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ABSTRACT: The controlled attachment of synthetic groups to
proteins is important for a number of fields, including
therapeutics, where antibody−drug conjugates are an emerging
area of biologic medicines. We have previously reported a site-
specific protein modification method using a transamination
reaction that chemoselectively oxidizes the N-terminal amine of a polypeptide chain to a ketone or an aldehyde group. The newly
introduced carbonyl can be used for conjugation to a synthetic group in one location through the formation of an oxime or a
hydrazone linkage. To expand the scope of this reaction, we have used a combinatorial peptide library screening platform as a
method to explore new transamination reagents while simultaneously identifying their optimal N-terminal sequences. N-
Methylpyridinium-4-carboxaldehyde benzenesulfonate salt (Rapoport’s salt, RS) was identified as a highly effective
transamination reagent when paired with glutamate-terminal peptides and proteins. This finding establishes RS as a
transamination reagent that is particularly well suited for antibody modification. Using a known therapeutic antibody, herceptin,
it was demonstrated that RS can be used to modify the heavy chains of the wild-type antibody or to modify both the heavy and
the light chains after N-terminal sequence mutation to add additional glutamate residues.

■ INTRODUCTION

The chemical modification of proteins is an important tool for a
wide range of fields, including cell biology research,1−3the
construction of new biomaterials,4 and the development of
novel therapeutics.5,6 The pharmaceutical industry has been
particularly interested in antibody−drug conjugates (ADCs),
with multiple products clinically approved and several more
currently in advanced trials.7,8 Ideally, ADCs will need to be
prepared using site-selective bioconjugation reactions that can
control the stoichiometry and position of the attached drugs.
However, antibodies are particularly difficult to modify in a
controlled manner because of their large size, multiple chains,
glycosylation, and structurally important disulfide bonds.
Traditional methods such as lysine modification9 are
indiscriminate given the abundance of these residues (up to
100 copies),8 leading to heterogeneous mixtures that
complicate pharmacokinetic characterization. Even site-specific
bioconjugation reactions such as periodate oxidation of N-
terminal serine or threonine residues are often complicated for
modification of antibodies, as in this case the glycans will be
oxidized.10 In some cases, selective modification can be
achieved through the alkylation of cysteine residues arising
from the partial reduction of the interchain disulfide bonds.11

Current alternative methods for site-specific antibody mod-
ification also include genetic mutation to alter the number of
solvent-accessible cysteines,12,13 the introduction of unnatural
amino acids,14 or recognition tags for enzymatic modification.15

While these methods can already be used successfully, the
growing interest in ADCs as commercial treatments provides a
need for a whole series of readily scalable and functional group
tolerant methods that can provide well-defined conjugates with
control over attachment stoichiometry.
We have previously reported a site-specific transamination

reaction that introduces a new ketone group at the N-terminus
of proteins through incubation with pyridoxal 5′-phosphate
(PLP, 1a).16,17 The carbonyl groups introduced by this reaction
are not naturally occurring functionalities in proteins and can
therefore be used as unique points of attachment for synthetic
groups through the formation of hydrazone or stable oxime
bonds18,19 (Figure 1a). Although the side chain of the N-
terminal residue does not participate directly in the trans-
amination mechanism, the reaction yield was found to vary
significantly depending on the amino acid in the N-terminal
position.20 Given this situation, we previously developed a
combinatorial peptide library screening platform to identify
highly reactive sequences toward PLP-mediated transamina-
tion, leading to the identification of Ala-Lys N-terminal
motifs.21 In the present work, this new bioconjugation
development tool was used as a way to identify a new protein
transamination reagent, N-methylpyridinium-4-carboxaldehyde
benzenesulfonate salt (RS,22 1b), while simultaneously
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revealing glutamate-rich sequences as particularly reactive
substrates for this reagent. This finding renders this reaction
particularly amenable to antibody substrates, since many human
IgG1 isotypes, which are promising therapeutics, contain at
least one glutamate-terminal chain.23−25

N-terminal transamination using PLP has previously been
shown to modify monoclonal antibodies.26 However, the yields
were not high and elevated temperatures were required,
limiting the practical application of this approach. Using
Rapoport’s salt (RS) as a transamination reagent, the site-
selective modification of the heavy chains of anti-HER2 human
IgG1 (which have N-terminal glutamate residues) could be
achieved with significantly greater efficiency.

