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AbstrAct

OptimizatiOn Of prOtein BiOcOnjugatiOn reactiOns using cOmBinatOrial 
peptide liBraries

By

leah suzanne Witus

dOctOr Of philOsOphy in chemistry

university Of califOrnia, Berkeley

prOfessOr mattheW B. francis, chair

The covalent attachment of chemical groups to proteins is an important tool for many 
areas of chemical biology, including the study of protein function and the creation of 
protein-based materials. In order to create well-defined protein bioconjugates, methods 
of site-specfic protein modification are required. We have developed a high-throughput 
method of optimizing protein bioconjugation reactions using a combinatorial peptide 
library in which short peptides serve as a model for protein reactivity. The library 
screening was achieved using a one-bead-one-compound peptide library, a colorimetric 
detection scheme to identify high-yielding sequences, and a deconvolution method 
using a built-in peptide truncation ladder for rapid mass spectrometry sequencing of hit 
beads. We applied this screening platform in the context of a pyridoxal 5’-phosphate 
(PLP)-mediated transamination reaction specific for the N-terminus, and were able 
to identify an N-terminal sequence with high reactivity towards this reaction that can 
be incorporated into proteins of interest to result in high levels of modification. The 
screening platform was also used for the discovery and optimization of new N-terminal 
protein modification reactions. 
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Chapter 1:
Site-Specific protein Modification

AbstrAct

The chemical modification of proteins is an important tool for a wide range of endeavors, 
including the investigation of biological function, the construction of new biomaterials, and 
the development of novel therapeutics. The generation of a bioconjugate that is modified 
in a single, predicted site on the surface of a protein is a difficult task, but one that is often 
crucial for the success of a given application. Reviewed herein are a number of traditional 
protein bioconjugation reactions that modify native amino acid side chains, as well as 
some more recent advances in site-specific modification. 
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1.1 Protein bioconjugAtes in chemicAl biology

The chemical attachment of synthetic groups to proteins is a widely used method to 
add non-native functionalities to biomolecules. While proteins have evolved to perform a 
variety of sophisticated functions, there are many circumstances in which it is desirable to 
impart additional characteristics to them (Figure 1-1). The creation of such bioconjugates 
facilitates the study of protein function as well as the creation of novel protein-based 
materials.

The attachment of fluorophores to proteins as a visualization handle has been an enabling 
tool for the study of protein localization and function in both in vitro and in vivo systems. 
Protein-fluorophore conjugates have been used to investigate protein conformational 
changes through fluorescence resonance energy transfer (FRET) between two dyes, each 
attached to different domains of the same protein.1 FRET between dyes on two different 
proteins of interest can also used to study protein-protein interactions. For the imaging 
of cellular components, one of the traditional techniques for studying the localization of 
proteins and analytes of interest, immunolabeling, relies on protein bioconjugates. In this 
technique, a fluorophore is conjugated to a primary or secondary antibody in order to 
target the dye to the location of the analyte of interest.1 Although modern biolgogical 
imaging utilizes on a wide variety of techniques to label proteins of interest, including 
genetic fusions with fluorescent proteins, protein-dye bioconjugates continue to play an 
important role.2,3,4

In addition to the study of biological function, the bioconjugation of synthetic groups to 
proteins has played a major role in medical applications. The development of novel protein 
therapuetics often involves the attachment of a polymer or drug molecule to a protein. 
The purpose of these conjugates is to improve the pharmacokinetic properties of the 
therapeutic component, which can be either the protein or the synthetic attachment. For 
therapeutic proteins, the conjugation to a biocompatible polymer such as poly(ethylene 
glycol) (PEG) can improve the serum half-life, decrease immunogenicity, and enhance 
stability of the protein.5,6,7 The pharmaceutical industry is also pursing antibody-drug 
conjugates.8,9 In this class of biologics, the attachment is the therapuetic agent, often a 
small molecule drug, and the protein is used for its targeting capability. The specificities 
and affinities of antibodies for their targeted biological analytes in the diseased tissue 
enables highly potent cytotoxic drugs to be administered.

exogenous attachment:
fluorphore
polymer
surface

drug
protein:

unique binding, structural, or 
therapuetic properties

protein bioconjugate

Figure 1-1. The attachment of synthetic groups to proteins to form protein bioconjugates is an important tool for 
many endeavours in chemical biology.
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Protein bioconjugates have also been used in the generation of new protein-based 
materials. The attachment of synthetic components can be used in the creation of 
materials that utilize the novel structural or functional properties of proteins. Many binding 
proteins and enzymes, which have evolved over millions of years, possess functional 
abilities that are unmatched even by state-of-the-art synthetic compounds. One such 
example is the metallothionein class of metal binding proteins.10 These proteins have 
evolved to sequester toxic heavy metal ions specifically in the presence of much higher 
concentrations of innocuous metal ions. The conjugation of polymer chains to one such 
metallothionein to create a protein-polymer hybrid material allowed this protein to be used 
for detection of contaminated drinking water through a size change of the hydrogel.10 
The unique structural properties of proteins can also be exploited for the creation of 
new materials by attaching functional components. The Tobacco Mosaic Virus (TMV) 
coat protein has multiple accessible self-assembly states, including disks and rods. This 
regular assembly has been used to align donor and acceptor chromophores precisely to 
build light harvesting devices.11,12 Many other types of protein-based materials have been 
generated as well by attaching proteins to surfaces, beads and nanoparticles.

1.2 trAditionAl methods of chemicAl bioconjugAtion

To access the protein bioconjugates used in the aforementioned biological, medical, 
and material applications, chemical reactions capable of ligating a synthetic moiety of 
choice to a protein are required. Protein bioconjugation reactions present a considerable 
synthetic challenge. With hundreds of polar, unprotected functional groups, the protein 
substrate dwarfs other complex organic molecules. In order to avoid protein denaturation, 
the reaction conditions are generally limited to aqueous media, near neutral pHs, mild 
temperatures, and the reactions must be run at submillimolar substrate concentrations. 

Several bioconjugation methods modify the native amino acid side chains possessing 
reactive functionalities.13 These residues include the thiol group of cysteine, the amine 
group of lysine and the carboxylates of aspartate and glutamate. A synthetic reagent 
of choice can be conjugated to the protein if it contains an appropriate functionality to 
react with one of these side chain functional groups. One example of the many modes 
of reactivity available for lysine, glutamate, aspartate, and cysteine residues is shown 
in Figure 1-2.14 Lysine side chain amines can be targeted with N-hydroxysuccinimide 
(NHS) ester-containing reagents (1) to form amide linkages. The carboxylic acid group of 
aspartic and glutamic acid residues can also be used to form an amide bond linkage with 
an amine-containing reagent (2) using water-soluble activating agents such as 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC). Cysteine modification can be achieved via 
alkylation with maleimide regents (3) as well as disulfide formation with thiol-containing 
compounds.13 
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1.3 imPortAnce of site-sPecific bioconjugAtion

The use of native side-chain functionalities for protein bioconjugate formation often 
results in heterogeneous product distributions. This results when multiple copies of 
the targeted amino acid exist on the protein surface. For instance, if a protein contains 
multiple lysine residues on its surface (large proteins such as antibodies can have up to 
100 surface accessible lysines9), it is difficult to control the number and location of the 
attachments. While there are some cases for which this does not matter, many applications 
require architecturally precise bioconjugates. Heterogeneous mixtures of therapuetic 
bioconjugates may have different pharmacokinetic properties, affecting both analysis 
and efficacy. Additionally, the indiscriminate attachment of multiple synthetic groups to 
a protein results in a higher likelihood that its native function will be disrupted due to 
blocking of the active site or other important residues. In order to form an attachment in 
a single, specific location on a protein surface, site-specific bioconjugation reactions are 
required.

Of the traditional bionojugation techniques, cysteine modification can often result in 
site-specific attachment due to the low natural abundance of cysteine residues on the 
surfaces of proteins.15 Genetic mutation is a widely used technique to introduce a solvent-
accessible cysteine in a desired location on the protein, giving a single conjugation 
site. However, there are cases in which it is inconvenient or impossible to introduce or 
modify a single copy of this residue without sacrificing protein function. For example, 
the metal binding ability of metallothioneins relies on multiple cysteine residues in their 
active sites,10 and antibodies are held together by structurally important disulfide bonds, 
which may not form properly with the introduction of an additional cysteine.9 Additionally, 
a growing number of applications, such as FRET-based sensors, require the modification 
of proteins in two distinct locations. While cysteine modification may be used to install the 
first group, compatible site-specific modification methods that can be used to install the 
second functional group are in short supply.

NH2

SH

HO

O
n

N

O

O

O

O

N

O

OH2N

S

NO

O

protein

H
N

O
proteinH

N

O
n protein EDC

1
2

3

Figure 1-2. There are many reactions that target native amino acids such as lysine, glutamic and aspartic acid, and 
cysteine residues. However, it is not always possible to use these residues for bioconjugation in a site-speci�c 
manner.
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1.4 recent AdvAnces in site-sPecific bioconjugAtion

The challenges of protein bioconjugation reactions are exacerbated when site-selectivity 
is an additional requirement. Bioconjugation can be accomplished in a single step or by 
using two sequential reactions. In a one-step bioconjugation, the reaction entails the 
ligation of the reagent of interest to the protein in an A+B manner (Figure 1-3). In two-
step bioconjugation strategies, the primary reaction introduces a unique functional group 
to the protein as a reactive handle, while the secondary reaction uses this functionality 
in the coupling reaction. To achieve site-specificity, the primary reaction must target a 
single location on the protein. Furthermore, the ligation reaction must be bioorthogonal, 
whether it takes place in the first or second step. This requires that no other native protein 
functionalities will react other than the desired coupling partner. Recent research efforts 
have resulted in the development of both types of methods for the production of site-
specific protein bioconjugates.

One strategy for site-specific bioconjugation is the use of reactions that target native 
amino acids with a low natural abundance,15 so that mutagenesis may be able to introduce 
a unique solvent-accessible copy. Tryptophan and tyrosine fall into this category, and 
multiple bioorthogonal reactions have been developed for these residues. Tyrosine 
residues can be modified using aldehydes and anilines in a three-component Mannich 
type reaction,16 π-allylpalladium complexes,17 cyclic diazodicarboxamides,18 and anisidine 
derivatives using cerium(IV) ammonium nitrate,19 among others. Tryprophan residues 
can be targeted using rhodium carbenoids,20 or phenylene diamine derivatives with 
cerium(IV) ammonium nitrate.19

Another widely-utilized method to achieve site-specificity is the targeting of native 
functionalities that occur only once in the protein sequence, namely the N- and C-termini. 
This strategy has been used to develop both one-step ligation reactions and to install 
functional handles for two-step bioconjugation schemes. One-step bioconjugation 
reactions utilizing these sites include the reaction of N-terminal tryptophan and histidine 
residues with aldehyde-containing reagents to form Pictet-Spengler products,21 and 
the use of N-terminal cysteine residues to form thioazolidines.22 Other bioconjugation 

a) one-step bioconjugation strategies

A B+

A B+

b) two-step bioconjugation strategies

1° reaction 2° reaction

Figure 1-3. Site-speci�c bioconjugation can be performed in one or two steps. a) In a one-step bioconjugation 
reaction, the ligation takes place between a single native protein functional group and a exogenous reagent 
bearing the appropriate coupling partner. b) In two-step bioconjugation strategies, a reactive handle is �rst incor-
porated into the protein in a single location. This group is used for a bioorthogonal ligation in the second step.
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strategies that target the termini introduce bioorthogonal handles in these positions. A 
thioester can be installed at the C-terminus through expressed protein ligation (EPL), and 
can then react chemoselectively with cysteine derivatives in a native chemical ligation 
reaction.23,24 If the N-terminal residue is a serine or thrionine, the 2-amino alcohol group 
can be oxidized with sodium periodate to result in an aldehyde on the N-terminus.25 This 
aldyhyde functionality can then be used for a secondary bioorthogonal ligation, although 
the use of sodium periodate can oxidize sugars and sulfur-containing residues on the 
protein.26 An alternative method of introducing a keto-group at the N-terminus that is 
widely applicable to many N-terminal residues and utilizes mild reaction conditions that 
do not affect other protein functionalites is pyridoxal 5’-phosphate-mediated N-terminal 
transamination,27,28,29,30,31 which is discussed in depth in Chapter 2. 

An alternate way to achieve site-specificity among native, highly abundant amino acids 
is the use of a unique recognition sequence for enzymatic labeling. Although enzymatic 
reactions are not as easily scalable as chemical reactions, enzymatic labeling reactions 
targeting specific recognition sequences can be highly useful, especially for modifying 
a single protein in a complex mixture. This can be achieved using biotin ligase and 
formylglycine-generating enzymes, which have been used to install ketones and aldehydes, 
respectively, on their recognition sequences.32,33 Appropriately functionalized substrates 
can also be directly conjugated to the recognition sequence using enzymatic techniques, 
as seen with bacterial sortases that capitalize on the tolerance of the enzymes for non-
natural oligoglycine substrates.34 Guanosine derivatives can also be used to modify 
specific domains of fusion proteins using the “SNAP” tagging strategy.35 These reactions 
provide just a few examples of the rapidly growing set of enzymatic labeling techniques 
that are now available.2,36

In addition to chemical and enzymatic reactions, another method of installing reactive 
handles is through the incorporation of an unnatural amino acid into the protein sequence 
during expression. This can be performed during in vivo protein expression by using the 
amber codon suppression developed by the Schultz lab, or by using in vitro expression.37,38 
The unnatural amino acid labeling technique is powerful because the reactive handle can 
be introduced in any desired location within the protein sequence using genetic methods, 
and a wide variety of functional groups can be incorporated. However, this is balanced 
with the complexity of this method. The choice of reactive handles for incorporation into 
the protein sequence is informed by the available arsenal of secondary bioorthogonal 
ligation reactions. 

1.5 secondAry bioconjugAtion reActions

To achieve site-specific protein bioconjugation, the exogenous group of choice can be 
directly coupled to native protein functionalities, but more often a reactive handle is 
installed in a single location first, followed by a secondary bioorthogonal ligation. These 
ligations must fit the criteria of all bioconjugation reactions: proceed in aqueous media 
with low substrate concentrations, and use mild pH and temperature conditions. The 
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ligations are generally A+B type couplings, and must be highly chemoselective so that 
the hundreds of other polar spectator groups present on the protein are not modified. 
Additionally, the coupling partner that is incorporated onto the protein in the first step must 
be inert and small. Although there are many recent developments in this field, a few well-
established and emerging ligation methods are described below.

One widely known ligation chemistry is the cycloaddition between an alkyne (4) and an 
azide (5) to form a triazol linkage (6), shown in Figure 1-4a. Although this reaction is 
often referred to as ‘click chemistry’, it is actually one of several such reactions described 
in a 2001 review by Sharpless and coworkers. The authors defined click reactions as 
reactions that are fast, high yielding, chemoselective, and compatible with mild reaction 
conditions.39 The alkyne-azide cycloaddition is thus one of many click reactions that are 
suitable for use on biomolecules. The reaction is orthogonal to biomolecule functionalies, 
and the coupling partners are inert in the absence of copper catalysts or activating 
groups. Both alkynes and azides can be site-specifically incorporated into proteins using 
artifical amino acids, and there are a number of commercially available azide- and alkyne-
functionalized dyes and polymers. Although the required copper catalyst poses an issue 
for certain biological applications, there have been recent advances in the development 
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Figure 1-4. Bioorthogonal ligation reactions.  After an appropriate coupling partner has been site-speci�cally 
introduced into the protein surface, a secondary ligation reaction can attach the reagent of interest. a) Either an 
alkyne or an azide can be incorporated into the biomolecule for the formation of triazol linkages. b) A recently 
developed oxidative coupling reaction targets proteins bearing aniline functionalities. c) The reaction between a 
carbonyl and a hydrazide or alkoxyamine to form a hydrazone or oxime linkage is a widely used ligation strategy. 
There are multiple ways to incorporate a carbonyl into the protein including site-speci�c N-terminal transamina-
tion, which is described in depth in Chapters 2, 4, and 5.
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of water-soluble copper ligands40 and copper-free ligations using cyclooctynes.41

To add to the toolbox of available reactions, a new chemoselective “click”-type 
bioconjugation reaction has been recently developed in the Francis group.42 This reaction 
is a sodium periodate-mediated oxidative coupling between an aniline (7) and phenylene 
diamine (8) or animophenol derivatives. It was developed based on the finding that 
anilines reacted rapidly and cleanly with N-acyl phenylene diamines in the presence 
of sodium periodate. The resulting “Bandrowski bases”43 were stable with respect to 
hydrolysis across a wide pH range, and could withstand strong reductants, oxidants, 
nucleophiles, and high temperatures. Although the original reaction yielded a trimeric 
species, it was found that the product symmetry could be broken by adding two alkyl 
groups to the phenylene diamine group.42 This prevented it from reacting with itself, but 
still allowed an additional aniline in solution to couple in an A+B fashion with very high 
efficiency. The aniline coupling partner can be incorporated into proteins using unnatural 
amino acid techniques. This oxidative coupling strategy can be used in the presence 
of the natural amino acids and nucleic acids without interference and can take place in 
aqueous solution at low micromolar concentrations, thus offering great potential for the 
attachment of exogenous groups to proteins.44

Another class of bioorthogonal ligation widely used in chemical biology is the reaction of 
carbonyls with hydrazides and alkoxyamines to form hydrazones and oximes, respectively. 
Carbonyl groups are not naturally found in proteins and after introduction as a chemical 
handle, aldehyde and ketone carbonyls are largely inert to native biological functionalities. 
As an additional advantage, carbonyl condensation reactions do not require potentially 
toxic metal additives to proceed and the linkages are small (as little as 3-4 atoms), so as 
not to disturb the biological function of interest. 

Imine ligations between carbonyls and amines are common synthetic transformations; 
however, the case of primary amines (11a), the equilibrium position in water lies toward the 
side of the carbonyl (10) and thus leads only to transient product formation (Figure 1-4d). 
In contrast, for amines with adjacent electronegative atoms such as nitrogen (hydrazides, 
11b) and oxygen (alkoxyamines, 11c), the equilibrium lies toward the side of the imine 
(12b-c, Keq = 104 to 108 M-1).45 The increased product stability of the α-effect imines can be 
attributed to the inductive effect of the electronegative heteroatom, which lowers the pKa 
of the imine nitrogen and increases its resistance to hydrolysis.46 The formation of these 
α-effect imines are highly chemoselective for aldehydes and ketones, proceed under mild 
aqueous reaction conditions, and lead to single adducts with no byproducts aside from 
water. 

One potential limitation of hydrazone and oxime ligations in biological applications is their 
rate profile. Imine ligations proceed with optimal kinetics at slightly acidic pH,47 but they 
are more sluggish at the neutral pH conditions that many biomolecules require. In order 
to compensate for this, high concentrations of the exogenous α-effect imine reagent can 
be added to the carbonyl-containing protein, since most proteins are not soluble or even 
available at concentrations above 100 μM. Additionally, to achieve higher coupling rates, 
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Dawson and coworkers have reported the use of aniline as a nucleophilic catalyst for 
imine ligations.48 The authors demonstrated significant rate enhancements of oxime and 
hydrazone ligations at pH 7 with <100 μM concentration of reactants. The mechanism of 
catalysis was proposed to involve the formation of a highly reactive protonated aniline 
imine as an intermediate. Aniline catalysis can thus significantly improve the utility of 
α-effect imine ligations for a number of biological applications.

