
tested in aqueous buffer (pH 7.5)-MeOH (3:1)
(Scheme 2). In the reactions with 2a and with 2b,
products 3a and 3b were formed, respectively, in
which the amino group of the amino acid ester reacted
with the less substituted side of the epoxide moiety. In
the reaction with 2c, product 3c was obtained. In this
case, the imidazole group of the histidine derivative
reacted with the epoxide moiety. These results suggest
that the spirooxindole oxirane derivatives will react
with proteins and peptides to afford conjugates.

In previously reported reactions of spirooxindole
oxirane derivatives with various nucleophiles, the bond
formation usually occurs at the benzylic position of the
indole structure.[5] There are only a few reports of
reactions at the methylene side of the epoxide ring of
spirooxindole oxirane derivatives.[6] Our data showed
that the reactions of 1a with amino acid derivatives in
aqueous buffered conditions resulted in the N� C bond
formation at the methylene side of the epoxide.

Next, reactions of 1a with short peptides were
examined (Table 1 and Figure 1; see also Supporting
Information for additional conditions). When peptide
AIKVF-NH2 was used in the reaction with 1a under
aqueous conditions (pH 7.0–8.0), the N-terminal amino
group was reacted with 1a; bond formation between
the lysine side chain amino group and 1a was not
detected in the MS/MS analyses (Table 1, entries 1–3).
The reaction of AIKVF-NH2 with 1a in various buffers
containing Tris, HEPES, PIPES, TAPS, or sodium
phosphate at pH 7.0–8.0 afforded the modification
product (Supporting Information). Tris and TAPS have
a primary amine group and a secondary amine group,
respectively, and these amino groups did not react with
1a or result in its decomposition. The reaction of
peptide AIKVF-NH2 with 1a in 10% DMF/20 mM

Scheme 2. Reactions of amino acid esters with 1a.
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Tris-HCl buffer (pH 7.5) at 37 °C for 24 h afforded the
mono-modification product in 93% yield based on the
mass analysis, and no di-modification product was
observed (Table 1, entry 1). Reactions of other peptides
were also performed under the same conditions
(Table 1, entries 4–7). For the histidine-containing
peptide, the bond formations were observed at histidine
and at the N-terminus (Table 1, entry 6).

For the modifications of proteins with NHS ester
derivatives, the use of 10 to 70 equivalents of the NHS
esters relative to protein molecule has often been
recommended.[7] The concentration of 1a at 2.5 mM
used in the modification reactions is comparable to
those typically used in modification reactions with
NHS esters.

Next, biotin conjugates 1b and 1c were synthesized
and were tested for modification reactions with various
proteins in aqueous buffers (Table 2 and Figure 2). In
many cases, the reactions resulted in histidine mod-
ification. Accessibility and/or reactivity (or pKa) of the
histidine residues may determine whether or not
reaction occurs. For example, α-lactalbumin has three
histidine residues, and only two were modified
(Table 2, entries 7 and 8). For cytochrome C and

myoglobin, only certain histidine residues were modi-
fied, and the heme-liganded histidine residues were not
modified (Table 2, entries 13–16). Depending on the
protein, the N-terminus and/or lysine side chain amino
groups were also modified. For example, in the
reaction of α-chymotrypsin, only the N-terminal amino
group of chain A was modified (Table 2, entries 17 and
18). The N-terminal amino groups of chains B and C
were not modified, and neither were any histidine or
lysine residues including the protease catalytic active
site histidine.[8] Ubiquitin has lysine residues critical
for ubiquitylation and polyubiquitylation.[9] In the
reactions of ubiquitin, a single histidine was modified,
and no modification at lysine residues was detected
(Table 2, entries 3 and 4). Notably, in the reaction of β-
lactoglobulin, the histidine residues were modified, but
the modification of the thiol of a cysteine residue was
not detected (Table 2, entries 9 and 10).

Modification reactions of the Fab of an anti-CD20
antibody[10] with 1b and with 1c were also examined
(Table 3 and Figure 2k). The Fab has four histidine
residues in the H chain and three histidine residues in
the L chain. The results indicated that only certain

Table 1. Reactions of 1a with short peptides.[a]

entry peptide yield (%) modified site

1 AIKVF-NH2 mono 93 N-terminus
2[b] AIKVF-NH2 mono 65 N-terminus
3[c] AIKVF-NH2 mono 92 N-terminus
4 AIRVF-NH2 mono 58 N-terminus
5 LAFKVPEGDF-NH2 mono 22 N-terminus
6 AIHVF-NH2 mono 85, di 1 N-terminus, His3
7 YGGFL-OH mono 26 N-terminus
[a] Conditions: [1a] 2.5 mM and [peptide] 50 μM in 10% DMF/20 mM Tris-HCl (pH 7.5) at 37 °C for 24 h. Yield and modification
site were determined by mass analyses; mono=mono-modification product(s); di=di-modification product(s).