The stoichiometry of drug attachment has been identified as
a critical parameter for ADC efficacy, with two to four
attachments reported as being optimal in at least some cases.8,27

Since antibodies have four N-termini (two identical heavy chain
and two identical light chain units), we hypothesized that the
sequence dependence of this reaction could give control over
the total number of attachments. Antibodies such as anti-HER2
have one set of glutamate-terminal chains, for up to two
attachment sites, but by mutation of the antibody terminal
sequences, the modification of both sets of chains also proved
to be possible, enabling the attachment of up to four groups.
The attachment of small molecules to the N-termini via oxime
formation did not disrupt the antigen binding ability, as
determined by flow cytometry. Overall, these findings establish
RS as a facile and readily scalable method to obtain antibody
conjugates in good yield and with control over the number of
attached groups.

■ RESULTS AND DISCUSSION

Although we have found PLP to be an effective transamination
reagent in a number of different contexts, we found that its
reactivity can suffer from batch-to-batch variability. In addition,
the preference for positive charges near the N-terminal
positions to obtain optimal activity may be difficult to achieve
in some cases.21 We thus sought alternative aldehyde reagents
that possessed similar reactivity but might be more applicable
to large scale protein modification reactions.
In our original report of site-specific N-terminal trans-

amination on proteins, a number of common aldehydes were
screened for transamination ability, and PLP was identified as a
uniquely effective reagent.16 However, this screen was carried
out using angiotensin as a single substrate. Given our later
findings in terms of the dependence of PLP-mediated
transamination on the N-terminal sequence, it seemed likely
that this initial screen could have failed to identify other, more

Figure 1. Site-specific protein modification can be achieved using
transamination reagents (1a or 1b) that oxidize the N-terminal amine
to a ketone or an aldehyde group. The newly introduced carbonyl
group is not natively found on proteins and thus can be used for
conjugation to a synthetic group (R′ONH2) through the formation of
an oxime linkage. (a) Shown is a monoclonal antibody, which has two
identical light chains and two identical heavy chains. This provides four
N-termini as potential sites of attachment (only one shown). (b)
Previous work used pyridoxal 5′-phosphate (PLP, 1a) as a trans-
amination reagent, and this work identifies N-methylpyridinium-4-
carboxaldehyde benzenesulfonate salt (Rapoport’s salt, 1b) as a highly
effective transamination reagent for acid-rich N-terminal sequences.

Figure 2. (a) A one-bead−one-sequence combinatorial peptide library, in which the three N-terminal residues were varied, was used to screen
potential transamination reagents (1) against all possible N-terminal sequences simultaneously. After transamination, the keto-group-containing
peptides were identified through the covalent attachment of a visible dye (DispRed-ONH2, 2) through oxime formation. (b) To adjust the sensitivity
of the colorimetric detection method, a colorless alkoxyamine (BnONH2, 3) was combined with DispRed-ONH2 in varying ratios. A peptide
sequence (AOT terminal, with similar reactivity to AKT termini) and a transamination reagent with known reactivity (PLP, 1a) were used to
generate beads with high (75%) and low (20%) levels of modification. The greatest visual distinction between beads bearing high and low
modification levels was observed when using 80:20 ratio of 3 to 2.
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practical aldehyde reagents that could achieve similarly high
levels of transamination but with other sequence preferences.
Such combinations would most readily be identified using
combinatorial peptide library screening platforms that can
evaluate the transamination ability of candidate reagents against
all combinations of N-terminal sequences simultaneously
(Figure 2a).
Synthesis of the Combinatorial Peptide Library and

Assay Calibration for Transamination Screening. A one-
bead−one-sequence combinatorial peptide library was first
prepared using split-and-pool synthesis.28 The capping of a
small portion of the growing peptide chains during the
synthesis of the variable positions provided a truncation ladder
for sequencing beads of interest by intact ion mass
spectrometry.21 Because we sought to identify short motifs
that could easily be incorporated into proteins, the diversity in
the library was limited to the three N-terminal positions. The
variable positions included each of the 20 natural amino acids,
resulting in an 8000-member library.
To identify the library sequences that had been trans-

aminated to form a keto-peptide, a colorful, Disperse Red based
alkoxyamine reagent (2, DispRed-ONH2)