One versatile aspect of oxime and hydrazone ligations is the range of product stabilities 
that can result. Raines and co-workers studied the hydrolytic stability of α-effect imines in 
detail.46 The order of product stability at pH 7.0 was found to be oxime > semicarbazone > 
acylhydrazone > primary hydrazone > secondary hydrazone. The range of hydrolytic half-
lives was significant, from over 25 days for oximes to approximately 30 min for secondary 
hydrazones. The differences observed in hydrolytic stability were attributed to the affect 
of the various α-heteroatoms on the protonation state of the imine nitrogen. Thus, oximes 
are the optimal choice for the creation of stable bioconjugates. However, the lability of 
hydrazone linkages can be an asset in certain applications, such as the coupling of 
prodrugs to carriers, dynamic covalent chemistry,49 and for proteomic approaches in 
which cleavable linkers are used to liberate biomolecules for identification after capture 
using affinity resins.50 This comparative study underscores the versatility of α-effect imine 
linkages–once a carbonyl coupling partner has been introduced into the biomolecule of 
interest, a highly stable or highly dynamic linkage may be installed through the selection 
of the α-effect amine. 

One of the most attractive aspects of using hydrazone and oxime chemistry in biological 
applications is the abundance of methods available for the site-specific introduction of 
ketones and aldehydes into proteins. This can be accomplished using chemical, enzymatic, 
and unnatural amino acid methods. One chemical method which achieves this goal is a 
transamination reaction that installs a carbonyl group at the N-terminus of proteins. Given 
the importance of the production of protein bioconjugates to applications in chemical 
biology, drug production, and materials science, there remains a need to expand the 
available bioconjugation tool box. The subsequent chapters present our progress in the 
development and optimization of N-terminal transamination reactions.
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Chapter 2:
Site-Specific protein Bioconjugation uSing a 
pyridoxal 5’-phoSphate-Mediated n-terMinal 

tranSaMination reaction

AbstrAct

The covalent attachment of chemical groups to proteins is a critically important tool for 
the study of protein function and the creation of protein-based materials. Methods of site-
specific protein modification are necessary for the generation of well defined bioconjugates 
possessing a new functional group in a single position in the amino acid sequence. This 
chapter describes the protocol for modifying a protein using a pyridoxal 5’-phosphate 
(PLP)-mediated transamination reaction that is specific for the N-terminus. The reaction 
oxidizes the N-terminal amine to a ketone or an aldehyde, which can form a stable oxime 
linkage with an alkoxyamine reagent of choice. Screening studies have identified the 
most reactive N-terminal residues, facilitating the use of site-directed mutagenesis to 
achieve high levels of conversion. 

Portions of the work described in this chapter have been reported in a separate publication.1
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2.1 N-termiNAl trANsAmiNAtioN

The generation of a bioconjugate that is modified in a single predicted site on the surface 
of a protein is a difficult task, but one that is often crucial for the success of a given 
application. It is frequently difficult to target a unique instance of a particular amino acid 
side chain, resulting in indiscriminate and heterogeneous modification. As one solution 
to this challenge, a protein bioconjugation reaction has been developed that achieves 
site-specificity by targeting the N-terminus, a unique position in the sequence. When 
incubated with pyridoxal 5′-phosphate (PLP), the N-terminal amine of a protein undergoes 
a transamination reaction that installs a ketone or an aldehyde in that position without 
modifying lysine side chain amines (Figure 2-1a).1,2 This newly installed functionality can 
be further derivatized through the formation of a stable oxime bond using a diverse array 
of alkoxyamine probes (Figure 2-1b). This technique provides a convenient and readily 
scalable way to install a single functional group in a single location.

The N-terminal transamination of proteins was originally reported by Dixon and 
coworkers.3 In this work, transamination was effected by incubation of the protein with 
glyoxylic acid, a divalent heavy metal cation such as Cu2+, a high concentration of base 
such as acetate or pyridine, and in some cases high temperatures (up to 100 ºC). The 
N-terminal transamination was used for the stepwise removal of the N-terminal amino 
acid in order to allow the study of the importance of that residue on protein function, which 
was achieved by following the transamination with a subsequent reaction with appropriate 
dinucleophiles. However, damage to the protein from the reaction conditions limited the 
number of protein substrates on which this reaction could be used.4

The N-terminal transamination of proteins under much milder conditions, and the application 
of this reactivity towards the creation of site-specific bioconjugates, was reported by the 
Francis group. As reported in Gilmore and Scheck et al., N-terminal transamination and 
decarboxylation was observed upon incubation of the peptide angiotensin with glyoxylic 
acid.2 A number of aldehydes were subsequently screened for similar reactivity and PLP 
was found to result in the highest conversion. Notably, PLP-mediated transamination was 
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Figure 2-1. The general scheme of PLP-mediated bioconjugation. a) In the �rst step, a protein is incubated with 
PLP (1) under mild, aqueous conditions.  This oxidizes the N-terminus of the protein to a ketone or an aldehyde, 
providing a unique functional group for further modi�cation. b) In the second step the ketone is conjugated to an 
alkoxyamine-bearing reagent (2) through oxime formation. c) The proposed mechanism begins with Schi� base 
formation between the N-terminal amine and the PLP aldehyde. Tautomerization, followed by hydrolysis, a�ords 
the keto-protein product.  Based on this mechanism, the reaction rate is expected to depend on both the concen-
tration of protein and PLP. 
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found to proceed under very mild reaction conditions without the use of base or metal 
ions. PLP, also known as Vitamin B6, is a common biological cofactor.5,6 It is used in 
enzymes to catalyze a number of transformations, including transamination, racemization, 
decarboxylation, beta elimination, and others.5 PLP was found to have nonenzymatic 
transamination activity in the 1940s when Snell heated PLP with amino acids and observed 
the formation of pyridoxamine (PMP).7 The report from the Francis group demonstrated 
that PLP could also transaminate full-length intact proteins in the absence of an enzyme.2

The mechanisms of enzymatic PLP-mediated transformations have been studied 
extensively.5 The non-enzymatic N-terminal PLP-mediated transamination is proposed to 
follow a similar reaction pathway (Figure 2-1c). The first step of the proposed mechanism 
is reversible Schiff base formation between the N-terminal amine and the PLP aldehyde. 
The next step is likely the deprotonation at the imine α position, which is stabilized by 
resonance delocalization. The pyridine nitrogen serves as an electron sink to drive this step. 
Subsequent hydrolysis of PMP leaves a carbonyl group on the protein. This mechanism 
offers an explaination for the specificity of the transamination for the N-terminal amine 
over lysine side chain amines. Lysine amines may form Schiff bases with PLP but are 
unlikely to undergo the subsequent deprotonation since the pKa of the α proton of an 
aliphatic imine is much higher (~40) than that of an amino acid (29 for glycine).5

Since the initial observation of its transamination reactivity on angiotensin, PLP has 
been used to transaminate a number of intact proteins for the generation of site-specific 
bioconjugates with a variety of exogenous groups including fluorophores,8 polymer chains,9 

polymer initiators,10,11  and surfaces.12,13 Due to its compatibility with other bioconjugation 
reactions, PLP-mediated transamination has been used in conjunction with other 
bioconjugation techniques, such as cysteine modification and expressed protein ligation, 
for dual protein modification.14,15 PLP-mediated bioconjugation proceeds at mild pH and 
temperature, and is tolerant of a number of buffers and conditions. Peptide screening 
studies have shown that this reaction proceeds with high yield for a number of N-terminal 
residues (Ala, Gly, Asn, Glu, and Asp, in particular), and to a lesser degree for others.16 

Additionally, a highly reactive N-terminal sequence has been identified, which consists 
of an alanine as the N-terminal residue and a positive charge in the second or third 
position.17 As such, the reaction has often proven successful for native protein sequences 
and, in cases where it is not, standard molecular biology techniques can typically be used 
to change the N-terminal sequence to obtain increased levels of conversion.16,17

2.2 strAtegic PlANNiNg for PlP-mediAted N-termiNAl trANsAmiNAtioN

A wide variety of proteins with both known and unknown sequences have been successfully 
modified using PLP-mediated bioconjugation. Therefore, a new target should initially be 
evaluated empirically. If the protein is recombinantly expressed, its suitability for N-terminal 
modification can often be improved using the methodology described herein. First, the 
identity and accessibility of the N-terminal residues should be taken into consideration. In 
general, buried and/or highly hydrophobic N-terminal sequences react poorly, most likely 
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because they do not participate in imine formation with PLP. In these cases, installation 
of one to three “spacer” residues can lead to enhanced reactivity (for a specific example, 
see Scheck et al., 2008). The reaction is also not appropriate for proteins (such as 
actin) that have been acylated at the N-terminal amino group through post-translational 
modifications. 

Although its side chain is not thought to participate directly in the reaction mechanism, 
the influence of the identity of the N-terminal residue on the reaction outcome was 
investigated in peptide studies.16 As shown in Figure 2-2, a library of tetrapeptides including 
all 20 natural amino acids as the N-terminal residue was exposed to transamination 
and oxime formation under identical reaction conditions (transamination conditions 
were 10 mM PLP, 18 h, pH 6.5, room temperature). The resulting products included the 
desired oxime product, transaminated ‘keto-peptides’ that formed but did not participate 
in subsequent oxime formation, and covalent adducts of PLP to the N-terminal group. 
The N-terminal residues can be grouped by yield into the categories of high conversion, 
intermediate conversion, or byproduct formation. The high conversion category included 
alanine, glycine, aspartate, glutamate, and asparagine, which were found to result in the 
highest yields of oxime product. Cysteine, arginine, threonine, tyrosine, leucine, serine, 
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methionine, phenylalanine, and valine all resulted in intermediate levels of conversion.

The byproduct formation category included various species of byproducts arising from 
N-terminal glutamine, histidine, tryptophan, lysine, and proline residues. Glutamine was 
found to transaminate to produce a ketone, but this structure was resistant to further 
oxime formation. Histidine and tryptophan (5 and 6) underwent a previously reported 
Pictet-Spengler reaction.18 Lysine and proline each formed unique types of PLP adducts, 
and in these cases the formation of the covalent PLP adducts did not preclude oxime 
formation (although they have been found to be slightly less reactive than the keto groups 
formed on the N-termini). The lysine-terminal PLP adduct (4) presumably forms from 
transamination followed by the loss of water to form a cyclic imine.16 The nucleophilic 
enamine tautomer of this structure undergoes aldol addition to additional molecules of 
PLP to form a covalent adduct. The proline-terminal adduct (3) observed involves the 
covalent attachment of PLP through an as-yet unknown pathway, which by mass may 
correspond to a ring opening.

Surprisingly, in addition to the N-terminal residue, it was found that the identity and order 
of internal residues could affect transamination as well.16 As shown in Figure 2-3, the 
reactivity of peptides with the same N-terminal residue was significantly altered depending 
on the amino acids in the second and third positions. The terminal and internal residues 
were found to have a complex synergistic effect on overall reactivity. To identify short 
N-terminal sequences that were highly reactive towards PLP-mediated transamination, 
a combinatorial peptide library screen was performed (discussed in depth in Chapters 
3 and 4). A reactive motif consisting of alanine in the N-terminal position and a positive 
charge in the second or third position was identified. A three-amino acid tag, Ala-Lys-Thr, 
was genetically incorporated into the N-terminus of a number of protein substrates and 
resulted in high levels of conversion for all the proteins studied.17

The intended application and empirical analysis of new target proteins will dictate the need 

0

20

40

60

80

100

LKWALHWALWKALWHALKHALHKA

%
 y

ie
ld

peptide sequence

% keto-peptide

% oxime product

% byproduct

Figure 2-3. In addition to the N-terminal residue, internal residues were also found to a�ect the reactivity of a 
sequence towards PLP-mediated transamination signi�cantly. The order and the identity of internal residues were 
found to in�uence yield, indicating that the N-terminal sequence can have a complex synergistic e�ect on the 
reactivity of a substrate. (Figure adapted from reference 16).



18

for mutagenesis. In many cases, sufficient reactivity can be achieved using the native 
terminus, and in some cases lower levels of conversion are tolerable for the application 
(e.g., surface attachment or radiolabeling). In other cases, standard molecular biology 
protocols can be used to change the N-terminus of proteins to the highly reactive Ala-Lys 
motif. As noted above, extending the N-terminus by one to three residues at the same 
time as converting the N-terminal residues may improve the outcome by increasing the 
accessibility of the N-terminus. Similarly, if a protein that already terminates in a high 
conversion residue is found to have low yield, mutagenesis to extend the N-terminus and 
increase accessibility may help to improve the reactivity. If the protein cannot tolerate a 
positive charge near the N-terminus, rendering an Ala-Lys terminal protein inaccessible, 
a glutamate-terminal sequence can be installed instead for Rapoport’s salt-mediated 
transamination (discussed in Chapter 5). If the location of the modification on the protein 
is crucial, circular permutation has been used in one case to change the location of the 
N-terminus.15 In this technique, the gene is reorganized such that new N- and C-termini 
are created in a desired location.19

2.3 Protocol for ProteiN lAbeliNg viA PlP-mediAted N-termiNAl trANsAmiNAtioN

This protocol describes a two-step process for conjugating a chemical group of interest 
to the N-terminus of a protein. The first step is the PLP-mediated transamination, which 
installs a reactive carbonyl (keto) group on the N-terminus that can be used for further 
derivatization. The second step describes typical conditions for the reaction of this site 
with a small molecule alkoxyamine reagent to form an oxime linkage, which is stable 
under physiological conditions. A similar strategy may be used to attach hydrazide-
functionalized compounds to form a hydrazone linkage, although these groups are more 
labile.20 The analysis technique used to verify the modification will vary according to the 
chemical moiety being conjugated to the protein: the attachment of small molecules 
can be confirmed using mass spectrometry, while the attachment of fluorescent or high 
molecular weight compounds can be detected by UV-Vis spectrometry, HPLC, or SDS-
PAGE. If the bioconjugation probe is in short supply or is difficult to detect using these 
analytical techniques, a proxy alkoxyamine reagent (such as commercially-available 
benzyloxyamine or aminooxyacetic acid) can be used to confirm reactivity and optimize 
the transamination. 

Materials

Target protein stock solution (see recipe)
PLP stock solution (see recipe)
Alkoxyamine solution (see recipe)

Additional reagents and equipment for protein separations and analysis of protein
modification, including ESI-MS or MALDI-TOF MS methods21
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PLP-mediated N-terminal transamination

1. Combine the protein solution and the PLP stock solution in a 1.5-ml microcentrifuge 
tube to give a final concentration of 100 mM PLP and 10 to 500 μM protein at pH 6.5.

Carefully check the pH of this solution. If the pH of the PLP stock was not adjusted 
(see Reagents and Solutions) this solution may be overly acidic, leading to protein 
precipitation or suboptimal levels of conversion.

2. Incubate at 37 ºC for 1 to 2 h.
The reaction conditions listed here represent a starting point for optimization with each 
new protein target. Factors that may be varied include the concentration of PLP, the 
incubation time, the reaction temperature, and the pH. For Ala-Lys terminal proteins, 
100 mM PLP at pH 6.5 for 1-2 h are conditions that have been found to lead to high 
yields of transamination with low amounts of byproduct formation. Another standard 
reaction condition that has been used successfully is 10 mM PLP at pH 6.5 for 18 h. 
The stability of the protein may dictate the range of acceptable temperature and pH 
conditions. Consult the Troubleshooting section for details on how these parameters 
may affect reaction outcome.

3. Remove PLP using one of a variety of size-exclusion methods (such as dialysis, buffer 
exchange, or gel filtration21), capitalizing on the difference in the mass of the protein 
relative to PLP.

If the target protein or peptide has a low molecular weight, reversed-phase separation21 
can be used. If excess PLP is not removed, the aldehyde of the PLP molecule will 
quench the ketoreactive group in the next step, significantly lowering its effective 
concentration.

Derivatization via oxime-formation

4. Using a freshly prepared solution of keto-protein from step 3, add the alkoxyamine 
solution such that the alkoxyamine is in 10- to 1000-fold molar excess of the protein.

Since oxime formation reactions occur at an optimal pH of 4.5,22,23 prepare the 
alkoxyamine solution such that the final pH will be as acidic as possible within the 
stability requirements of the protein. For larger proteins, it is common to carry out this 
reaction step between pH 5.5 and 6.5. If the protein is not stable at acidic pH, or if it is 
not possible to use a large excess of alkoxyamine, then aniline or anisidine catalysis 
of oxime formation may be used to increase the reaction rate.24,25

5. Incubate at room temperature for 18 to 48 h.

6. Analyze conversion and remove excess alkoxyamine, if necessary.
If analyzing by mass spectrometry, small amounts of PLP adduct species may be 
observed. For identification of common product masses, including those with PLP, see 
Troubleshooting.
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Reagents and Solutions
Use deionized, distilled water in all recipes and protocol steps.

Alkoxyamine solution
The alkoxyamine should be prepared as a concentrated stock solution. The storage 
conditions will vary with each individual reagent, but exposure to adventitious 
carbonyl groups, such as acetone, should be strictly avoided. Commercially available 
alkoxyamines include small molecules and dyes, and the nomenclature may include the 
names “hydroxylamine,” “aminooxy,” or “alkoxyamine.” Small molecule alkoxyamines 
that have been used to determine conversion of a protein by mass spectrometry 
include benzylalkoxyamine (O-benzylhydroxylamine hydrochloride) and (aminooxy)
acetic acid (O-(carboxymethyl)hydroxylamine hemihydrochloride). Poly(ethylene 
glycol) alkoxyamines can be synthesized26 for measurement of protein conversion by 
SDS-PAGE shifts.

PLP stock solution
The PLP stock solution should be prepared immediately before use, as this compound 
has been reported to degrade in aqueous solution.27 The PLP solution should be made 
in the same buffer in which the transamination reaction will be run, typically 10 to 50 
mM phosphate buffer at pH 6.5. After the addition of PLP to the buffer, it is important 
to check and adjust the pH, as the phosphate group of PLP may significantly alter the 
pH of the buffer solution. It is often convenient to make the PLP stock solution at two 
times the desired concentration for the reaction, assuming that it will be added to the 
protein solution in a 1:1 volume ratio. For a transamination reaction run with 100 mM 
PLP, the following guidelines may be followed to make 1 ml of a 200 mM (2x) PLP 
stock solution. (1) Add 53 mg of pyridoxal 5’-phosphate monohydrate (Sigma) to 1 ml 
of 25 mM phosphate buffer, pH 6.5, followed by the addition of 60 μl of 5 M NaOH and 
brief sonication and vortexing. (2) Check the pH with pH paper or a microelectrode 
and adjust to 6.5 if necessary.

Protein Stock Solution
The protein stock solution should be prepared in the buffer in which the transamination 
reaction will be run. The standard buffer is 10 to 50 mM potassium phosphate at pH 
6.5; however, other buffers, such as Tris and HEPES, will also work.2 The presence of 
glycerol and other polyalcohols should be avoided, as they may form acetals with the 
PLP aldehyde group and thus lower its effective concentration. Note that many spin 
concentrators are packed in glycerol solutions, and can serve as unexpected sources 
of this impurity.

Critical Parameters

It is important that the PLP solution be prepared according to the guidelines described in 
the Reagents and Solutions section. Using a fresh solution of PLP, checking and adjusting 
the pH, and storing the solid PLP at 4 ºC until use will yield optimal results.
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As noted above, glycerol and other polyhydroxylated compounds should be removed 
before the transamination step. It should be noted that many commercially available spin 
concentrators are packed in glycerol solutions. Adventitious ketones (such as acetone) 
should be avoided when handling the alkoxyamine compounds.