[b] At pH 7.0.
[c] At pH 8.0.

Figure 1. Peptides used for the reaction with 1a. Positions modified with 1a are indicated in blue. See Table 1.
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histidine residues were modified. No lysine or N-
terminal modification was detected.

Further, compounds 1d and 1e, which have
fluorescent moieties, were synthesized and used for
modification of α-chymotrypsinogen A and ubiquitin.
SDS/PAGE analysis of the modified proteins showed
that the nitrobenzoxadiazole and the dansyl groups
respectively were introduced to the proteins and that
the modified proteins were detected by the

fluorescence of the fluorescent moieties (Supporting
Information).

In summary, we developed a strategy for selective
chemical modifications of proteins and peptides that
uses spirooxindole oxirane derivatives. With these
modification molecules, one or a few histidine residues
or the N-terminal amino group of proteins and peptides
were selectively modified in most cases under mild
aqueous buffered conditions without the need of addi-
tional reagents or catalysts. We are working to expand

Table 2. Reactions of proteins with 1b and with 1c.[a]

entry protein 1 yield (%) modified site

1 lysozyme 1b mono 23, di 5 His15
2 lysozyme 1c mono 24, di 4 His15, Lys33
3 ubiquitin 1b mono 50, di 3 His68
4 ubiquitin 1c mono 49, di 4 His68
5 insulin 1b mono 42, di 10 chain B His5, chain B His10
6 insulin 1c mono 43, di 11 chain B His5, chain B His10
7 α-lactalbumin 1b mono 29, di 8 His68, His107
8 α-lactalbumin 1c mono 30, di 9 His68, His107
9 β-lactoglobulin 1b mono 35, di 13 His146, His161
10 β-lactoglobulin 1c mono 40, di 22, tri 6 His146, His161, Lys135
11 ribonuclease A 1b mono 35, di 10 His48, His105
12 ribonuclease A 1c mono 39, di 10 His105, His119
13 cytochrome C 1b mono 19, di <3 His33
14 cytochrome C 1c mono 24, di 4 His26
15 myoglobin 1b mono 40, di 11 His24, His36
16 myoglobin 1c mono 40, di 12 His24, His36
17 α-chymotrypsin 1b mono 57, di 0 chain A N-terminus
18 α-chymotrypsin 1c mono 50, di 0 chain A N-terminus
19 α-chymotrypsinogen A 1b mono 50, di 2 N-terminus
20 α-chymotrypsinogen A 1c mono 68, di 17 N-terminus, Lys93
[a] Conditions: [1b or 1c] 2.5 mM and [protein] 50 μM in 5% DMF/20 mM Tris-HCl (pH 7.5) at 37 °C for 24 h. Yield and
modification site were determined by mass analyses; mono = mono-modification product(s); di = di-modification product(s); tri
= tri-modification products.

Table 3. Reactions of an antibody Fab with 1b and with 1c.[a]

entry 1 (conc) yield (%) modified site

1 1b (1.5 mM) mono 24, di <3 H chain His35
2 1b (2.5 mM) mono 40, di 4 H chain His35, L chain His188
3 1c (1.5 mM) mono 19, di <1 L chain His188
4 1c (2.5 mM) mono 42, di 8 H chain His35, L chain His188
[a] Conditions: [1b or 1c] 1.5 mM or 2.5 mM as indicated and [Fab] 29 μM in 5% DMF/20 mM Tris-HCl (pH 7.5) at 37 °C for
24 h. Yield and modification site were determined by mass analyses; mono=mono-modification product(s); di=di-modification
product(s).
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the applications of the method and to improve the
yields and selectivities, and the results will be reported
in due course.

Experimental Section
General Procedure of Modification Reactions of
Proteins with 1b
A solution of protein (1.0 mM in 20 mM Tris HCl buffer,
pH 7.5, freshly prepared, 5.0 μL) was added to 20 mM Tris HCl
buffer, pH 7.5 (90.0 μL), followed by 1b (50 mM in DMF,
5.0 μL) at room temperature (25 °C), and the mixture was
vortexed for 10 s. The mixture contained protein (50 μM) and
1b (2.5 mM) in 5% DMF/20 mM Tris HCl buffer, pH 7.5. The
mixture was kept with shaking at 37 °C for 24 h. The mixture
was applied to PD Spin Trap G-25 gel filtration column device
(Cytiva 28918004), which was washed with 20 mM Tris HCl

buffer, pH 7.5 before the use, and the protein was recovered as
a solution in 20 mM Tris HCl buffer, pH 7.5 (100 μL),
according to the instruction of the device provided by the
maker. The solution (4.0 μL) was diluted with 0.1% formic acid
in water (80 μL) and was used for the mass analysis to
determine the yields of the modification products.
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