21 was used in a
subsequent oxime-formation reaction. The resulting beads
possessing the desired oxime product thus took on a bright red
color. In our previous work, however, it was found that the
color on the beads saturated at ∼30% oxime yield, making it
difficult to identify the highest yielding reaction combina-
tions.21 For the next generation of this screening technique, we
recalibrated the detection scheme such that a visually red bead
would correspond only to a high oxime yield (Figure 2b). To
do this, reaction conditions were established that would result
in beads with a low and high level of modification using a
known transamination reagent (PLP) and peptide sequence.
The peptide used was AOTWSNAG (where O stands for
ornithine), which was found to have similar reactivity to a
previously reported AKT sequence.21 With this sequence,
incubation with 100 μM PLP for 18 h resulted in 20% oxime
yield (representing a low modification case), as verified by LC−
MS quantification of the corresponding benzyloxime. Incuba-
tion with 10 mM PLP for 18 h resulted in 75% yield,
representing a high conversion case. Then DispRed-ONH2 was
combined with different ratios of a colorless alkoxyamine
(benzylalkoxyamine, BnONH2) to find a ratio that resulted in
the greatest visual contrast between low and high oxime yields.
With a low stringency ratio (a low proportion of BnONH2,
33%), beads with both high and low levels of modification
resulted in a red color, and with a high stringency detection
ratio (99% BnONH2) neither case had a red color. An
intermediate ratio was found (80% BnONH2), wherein the
highly transaminated beads were evident. Thus, this ratio of
alkoxyamines was used for subsequent library screening to
identify transamination conditions that resulted in maximal
yields.
Identification of a New Transamination Reagent for

Glutamate-Terminal Sequences. Portions of the library
were incubated with 10 mM concentrations of a series of
aldehyde reagents at pH 6.5. Substrates screened included
salicylaldehyde, 2-hydroxy-5-nitrobenzaldehyde, benzaldehyde,
glyoxylic acid, and N-methylpyridinium-4-carboxaldehyde
(Rapoport’s salt, 1b). In the case of Rapoport’s salt (RS), it
was found that a large proportion of the beads turned red using
the low stringency assay conditions, indicating that most
sequences had at least some degree of reactivity (Figure 3a).

This reagent is particularly promising for transamination
reactions because it is inexpensive (particularly if synthesized
in-house)22 and the reagent can be purified before use via
recrystallization from acetonitrile. Relative to PLP, this reagent
is also more amenable to structural modifications, which could
be explored as ways to increase reactivity in future studies. RS
has been reported previously as a transamination reagent for
small molecules in organic solution,29,30 suggesting that it could
serve as a protein transamination reagent as well. The other
aldehydes screened had lower activity, and some suffered from
limited aqueous solubility. In some cases initial leads were
followed but found to lack reactivity upon verification.
Since most sequences showed some reactivity toward RS

using the low stringency assay conditions (Figure 3a), the few
remaining colorless beads were selected to see which sequences
showed no transamination reactivity. Proline in the N-terminal
position was identified as the common motif among the
colorless beads. This result was not unexpected given that as a
secondary amine, proline is not able to undergo the standard
transamination mechanism. Previous studies with PLP did
show appreciable reactivity using the transamination/oximation
procedure,20 although the resulting product has not yet been
fully characterized and was not observed with RS.
To identify the optimal N-terminal sequences for RS-

mediated transamination, higher stringency detections of
oxime yield were applied to the library (Figure 3b). After
reaction with 10 mM RS for 1 h in pH 6.5 phosphate buffer
followed by oxime formation with a 80:20 ratio of 3 to 2, a
small number of red beads were observed. These beads were
collected and sequenced, and the common pattern identified
was multiple glutamate residues at the N-terminus (the full list
of sequences appears in Supporting Information, Figure S2).
The screen was next repeated using a higher ratio of the
colorless alkoxyamine BnONH2 (95%) to provide an even
more stringent filter for high oxime yield (Figure 3c). Again the
same reactive motif was identified by sequencing these red