Troubleshooting

Regardless of N-terminal residue identity, it is possible to vary the reaction conditions 
for each protein target to optimize conversion. A proxy alkoxymine that is commercially 
available and/or readily analyzed can be used while the optimal conditions are being 
screened for a new target protein. See Reagents and Solutions for examples. To confirm 
the compatibility of a protein to the overall reaction conditions, it is often beneficial to run 
a control reaction that lacks PLP, but in which all of the other parameters (including the 
addition of alkoxyamine) are held constant.

During the PLP-mediated transamination reaction, PLP aldol addition products can form 
from the reversible keto-enol tautomerization of the keto-protein product, as shown in 
Figure 2-4. Both species have been observed to form oximes upon exposure to the 
alkoxyamine reagent in the next step; however, the presence of both intermediates creates 
a complex product mixture. If the goal is simply ligation of the alkoxyamine reagent to 
the protein, the presence of the PLP adduct species may be tolerable, but if the PLP 
adduct is detrimental, the following changes in the reaction conditions can often be used 
to minimize the amount that is formed.
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As would be expected for a bimolecular aldol reaction, the yield of the PLP addition product 
increases with higher PLP concentration and longer reaction times—two parameters that 
also influence the transamination yield. Thus, a balance between these reaction pathways 
must be struck. Higher concentrations of PLP (30 to 100 mM) with shorter reaction times 
(1 to 6 hr) or lower concentrations of PLP (5 to 10 mM) with longer reaction times (8 
to 20 hr) are conditions that will help maximize the yield of the desired oxime product 
while keeping PLP addition products to a minimum. The optimal strategy will depend 
on the specific protein, so exploring multiple sets of conditions is recommended during 
screening.

Table 1 lists suggested strategies for overcoming potential issues encountered during 
PLP-mediated bioconjugation. When analyzing the mass spectrum of a PLP-modified 

Table 1. Troubleshooting PLP-Mediated Bioconjugation
Problem Possible Cause Solution
Poor conversion to oxime prod-
uct

Low yield of transamination reac-
tion

Increase the concentration of 
PLP, screening from 10 mM to 
100 mM.
Increase the incubation time or 
the temperature of the transami-
nation reaction.

Low yield of oxime formation 
reaction

Increase the equivalents of alk-
oxyamine.
Lower the pH during oxime for-
mation step.
Use aniline catalysis, as reported 
by Dirksen et al.
Check quality of alkoxyamine 
reagent by NMR.

High conversion to undesired 
PLP adduct

Byproduct formation Use lower concentrations of PLP.
Use shorter reaction times.
To identify common byproducts, 
see the table of common mass 
adducts.

Nominal reactivity Inaccessible or unreactive N-
terminal residues

Consider mutagenesis.

Protein precipitation PLP solution is too acidic Check and adjust pH of PLP so-
lution before mixing with protein.

Protein insolubility The transamination reaction can 
be run under buffer, pH, and 
temperature conditions that vary 
from those listed in the Basic 
Protocol. Alter these parameters 
as dictated by the target protein’s 
stability.
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Table 2. Identifying Observed Species in Mass Spectrometry of PLP-Modified Proteinsa

Observed Mass N-terminus Possible Productb

M - 1 Any Keto-protein
M + Alk - 19 Any Oxime
M - 44 Asp Decarboxylation
M - 16 Ser Beta elimination
M - 32 Cys Beta elimination
M + 247 Any PLP aldol addition
M + 229 Any PLP aldol addition with dehydration
M + 229 His, Trp Pictet-Spengler addition of PLP
M - 19 Lys Cyclic enamine
M + 293 Pro Ring opening with PLP addition

a M = unmodified protein mass. Alk = alkoxyamine mass.
b Note that many of these species can also form oximes.

protein, the information presented in Table 2 can be used to identify the observed species. 
In some cases, a species may produce more than one of these mass changes (e.g., a 
PLP aldol addition product may also form an oxime).

Anticipated Results

For many protein targets, optimization of the basic protocol can result in 50% to 90% 
conversion to the desired oxime product. Site-directed mutagenesis may improve the 
conversion of initially unreactive target proteins. The mild reaction conditions are not 
expected to denature most proteins, and in most cases they retain their desired activity 
after modification.

Time Considerations

N-terminal   protein   modification   using PLP-mediated transamination and subsequent 
oxime formation can be completed in 2-3 days, with minimal hands-on time. On the first 
day, the PLP transamination reaction is run for 1-2 h (although the reaction may run 
overnight). Following transamination, the excess small molecule is removed and the 
oxime-forming reaction is started. After overnight incubation, the conversion can be 
analyzed and the protein conjugate is ready for use. The incubation times of both the PLP 
transamination and the oxime formation may be reduced in some cases. Heating may 
reduce the conversion time for the transamination reaction, and an excess of alkoxyamine 
will increase the rate of the oxime-formation step. Considering the small amount of active 
time, it is quite feasible to modify multiple proteins in parallel or to screen multiple reaction 
conditions at once. A gradient program on a PCR thermocycler is convenient for screening 
conditions.
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Chapter 3:
Development of a Combinatorial peptiDe library 

SCreening platform

AbstrAct

Site-specific protein bioconjugation using pyridoxal 5’-phosphate (PLP)-mediated 
transamination has been used to generate bioconjugates for a number of protein targets. 
However, peptide studies had indicated that the N-terminal sequence could have a 
significant influence on the overall yield. Since internal as well as the N-terminal residue 
was found to have an effect, we sought to develop a method of screening all combinations 
of N-terminal residues at once in order to identify highly reactive sequences. This chapter 
describes the design of a combinatorial peptide library screening platform suitable for 
optimizing protein bioconjugation reactions, including the development of a colorimetric 
screening scheme and a high-throughput method of sequencing beads based on a built-
in truncation ladder.

Portions of the work described in this chapter have been reported in a separate publication.1
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3.1 Need for combiNAtoriAl ApproAch

The ability to generate site-specific protein bioconjugates is crucial for the success of 
many chemical biology applications. Since its initial report, pyridoxal 5’-mediated (PLP)-
mediated transamination had been used to modify a wide-range of protein substrates 
both in the Francis group and other laboratories. These proteins included GFP, viral 
coat proteins, monocolonal antibodies, RNAse, metallothionines, and myoglobin, among 
others.2,3 The successful production of these bioconjguates confirmed that the PLP-
mediated transamination technique was a general bioconjugation strategy, applicable to 
a wide range of substrates. However, the transamination yield was found to be variable 
and unpredictable. Some proteins did not result in modification over 30 or 40%, and it was 
difficult to predict the extent of modification expected for new protein targets.4 Although 
low levels of attachment are suitable for some applications (such as surface or radio-
labeling), we sought to improve the reliability and yield of this reaction.

Peptide studies carried out in the Francis group have showed that the identity of the 
N-terminal residue can significantly effect the transamination yield.4 Thus, the N-terminal 
residue could be used to predict, and improve through mutagenesis, the yield of new 
protein targets. However, the peptide studies also indicated that the second and third 
residues could have a great effect on the reactivity of a peptide sequence as well.
Therefore, we sought to identify a highly reactive combination of N-terminal residues 
that could be incorporated at the N-terminus of new protein targets to ensure reliable 
high yields. To study the influence of terminal and internal residues, a large substrate 
space would have to be explored. A short reactive sequence was desired to allow facile 
genetic incorporation into recombinant proteins, but even the variation of just the three 
N-terminal residues to include each of the 20 natural amino acids encompasses 8,000 
different sequences. As such, the synthesis of individual peptide sequences and the 
mass spectrometry analysis of their modification was no longer practical. Therefore, in 
order to identify highly reactive combinations of N-terminal sequences we turned to a 
combinatorial peptide library screening platform.1

Combinatorial libraries allow the exploration of a large chemical space. Combinatorial 
approaches have been applied many types of molecules, including peptides, DNA, 
peptiods and small molecules.5,6 These libraries have been used for drug discovery, for 
the identification of inhibitors or ligands for target proteins, and for materials applications. 
To study the effects of N-terminal sequence on reactivity towards PLP-mediated 
transamination, a combinatorial peptide library was used. Although PLP-mediated 
transamination is used primarily as a protein bioconjugation strategy, we used a peptide 
library to serve as a model for protein reactivity. The N-terminus of a protein is influenced by 
its complex three-dimensional environment in addition to its sequence; however, previous 
studies had demonstrated that the sequence effects found on peptides correlated with 
protein reactivity.4

There are many types of combinatorial peptide libraries in common usage, including phage 
display libraries, spatially addressable libraries, and one-bead-one-compound libraries. 
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The choice of library type is informed by the application at hand; for example biological 
ddisplay techniques are useful for large libraries with long randomization sequences, 
while spatially addressable libraries are more suitable for small library sizes.5 For this 
application, a one-bead-one-compound (OBOC) library was used. Because the peptides 
are still attached to the solid-phase resin in a OBOC library, it is possible to screen the 
library components concurrently but independently, and the detection and removal of 
active sequences is facilitated by the ease of working with macroscale beads. Screening 
a combinatorial library involves the following steps: library synthesis, an assay for the 
desired characteristics, and deconvolution of the active components. To create a library 
screening platform that would be suitable to study protein bioconjugation reactivity, we 
used established techniques as well as adapting and developing new methods. 

3.2 librAry syNthesis

As our objective was to find a short genetically encodable sequence that could be 
conveniently introduced through mutagenesis, we limited our randomization to the terminal 
three residues, which were followed by an invariant region. The invarient region consisted 
of the pentapeptide WSNAG, resulting in a library of the form X3X2X1WSNAG. This base 
sequence was used in order to provide the library members with enough mass to separate 
their signals from matrix noise peaks during MALDI-TOF MS analysis; however, in future 
studies this region could include purification handles or other sequences of interest. 
The resulting library included all 20 natural amino acids in each of the three N-terminal 
positions, corresponding to 8,000 members.

The library was synthesized on resin beads using a split-and-pool technique (Figure 
3-1).5 Additional steps were performed after the coupling of each variable position to 
cap a portion of the growing chain to facilitate sequencing by mass spectrometry, as 
described in Section 3.5. Tentagel, a PEGylated polystyrene resin, was used in order to 
provide compatibility with both the organic solvents needed for peptide synthesis and the 
aqueous conditions of transamination screening (Tentagel S OH, Advanced ChemTech). 
To facilitate the manual handling of individual beads during the screening phase, 130 
μm beads were used. The scale of library synthesis was 500 mg of resin per batch in 
order to allow for multiple screening experiments. This scale was based on the statistical 
calculation that in each screening experiment, for 99% confidence that 95% of the library 

split 1) couple AA
2) pool

split 1) couple AA
2) pool

WSNAG- X1WSNAG- X2X1WSNAG-

Figure 3-1. General scheme for split-and-pool one-bead-one-compound combinatorial library synthesis.
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members are represented, the number of beads used must be three times the number of 
library members.7 For an 8,000 member library this corresponds to 24,000 beads. Since 
130 μm Tentagel beads have a count of 890,000/g, approximately 27 mg of library would 
be screened in each experiment.

The C-terminal WSNAG invariant sequence was synthesized on the resin according 
to standard Fmoc solid-phase peptide chemistry procedures.1 To attach the first amino 
acid through an ester bond, 10 equivalents of Fmoc-Gly-OH, the C-terminal amino 
acid, was dissolved in N,N-dimethylformamide (DMF) and dichloromethane (DCM) and 
preactivated with 5 equivalents of diisopropylcarbodiimide (DIC) on ice for 20 min. The 
equivalents were calculated relative to the resin loading (0.15 mmol, using 500 mg resin 
with a theoretical loading of 0.3 mmol/g). The dry resin was swelled by adding 10 mL DMF 
and subjecting to gentle rotation for 20-30 min in a 20 mL polypropylene spin column 
equipped with a frit at the bottom (Econo-pac Chromatography Column, BioRad). After 
resin swelling, the preactivated amino acid was added to the resin with 0.1 equivalents of 
N,N-dimethylaminopyridine (DMAP) as an additive, and allowed to rotate on a LabQuake 
shaker at room temperature for 1.5 h. After coupling, the general procedure for rinsing 
excess reagents away from the resin was performed, which was to drain the solution from 
the resin, add approximately 10 mL DMF, shake briefly, drain, and repeat for a total of 5 
rinses. 

To verify the attachment of the first residue to the resin and quantify loading, an Fmoc 
quantification was performed. The resin was dried by rinsing with DCM then applying 
vacuum for 10-20 min. A 2-6 mg portion of resin was removed and weighed, and 3 mL 
of the Fmoc deprotection solution (20% by volume piperidine in DMF) was added. After 
5 min of rotation, the absorbance at 290 nm was measured using the piperidine/DMF 
solution as a blank. Division of the absorbance at 290 nm by 1.65 multiplied by the mass 
of the resin in miligrams gave the loading in mmol/g.8

After the attachment of the first amino acid to the resin, iterative Fmoc deprotection and 
amino acid coupling steps were performed to synthesize the desired sequence. The 
general rinsing protocol was performed after each of the deprotection and coupling steps. 
The amino acids used were are listed in Table 1, which shows an example of a worksheet 
to guide the synthesis of a given peptide. The Fmoc deprotection was accomplished by 
incubation (with rotation on a LabQuake shaker) with 10 mL of Fmoc deprotection solution 
(described above) for 20 minutes (or incubation for 5 minutes followed by replacement 
of the deprotection solution and a second 2.5 min incubation). Coupling reactions were 
carried out using 10 equivalents of amino acid with 10 equivalents of 2-(6-chloro-1-H-
benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU)9 and 20 
equivalents of N,N-diisopropylethylamine (DIPEA) in DMF (total volume 10 mL) for 10 
minutes of rotation on a LabQuake shaker. If a particular amino acid was used more than 
once in a peptide sequence, a stock solution was made in DMF and aliquots were added 
for each coupling. 

The variable positions were added to the base sequence using a split-and-pool technique 
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with an additional capping step before and after each variable position. To the WSNAG 
sequence, capping was performed by coupling 0.15 equivalents of bromobenzoic acid 
using 0.1 equivalents of HCTU and 1 equivalent of DIPEA. The resin was then split into 
20 reaction vials by aliquoting an isopicnic suspension of the resin made with DCM and 
DMF. Each vial was exposed to coupling conditions using one of the twenty amino acids 
(using equivalents based on a scale of 25 mg resin per reaction and a total reaction 
volume of 1 mL). After coupling and rinsing, the resins were then recombined, with the 
exception of the vials corresponding to Gln or Leu, which were kept separate. After Fmoc 
deprotection, the next capping step was performed. Bromobenzoic acid was attached to 
the mixed resin sample and methylbromobenzoic acid was used to cap the Gln and Leu 
samples to distinguish them from isobaric residues during sequencing. The Gln and Leu 
samples were then mixed with the rest of the resin before splitting into separate vials 
for the next coupling reaction. This sequence was repeated until the desired number of 
variable positions were attached, ending with a capping step. 

After completion of the coupling steps, side-chain deprotection was achieved using a 1-2 
h incubation with a 95:2.5:2.5 ratio of trifluoroacetic acid (TFA) to H2O to triisopropylsilane 
(TIPS-H), followed by equilibration in 50 mM phosphate buffer (pH 6.5) using three 5 min 
exposures. For peptides without variable positions, the general procedure for cleaving 

Table 1: Solid-phase peptide synthesis worksheeta

Amino Acid Equivalents mmol per 
reactionb

molecular 
weight

mg per 
reaction

number of 
occurences

total mg 
needed

stock 
solution total 

volume

volume per 
occurance 

(mL)

Fmoc-Ala-OH 10 1.5 311.1 466.7 1 466.7 2 2
Fmoc-Cys(Trt)-OH 10 1.5 585.7 878.6 0 0 0 0
Fmoc-Asp(OtBu)-OH 10 1.5 411.5 617.3 0 0 0 0
Fmoc-Glu(OtBu)-OH 10 1.5 425.5 638.3 0 0 0 0
Fmoc-Phe-OH 10 1.5 387.4 581.1 0 0 0 0
Fmoc-Gly-OH 10 1.5 297.3 446.0 0 0 0 0
Fmoc-His(Trt)-OH 10 1.5 619.7 929.6 0 0 0 0
Fmoc-Ile-OH 10 1.5 353.4 530.1 0 0 0 0
Fmoc-Lys(Boc)-OH 10 1.5 468.5 702.8 0 0 0 0
Fmoc-Leu-OH 10 1.5 353.4 530.1 0 0 0 0
Fmoc-Met-OH 10 1.5 371.5 557.3 0 0 0 0
Fmoc -Asn(Trt)-OH 10 1.5 596.7 895.1 1 895.1 2 2
Fmoc-Pro-OH 10 1.5 337.4 506.1 0 0 0 0
Fmoc-Gln(Trt)-OH 10 1.5 610.7 916.1 0 0 0 0
Fmoc-Arg(Pbf)-OH 10 1.5 648.8 973.2 0 0 0 0
Fmoc-Ser(tBu)-OH 10 1.5 383.4 575.1 1 575.1 2 2
Fmoc-Thr(tBu)-OH 10 1.5 397.5 596..3 0 0 0 0
Fmoc-Val-OH 10 1.5 339.4 509.1 0 0 0 0
Fmoc-Trp(Boc)-OH 10 1.5 526.6 789.9 1 789.9 2 2
Fmoc-Tyr(tBu)-OH 10 1.5 459.6 689.4 0 0 0 0

a filled in for the synthesis of a WSNAG peptide, after C-terminal residue already attached to resin 
b based on a 500 mg (0.15 mmol) resin scale
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the peptide from the resin (for approximately 10 mg resin) was a 30 min incubation with 
300 μL of 100 mM NaOH. The filtrate was collected and 700 μL of 50 mM phosphate 
buffer pH 6.5 was added to neutralize the solution. If mass spectrometry analysis by liquid 
chromatography-mass spectrometry (LC-MS) was to be performed this solution was then 
diluted 20-100 fold in water. Library members were cleaved individually, as described in 
Section 3.5.

3.3 colorimetric detectioN

To assay the reactivity of the N-terminal sequences in the library towards PLP-mediated 
transamination, a colorimetric detection method was developed. Previously, the 
transamination efficiency for various peptide and protein substrates had been measured 
by the oxime product formed after incubation with an alkoxyamine reagent.4 Using the 
oxime product to report the transamination conversion is necessary for substrates such 
as proteins, as the keto-protein species (a mass change of 1 Da) is difficult to measure 
directly. Even for peptide substrates for which it is possible to measure the transaminated 
species by mass spectrometry, it is desirable to measure the extent of oxime formation 
possible after transamination since the oxime linkage is the ultimate goal. Therefore, in 
previous studies the conversion of individual peptides had been determined by LC-MS 
analysis following transamination and benzyl oxime formation. This method has been 
quite powerful, as it allowed quantification of the products formed. However, LC-MS 
analysis of each individual peptide would be far too time-intensive to be practical for 
screening an entire combinatorial library. Therefore, a new, high-throughput method was 
needed to survey the transamination activity of various sequences.

As shown in Figure 3-2, the screening scheme consisted of subjecting the entire library, on 
the solid-phase resin, to the transamination reagent. Stringent transamination conditions 
(such as low concentrations of PLP) could be used so that only the most highly reactive 
sequences would undergo transamination. To distinguish the beads that contained 

one-bead-
one-sequence 

combinatorial library

visual detection and 
manual removal of red 

beads

1) Transamination reagent

2) DispRed-ONH2

Disperse Red-ONH2, 1

N
N

N
NO2

OH2N

Figure 3-2. Library screening scheme. The 8,000-member combinatorial peptide library of the form XXXWSNAG 
was subjected to PLP-mediated transamination and subsequent oxime formation with a Disperse Red alkoxy-
amine (1). Stringent reaction conditions were used during the transamination to target only sequences with high 
reactivity. These active sequences that resulted in a keto-peptide product were colorimetrically distinguished 
from the others during the next step, where the Disperse Red dye formed a covalent oxime linkage with the trans-
aminated sequences. The library was then examined under a microscope, and the red beads were manually 
removed for sequencing. 
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the ketone and aldehyde products such that they could be identified and sequenced, 
oxime formation was used as a reporter. By synthesizing a colorful alkoxyamine reagent, 
Disperse Red alkoxyamine (DispRed-ONH2,1), the beads containing sequences that 
formed an oxime product would have a red color. To determine whether the red color of 
the beads after incubation with DispRed-ONH2 was due to covalent attachment of the 
dye to the peptide via oxime formation, a peptide of known sequence was tested before 
the dye was used on the library. A sample of unmodified and transaminated (10 mM PLP, 
18 h, pH 6.5) EGKWSNAG beads were incubated with 10 mM DispRed-ONH2 for 3 h 
in DMF, rinsed with DCM and DMF three times each, and then mixed to see if the two 
samples could be differentiated. A clear contrast between beads with and without covalent 
modification was observed (Figure 3-3). This demonstrated that a visually detectable red 
color could be used to identify the formation of oxime product, thus allowing a simple 
and high-throughput method of screening the reactivity of the entire combinatorial library 
simultaneously. 

After the transamination and oxime formation reactions, spatial separation of the library 
components allowed visual inspection for red beads. The library beads were rinsed with 
ethanol (EtOH) for transfer to a Petri dish for examination under a simple light microscope 
(Leica S6D). The red beads were manually removed for determination of the corresponding 
sequences using a pipette set to 3 μL. The excess ethanol was removed with a pipette 
and then the bead was dried under a flow of N2. The peptide on the bead was then 
cleaved from the resin for sequencing by MALDI-TOF analysis by incubation with 10 μL of 
100 mM NaOH for 1 h. After cleavage, The solution was desalted using Ziptips with a 0.2 
µL C18 resin. The peptide was eluted from the Ziptip with 2 µL of matrix solution directly 
onto a MALDI sample plate.

a) covalent attachement of dye via oxime formation

b) no covalent attachment

c) visual contrast between modified and 
unmodified beads

EGKWSNAG
1) no PLP

2) 10 mM DispRed-ONH2

EGKWSNAG
1) 10 mM PLP

2) 10 mM DispRed-ONH2

Figure 3-3. Testing contrast for modi�ed and unmodi�ed samples.  (a) A peptide known to give high yields under 
standard transamination conditions, EGKWSNAG, was subjected to standard PLP transamination conditions to 
install a keto group. The beads were then incubated with Disperse Red alkoxyamine to form an oxime with the dye, 
resulting in a visually red bead. (b) The same peptide was subjected to Disperse Red alkoxyamine without prior 
transamination to check for non-speci�c binding of the dye to the bead.  The resulting colorless beads con�rmed 
that there was no association of the dye in the absence of a covalent linkage.  (c) The beads with and without 
covalent attachment of Disperse Red were mixed and viewed under a light microscope. The contrast was su�cient 
to distinguish beads bearing modi�ed and unmodi�ed peptides easily.
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3.4 re-cAlibrAtioN of colorimetric detectioN

When the colorimetric detection system was used to screen the library, the sequences 
identified from red beads were resynthesized to verify the results (discussed in depth in 
Chapter 4). The red color of the beads indicated the formation of oxime product but it was 
found that the Disperse Red oxime was not amenable to mass spectrometry. Therefore, the 
resynthesized sequences were subjected to transamination, followed by oxime formation 
with a benzyl alkoxyamine for quantification of the benzyl oxime yield by LC-MS. These 
experiments revealed that the red color on the beads saturated at ~30% oxime yield.1 This 
was sufficient to identify highly reactive sequences, since the sequences that resulted in 
red beads under the stringent tranamination conidtions used to screen the library led to 
higher yields under more generous transamination conditions. However, identification of 
the high yielding sequences was difficult.

To use the colorimetric screening method to distinguish between high and low levels of 
oxime formation, we recalibrated the detection scheme such that a visually red bead 
would correspond to a high oxime yield (Figure 3-4). To do this, reaction conditions were 
established that would result in beads with a low and high level of modification using 
a known peptide sequence. The peptide used was AOTWSNAG (where O stands for 
ornithine, which was found to have similar reactivity to the AKT sequence described in 
Chapter 4). 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. Incubation 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 (BnONH2) to find a ratio that resulted in the 
greatest visual contrast between low and high oxime yield. With a high proportion (67%) 
of DispRed-ONH2, both cases resulted in a red color, and with a low ratio (1%) neither 
beads with high nor low levels of modification had a red color. An intermediate ratio 
was found (20% DispRed-ONH2, using a solution that was 22.5 mM BnONH2 and 5 mM 
DispRed-ONH2) where only the high oxime yield beads had a red color. Thus, this ratio 
of alkoxyamines was used for subsequent library screening to identify transamination 

 AOTWSNAG-   AOT-
AOT-

BnAOT-

AOT-
AOT-

AOT-
AOT-
kAOT-

AOT-
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Figure 3-4. Calibration of colorimetric detection for a combinatorial peptide library screening platform. To adjust 
the sensitivity of the colorimetric detection method, a colorless alkoxyamine (BnONH2) was combined with 
DispRed-ONH2 in varying ratios. PLP-mediated transamination of a peptide sequence (AOT-terminal, with similar 
reactivity to AKT-termini) was used to create beads with high (75%) and low (20%) levels of modi�cation. The 
greatest visual distinction between beads bearing high and low modi�cation levels was observed when using 
20% DispRed-ONH2.
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conditions that resulted in maximal yields.

3.5 sequeNciNg by truNcAtioN lAdder

A key step of the library screening scheme was the development of a simple and 
rapid method of determining the sequence on active beads. To this end, we created a 
sequencing technique based on a built-in truncation ladder.10 As compared to de novo 
sequencing based on tandem MS/MS fragmentation data, this approach allowed for 
facile identification of the peptide sequence using only intact ions. To create a truncation 
ladder, a small portion (<10%) of the growing peptide on each bead was capped with 
bromobenzoic acid during synthesis of the variable positions. Figure 3-5 shows an LC-
MS total ion count chromatogram of a representative library member, in which the relative 
amounts of peptide and capped species on an individual bead can be seen. Since each 
individual bead contains only a few hundred picomoles of material, the amount of capping 
had to be sufficient for MALDI-TOF signal of each truncated species, but low enough that 
each bead retained some full length peptide for reaction and oxime formation. Fortunately 
the truncated species, lacking an N-terminus, were innocuous spectators during the 
transamination of the full length peptide.

Once a red bead was selected from the library screening and cleaved, all of the peptide 
species on the bead were examined by MALDI-TOF mass spectrometry. The unique 
isotope patterns of the bromine-containing caps on the truncated species enabled their 
unambiguous identification from other noise. Thus, the sequence on each bead could 
be determined by simple calculation of the mass differences between the molecular ions 
of the capped species (Figure 3-6). Additionally, isobaric amino acids (isoleucine and 
leucine) and nearly isobaric amino acids (glutamine and lysine) were differentiated by 
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Figure 3-5. ESI-QTOF MS analysis of the peptide mixture released from a single bead from the library. The main 
species identi�ed was the unmodi�ed peptide.  The capped species (identi�ed by their bromine isotope patterns) 
and other impurities comprised a small portion of the total material on the bead.  The mass di�erences observed 
between the capped species corresponded to the amino acids DNY, and the sequence assignment was con�rmed 
when the calculated mass of the peptide (DNYWSNAG [M+H]+ = 926.31 m/z) matched the observed [M+H]+ = 
926.25 m/z.
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capping one of each pair with methylbromobenzoic acid (3) during the synthesis. 

In summary, we have developed a high-throughput method of optimizing protein 
bioconjugation reactions using a combinatorial peptide library in which short peptides 
serve as a model for protein reactivity. The screening platform developed involved a 
one-bead-one-compound peptide library, a colorimetric detection scheme to identify 
high-yielding sequences, and a deconvolution method using a built-in peptide truncation 
ladder for the rapid sequencing of hit beads using mass spectrometry. This screening 
platform can be used for the discovery and optimization of N-terminal protein modification 
reactions. 

3.6 mAteriAls ANd methods

General Procedures. Unless otherwise noted, the chemicals and solvents used were of 
analytical grade and were used as received from commercial sources. Water (dd-H2O) 
used as reaction solvent and in biological procedures was deionized using a Barnstead 
NANOpure purification system (ThermoFisher, Waltham, MA). Pyridoxal 5’-phosphate 
monohydrate was obtained from Aldrich. All Fmoc-protected amino acids were obtained 
from Novabiochem (EMD, Germany). Tentagel S OH resin was obtained from Advanced 
ChemTech (Louisville, KY). Centrifugations were conducted with an Eppendorf Mini Spin 
Plus (Eppendorf, Hauppauge, NY).

General Procedure for Solid-Phase Peptide Synthesis. See Section 3.2.

Split-and-Pool Combinatorial Library Synthesis. See Section 3.2.
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Figure 3-6. Each bead contained a truncation ladder in addition to the full-length peptide that had participated 
in the reaction. Sequencing was performed by cleaving the peptide species from selected beads and identifying 
the ladder peptides using MALDI-TOF MS. The mass di�erences between adjacent capped species corresponded 
to the amino acid in that position. Capped species were easily identi�ed by the unique isotope pattern of the 
bromine atoms in the cap (2 and 3). The mass of the uncapped peptide can be identi�ed in the mass spectrum at 
824 m/z, con�rming the assignment of a representative bead. Isobaric residues lysine and glutamine, and isoleu-
cine and leucine, were distinguished by capping one of each pair with methylbromobenzoic acid (3) instead of 
bromobenzoic acid (2).
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General Procedure for Library Screening. Portions of resin-bound peptides (appx. 
25 mg each)  were treated with 1 mL of PLP solutions of varying concentration in 50 
mM potassium phosphate buffer, pH 6.5 with 10% DMF to facilitate bead swelling and 
0.02% NaN3 for preservation of the buffer. Prior to use, the pH of each PLP solution 
was adjusted to 6.5 with NaOH following the addition of the PLP. After 18 h of reaction 
time, the resin samples were washed with three portions of deionized water, followed by 
three portions of DMF to remove residual PLP. The peptides were then incubated with 
1 mL of a 10 mM solution of Disperse Red alkoxyamine (1) in DMF for 3 h at rt, or the 
specified ratio of DispRed-ONH2 to BnONH2 in a solution of DMF and water. The excess 
disperse red 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. See Section 3.3 for the cleavage conditions 
of the peptide from a single bead. MALDI-TOF analysis was performed on a Voyager-
DE instrument (Applied Biosystems), and all spectra were analyzed using Data Explorer 
software. The matrix solution was a saturated α-cyano-4-hydroxycinnamic acid solution 
in 50% acetonitrile, 50% water, 0.1 % TFA.

General Procedure for the Modification of Resin-Bound Peptide Substrates. Portions 
of resin-bound peptides (appx. 10 mg each)  were treated with 1 mL of PLP solutions of 
varying concentration in 50 mM potassium phosphate buffer, pH 6.5 with 10% DMF to 
facilitate bead swelling and 0.02% NaN3 for preservation of the buffer. Prior to use, the 
pH of each PLP solution was adjusted to 6.5 with NaOH following the addition of the 
PLP. After 18 h of reaction time, the resin samples were washed with three portions of 
deionized water, followed by three portions of DMF to remove residual PLP. The peptides 
were then incubated with 1 mL of a 250 mM O-benzylhydroxylamine hydrochloride 
(BnONH2) solution in water for 3 h at rt. Excess alkoxyamine was removed by rinsing 
with three portions of deionized water, followed by three portions of DMF. The peptides 
were then cleaved from the resin through 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 dd-H2O for 
mass spectrometry analysis.

Synthesis of Disperse Red Alkoxyamine. 
NMR. 1H and 13C spectra were measured with a Bruker AVQ-400 (400 MHz) or AV-300 
(300 MHz) spectrometer. 1H NMR chemical shifts are reported as δ in units of parts per 
million (ppm) relative to chloroform-d (δ 7.26, s). Multiplicities are reported as follows: 
s (singlet), d (doublet), t (triplet), q (quartet), or m (multiplet). Coupling constants are 
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reported as a J value in Hertz (Hz). The number of protons (n) for a given resonance is 
indicated nH, and is based on spectral integration values. 13C NMR spectra are reported 
as δ in units of part per million (ppm) relative to chloroform-d (77.23, t).

Disperse Red mesylate (4). To an oven-dried 500 mL round bottom flask was added 
Disperse Red 1 (2.0 g, 6.4 mmol, 1.0 equiv) and distilled methylene chloride (70 mL). 
The mixture was stirred in an ice bath under an atmosphere of nitrogen until the Disperse 
Red had dissolved (<5 min). N,N-Diisopropylethylamine (DIPEA) (2.5 mL, 14.6 mmol, 2.3 
equiv) was added dropwise, followed by the dropwise addition of mesyl chloride (590 µL, 
7.6 mmol, 1.2 equiv). The reaction was allowed to warm to room temperature and was 
stirred for an additional 2 h. The mixture was washed with saturated ammonium chloride 
and brine, and the organic layer was dried over anhydrous sodium sulfate, filtered through 
glass wool and concentrated under reduced pressure. The resulting red solid was used in 
subsequent experiments without further purification (2.5 g, quant. yield). High resolution 
FAB-MS M+: calculated 392.1154, found 392.1149. 1H-NMR (300 MHz, CDCl3) δ 8.31 (d, 
2H, J=9.2) 7.90 (m, 4H) 6.77 (d, 2H, J=9.3) 4.39 (t, 2H, J=6.0) 3.79 (t, 2H, J=6.0) 3.54 (q, 
2H, J=7.2) 3.06 (s, 3H) 1.25 (t, 3H, J=7.2)  13C-NMR (400 MHz, CDCl3) δ 156.6, 150.7, 
147.5, 144.1, 126.2, 124.7, 122.7, 111.5, 66.0, 53.4, 49.3, 46.0, 37.6, 12.3.

Disperse Red phthalimide (5). To a 200 mL round bottom flask was added 4 (2.5 g, 
6.4 mmol, 1.0 equiv), N,N-dimethylformamide (DMF) (20 mL) and N-hydroxyphthalimide 
(1.25 g, 7.6 mmol, 1.2 equiv). To this solution was added 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) (1.14 mL, 7.6 mmol, 1.2 equiv), and the mixture was stirred under nitrogen and 
heated (50 °C) for 3 h. Following the reaction, the DMF was evaporated under reduced 
pressure. The mixture was dissolved in a 2:1 mixture of dicholoromethane and isopropyl 
alcohol and eluted through a silica gel plug. The resulting solution was transferred to 
a separatory funnel and washed with sodium bicarbonate solution, water, and brine. 
The organic layer was then dried over sodium sulfate, filtered through glass wool, and 
concentrated under reduced pressure (1.9 g, 66% yield). High resolution FAB-MS M+: 
calculated 459.1543, found 459.1540. 1H-NMR (400 MHz, CDCl3) δ 8.31 (d, 2H, J=9.2) 
7.90 (m, 4H) 7.83 (q, 2H, J=2.8) 7.75 (q, 2H, J=2.8) 6.78 (d, 2H, J=9.2) 4.41 (t, 2H, J=6.0) 
3.87 (t, 2H, J=6.0) 3.64 (q, 2H, J=7.2) 1.29 (t, 3H, J=7.2) 13C-NMR (400 MHz, CDCl3) δ 
163.4, 156.7, 151.0, 147.4, 143.9, 134.7, 128.7, 126.3, 124.7, 123.7, 122.6, 111.5, 75.9, 
48.7, 46.1, 12.3.
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Disperse Red alkoxyamine (1). To an oven-dried 500 mL round bottom flask was added 
5 (1.9 g, 4.2 mmol, 1.0 equiv), methylene chloride (50 mL), and hydrazine hydrate (1.02 
mL, 21.1 mmol, 5.0 equiv). The reaction was stirred for 1 h at rt, during which time an 
off-white precipitate formed. The white precipitate was removed by filtration and the red 
filtrate was concentrated under reduced pressure and used without further purification 
(0.89 g, 68% yield). High resolution FAB-MS M+: calculated 329.1488, found 329.1494. 
1H-NMR (400 MHz, CDCl3) δ 8.31 (d, 2H, J=9.2) 7.89 (t, 4H, J=9.6) 6.78 (d, 2H, J=9.2) 
3.86 (t, 2H, J=6.0) 3.65 (t, 2H, J=6.0) 3.52 (q, 2H, J=7.2) 1.23 (t, 3H, J=7.3). 13C-NMR 
(400 MHz, CDCl3) δ 157.1, 151.7, 147.5, 143.8, 126.5, 124.9 122.8, 111.5, 72.8, 49.1, 
46.0, 12.4.
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Chapter 4:
IdentIfIcatIon of a HIgHly ReactIve n-teRmInal 

Sequence towaRdS PlP-medIated tRanSamInatIon

AbstrAct

Chemical reactions that facilitate the attachment of synthetic groups to proteins are 
useful tools for the field of chemical biology. We have previously reported a pyridoxal 
5′-phosphate (PLP)-mediated reaction that site-specifically oxidizes the N-terminal amine 
of a protein to afford a ketone or an aldehyde. This unique functional group can then be 
used to attach a reagent of choice through oxime formation. Since its initial report, we 
have found that the N-terminal sequence of the protein can significantly influence the 
overall success of this strategy. To obtain short sequences that lead to optimal conversion 
levels, a combinatorial peptide library screening platform was used. A highly reactive 
alanine-lysine motif emerged, which was confirmed to promote the modification of peptide 
substrates with PLP. This sequence was also tested on two protein substrates, leading to 
substantial increases in reactivity relative to their wild-type termini. This readily encodable 
tripeptide thus appears to provide a significant improvement in the reliability with which 
the PLP-mediated bioconjugation reaction can be used. This study also provides an 
important first example of how synthetic peptide libraries can accelerate the discovery 
and optimization of protein bioconjugation strategies.

Portions of the work described in this chapter have been reported in a separate publication.1
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4.1 LibrAry screening

Pyridoxal 5’-phosphate (PLP)-mediated bioconjugation has been used to modify a number 
of different proteins in applications ranging from surface and polymer attachment2,3 to the 
dual modification of viral coat proteins with different chromophores for light harvesting 
systems.4 Since the initial report of this method for protein functionalization,5 our group 
has sought to explore the scope of this reaction and to improve its reliability for new 
protein targets. Our previous work has shown that the transamination reactivity of a protein 
is dependent on the identity of the N-terminal residue, as well as those in the second 
and third positions.6 The terminal and internal residues were found to have a complex 
synergistic effect on the overall reactivity, quickly outpacing our ability to screen sequence 
candidates individually. We sought to identify the most highly reactive sequences of amino 
acids from the chemical space spanning all combinations of three N-terminal residues. To 
identify such sequences, we developed a combinatorial peptide library screening platform 
based on a colorimetric detection of desired reactivity, as described in Chapter 3.