Figure 3. Library screening to identify reactive sequences toward
Rapoport’s salt-mediated transamination. The library was treated with
10 mM RS for 1 h at pH 6.5, followed by oxime formation with the
specified ratios of BnONH2 (x%) and DispRed-ONH2 (100 − x%).
The active sequences were identified by selecting and sequencing the
red beads in the library. When a low stringency screen was applied (a),
many beads had a red color, indicating that many sequences form
some degree of oxime product. In this case, the beads that remained
colorless were selected, and proline was identified as an N-terminal
residue that prevented reactivity. To identify sequences that led to
high levels of oxime product, more stringent screens were used that
could distinguish low from high levels of oxime yield (b, c).
Sequencing the red beads from these screens identified glutamate-
terminal sequences as a common reactive motif.
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beads: glutamate in the N-terminal and second positions, with
less consensus at the third position.
Another question about reactivity that could be answered

using the library was whether residues in the second or third
position could significantly reduce the high reactivity of
glutamate-terminal sequences. Knowledge of whether certain
neighboring residues should be avoided is particularly
important for incorporation of the reactive motif onto protein
substrates. To address this question, a glutamate-terminal
subset of the library, in which all peptides had E as the N-
terminal residue and the second and third positions were varied
(EXX), was screened. Sequencing the colorless beads after
transamination and oxime formation on this subset of the
library revealed a consensus motif that had proline in the
second position (Supporting Information, Figure S2). Thus, the
library screening identified glutamate-terminal sequences as
highly reactive and sequences with proline in the N-terminal or
second position as less reactive toward RS-mediated trans-
amination. Although the third position had a lesser effect on
reactivity, we selected EES as the highly reactive sequence to
test on peptide and protein substrates. PES and EPS were used
as representative nonreactive sequences to explore how much
the change of a single amino acid could affect the reactivity.
Verification of RS-Mediated Transamination Using

Peptides. To verify the reactive and nonreactive sequence
motifs identified by library screening, peptides of the form
XXXWSNAG were synthesized. After synthesis, the peptides
were treated with RS as described above, followed by
benzylalkoxyamine for quantification of the oxime yield by
LC−MS. The optimal sequence peptide, EESWSNAG, led to
high modification yield, as seen in Figure 4a. A screen of the
reaction conditions, varying the concentration of RS and the
reaction time, was next performed. These screens (data shown
in Figure S3) identified exposure to 100 mM RS for 1 h at pH
6.5 as the conditions resulting in high transamination yield with
few byproducts. This reaction protocol was subsequently used
to evaluate all of the peptide substrates. As seen in Figure 4b,
the EE-terminal peptide resulted in over 80% transamination.
Not all of the transaminated, keto-peptide species (shown in
yellow) was converted to oxime (blue) under the oxime
formation conditions used. A small amount of covalent addition
of RS to the N-terminus was also observed (green), which is
presumed to be an aldol-type addition. This byproduct was
observed in higher yields with longer reaction times but could
be minimized through the use of shorter reaction times (45 min
to 1 h, Figure S3).
To test whether the EE-terminal motif was optimal only for

RS or was highly reactive toward transamination in general, the
modification of this sequence with PLP-mediated trans-
amination was examined as well (Figure S3c). Under the
same reaction conditions the yield was much higher using RS,
indicating that the library screening protocol had identified an
optimal reagent/sequence pair. The observed reactivity of the
EE-terminal peptides with RS was comparable to the AKT-
terminal sequence we had previously identified as optimal for
PLP.21 The N-terminal site-specificity of RS-mediated trans-
amination was confirmed using tandem mass spectrometry for
both the transaminated keto-peptide and the benzyloxime
(Figures S5, S6, and S7).
Because of their structural similarity, aspartate-terminal

sequences were also examined. E- and D-terminal peptides
were found to have significantly different yields toward RS-
mediated transamination, as shown in Figure 4b. The mass

spectra indicated that decarboxylation of the aspartate-terminal
peptide occurred during the transamination reaction, as has
been observed previously using PLP.20 Comparison with an
alanine-terminal peptide showed that the aspartate-terminal
sequence had a more similar reactivity to alanine (which it
resembles after decarboxylation) than glutamate. Therefore, we
concluded that optimal sequences for RS-mediated trans-
amination are glutamate-terminal sequences and that D and E
are not interchangable for the N-terminal position for this
reaction.
The nonreactive sequences identified by library screening

were also verified on resynthesized peptides. The proline-
terminal peptide (PES) resulted in neither transamination nor
oxime formation. The glutamate-terminal sequence with