In order to probe the reactivity of the sequences in the combinatorial library towards 
PLP-mediated transamination, the library was initially subjected to standard peptide 
transamination conditions (10 mM PLP, 18 h, room temp, pH 6.5). The colorimetric read-
out of reactivity in the assay corresponded well with our previous experience. The majority 
of the library members were modified by the alkoxyamine dye to some extent but varying 
degrees of conversion for different sequences could be observed in the various shades 
of red ranging from nearly colorless to light orange to deep red (Figure 4-1b). In order to 
access sequences with greater than average reactivity, we next applied more stringent 
reaction conditions. The stringent reaction were conditions accessed by lowering the 
concentration of PLP (and reducing the time of the reaction, as described in Section 4.7). 
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Figure 4-1.  Visual evaluation of the library at di�erent screening conditions, including sequences identi�ed from 
a 100 μM PLP reaction. a) The library screening procedure consisted of subjecting the one-bead-one-sequence 
combinatorial library to transamination conditions followed by a Disperse Red alkoxyamine such that beads 
containing sequences that formed the desired oxime product would result in a red color. Stringent transamination 
conditions (accessed by lowering the concentration of PLP) were used to target highly reactive sequences. b) 
When subjected to standard transamination conditions, 10 mM PLP, the majority of the library members turned 
red, con�rming previous results that many sequences exhibit at least some degree of conversion. c) Using 1 mM 
PLP, fewer library members turned red, and most showed a lighter color. d) Using only 100 µM PLP,  most of the 
sequences showed no conversion (as evidenced by the colorless beads) but a small number of red beads were still 
identi�ed. e) The sequences corresponding to the red beads at 100 μM PLP revealed AXK and AKX as the predomi-
nant N-terminal motifs.
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Sequences with high reactivity, which resulted in oxime product when other sequences 
did not, were observed upon treatment of the library with low concentrations of PLP for 
the standard reaction time (18 h). Subjecting the library to 1 mM PLP resulted in fewer 
and lighter red beads than the standard conditions (Figure 4-1c). When the library was 
treated with 100 μM PLP, a stark contrast in relative reactivity was seen: almost all of the 
beads were colorless except for a very small number (approximately 1 in 300) that were 
bright red (Figure 4-1d). The library was screened multiple times with these conditions.

The sequences that were identified after selection and sequencing of the red beads are 
listed in Figure 4-1e. These sequences showed a high degree of consensus and were 
categorized by a few convergent patterns. The preferred N-terminal amino acid showed 
a striking preference for alanine, which was typically followed by a positively charged 
amino acid in the second or third position, with lysine occurring more often than arginine. 
There were also several lysine terminal sequences, as well as other sequences that did 
not match this motif. The prevalence of N-terminal alanine fit our previous observations 
of this reaction,6 as alanine had been identified as a successful N-terminal residue in 
peptide and protein substrates. However, the benefits of the adjacent positive charge 
had not been formally observed. Interestingly, the previous individual peptide reactivity 
studies also contained a lysine residue in the second position. This was included for 
the purpose of increased solubility and to check for lysine modification in addition to 
N-terminal transamination. Although it was not modified directly, it now seems that this 
residue was more than an innocent bystander in these reactions.

4.2 resynthesis And VerificAtion Using PePtides 
Once a consensus sequence was identified from library screening, the reactivity of the 
motif containing an alanine followed by a positive charge was verified by quantifying the 
reaction yield on a resynthesized peptide. Although the red color of the beads identified 
during library screening was indicative of the oxime product, the MALDI-TOF mass 
spectra of the peptide mixtures cleaved from individual beads were not sufficient for 
quantification of the reaction yield. Instead, quantification of the reaction conversion was 
achieved by treating the resynthesized peptides with PLP followed by benzylalkoxyamine 
and analysis by liquid chromatography-mass spectrometry (LC-MS). Benzylalkoxyamine 
was used because we found that the Disperse Red oxime suppressed ionization. After 
analysis by LC-QTOF MS, integration of the extracted ion chromatograms of the reaction 
products was used to obtain the relative yields of each species.6 As confirmation of these 
values, the tryptophan fluorescence ratios of the products were also compared in some 
cases and similar results were obtained. 

The general procedure for the modification of peptide substrates was performed as 
follows. Portions of resin-bound peptides (appx. 10 mg each)  were treated with 1 mL of 
PLP solutions of varying concentration in 50 mM potassium phosphate buffer, pH 6.5 with 
10% DMF to facilitate bead swelling and 0.02% NaN3 for preservation of the buffer. The 
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PLP solution was freshly prepared for each experiment and the pH of the solution was 
adjusted to 6.5 with NaOH following the addition of the PLP. After 18 h of gentle rotation 
at room temperature, the resin samples were washed with three portions of deionized 
water, followed by three portions of DMF to remove residual PLP. The peptides were then 
incubated with 1 mL of a 250 mM O-benzylhydroxylamine hydrochloride (BnONH2) solution 
in water for 3 h at rt. Excess alkoxyamine was removed by rinsing with three portions of 
deionized water, followed by three portions of DMF. The peptides were then cleaved 
from the resin through 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 dd-H2O for mass spectrometry 
analysis.

To obtain a more detailed understanding of the reactivity of the alanine plus positive charge 
motif, we resynthesized an AKTWSNAG peptide. AKT was selected as a sequence for 
testing because lysine came up more frequently in library screening than arginine, and 
this particular sequence was identified multiple times. Upon subjecting beads bearing 
the AKT-terminal peptide to conditions identical to those that were used to screen the 
library (100 μM PLP, 18 h, room temperature), they were visually found to react with the 
Disperse Red alkoxyamine much as they had during the library screen. However, the 
benzyl oxime yield was found to be approximately 30%, Figure 4-2. This indicated that 
the red color of a bead saturated at a relatively low yield, prompting a recalibration of the 
colorimetric detection (described in Chapter 3). However, in this case the higher reactivity 
of the Ala-Lys motif was also observed after transamination with other concentrations of 
PLP and led to higher yields at more generous transamination conditions (Figure 4-2).

To verify the synergistic effect of the Ala-Lys combination, peptides containing only 
one of these components (i.e., AET- and LKT-terminal peptides) were synthesized. 
Under the transamination conditions used to screen the library, only beads bearing the 
consensus motif resulted in red color. Using LC-MS quantification, these peptides were 
found to be unreactive after treatment with the low concentration of PLP. At higher PLP 
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Figure 4-2. Analogs of the reactive Ala-Lys motif identi�ed during library screening were synthesized to verify the 
reactivity of this sequence.  AKT was compared to LKT to con�rm the importance of alanine as the �rst residue and 
AET was used to probe the role of a positive charge in the second position.  At 0.1 mM PLP, the concentration of 
library screening, AKT showed a signi�cantly higher yield than the other sequences.  AKT also resulted in notably 
improved yields at higher concentrations of PLP.
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concentrations, the yield of oxime product increased for all three peptides, with the AKT 
sequence consistently producing higher reactivity. This indicated that the Ala-Lys motif 
had enhanced reactivity and could produce high yields of the desired product.

Although lysine was identified more frequently than arginine in the library screening, 
it was unclear whether the lysine functionality was uniquely important to the reactive 
motif or whether the effect could be achieved with any positive charge. To study this, 
peptides with a variety of positively charged functional groups in the second position 
were synthesized. These peptides were of the form AXTWSNAG where X included lysine, 
ornithine, argnine and dimethyl lysine as the positive charges, and alanine and glutamate 
for comparison. Lysine and ornithine both contain a primary amine functional group, 
while arginine and dimethyl lysine contain positive charges but are unable to form imines. 
These peptides were subjected to both low (100 uM) and high (10 mM) concentrations 
of PLP for 18 h, and the resulting products were quantified by LC-MS (Figure 4-3). All of 
the positively charged residues had higher reactivity than the AAT and AET controls at 
low concentrations of PLP. Using the 10 mM PLP reaction conditions, all of these alanine-
terminal peptides had high reactivity. There was not a significant difference observed 
between the functionalities that had a primary amine and those that did not, indicating 
the beneficial effect of lysine comes from the positive charge. Therefore, arginine may 
be interchangeable with lysine to fulfill this role in the reactive motif in a protein context. 
Arginine may have been observed less frequently during library screening due to small 
sample size, or because arginine-containing peptides were more difficult to sequence 
due to the slower deprotection kinetics of the arginine side-chain protecting group. 

On peptides, the Ala-Lys motif resulted in higher reactivity at low concentrations of PLP, 
and maintained a superior reactivity at other reaction conditions. However, at generous 
reaction conditions, such as 10 mM PLP for 18 h, other sequences resulted in high yields 
as well. To consider if the consensus motif could have enhanced reactivity that would 
benefit the yield achieved on protein substrates, the proposed mechanism was considered 
before actual protein substrates were tested. The mechanism of the transamination 
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reaction almost certainly involves reversible imine formation as the first step, followed 
by tautomerization. It is likely that the positive charge of the lysine residue serves to 
recruit the PLP molecule through interactions with the phosphate group, thus increasing 
the value of K1 in Figure 4-4c. The origin of the beneficial alanine effect is less clear, as 
this residue could influence the equilibrium position of the tautomerization step (K2) as 
well as encourage hydrolysis and/or oxime formation. Protein modification reactions are 
typically performed at substrate concentrations that are significantly lower than those 
used for peptide modification. Although we have not yet determined the rate law for the 
transamination reaction, it is reasonable to expect it to depend on the concentration of 
both PLP and the N-terminal group. Correspondingly, the low concentration of a protein 
will be particularly sensitive to the magnitude of K1 in Figure 4-4c. 

4.3 PositionAL scAnning

A positional scanning experiment was performed to determine the ideal position (second 
or third) of the lysine in the motif, since the sequences identified from library screening 
included positive charges in both positions. The positional scanning experiment could 
also identify any residues that might suppress the reactivity of the motif, which would be 
important to avoid when using this motif as a tag sequence on proteins. We synthesized 
38 octapeptides, in which the three N-terminal residues were of the form AXK or AKX. The 
identity of X was varied to include each of the 20 natural amino acids, with the exception 
of cysteine. After subjecting these peptides to standard PLP transamination conditions 
(10 mM, 18 h), we found that all of the sequences with alanine in the first position and 
lysine in the second or third position gave relatively high yields of oxime product (Figure 
4-5). Despite some variation in yield, the lowest observed was still above 50%, and no 
residues were found to quench the reactivity of the motif substantially. The most apparent 
trend was a slight preference for lysine in the second position over the third position. This 
verified our selection of alanine-lysine-threonine as a specific sequence to pursue as an 
optimized protein modification tag.
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4.4 APPLicAtion to Protein sUbstrAtes: AKt-terminAL Antifreeze Protein

To determine if the alanine-lysine-threoine motif would improve the reactivity of protein 
substrates, we used mutagenesis to install this sequence at the N-terminus of two 
recombinant proteins used in the Francis group for materials purposes. The first of these 
proteins was the Type III “Antifreeze” Protein (AFP).7 In Figure 4-6a the location of the 
new sequence on the protein surface can be seen. The AKT motif was introduced as 
a two-residue extension of the wild-type N-terminus, which was GNQ-terminal. After 
expression and purification, the wild-type and AKT-terminal variants of these proteins 
were transaminated with PLP and reacted with benzylalkoxyamine for quantification of 
the oxime yield by mass spectrometry. 

The general procedure for PLP-mediated transamination on protein substrates was 
performed as follows. Protein and PLP stock solutions were prepared at twice the desired 
final concentration and mixed in equal volumes in a 1.5 mL Eppendorf tube. The final 
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volume of each reaction was 100 µL. The 2x protein stock solutions were prepared at 
40-600 µM using 25 mM potassium phosphate buffer at pH 6.5 with 0.02% NaN3. The 2x 
PLP stock solutions were freshly prepared before each experiment in 25 mM phosphate 
buffer, pH 6.5 with 0.02% NaN3. Following addition of the PLP, the pH was re-adjusted 
to pH 6.5 using NaOH. The reaction mixture was briefly agitated to ensure mixing and 
then incubated without further agitation at 37 °C for 1-18 h. Following the reaction, the 
PLP was removed by buffer exchange using Milipore 0.5 mL spin concentrators (MWCO 
3 kDa). The buffer exchange 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 2-4 times, depending on the initial concentration of PLP that was 
used. The resulting 100 µL of reacted protein was then treated with 25 µL of 250 mM 
BnONH2 (pH adjusted to 5.5) in a 1.5 mL Eppendorf tube and incubated at rt for 18 
h. Buffer exchange steps were repeated as described above to stop the reaction and 
remove the excess alkoxyamine.

The wild-type AFP showed intermediate levels of oxime product formation, which followed 
the expectations of a GNQ N-terminal sequence (Figure 4-6). However, the AKT-terminal 
mutant outperformed the wild-type under every set of reaction conditions screened, 

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

time course (10 mM PLP) concentration screen (18 h)

AKT-terminal AFP

wild type AFP

0.5 1 2 5 9 11 14 18

0.5 1 2 5 9 11 14 18

0.1 1 5 10

0.1 1 5 10

time (h) [PLP] (mM)

time (h) [PLP] (mM)

a)

c)

b)

d)

% PLP adduct (3)
% oxime and PLP adduct (2)
% oxime product (1)

%
 y

ie
ld

%
 y

ie
ld

%
 y

ie
ld

%
 y

ie
ld

Figure 4-7. Anti-Freeze Protein (AFP) product distributions after modi�cation with PLP and benzylalkoxyamine. a) 
AKT-terminated AFP reached high oxime yields after 9 hours. Longer reaction times led to increased byproduct 
formation. b) The AKT-mutant product distribution showed similar behavior at di�erent concentrations of PLP, 
with a high yield of oxime product being formed with 5 mM PLP, and higher concentrations resulting in high 
amounts of byproduct. The wild type AFP (with a GNQ terminus) was less reactive than the AKT mutant, in terms 
of both oxime product and byproduct formation.  The product distributions are shown for a time course in (c) and 
concentration screen in (d).



47

including variation of the concentration of PLP and the reaction time (Figure 4-6). This 
demonstrated that the oxime yield after PLP-mediated transamination could be increased 
for protein substrates with moderate wild-type reactivity by installing the reactive motif.

Upon inspection of the product distribution for the AKT-terminal mutant (Figure 4-7), 
a significant amount of covalent PLP addition to the N-terminus was observed, which 
corresponded by mass to an aldol addition of PLP to the introduced ketone group (3). This 
was particularly pronounced in the 10 mM PLP, 18 h sample (Figure 4-8a). Although the 
PLP addition byproduct had been observed previously, it was typically a small proportion 
of the overall product. It is possible that the AKT motif selected from library screening is 
more reactive towards PLP addition as well as towards transamination. The putative aldol 
addition of PLP to the N-terminus did not preclude oxime formation, as the green portions 
of the bars correspond to the reaction of the PLP adduct with the alkoxyamine agents 
(2). Thus, in many applications where the goal is simply to ligate the target protein to 
another material through oxime formation, the PLP addition byproduct may be innocuous. 
However, for cases in which a complex product mixture is problematic (such as theraputic 
bioconjugates) we sought strategies to minimize the formation of the PLP adduct.

4.5 strAtegies to minimize PLP AddUct formAtion

As would be expected for a bimolecular reaction, we observed that the yield of PLP 
adduct increased with the same parameters as transamination (i.e., higher concentrations 
of PLP and increased reaction times). Because the PLP adduct likely forms after the 
transamination has taken place (Figure 4-8b), we hypothesized that a balance of these 
two reaction conditions might minimize PLP adduct formation without sacrificing the 
transamination yield  (and correspondingly the total amount of oxime yield). For AFP, 
using a lower concentration of PLP for the full reaction time (5 mM for 18 h) or using 
the standard concentration for a shorter time (10 mM for 9 h) resulted in decreased 
amounts of PLP adduct (2 and 3, Figure 4-8a) while preserving the total amount of oxime 
yield, shown as a dotted line. Therefore, to minimize the PLP adduct byproduct, lower 
concentrations of PLP can be used for longer reaction times, or higher concentrations of 
PLP can be used for shorter incubation periods. In practice, the optimal balance will vary 
somewhat for each protein substrate, and, like most other organic reactions, a preliminary 
screen of the reaction variables is recommended. 

4.6 APPLicAtion to Protein sUbstrAtes: AKt-terminAL gfP
The AKT-terminal motif was also tested on GFP. The use of GFP as a test protein substrate 
was complementary to AFP in many ways. AFP is a small (7 kDa) protein while GFP is 
a larger protein (26 kDa). On AFP, the AKT mutant was a two-residue extension of the 
N-terminus, while on GFP, AKT was mutated to replace the three N-terminal residues with 
no extension. Additionally, while the wild-type sequence of AFP had fair-to-good reactivity 
towards PLP-mediated transamination, the wild-type GFP (N-terminal sequence MVS) 



48

had minimal reactivity toward PLP from room temperature to 37 °C.3 Thus, the AKT-
terminal GFP served as a test whether the Ala-Lys motif could ‘rescue’ the reactivity of 
proteins with unreactive native sequences.

The strategies for maximizing oxime yield with minimal PLP addition byproduct were 
applied to AKT-terminal GFP and led to striking results. Using the strategy of a high 
concentration of PLP with a short reaction time (100 mM PLP for 90 min), over 90% yield 
of oxime product with negligible amounts of byproduct formation was achieved (Figure 
4-9). Under the same conditions, the wild-type GFP resulted no conversion, highlighting 
the importance of the AKT sequence for achieving increased reactivity. Previously, the 
standard reaction conditions for peptide and protein substrates had been 10 mM PLP 
for 18 h. However, these data indicate that the use of a much higher concentration of 
PLP, 100 mM, can dramatically lower the reaction time. This concentration of PLP did 
not noticeably affect protein solubility or function as measured by protein concentration 
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and GFP fluorescence. Using 100 mM PLP, high oxime yields were observed with 60-90 
minute reactions. Although the overall yield was somewhat lower in the 60 minute reaction 
than in the 90 minute case, no PLP addition was observed. These data indicate that with a 
small sacrifice in overall oxime yield it is possible to find reaction conditions that eliminate 
the byproduct if the application so requires. The product distributions of AKT-terminal 
GFP under other reaction conditions are shown in Figure 4-9d. When 100 mM PLP was 
used with long reaction times, unknown (and previously unobserved) masses resulted. 
Therefore, the concentration of PLP should be correlated with an inverse relationship with 
the reaction time. As GFP is commonly fused to protein domains to allow visualization 
using fluorescence, we anticipate that the availability of the fast and reliable method for the 
introduction of a second functional group reported herein will benefit many applications.

Since the initial report of the Ala-Lys reactive motif, the AKT terminus has been used on a 
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number of other proteins in the Francis group. These proteins include a human IgG1, the 
Fc domain of an antibody, a thermostable cellulase, and the soluble domain of a human 
estrogen receptor. So far, the AKT-terminal mutants have resulted in over 80% oxime 
yield in all of these cases. Additionally, it is worth noting that since the transamination 
yield cannot be measured directly for protein substrates (given the mass change of only 
1 Da), the actual degree of transamination may be under-reported by incomplete oxime 
formation. As shown in Figure 4-9e, using 18 h of oxime formation would indicate that the 
transamination yield was similar for 30 min and 60 min transaminations of AKT-terminal 
GFP using 100 mM PLP. However, the transamination yield was actually higher for the 60 
min sample, as seen when the oxime formation reaction was allowed to go to competion 
(48 h).

4.7 LibrAry screening with short reAction time

The AKT motif was identified from library screening, and its enhanced reactivity was 
subsequently verified on peptide and protein substrates. However, we also found that 
the library screening process can also lead to false positives, which emphasized the 
importance of verifying library results on resynthesized peptides. Originally, in order to 
access stringent transamination conditions that would reveal highly reactive sequences, 
we identified two parameters to vary: the concentration of PLP and the reaction time. The 
low concentrations of PLP resulted in the Ala-Lys motif, as described in the preceding 
sections. Subjecting the library to a short transamination time (10 mM PLP for 10 min) 
also resulted to a small number of red beads. These beads were sequenced and a 
strong consensus sequence emerged: Pro-Arg (Figure 4-10). We were interested in 
the transamination of proline-terminal sequences because we had previously identified 
whose mass corresponded to a ring opening addition of PLP to the N-terminus with 
oxime formation (4). Although small amounts of this product were observed upon LC-
MS analysis of  a resynthesized Pro-Arg terminal peptide, this motif did not result in high 
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reactivity under various reaction conditions tested, therefore this sequence appears to 
have been a false positive and was not pursued.

Using a combinatorial peptide library, a highly reactive sequence towards PLP-mediated 
transamination was identified. The proteins AFP and GFP demonstrated that mutating 
the N-terminal sequence of a protein to AKT can increase reactivity toward PLP-mediated 
bioconjugation, and thus these results serve to validate our combinatorial peptide library 
screening process. We have also identified reaction conditions for AKT-terminal proteins 
that maximize yield and purity. We anticipate that the development of this encodable motif 
will be of interest to those in the chemical biology and biomolecular materials communities 
who wish to apply this mild, site-specific transamination reaction to their own protein 
substrates. On the basis of the success of these studies, we are continuing to use this 
combinatorial library screening platform to accelerate the discovery and optimization of 
new bioconjuation reactions. 

4.8 mAteriALs And methods

General Procedures. Unless otherwise noted, the chemicals and solvents used were of 
analytical grade and were used as received from commercial sources. Water (dd-H2O) 
used as reaction solvent and in biological procedures was deionized using a Barnstead 
NANOpure purification system (ThermoFisher, Waltham, MA). Pyridoxal 5’-phosphate 
monohydrate was obtained from Aldrich. All Fmoc-protected amino acids were obtained 
from Novabiochem (EMD, Germany). Tentagel S OH resin was obtained from Advanced 
ChemTech (Louisville, KY). Centrifugations were conducted with an Eppendorf Mini Spin 
Plus (Eppendorf, Hauppauge, NY).

Combinatorial Library Synthesis, and General Procedure for Library Screening, 
Sequencing, and Solid Phase Peptide Synthesis. Described in Chapter 3.

General Procedure for PLP-Mediated Transamination of Peptide Substrates. See 
Section 4.2.

General Procedure for PLP-mediated Transamination of Protein Substrates. See 
Section 4.4.

Liquid Chromatography and Mass Spectrometry Materials. Acetonitrile (Fisher 
Optima grade, 99.9%) and formic acid (1 mL ampules, 99+%) were used to prepare 
mobile phase solvents for liquid chromatography-mass spectrometry (LC-MS). Water 
used in these experiments was purified to a resistivity of 18.2 MΩ·cm (at 25 °C) using a 
Milli-Q Gradient ultrapure water purification system (Millipore, Billerica, MA). 

LC-MS Analysis of Peptide Bioconjugates. Peptide bioconjugates were analyzed 
using a nanoAcquity ultraperformance liquid chromatograph (UPLC; Waters, Milford, MA) 
that was connected in-line with a quadrupole time-of-flight mass spectrometer (Q-Tof 
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Premier, Waters). The UPLC was equipped with C18 trapping (5 µm, 20 mm × 180 µm) 
and analytical (1.7 µm, 100 mm × 100 µm) columns and a 10 µL sample loop. Solvent A 
was 0.1% formic acid/99.9% water and solvent B was 0.1% formic acid/99.9% acetonitrile 
(v/v). Sample solutions contained in 0.3 mL polypropylene snap-top vials sealed with 
septa caps were loaded into the nanoAcquity autosampler compartment prior to analysis. 
Following sample injection (1.5 µL, partial loop), trapping was performed for 5 min with 
100% A at a flow rate of 3 µL/min. The injection needle was washed with 500 µL each 
of solvents A and B after injection to avoid cross-contamination between samples. The 
elution program consisted of a linear gradient from 25% to 50% B over 30 min, a linear 
gradient to 95% B over 0.33 min, isocratic conditions at 95% B for 6.67 min, a linear 
gradient to 1% B over 0.33 min, and isocratic conditions at 1% B for 11.67 min, at a flow 
rate of 500 nL/min. The analytical column and sample compartment were maintained at 
35 ºC and 8 ºC, respectively.

The column exit was connected to a NanoEase nanoelectrospray ionization (nanoESI) 
emitter mounted in the nanoflow ion source of the Q-Tof. The nanoESI source parameters 
were as follows: nanoESI capillary voltage 2.3 kV, nebulizing gas (nitrogen) pressure 
0.15 mbar, sample cone voltage 30 V, extraction cone and ion guide voltages 4 V, and 
source block temperature 80 ºC. No cone gas was used. The collision cell contained 
argon gas at a pressure of 8×10-3 mbar. The Tof analyzer was operated in “V” mode. 
Under these conditions, a mass resolving power of 1.0×104 (measured at m/z = 771) was 
routinely achieved, which was sufficient to resolve the isotopic distributions of the singly 
and multiply charged peptide bioconjugate ions measured in this study. Thus, an ion’s 
mass and charge could be determined independently, i.e., the ion charge was determined 
from the reciprocal of the spacing between adjacent isotope peaks in the m/z spectrum. 
External mass calibration was performed immediately prior to analysis using solutions 
of sodium formate. Mass spectra were acquired in the positive ion mode over the range 
m/z = 100-2000, in continuum data format, using a 0.95 s scan integration and a 0.05 
s interscan delay. Mass chromatograms and spectra were processed using MassLynx 
software (version 4.1, Waters).

LC-MS Analysis of Protein Bioconjugates. Protein bioconjugates were analyzed using 
an Agilent 1200 series liquid chromatograph (LC; Santa Clara, CA) that was connected 
in-line with an LTQ Orbitrap XL hybrid mass spectrometer equipped with an Ion Max 
electrospray ionization source (ESI; Thermo Fisher Scientific, Waltham, MA).

The LC was equipped with C8 guard (Poroshell 300SB-C8, 5 µm, 12.5 × 2.1 mm, Agilent) 
and analytical (75 × 0.5 mm) columns and a 100 µL sample loop. Solvent A was 0.1% 
formic acid/99.9% water and solvent B was 0.1% formic acid/99.9% acetonitrile (v/v). 
Sample solutions contained in 0.3 mL polypropylene snap-top vials sealed with rubber 
septa caps were loaded into the Agilent 1200 autosampler compartment prior to analysis. 
For each sample, approximately 100 to 200 picomoles of protein analyte was injected 
onto the column. Following sample injection, analyte trapping was performed for 5 min 
with 99.5% A at a flow rate of 90 µL/min. The elution program consisted of a linear gradient 
from 30% to 95% B over 19.5 min, isocratic conditions at 95% B for 5 min, a linear 
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gradient to 0.5% B over 0.5 min, and then isocratic conditions at 0.5% B for 9.5 min, at a 
flow rate of 90 µL/min. The column and sample compartments were maintained at 35 ºC 
and 10 ºC, respectively. Solvent (Milli-Q water) blanks were run between samples, and 
the autosampler injection needle was rinsed with Milli-Q water after each sample injection 
to avoid cross-contamination between samples.

The connections between the LC column exit and the mass spectrometer ion source 
were made using PEEK tubing (0.005” i.d. × 1/16” o.d., Western Analytical, Lake Elsinore, 
CA). External mass calibration was performed prior to analysis using the standard LTQ 
calibration mixture containing caffeine, the peptide MRFA, and Ultramark 1621 dissolved 
in 51% acetonitrile/25% methanol/23% water/1% acetic acid solution (v/v). The ESI source 
parameters were as follows: ion transfer capillary temperature 275 ºC, normalized sheath 
gas (nitrogen) flow rate 25%, ESI voltage 2.5 kV, ion transfer capillary voltage 33 V, and 
tube lens voltage 125 V. Mass spectra were recorded in the positive ion mode over the 
range m/z = 500 to 2000 using the Orbitrap mass analyzer, in profile format, with a full MS 
automatic gain control target setting of 5×105 charges and a resolution setting of 6×104  
(at m/z = 400, FWHM). Raw mass chromatograms and spectra were processed using 
Xcalibur software (version 4.1, Thermo) and measured charge state distributions were 
deconvoluted using ProMass software (version 2.5 SR-1, Novatia, Monmouth Junction, 
NJ), using default “small protein” parameters and a background subtraction factor of 1.5.

Constuction of GFP and AFP Expression Plasmids. The construction of the ISP-
pTXB1 and EGFP-pET28b plasmids has been previously reported.3,4  The Quick Change 
II System Kit (Stratagene, La Jolla, CA) was used to mutate the N-termini of each 
plasmid to AKT. The plasmids used had previous N-terminal mutations, therefore site-
directed mutagenesis was also used to make mutants containing the wild type N-terminal 
sequence. The AFP wild-type sequence was obtained by removing two amino acids that 
had been added to the N-terminus during the original construction of the plasmid using 
the primers: 

Forward:  5’-gaaggagatatacatatgggtaaccaggcgagcgt-3’
Reverse:   5’-acgctcgcctggttacccatatgtatatctccttc-3’

The AKT-terminal AFP was obtained on the extended N-terminus using the primers:
Forward:  5’-ggagatatacatatggcgaaaaccaaccaggcgagcgt-3’
Reverse:  5’-acgctcgcctggttggttttcgccatatgtatatctcc-3’

The wild-type GFP plasmid was constructed using the primers:
Forward:  5’-atacatatggtgagcaagggcgaggagctgttcaccg-3’
Reverse:  5’-gaaattcttcctctatatgtataccactcgttcccgc- 3’

The GFP AKT mutant was constructed using the primers:
Forward:  5’ -catatggccaaaacgggcgaggagctgttcaccggggtg- 3’
Reverse:  5’ -cctcgcccgttttggccatatgtatatctccttcttaaag- 3’
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Incorporation of the point mutations was verified by sequencing.

General Procedure for Expression and Purification of GFP and AFP. The plasmids 
were transformed into T7 Express LysY/Iq Competent E. coli (NEB, Ipswich, MA) and 
plated on LB Agar Plates (ampicillin at 100 μg/mL). Cells were grown in 1 L of Luria Broth 
(LB) containing ampicillin at 100 μg/ml at 37 °C until an optical density (OD) of 0.7 was 
observed at 600 nm. Protein expression was induced by the addition of 1 mL of 0.3 mM 
isopropyl-ß-D-thiogalactopyranoside (IPTG). Cultures were grown for an additional 16 h 
at 16 °C. The cells were then centrifuged for 10 min at 8,000 rcf at 4 °C. The collected cells 
were re-suspended in 10 mL of Lysis/Wash Buffer (0.02 M Tris, 0.5 M NaCl, 1 mM EDTA, 
pH 7.5) by vortexing. The cells were lysed by sonication using a Branson Digital Sonifier 
(VWR Scientific, West Chester, PA) for 20 min with a blunt ended tip. Debris was removed 
by centrifugation. The protein-containing lysate was incubated with 5-6 mL of chitin resin 
(NEB) in for 1 h. The resulting resin-bound protein was washed with 100 mL of Wash Buffer 
that was cooled to 4 °C. A 30 mL solution of 50 mM sodium 2-sulfanylethanesulfonate 
(MESNA) in Wash Buffer was flowed over the resin-bound protein using suction in order 
to cleave it from the intein-chitin binding domain. The column bed was then allowed to 
stand in a minimal amount of this solution at 4 °C for 15 h. The protein was eluted from 
the column with the addition of 15 mL of Wash Buffer. Purified protein was then buffer 
exchanged 3 times with Wash Buffer using Amicon Ultra 15 mL 3,000 MWCO (Millipore, 
Billerica, MA) and incubated with an additional 5 mL of chitin resin for 1 h. The chitin 
resin was removed by filtration through a Steriflip (Millipore). Purified protein was then 
buffer exchanged into 25 mM sodium phosphate (pH 6.5) using Amicon Ultra 15 mL 
3,000 MWCO (Millipore) centrifugal ultrafiltration membranes. The entire procedure was 
performed in a cold room maintained at 4 °C. Purity was evaluated by SDS-PAGE with 
Coomassie staining.
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Chapter 5:
Site- and Sequence-Specific protein tranSamination 

uSing an N-alkylpyridinium carboxaldehyde

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 specifically oxidizes the N-terminal amine to 
a ketone or an aldehyde group. The newly introduced carbonyl group can be used for the 
conjugation of a synthetic group to one location through the formation of an oxime or a 
hydrazone linkage. Here we present a new transamination reagent that is particularly well- 
suited for antibody modfication. Although the side chain of the N-terminal amino acid does 
not directly participate in the transamination mechanism, in previous work using pyridoxal 
5’-phosphate (PLP) as the transamination reagent we found that certain combinations 
of two or three N-terminal residues could result in high transamination reactivity. In this 
chapter the use of a combinatorial peptide library screening platform as a method to 
explore new transamination reagents and simultaneously identify their optimal N-terminal 
sequences is described. N-methylpyridinium carboxaldehyde benzene sulfonate salt 
(Rapoport’s salt) was identified as a highly effective transamination reagent when paired 
with glutamate-terminal peptides and proteins. We also used the library colorimetric 
detection scheme to identify non-reactive sequences, which enables for protein-specific 
modification based on sequence. Mutation of antibody light and heavy chain N-terminal 
residues allowed modification of one or both chains, thus enabling control of the number of 
attachments to the antibody (two or four) and demonstrating protein-specific modification 
based on sequence.
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5.1 IntroductIon

The chemical modification of proteins is an important tool for a wide range of fields, including 
cell biology research,1,2,3 the 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 due 
to their large size, multiple polypeptide chains, glycosylation, and structurally important 
disulfide bonds. Traditional methods such as lysine modification9 are indiscriminate given 
the abundance of these residues (up to 100)8 leading to heterogeneous mixtures that 
complicate pharmacokinetic characterization. Current alternative methods for site-specific 
antibody modification include genetic mutation to alter the number of solvent-accessible 
cysteines10,11 or to introduce enzyme recognition tags.12 Nonetheless, the growing interest 
in antibody drug conjugates (ADCs) as commercial treatments provides a need for a 
whole series of readily-scalable methods that can provide well-defined conjugates with 
high efficiency and control over attachment stoichiometry. 

We have previously reported a site-specific transamination reaction that introduces 
a new carbonyl group at the N-terminus of proteins through incubation with pyridoxal 
5’-phosphate (PLP, 1a).13,14 The carbonyl groups introduced by this reaction are not 
naturally occurring functionalities on protein surfaces, and can therefore be used as a 
unique point of attachment for a synthetic group through oxime or hydrazone formation,15 
Figure 5-1. In previous work, we have applied the PLP-mediated transamination 
reaction to the modification of monoclonal antibodies.16 However, the yields were not 
high and elevated temperatures were required, limiting the practical application of this 
approach. Additionally, the stoichiometry of drug attachment has been identified as a 
critical parameter for ADC efficacy, with 2 to 4 attachments reported as being optimal in 
at least some cases.8,17 Since antibodies have 4 N-termini (2 identical heavy chains and 
2 identical light chain units), we hypothesized that sequence-selective transamination 
could give control over the number of attachments within the optimal range (2 or 4). Thus, 
we set out to identify more reliable and scalable conditions for antibody transamination 
that could not only achieve improved yields and greater bioconjugate purity than were 
possible previously, but also could modify one or both sets of chains selectively. 

We hypothesized that N-terminal transamination could achieve chain-specific antibody 
modification based on previous evidence of the sequence dependence of PLP-mediated 
transamination. Although the side chain of the N-terminal residue does not participate 
directly in the transamination mechanism, the reaction yield was found to vary significantly 
depending on the amino acids in the N-terminal positions.18 Given this situation, we 
used a combinatorial peptide library to identify highly reactive sequences towards PLP-
mediated transamination and found an Ala-Lys N-terminal motif.19 In the present work, this 
new bioconjugation development tool was used to identify a new protein transamination 
reagent, N-methylpyridinium carboxaldehyde benzene sulfonate salt (Rapoport’s salt,20 
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1b). Glutamate-terminal sequences were found to be highly reactive towards this 
transamination reagent, which makes it particularly well-suited for antibody transamination 
since many human IgG1 isotypes contain at least one glutamate-terminal chain.21,22,23 The 
library was also used to identify non-reactive N-terminal sequences. The combined use 
of both of these sequences enabled the selective installation of desired cargo on either 
the heavy or light chains (or both) of genetically engineered antibodies. This capability 
was demonstrated on anti-HER2 human IgG1. These data establish Rapoport’s salt as 
a facile and readily scalable method to obtain antibody conjugates in high yield and with 
control over the number of attached groups.

5.2 rApoport’s sAlt

We identified Rapoport’s salt as a potential transamination reagent since it bears a strong 
structural similarity with PLP, but has a permanent positive charge on the pyridine nitrogen 
that could serve as a more effective electron sink in the proposed mechanism (Figure 5-1c). 
Additionally, Rapoport’s salt has been reported previously as a transamination reagent 
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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 chain domains and two identical heavy chain domains. This 
provides 4 N-termini as potential sites of attachment (only one shown). b) Previous work used pyridoxal 5’-phosphate (PLP, 1a) 
as a transamination reagent, and this work identi�es N-methyl pyridinium-4-carboxalydehyde benzene sulfonate salt 
(Rapoport’s salt, 1b) as a highly e�ective transamination reagent for acid-rich N-terminal sequences. c) Proposed mechanism 
of Rapoport’s salt mediated transamination. The N-terminus of the protein forms a Schi� base with the aldehyde of the 
Rapoport’s salt. Alleviation of the charge on the pyridinium nitrogen helps drive the next step, which is deprotonation of the 
N-terminal α-hydrogen. Hydrolysis leads to the transaminated keto-protein species, which is then able to form the desired 
oxime product upon incubation with an alkoxyamine reagent of choice. The keto-protein may also undergo a reaction with 
another molecule of Rapoport’s salt, forming a species with the covalent addition of Rapoport’s salt to the N-terminus. This 
structure leads to the oxime and adduct species after reaction with the alkoxyamine.
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for small molecules in organic solution,20,24,25 suggesting that it could serve as a protein 
transamination reagent. In our original report of site-specific N-terminal transamination on 
proteins, a number of common aldehydes were screened for transamination ability, and 
PLP was identified as the most effective.13 However, this screen was carried out using 
angiotensin as a single substrate. Given what we later found in terms of the dependence 
of PLP-mediated transamination on the N-terminal sequence, it is possible that this initial 
screen failed to identify aldehydes, such as Rapoport’s salt, that can achieve similarly 
high levels of transamination with other sequences. To match more practical reagents 
with their proper sequences, the combinatorial peptide library screening platform serves 
as an important tool to evaluate the transamination ability of candiate reagents against all 
combinations of N-terminal sequences simultaneously (Figure 5-2a). 

5.3 lIbrAry screenIng

Incubation of the combinatorial peptide library with 10 mM Rapoport’s salt for 1 h in pH 6.5 
phosphate buffer, followed by oxime formation, resulted in the formation of a small number 
of red beads (Figure 5-2b). Oxime formation was achieved using a ratio of DispRed-ONH2 
to BnONH2 of 20%, which was identified to result in red colored beads only for high levels 
of oxime yield, as described in Chapter 3. These data indicated that Rapoport’s salt could 
effect transamination to high yields on certain N-terminal sequences. 

To identify the optimal N-terminal sequences for Rapoport’s salt-mediated transamination, 
the red beads were collected and sequenced (Figure 5-2). The common pattern identified 
from sequencing was multiple glutamate residues at the N-terminus. The screen was also 
repeated using a lower ratio of DispRed-ONH2 to BnONH2 (5%) to provide a more stringent 
filter for high oxime yield. Again the same reactive motif was identified by sequencing 
these red beads: glutamate in the N-terminal and second positions, with less consensus 
at the third position. 