Figure 4. Verification of library screening results using peptides.
Sequences were resynthesized in the form XXXWSNAG. (a) An ESI
mass spectrum of EESWSNAG showed high conversion to the oxime
product under the standard reaction conditions. (b) Various N-
terminal sequences were subjected to the same reaction conditions,
and the product yields were quantified by LC−MS. The reported data
represent the average of three replicate experiments (Figure S4). (c)
Three products were observed: transaminated keto-peptide that did
not form an oxime, the desired oxime product, and oxime with the
addition of RS to the N-terminus (proposed structure drawn).
Aspartate-terminal peptides were observed by mass spectrometry to
decarboxylate during transamination. A proline-terminal sequence was
confirmed to have no reactivity toward RS-mediated transamination.
With proline in the second position, the reactivity of the E-terminal
sequence was substantially decreased.
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proline in the second position (EPS) did result in some oxime
product but at a yield that was significantly less than that of the
multiglutamate-terminal peptide. This result underscores the
impact of a single amino acid substitution in an internal
sequence position.
Chain-Specific Modification of Anti-HER2 Human

IgG1. Given that the heavy chain of human anti-HER2 IgG1
(Herceptin)31 has an N-terminal glutamate residue, the wild-
type antibody provided a suitable substrate to test RS-mediated
transamination on a protein. The wild-type anti-HER2 antibody
(denoted as wild-type, WT), which was commercially obtained
from Eureka Therapuetics (Emeryville, CA), has a EVQ-
terminal heavy chain and a DIQ-terminal light chain.31 We also
expressed an N-terminal mutant of the antibody in HEK cells
to introduce additional reactivity using the EES optimal
sequence on both chains. For the transamination reaction,
the antibodies were incubated with a freshly prepared 100 mM
solution of RS for 60 min in pH 6.5 phosphate buffer at 37 °C.
After transamination and removal of the excess small molecule,
the antibodies were incubated with BnONH2 for 48 h at room
temperature in pH 5.5 phosphate buffer. The modification of
each chain was then analyzed and quantified using mass
spectrometry.
The heavy chain wild-type sequence provided 67%

conversion to the oxime product, in which 15% also included
the RS adduct (Figure S9). In contrast, no modification was
observed for the light chain (Figure 5a). This is likely because
the steric environment of the folded protein reduces the
accessibility of the already less-reactive substrate (DIQ terminal
sequence). The complete lack of modification also clearly
demonstrated that RS does not react with lysine side chain
amines or other residues. The net result of this experiment is
that RS-mediated transamination of the wild-type sequence
allowed the selective modification of only the heavy chain. We
have not yet carried out studies to determine whether the
presence of the small percentage of adduct affects the biological
properties of the antibody. This reactivity pattern was also
observed on another widely used human IgG1, anti-hTNFα
(Invivogen, San Diego, CA), which also has a glutamate-
terminal heavy chain and an aspartate-terminal light chain
(Figure S13).32

To see if both antibody chains could be modified through
sequence alteration, we prepared a herceptin analogue in which
all N-termini were extended by three residues to add the EES
motif. These antibodies were modified on both the light and
the heavy chains (56% and 68%, respectively). During the
expression of this mutant, we observed some improper cleavage
of the IL2 signal sequences, which led to the production of a
small proportion of light and heavy chains that lacked the N-
terminal EE groups. The resulting serine-terminal analogues
were not modified to the same extent as the EES sequence on
the heavy chain, and we observed no modification for the
serine-terminal light chain (Figure S12). Overall, these
experiments demonstrate that this new RS method can achieve
a previously inaccessible degree of labeling control for one or
both sets of antibody chain termini.
Since the N-termini of the antibody heavy and light chains

flank the antigen binding domains (but are not part of the
hypervariable loops, Figure 1a),33 it was important to confirm
that the modification of these locations did not disrupt antigen
binding. To evaluate this, we used AlexaFluor 488-ONH2 to
label transaminated antibodies, and we used flow cytometry
(Figure 5b) to compare the unmodified antibodies (top

histograms) to their N-terminally modified counterparts
(bottom histograms). In each experiment, the antibodies were
incubated with HER2 overexpressing cells (MCF7 clone 18).34

The AlexaFluor 488 dyes were detected directly, and an anti-
human IgG fluorescently labeled with peridinin chlorophyll
protein (PerCP) was used as a secondary detection method. As
shown in Figure 5b (right set of histograms), no significant
disruption of binding was observed for any of the AlexaFluor
488 oxime conjugates. The left histograms of Figure 5b indicate
that the fluorophore-labeled antibodies were specifically
involved in the binding, as only species modified with the