The identification of sequences that were non-reactive towards Rapoport’s salt-mediated 
transamination was achieved by sequencing colorless beads. To ensure that very low 
levels of reactivity would be identified, 100% DispRed-OHN2 was used during the oxime 
formation so that even low amounts of oxime formation would result in a red bead (the 
colorimetric detection of oxime yield is explained in more depth in Chapter 3). The 
resulting colorless beads were selected and sequenced. Proline in the N-terminal position 
was identified as the common motif among the colorless beads (Figure 5-2b), indicating 
that proline-terminal sequences would be unreactive towards Rapoport’s salt-mediated 
transamination. 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, although 
the resulting product has not yet been fully characterized and was not observed with 
Rapoport’s salt. 

Another question about reactivity that could be answered using the library was whether 
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any residues in the second or third positions could significantly alter 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, the glutamate-terminal subset of the library, 
wherein all peptides had E as the N-terminal residue and the second and third positions 
were varied (EXX), was used. Sequencing the colorless beads after transamination on 
this subset of the library revealed a consensus motif that had proline in the second position 
(Figure 5-2b). 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 towards Rapoport’s salt mediated transamination. 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 non-
reactive sequences to explore how much the change of a single amino acid could affect 
the reactivity of the optimal motif. 

a) combinatorial peptide library screening scheme

 x% DispRed-ONH2
(100-x)% BnONH2

1b

H2N

X

X

O

X

NOR

EEX

library: beads 
selected:

sequence
motif:

red

colorless

red

colorless

EEX

PXX
EPX

x:
(% DispRed)

20 %

entire library 5 %

entire library 100 %
E-terminal subset of 

library (EXX)
100 %

A

B

C
D

DCBA

entire library

EEQ, EED, EEI, EEM, ENE, EDD, EDW (2x), EDN,  
EDH, ETE, DEE, FED, FDM, FEE, WEE, WDD,  YEE  

library: beads 
selected:

red

colorless

colorlessentire library

E-terminal subset of 
library (EXX)

entire library

sequences identified:

PTL, PAW, PSL, PFL, PTI, PTW, PIQ, ADL

EPT (2x), EPP, EPS, EFV (2x), EVA 

E-terminal subset of 
library (EXX)

EES (3x), EEE, EEW,  EET, EEN, EEY, EEA, EDE (3x), EDH, EDM, EDW, EDL, 
EDD,  EDE, EDE, EDM, EDP, EDL, EDF EYD (2x), ENH, EYE, EFE, EFD 

red

b) sequence motifs identified from screening

c) complete list of sequences identified

OBOC library 
(XXXWSNAG)   

keto-peptide 
(kXXXWSNAG)

red oxime product
(BnXXXWSNAG)

Figure 5-2.  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 such as Rapoport’s salt (1b) against all possible N-terminal sequences 
simultaneously. After transamination, the keto-group-containing peptides were identi�ed through the covalent attachment of 
a visible dye (DispRed-ONH2) through oxime formation. b) The library was treated with 10 mM Rapoport’s salt for 1 h at pH 6.5, 
followed by oxime formation with the speci�ed ratios of DispRed-ONH2 and BnONH2. The sequences active towards Rapoport’s 
salt-mediated transamination were identi�ed by selecting and sequencing the red beads in the library. Glutamate-terminal 
sequences were identi�ed as a common motif. N-termini that were not reactive toward Rapoport’s salt-mediated transamina-
tion were also identi�ed by sequencing the beads that remained colorless after transamination and oxime formation. In these 
cases, no BnONH2 was combined with the DispRed-ONH2. Some colorless beads still remained, and proline was identi�ed as an 
N-terminal residue that prevented transamination/oxime formation.  When the glutamate-terminal subset of the library was 
examined, proline in the second position was also found to lower the reactivity of E-terminal peptides. The complete list of 
sequences identi�ed is shown in (c).
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5.4 study of rApoport’s sAlt-MedIAted trAnsAMInAtIon usIng peptIdes. 
To verify the reactive and non-reactive sequence motifs identified by library screening, 
peptides of the form XXXWSNAG were synthesized in order to quantify the reaction yields 
by liquid chromatography-mass spectrometry (LC-MS). After synthesis, the peptides were 
treated with Rapoport’s salt followed by benzylalkoxyamine for quantification of the benzyl 
oxime yield by LC-MS. The optimal sequence peptide, EESWSNAG, led to high oxime 
yield, as seen in Figure 5-3. A screen of reaction conditions, varying the concentration 
of Rapoport’s salt, the reaction time, and the pH was performed in order to identify the 
optimal reaction conditions for the transamination step. These screens, shown in Figure 
5-4, identified 100 mM Rapoport’s salt for 1 h at pH 6.5 as conditions resulting in high 
transamination yield with few byproducts. This protocol was subsequently used to evaluate 
all of the peptide substrates. As seen in Figure 5-4, 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 Rapoport’s salt to the N-terminus was also observed 
(green). This byproduct was observed in higher yields with longer reaction times, but 
could be minimized through the use of shorter reaction times (45 min - 1 h). 

To test whether the EE-terminal motif was optimal only for Rapoport’s salt or was highly 
reactive towards transamination in general, the modification of this sequence with PLP-
mediated transamination was examined as well (Figure 5-4d). Under the same reaction 
conditions the yield was much higher using Rapoport’s salt, indicating the library did 
identify an optimal reagent/sequence pair. The N-terminal site-specificity of Rapoport’s 
salt mediated transamination was confirmed using tandem mass spectrometry for both 
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Figure 5-3. Veri�cation 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. b)  Various N-terminal sequences were 
subjected to the same reaction conditions and the product yields were quanti�ed by LC-MS. Three products were observed: 
transaminated keto-peptide that did not form an oxime, the desired oxime product, and oxime with the addition of Rapoport’s 
salt to the N-terminus. The reported data represent the average of three replicate experiments. Aspartate-terminal peptides 
were observed by mass spectrometry to decarboxylate during transamination, and had reactivity that was more similar to 
alanine-terminal sequences than to glutamate-terminal ones. A proline-terminal sequence was con�rmed to have no reactivity 
towards Rapoport’s salt mediated transamination. With proline in the second position, the reactiviy of the E-terminal sequence 
was substantially decreased.
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the transaminated keto-peptide and the benzyl oxime (Figure 5-5).

Due to their structural similarity, aspartate-terminal sequences were also examined. 
E- and D- terminal peptides were found to have significantly different yields towards 
Rapoport’s salt mediated transamination, as seen in Figure 5-3b. The mass spectra 
indicated that decarboxylation of the aspartate-terminal peptide occured during the 
transamination reaction. 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 Rapoport’s salt mediated transamination were glutamate-terminal sequences, and 
that D and E were 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 no transamination 
nor oxime formation. The glutamate-terminal sequence with proline in the second position 
(EPS) did result in some oxime product, but at a yield that was significantly less than that 
of the multi-glutamate terminal peptide. This result underscores the impact of a single 
amino acid substitution in an internal sequence position.

5.5 rApoport’s sAlt-MedIAted trAnsAMInAtIon of AntI-Her2 HuMAn Igg1
Given that the heavy chain of human anti-HER2 IgG1 (Herceptin)26 already has an 
N-terminal glutamate residue, the wild type antibody provided a suitable substrate to 
test Rapoport’s salt mediated transamination on a protein. Since both highly reactive 
and nonreactive sequences were identified from the library, monocolonal antibodies 
also presented an opportunity to test whether chain-specific modification was possible. 
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Figure 5-4. Reaction conditions screen for Rapoport’s salt-mediated transamination of the EESWSNAG peptide. a) The concen-
tration of Rapoport’s salt was varied during a 1 h reaction at pH 6.5. Although library screening was done using 10 mM 
Rapoport’s salt for a 1 h reaction, higher yields were found with higher concentrations. b) Using 100 mM Rapoport’s salt at pH 
6.5, the reaction time was varied. Although the total conversion was higher, the use of longer reaction times led to increased 
amounts of adduct. (c) The pH was varied by performing the reaction in 50 mM phosphate bu�ers of various pHs with 100 mM 
Rapoport’s salt for 30 min. d) To see if the EE-terminal sequence identi�ed by library screening was an optimal sequence for 
Rapoport’s salt in particular or a sequence that transaminated well with any reagent, conversion using 100 mM  PLP for 1 h pH 
6.5 was compared to that achieved using 100 mM Rapoport’s salt under the same conditions. The yield was signi�cantly higher 
in the Rapoport’s salt-mediated transamination case, indicating that the library screening had indeed identi�ed an optimal 
transamination reagent/sequence pair.
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Therefore we expressed previously reported anti-HER2 antibodies (denoted as wild-type) 
in HEK cells, as well as a series of N-terminal mutants to introduce differential reactivity. 
In one case, we replaced the three N-terminal residues of the light chain with EES to 
introduce reactivity at this site, and the heavy chain terminus was changed to EPS to 
prevent reactivity (N-terminal PES antibodies were not obtained successfully). We also 
prepared a Herceptin analog with EES at both sets of termini to allow modification in all 
four locations. However, the mass spectra of the antibodies indicated that in addition to 
the intended mutants, other species were produced as well, which appeared to result 
from improper cleavage of the N-terminal leader sequence (Figure 5-6). Therefore only 
a portion of the antibody expressed, including the wild-type antibody, had the desired 
N-terminal sequence. Nevertheless the reactivity of the portion of the antibody with the 
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Figure 5-5. a) Comparison between measured (red) and theoretical (blue) isotopic distributions of peptide ions measured from 
the 1 hour reaction of EESWSNAG with 100 mM Rapoport’s salt.  The spectra correspond to the measured (i) and theoretical (ii) 
isotopic distributions for the [M + H]+ ion of the unmodi�ed peptide (M = C36H50N10O16; retention time = 11.3 minutes); and 
measured (iii) and theoretical (iv) isotopic distributions for the [M + H]+ ion of the transaminated keto-peptide (M = C36H47N9O17; 
retention time = 13.2 minutes).  Theoretical isotopic distributions were calculated from the natural abundances of the isotopes 
using MassLynx software (version 4.1, Waters, Milford, MA). b) Tandem mass (MS/MS) spectrum and corresponding sequence 
map resulting from collision-induced dissociation (CID) of the singly charged positive ion at m/z = 878.3, which was due to the 
[M + H]+ ion of the transaminated form of the peptide EESWSNAG (precursor ion shown in a).  Immonium internal fragment ions 
are denoted by “i” and the amino acid code.  Internal cleavage fragment ions are labeled with their respective amino acid 
sequences.  The fragment ion at m/z = 130.1 is due to the tryptophan side chain.  Fragment ion masses were consistent with 
N-terminal transamination of the peptide. c) MS/MS spectrum and corresponding sequence map resulting from CID of the 
singly charged positive ion at m/z =983.5, which was due to the [M + H]+ ion of the benzyloxime modi�ed peptide, 
(Bn)-EESWSNAG.  Fragment ion masses were consistent with the N-terminal oxime.
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intended N-terminal sequence was assessed. We are currently working on methods 
to produce antibodies with higher purity. These methods include the use of a different 
leader sequence and the insertion of a Factor Xa protease recognition site prior to the 
desired N-terminal residues. The Factor Xa protease site could also be used to produce 
glutamate-terminal proteins expressed in E. coli, given that otherwise the N-terminal 
methionine would not be clipped.27

To transaminate the antibodies, the proteins were incubated with 250 mM Rapoport’s 
salt for 45 min in pH 6.5 phosphate buffer at 37 ºC. These conditions provided analogous 
results to the reaction conditions used for peptide substrates (100 mM Rapoport’s salt 
at room temperature for 1 h). After transamination the antibodies were incubated with 
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Figure 5-6. a) Mutants of anti-HER2 human IgG1 antibodies with various N-terminal sequences were treated with Rapoport’s 
salt, followed by oxime formation with BnONH2. The heavy and light chains were separated for mass spectrometry and the total 
oxime yield of the desired mutant was quanti�ed. However, the mass spectra indicated that only a portion of the antibody 
expressed had the desired N-terminal sequence. A schematic of the mass spectrum of the light chain EES/EES mutant is shown 
before (c) and after (d) modi�cation. b) An SDS-PAGE gel was also used to monitor reactivity via visualization of the attachment 
of a 2 kDa poly(ethylene glycol) (PEG) alkoxyamine to the light and heavy chains of the anti-HER2 antibody mutants after 
Rapoport’s salt-mediated transamination. The arrows point to the bands corresponding to heavy and light chain proteins with 
PEG attachment. The degree of modi�cation varied depending on the residues in the N-terminal positions.
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BnONH2 for 48 h at room temperature in pH 6.5 phosphate buffer, and the modification of 
each chain was then analyzed and quantified using mass spectrometry. 

The portion of the heavy chain wild type sequence (EVQ26) that expressed properly 
resulted in a 70% conversion to the oxime product, with 10% also including the Rapoport’s 
salt aldol adduct. Although the peptide data would suggest that the DIQ sequence at the 
light chain terminus should result in some oxime yield, we did not observe any reactivity 
in this case (Figure 5-6). This is likely because the steric environment of the folded 
protein reduces the reactivity of this already less-reactive substrate. The complete lack of 
modification also clearly demonstrated that Rapoport’s salt does not react with lysine side 
chain amines or other residues. The net result of this experiment is that Rapoport’s salt 
mediated transamination of the wild type sequence allowed the selective modification of 
only the heavy chain. (This result was also obtained on a commercially available sample of 
the wild type anti-HER2 human IgG1, which was more pure than the expressed sample). 
In contrast, the transamination/oxime formation procedure gave the opposite selectivity 
to that of the EES/EPS mutant. In this case, with the multi-glutamate sequence on the 
light chain, we observed 80% conversion (of the properly expressed protein) to the oxime 
product. The heavy chain exhibited no detectable modification. Consistent with these 
findings, antibodies bearing the optimal EES motif on both sets of chains resulted in high 
levels of modification in all four N-terminal positions (79% for the light chains and 83% 
for the heavy chains). Thus the mass spectrometry data indicate that the Rapaport’s salt 
modification method can achieve a high degree of labeling control for antibody substrates. 

Since the N-termini of the antibody heavy and light chains flank the antigen binding 
domains (but are not part of the hypervariable loops), it was important to confirm that the 
modification of these locations did not disrupt antigen binding. To evaluate this, we used 
flow cytometry to compare the unmodified antibody mutants to those possessing the 
benzyloxime groups (Figure 5-7). In each experiment, the antibodies were incubated with 
HER2 overexpressing cells (HCC194),29 and a secondary anti-human IgG fluorescently-
labeled with fluorescein isothiocyanate (FITC) was used to detect them. Although the 
modified antibody represented only one portion of the total antibody population, no 
significant disruption of binding was observed from the benzyl oxime conjugates (compare 
orange and light blue curves). Since the benzyl oxime is a small modification, the binding 
ability will, of course, need to be evaluated for larger modifications. However, these results 
indicated that the modification procedure itself left the binding function unperturbed. To 
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demonstrate that it was possible to attach larger groups using Rapoport’s salt-mediated 
transamination, we also used a 2,000 Da MW poly(ethylene glycol) alkoxyamine reagent30 

to attach a polymer to the antibody (Figure 5-6).

We have demonstrated that combinatorial peptide libraries can be used as a tool 
for 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 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 
that site- and chain- specific modification of monocolonal antibodies is possible with 
yields in excess of 80%. Rapoport’s salt-mediated transamination of antibodies (and 
other glutamate-terminal proteins) is facile and readily scalable, thus potentially providing 
a suitable method for the commercial production of desired antibody conjugates.

5.6 MAterIAls And MetHods

General Procedures. Unless otherwise noted, the chemicals and solvents used were of 
analytical grade and were used as received from commercial sources. Water (dd-H2O) 
used as reaction solvent and in biological procedures was deionized using a Barnstead 
NANOpure purification system (ThermoFisher, Waltham, MA). N-methylpyridinium 
carboxaldehyde benzene sulfonate salt (Rapoport’s salt) was obtained from Alfa Aesar 
and recrystalized from acetonitrile. Pyridoxal 5’-phosphate monohydrate was obtained 
from Aldrich. All Fmoc-protected amino acids were obtained from Novabiochem (EMD, 
Germany). Tentagel S OH resin was obtained from Advanced ChemTech (Louisville, 
KY). Centrifugations were conducted with an Eppendorf Mini Spin Plus (Eppendorf, 
Hauppauge, NY).

Solid-Phase Peptide and Combinatorial Library Synthesis. See Chapter 3.

General Procedure for Library Screening. Portions of resin-bound library (appx. 25 
mg resin at a time)  were treated with 1 mL of freshly prepared 10 mM Rapoport’s salt 
solution in 50 mM phosphate buffer, pH 6.5 with 10% DMF to facilitate bead swelling and 
0.02% NaN3 for preservation of the buffer. 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 rt. 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 
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removed using a Pipet-Lite LTS L-20 pipet (Rainin, Oakland, CA) and transferred to PCR 
tubes for cleavage of the peptide followed by sequencing. The residual ethanol in the 
tubes was removed by pipetting.

General Procedure for Library Sequencing. See Chapter 3

General Procedure for Rapoport’s Salt Mediated Transamination  of Resin-Bound 
Peptide Substrates. Portions of resin-bound peptides (appx. 10 mg of resin)  were 
treated with 1 mL of 100 mM freshly prepared Rapoport’s salt solution (or the specified 
concentration) in 50 mM phosphate buffer, pH 6.5 with 10% DMF to facilitate bead swelling 
and 0.02% NaN3 for preservation of the buffer. 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 dd-H2O for mass spectrometry analysis.

Construction of Light Chain Anti-HER2 Human IgG1 Expression Plasmids. To clone a 
plasmid for the expression of the anti-HER2 human IgG1 light chain, the sequence for the 
variable domain of the light chain (VL) was obtained from the literature,26 assembled into 
a gene, then cloned into a plasmid containing the light chain constant region. Gene2Oligo 
was used to generate the following set of oligonucleotides for gene assembly from the VL 
sequence. An IL2 signaling sequence was also included in the N-terminal region: (The 
bases in lower case were added by the Gene2Oligo program and did not belong to the 
input sequence)
R0      ACCTTTTTTTacattgaagtgcag
F0      ctgcacttcaatgtAAAAAAAGGTCACCATGTACAGGATGCA
R24     GCAATGCAAGACAGGAGTTGCATCCTGTACATGGTG
F42     ACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCA
R60     TCAGTCTTAGCCGAATTCGTGACAAGTGCAAGACTTAGT
F80     CGAATTCGGCTAAGACTGACATCCAAATGACTCAGAGCC
R99     GCGCTCAGGGAACTGGGGCTCTGAGTCATTTGGATG
F119    CCAGTTCCCTGAGCGCTTCCGTAGGGGACAGG
R135    GCCCGACATGTTATTGTCACCCTGTCCCCTACGGAA
F151    GTGACAATAACATGTCGGGCTAGCCAGGATGTCAATACAG
R171    CTGGTACCAAGCGACAGCTGTATTGACATCCTGGCTA
F191    CTGTCGCTTGGTACCAGCAAAAGCCCGGAAAGGC
R208    GCTGTATATAAGAAGCTTTGGCGCCTTTCCGGGCTTTTG
F225    GCCAAAGCTTCTTATATACAGCGCCAGTTTCCTCTATTCTGG
R247    GAACCTGCTCGGCACGCCAGAATAGAGGAAACTGGC
F267    CGTGCCGAGCAGGTTCTCTGGATCTCGGTCCG
R283    TCAGTGTGAAATCGGTCCCGGACCGAGATCCAGA
F299    GGACCGATTTCACACTGACCATTAGTTCTCTGCAGCC
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R317    TAGTATGTTGCAAAGTCCTCTGGCTGCAGAGAACTAATGG
F336    AGAGGACTTTGCAACATACTACTGCCAGCAGCACTAT
R357    AGGTTGGGGGTGTGGTATAGTGCTGCTGGCAG
F373    ACCACACCCCCAACCTTTGGTCAGGGCACGAA
R389    CGTACGCTTGATTTCCACCTTCGTGCCCTGACCAA
F405    GGTGGAAATCAAGCGTACGAAAAAAAcccccaactttgt
F424    acaaagttgggggTTTTTTT

An additional GCTAAAACT was added to the 5’ end according to a published procedure3 

in order to create an alanine-lysine-threonine N-terminal mutant. The resulting VL gene 
was inserted into a vector at BsiWI and BstEII restriction sites using standard cloning 
techniques. The vector used, pFUSE2-CLIg-hk from Invivogen (San Diego, CA), already 
contained the constant region of the kappa light chain. A Quikchange site-directed 
mutagenesis kit (Stratagene, La Jolla, CA) was used to generate the desired N-terminal 
mutants (EES and the wild-type N-terminus, DIQ). Incorporation of these mutations was 
verified by sequencing. 