Figure 5. IgG modification using RS-mediated transamination. (a)
Wild-type anti-HER2 human IgG1 antibodies, as well as mutants with
EES N-terminal sequences, were treated with RS, followed by oxime
formation with BnONH2. The heavy and light chains were separated
for mass spectrometry quantification of the benzyl oxime product. The
wild-type antibody showed modification of the heavy chain and no
modification of the light chain, while the mutant with EES on both sets
of termini exhibited modification of both chains. (b) The antigen
binding ability of wild-type (WT) and EES-terminal anti-HER2
antibodies postmodification (transaminated by RS, followed by oxime
formation with AlexaFluor 488-ONH2) was confirmed using flow
cytometry. MCF7 clone 18 cells (a HER2 positive cell line) were
subjected to modified (bottom histograms) and unmodified (top)
wild-type and EES-terminal antibodies. By direct detection of the
AlexaFluor 488, the binding of modifed antibodies was seen (bottom
left), while the unmodified showed no fluorescent shift (top left). In
order to compare the binding of the modified antibodies to
unmodified, the unmodified species were detected using a secondary
detection method: anti-human IgG PerCP-conjugated 2° F(ab′)2
(right histograms). Both wild-type and EES-terminal antibodies
modified with the fluorophore retained similar binding affinity and
specificity to the unmodified ones. Nonspecific human IgG1 and PBS
were used as negative control agents. Jurkat cells (a HER2 negative cell
line) did not bind to either unmodified or modified anti-HER2
antibodies (Figure S15).
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AlexaFluor dye showed fluorescence shifts in this channel.
Jurkat cells, which are a HER2-negative cell line, were used as a
negative control. Neither modified nor unmodified antibodies
were observed to bind these cells. To demonstrate that it is
possible to attach larger groups using RS-mediated trans-
amination, we also used a 5000 Da MW poly(ethylene glycol)
alkoxyamine reagent35 to attach a polymer to the antibody
(Figure S13).
Discussion. The peptide and protein studies presented

herein demonstrate the potential of RS to be a highly practical
protein modification method. There are other effective and
long-standing N-terminal modification reactions, such as the
oxidation of N-terminal serine residues with periodate.
However, this method is incompatible with a number of
protein classes. For example, the glycans on antibodies will
result in periodate-based cleavage as a side reaction,10 while the
RS-mediated reaction does not suffer this competing pathway.
Relative to other transamination reagents we have used, RS is
inexpensive and easy to recrystallize to a high degree of purity.
RS-mediated transamination enables the attachment of the
synthetic group to the protein via an oxime linkage. We have
found these N-terminal oximes to be stable over weeks and
even months, particularly when the protein is stored at 4 °C.19

We also have tested the stability of oximes formed with N-
terminal pyruvamide groups in previous studies.36

As with many bioconjugation reactions, the purification of
the modified product can be challenging. For applications that
require it, the properties of the attached synthetic group will
likely dictate the most successful strategy. As examples,
hydrophobic ion chromatography (HIC) could be used to
isolate antibody−drug conjugates,37 while ion exchange could
be used to isolate bioconjugates with differing charge.38

Nonetheless, current efforts in our labs are complementing
these studies by developing new techniques that can achieve
bioconjugate purification in a more general fashion.

■ CONCLUSIONS

Through these studies, we have demonstrated that combina-
torial peptide libraries can be used as a tool to accelerate the
discovery of protein modification reactions. Given the
importance of pairing a transamination reagent with its optimal
N-terminal sequence, this method can be used to evaluate the
transamination capability of candidate reagents and to identify
their optimal N-terminal sequences simultaneously. Currently
we are synthesizing rationally designed pyridinium derivatives
that are anticipated to have enhanced reactivity. Using the
information obtained from library screening in the present
work, we have demonstrated site-specific modification of
monoclonal antibodies with good yields and that it is possible
to control whether the heavy chain or the heavy and light
chains are modified. RS-mediated transamination of antibodies
(and other glutamate-terminal proteins) is facile and should be
readily scalable, thus potentially providing a suitable method for
the practical production of desired antibody conjugates.

■ EXPERIMENTAL SECTION
Solid-Phase Peptide and Combinatorial Library Synthesis.

The combinatorial peptide library and individual peptides were
synthesized following previously reported protocols, which are
described in the Supporting Information.21

General Procedure for Library Screening. Portions of resin-
bound library (approximately 25 mg of resin at a time) were treated
with 1 mL of freshly prepared 10 mM RS solution in 50 mM

phosphate buffer, pH 6.5, with 0.02% NaN3 and 10% DMF at room
temperature. After 1 h of reaction time, the resin samples were washed
with three portions of deionized water, followed by three portions of
DMF to remove residual aldehyde. The library was then incubated
with 1 mL of a mixture of Disperse Red alkoxyamine and O-
benzylhydroxylamine hydrochloride (BnONH2) in the specified ratio
in a 1:1 H2O/DMF solution for 3 h at room temperature. The excess
alkoxyamine was removed by rinsing with three portions of
dichloromethane (DCM), followed by three portions of DMF. The
beads were then rinsed with ethanol and transferred to a Petri dish for
visual inspection. The beads were examined using a Leica S6D
microscope and L2 light source (Leica, Germany) equipped with a
Moticam 2300 3.0 MP camera using Motic Image Plus 2.0 ML
software for capturing images. Individual red beads were manually
removed using a Pipet-Lite LTS L-20 pipet (Rainin, Oakland, CA) and
transferred to PCR tubes for sequencing. The residual ethanol in the
tubes was removed by pipetting.

General Procedure for Library Sequencing. The procedure for
sequencing individual beads from the library is described in the
Supporting Information.

General Procedure for RS-Mediated Transamination of
Resin-Bound Peptide Substrates. Portions of resin-bound peptides
(∼10 mg of resin) were treated with 1 mL of 100 mM freshly prepared
RS solution (or the specified concentration) in 50 mM phosphate
buffer, pH 6.5, with 0.02% NaN3 and 10% DMF at room temperature.
After 1 h of reaction time, the resin was washed with three portions of
deionized water, followed by three portions of DMF to remove
residual aldehyde. The peptides were then incubated with 1 mL of a
250 mM BnONH2 solution in water for 3 h at rt. The resin was then
rinsed with three portions of deionized water, followed by three
portions of DMF. The peptides were then cleaved from the resin via
incubation with 300 μL of a 100 mM sodium hydroxide solution for 30
min. The resulting peptide solution was added to 700 μL of 50 mM
phosphate buffer (pH 6.5). The resulting solution was diluted 20-fold
into doubly distilled H2O for mass spectrometry analysis.

Antibody Expression. The construction of the heavy chain and
light chain antibody expression plasmids and the expression of these
proteins in human embryonic kidney cells are described in the
Supporting Information.

General Procedure for RS-Mediated Transamination of
Protein Substrates. Protein and RS stock solutions were prepared
at twice the desired final concentration and mixed in equal volumes in
a 1.5 mL Eppendorf tube. The final volume of each reaction was 100
μL. The 2× protein stock solutions were prepared at 0.5−1 mg/mL in
25 mM phosphate buffer at pH 6.5. The 2× RS stock solution (200
mM) was freshly prepared before each reaction in 25 mM phosphate
buffer (with 0.02% NaN3), pH 6.5, (using RS recrystallized from
acetonitrile). The reaction mixture was briefly agitated to ensure
mixing and then incubated without further agitation at 37 °C for 1 h.
Following the reaction, the excess aldehyde was removed using NAP
Sephadex size exclusion columns (GE Healthcare, USA). The resulting
keto-protein solution was then concentrated and buffer exchanged
using 0.5 mL spin concentrators with a MWCO of 10 kDa (Millipore,
Billerica, MA). The buffer exchange first involved the dilution of each
sample to 500 μL with 25 mM phosphate buffer (pH 6.5). Each
sample was then concentrated to 100 μL, and the process was repeated
3 times. The resulting keto-protein was then treated with the
alkoxyamine stock solution of choice in a 1.5 mL Eppendorf tube and
incubated at room temperature for 48 h. The alkoxyamine stock
solutions and their final concentrations used were the following: 125
mM BnONH2 (in water with the pH adjusted to 5.5), 5 mM PEG(5
kDa)-ONH2 solution (in water), and 2 mM AlexaFluor 488-ONH2

solution (in water and DMSO). For PEG and AlexaFluor 488
modification, 100 mM aniline was also used as a catalyst. After oxime
formation, the NAP column and buffer exchange steps were again
repeated to remove the excess alkoxyamine to stop the reaction. The
reduction and capping of antibody chains for mass spectrometry
analysis of modification of the heavy and light chains are described in
the Supporting Information.
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Flow Cytometry of Antibody Mutants. The flow cytometry
procedure for the determination of the HER2 binding ability of the
unmodified and modified anti-HER2 IgG1 mutants is described in the
Supporting Information.
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