Construction of Heavy Chain Anti-HER2 Human IgG1 Expression Plasmids. A 
plasmid for the expression of the anti-HER2 heavy chain was cloned in a similar fashion 
to that of the light chain. In brief, the variable and constant region of heavy chain (VH and 
CH1) was constructed from the following set of oligonucleotides with additional bases 
(CTCCAAACA) at the 5’ end (corresponding to three N-terminal residues, LQT). 
R0      TTTTTTTcttagctgctttga
F0      tcaaagcagctaagAAAAAAAGAATTCGCTCCAAACAG
R21     CGACGAGTTGGACTTCTGTTTGGAGCGAATTC
F38     AAGTCCAACTCGTCGAAAGCGGAGGTGGC
R53     CCAGGCTGAACCAGGCCACCTCCGCTTT
F67     CTGGTTCAGCCTGGCGGAAGCCTGCGC
R81     GCAGCACAGCTCAAGCGCAGGCTTCCG
F94     TTGAGCTGTGCTGCCTCCGGATTTAATATCAAAGA
R108    CGAACCCAGTGTATATAAGTATCTTTGATATTAAATCCGGAG
F129    TACTTATATACACTGGGTTCGCCAGGCTCCTGGA
R150    CCACTCCAGACCCTTTCCAGGAGCCTGG
F163    AAGGGTCTGGAGTGGGTGGCGAGAATCTACC
R178    GGGTATAACCATTGGTTGGGTAGATTCTCGCCAC
F194    CAACCAATGGTTATACCCGCTATGCAGACAGCG
R212    GTAAACCGCCCTTTCACGCTGTCTGCATAGC
F227    TGAAAGGGCGGTTTACAATTAGTGCCGACACA
R243    GGTAAGCGGTATTTTTAGATGTGTCGGCACTAATT
F259    TCTAAAAATACCGCTTACCTCCAGATGAACTCTCTG
R278    TGTCCTCGGCCCTCAGAGAGTTCATCTGGA
F295    AGGGCCGAGGACACGGCTGTGTATTATTGC
R308    CACCCCACCGGCTGCAATAATACACAGCCG
F325    AGCCGGTGGGGTGGAGACGGATTCTATGCT
R338    TGACCCCAATAGTCCATAGCATAGAATCCGTCTC
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F355    ATGGACTATTGGGGTCAGGGCACTCTCGTCA
R372    TGGCACTGCTTACAGTGACGAGAGTGCCC
F386    CTGTAAGCAGTGCCAGCACAAAGGGGCC
R401    CAAGGGGAAAGACACTAGGCCCCTTTGTGC
F414    TAGTGTCTTTCCCCTTGCTCCATCTAGCAAATCTAC
R431    GGTGCCCCCGCTGGTAGATTTGCTAGATGGAG
F450    CAGCGGGGGCACCGCCGCCCTGGGAT
R463    GTCCTTGACCAGGCATCCCAGGGCGGC
F476    GCCTGGTCAAGGACTATTTTCCTGAGCCAGT
R490    TCCAGGACACGGTGACTGGCTCAGGAAAATA
F507    CACCGTGTCCTGGAATAGTGGCGCCTTGA
R521    TGTGTGAACACCAGAAGTCAAGGCGCCACTAT
F536    CTTCTGGTGTTCACACATTTCCCGCCGTCC
R553    CAGCCCACTAGATTGAAGGACGGCGGGAAA
F566    TTCAATCTAGTGGGCTGTACTCTCTCTCCAGTGT
R583    TGGGTACCGTCACCACACTGGAGAGAGAGTA
F600    GGTGACGGTACCCAGTTCAAGCTTGGGCA
R614    TGCAGATATAGGTCTGTGTGCCCAAGCTTGAAC
F629    CACAGACCTATATCTGCAATGTGAACCACAAGCC
R647    CCACCTTTGTATTGCTGGGCTTGTGGTTCACAT
F663    CAGCAATACAAAGGTGGACAAAAAAGTCGAGCCT
R680    TGTCACAGCTCTTTGGAGGCTCGACTTTTTTGT
F697    CCAAAGAGCTGTGACAAAACTCACACATGCCC
R713    TACCTGGGCACGGTGGGCATGTGTGAGTTT
F729    ACCGTGCCCAGGTAAGCCAGCCCAGGC
R743    ccccattgactTTTTTTTAGGCCTGGGCTGGCT
R756    CTAAAAAAAagtcaatgggg

The BglII site was introduced using PCR with forward primer F0 and a reverse primer 
containing a BglII restriction site (sequences shown below). 
Forward: tcaaagcagctaagAAAAAAAGAATTCGCTCCAAACAG
Reverse: tttttttAGATCTCTTTGGAGGCTCGACTTTTTTGT

The gene encoding VH and CH1 was inserted into a vector comprising the crystallizable 
fragment (Fc) domain (i.e. CH2 and CH3 domains) of human IgG1 heavy chain at the 
EcoRI and BglII restriction sites. A Quikchange site-directed mutagenesis kit was used to 
generate the desired N-terminal mutants (EES, EPS, and the wildtype N-terminus EVQ). 
The incorporation of these mutations was verified by sequencing. 

General procedure for expression and purification of wild-type and mutant 
antibodies. The plasmids for the light and heavy chains of the anti-HER2 antibody were 
transiently co-transfected into human embryonic kidney 293T cells in a 3:2 ratio using 
Lipofectamine 2000 (Invitrogen, Grand Island, NY) in Opti-MEM medium following the 
protocol from Invitrogen. The cells were incubated at 37 ˚C in a 5% CO2 atmosphere. 
After 2 days, the media was collected and the secreted antibodies were purified using 
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protein G affinity chromatography, according to the procedure from the manufacturer 
(Pierce, Rockford, IL). The media was replaced and cultures were grown for an additional 
3 days, after which the additional antibodies were harvested and purified as above. 
Purified protein was buffer exchanged into PBS using Amicon Ultra 4 mL 10,000 MWCO 
(Millipore) centrifugal ultrafiltration membranes. Purity was evaluated by SDS-PAGE with 
Coomassie staining. 

General Procedure for Rapoport’s Salt Mediated Transamination  of Protein 
Substrates. Protein and Rapoport’s salt 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 2x protein stock solutions were prepared 
at 0.5 - 1 mg/mL in 25 mM phosphate buffer at pH 6.5. The 2x Rapoport’s salt stock 
solutions (200 or 500 mM) were freshly prepared in 25 mM phosphate buffer (with 0.02% 
NaN3), pH 6.5 from Rapoport’s salt 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 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 an equal volume of 250 mM BnONH2 (pH 
adjusted to 5.5), or 100 mM PEG(2kDa)-ONH2 solution in a 1.5 mL Eppendorf tube and 
incubated at rt for 48 h. Buffer exchange steps were again repeated to stop the reaction 
and remove the excess alkoxyamine. 

General Procedure for Antibody Disulfide Reduction and Cysteine Capping for 
Mass Spectrometry Analysis. To prepare the antibody mutants for mass spectrometry 
analysis, first the oligosaccharides were removed via treatment with N-Glycosidase F 
(PNGase F) following the protocol from the manufacturer (New England Biolabs, Ipswich, 
MA). Briefly, a buffer exchange into PBS was performed on the antibody samples. In a 1.5 
mL Eppendorf tube, the protein was mixed with 10 μL of G7 reaction buffer,  4 μL PNGase, 
and additional PBS to a total volume of 100 μL. The mixture was then incubated at 37 ºC 
overnight. Immediately following treatment with PNGase, buffer exchange was performed 
into 100 mM Tris buffer, pH 8. Dithiothrietol (DTT) and ethylenediaminetetraacetic acid 
(EDTA) were then added to a final concentration of 10 mM each, and the reaction was 
incubated at room temperature for 20 min. After the reduction, iodoacetamide was added 
to a final concentration of 50 mM and the mixture was incubated at 37 ºC for 30 min. The 
samples were then subjected to buffer exchange into 100 mM Tris buffer pH 8 for mass 
spectrometry analysis.

Liquid Chromatography and Mass Spectrometry Materials. Acetonitrile (Fisher 
Optima grade, 99.9%), formic acid (Pierce, 1 mL ampules, 99+%), and water purified to 
a resistivity of 18.2 MΩ·cm (at 25 °C) using a Milli-Q Gradient ultrapure water purification 
system (Millipore, Billerica, MA) were used to prepare mobile phase solvents for liquid 
chromatography-mass spectrometry (LC-MS).
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LC-MS and -MS/MS Analysis of Synthetic Peptide Bioconjugates. Peptide 
bioconjugates were analyzed using a nanoAcquity ultraperformance liquid chromatograph 
(UPLC; Waters, Milford, MA) that was connected in-line with a quadrupole time-of-flight 
mass spectrometer (Q-Tof Premier, Waters).

The UPLC was equipped with C18 trapping (5 µm particles, 20 mm × 180 µm) and 
analytical (1.7 µm particles, 100 mm × 100 µm) columns and a 10 µL sample loop. Solvent 
A was 99.9% water/0.1% formic acid and solvent B was 99.9% acetonitrile/0.1% formic 
acid (v/v). Sample solutions contained in 0.3 mL polypropylene snap-top vials sealed with 
septa caps were loaded into the nanoAcquity autosampler compartment prior to analysis. 
Following sample injection (1 µL, partial loop), trapping was performed for 2 min with 
100% A at a flow rate of 15 µL/min. The injection needle was washed with 500 µL of A and 
200 µL of B after injection to avoid cross-contamination between samples. The elution 
program consisted of a linear gradient from 12% to 75% B over 15 min, a linear gradient 
to 95% B over 0.33 min, isocratic conditions at 95% B for 2.67 min, a linear gradient to 
1% B over 0.33 min, and isocratic conditions at 1% B for 10.67 min, at a flow rate of 500 
nL/min. The analytical column and sample compartment were maintained at 35 ºC and 8 
ºC, respectively.

The column exit was connected to a Universal Nanoflow Sprayer nanoelectrospray 
ionization (nanoESI) emitter mounted in the nanoflow ion source of the Q-Tof mass 
spectrometer. The nanoESI source parameters were as follows: nanoESI capillary 
voltage 2.4 kV, nebulizing gas (nitrogen) pressure 0.15 mbar, sample cone voltage 35 
V, extraction cone and ion guide voltages both 4 V, and source block temperature 80 ºC. 
Cone gas was not used. The collision cell contained argon gas at a pressure of 8 × 10-3 
mbar. The Tof analyzer was operated in “V” mode and routinely achieved a mass resolving 
power of 1.0 × 104 (measured at m/z = 498, full width at half maximum peak height), which 
was sufficient to resolve the isotopic distributions of singly and multiply charged peptide 
ions. Thus, a peptide ion’s mass and charge could be determined independently (i.e., the 
ion charge was determined from the reciprocal of the spacing between adjacent isotope 
peaks in the m/z spectrum). External mass calibration of the Tof analyzer was performed 
immediately prior to analysis using a sodium formate solution. Mass spectra were acquired 
in the positive ion mode over the range m/z = 300-1500, in continuum data format, using 
a 0.95 s scan integration and a 0.05 s interscan delay. In the data-dependent mode, up 
to three precursor ions exceeding an intensity threshold of 30 counts/second (cps) were 
selected from each survey scan for tandem mass spectrometry (MS/MS) analysis. MS/
MS spectra were acquired over the range m/z = 100-1500 using a 0.45 s scan integration, 
a 0.05 s interscan delay, and a collision energy of 30 eV. Ions were fragmented to achieve 
a minimum total ion current (TIC) of 250,000 cps in the cumulative MS/MS spectrum for 
a maximum of 10 s. An include list was used to select precursor ions of interest for MS/
MS preferentially. To avoid the occurrence of redundant MS/MS measurements, real-time 
dynamic exclusion was used to preclude re-selection of previously analyzed precursor 
ions over an exclusion width of ±0.2 m/z unit for a period of 120 s. Mass spectra and MS/
MS spectra were processed using MassLynx software (version 4.1, Waters).
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LC-MS Analysis of Reduced Antibody Bioconjugates. Reduced antibody bioconjugates 
were analyzed using an Agilent 1200 liquid chromatograph (LC; Santa Clara, CA) that 
was connected in-line with an LTQ Orbitrap XL hybrid mass spectrometer equipped with 
an Ion Max electrospray ionization source (ESI; Thermo Fisher Scientific, Waltham, MA).
The LC was equipped with a Viva C8 (5 µm particles, 100 mm × 1.0 mm, Restek, Bellefonte, 
PA) analytical column and a 100 µL sample loop. Solvent A was 99.9% water/0.1% formic 
acid and solvent B was 99.9% acetonitrile/0.1% formic acid (v/v). Sample solutions 
contained in 0.3 mL polypropylene snap-top vials sealed with septa caps were loaded 
into the Agilent 1200 autosampler compartment prior to analysis. For each sample, 
approximately 100 to 300 picomoles of analyte was injected onto the column. Following 
sample injection, analyte trapping was performed for 5 min with 95% A at a flow rate of 
150 µL/min. The elution program consisted of a linear gradient from 30% to 95% B over 
32.5 min, isocratic conditions at 95% B for 4 min, a linear gradient to 5% B over 0.5 min, 
and then isocratic conditions at 5% B for 9.5 min, at a flow rate of 150 µL/min. The column 
and sample compartments were maintained at 35 ºC and 4 ºC, respectively. Solvent 
(Milli-Q water) blanks were run between samples, and the autosampler injection needle 
was rinsed with Milli-Q water after each sample injection, to avoid cross-contamination 
between samples.

The connections between the LC column exit and the mass spectrometer ion source 
were made using PEEK tubing (0.005” inner diameter, 1/16” outer diameter, Agilent). 
External mass calibration of the Orbitrap analyzer was performed prior to analysis using 
the standard Thermo LTQ calibration mixture containing caffeine, the peptide MRFA, and 
Ultramark 1621 dissolved in 51% acetonitrile/25% methanol/23% water/1% acetic acid 
(v/v). The ESI source parameters were as follows: ion transfer capillary temperature 250 
ºC, normalized sheath gas (nitrogen) flow rate 20%, ESI voltage 2.8 kV, ion transfer 
capillary voltage 35 V, and tube lens voltage 110 V. Mass spectra were recorded in the 
positive ion mode over the range m/z = 700 to 2000 using the Orbitrap mass analyzer, in 
profile format, with a full MS automatic gain control target setting of 5 × 105 charges and 
a resolution setting of 6 × 104  (measured at m/z = 400, full width at half maximum peak 
height). Raw mass chromatograms and spectra were processed using Xcalibur software 
(version 2.0.7, Thermo) and measured charge state distributions were deconvoluted 
using ProMass software (version 2.5 SR-1, Novatia, Monmouth Junction, NJ).

Gel Analyses. Sodium dodecyl sulfate-poly(acrylamide) gel electrophoresis (SDS-
PAGE) was performed on a Mini-Protean apparatus (Bio-Rad) with 10-20% gradient 
polyacrylamide gels (BioRad). The protein samples were mixed with SDS loading buffer 
in the presence of dithiothreitol (DTT) and heated to 95 °C for 5 min to reduce disulfide 
bonds and denature the protein. Commercially available molecular mass markers (Bio-
Rad) were applied for approximation of the apparent molecular  masses.

Flow Cytometry of Antibody Mutants. Flow cytometry was used to determine the 
HER2 binding ability of the unmodified and modified anti-HER2 IgG1 mutants. For each 
experiment, 100 µL containing 3x106 cells/mL of HCC1954, a human breast cancer cell 
line overexpressing HER2, was suspended in PBS containing 1% BSA. These cells were 
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incubated with 10 µg/mL of the unmodified or modified antibodies for 30 min on ice. The 
cells were then washed with 500 µL of PBS containing 1% BSA and resuspended in 100 
µL of PBS containing 1% BSA. Anti-human IgG1 antibody with FITC conjugated (Sigma) 
was then added to a final concentration of 22.5 µg/mL. The cells were incubated for 30 
min on ice in the dark, then washed with 500 µL, and resuspended in 200 µL of PBS 
containing 1% BSA. The cells were analyzed by flow cytometry to determine the amount 
of FITC fluorescence. For each sample, 10,000 cells were counted. 
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Chapter 6:
New AveNues for N-TermiNAl reAcTiviTy 

AbstrAct

The site-specificity of pyridoxal 5’-phosphate (PLP)-mediated transamination is due to the 
unique reactivity of the N-terminal position of a protein. This position can be used to develop 
new types of bioconjugation reactions. Described herein are some attempts towards this 
goal, although in some cases much investigation remains. These avenues include new 
ways to improve and expand N-terminal transamination and to form attachments to the 
protein using methods other than oxime formation. In one project, the library screening 
platform was used as a tool to evaluate aldehydes as candidate transamination reagents 
against all N-terminal sequences simultaneously. Another investigation was on the effect 
of 415 nm light on PLP-mediated transamination. Finally, we also considered how to 
turn an unwanted byproduct into a useful form of reactivity. The addition of PLP to the 
N-terminus during transamination has previously been seen as a byproduct we have 
sought to minimize. However, if PLP was replaced by another aldehyde with a useful 
functionality attached, the adduct could become the desired product, thus eliminating the 
need for oxime formation. This was investigated using an alkyne-containing glyoxamide 
compound.
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6.1 LibrAry screening to evALuAte PotentiAL trAnsAminAtion reAgents 
The combinatorial library screening platform discussed in Chapter 3 is a powerful tool for 
the evaluation of potential transamination candidates because the transamination ability 
of a compound can be assessed for all N-terminal sequences at once.1 When the pyridoxal 
5’-phosphate (PLP)-mediated transamination was being developed, a number of other 
aldehydes were investigated as well.2 PLP was found to result in the highest transamination 
yield, thus it was selected for further development. However, this screen was performed on 
a single substrate, the angiotensin peptide. Subsequent studies revealted the influence of 
sequence on reactivity; therefore, it is possible that although PLP resulted in the highest 
transamination for the particular N-terminal sequence examined, other aldehydes may be 
successful transamination reagents for other sequences. For instance, in Chapter 5 the 
use of the combinatorial library to discover N-methyl pyridinium carboxaldehyde benzene 
sulfonate salt as an efficient transamination reagent for glutamate-terminal sequences 
was described. The library screening process has also been used to evaluate other 
potential transamination reagents.

The one-bead-one-compound (OBOC) peptide library, described in depth in Chapter 
3, was used to evaluate the transamination ability of a series of common aldehydes 
(Figure 6-1). Portions of the library were incubated with candidate compounds at a 10 
mM concentration for 18 h in pH 6.5 phospate buffer. After incubation with the aldehydes, 
any beads that bore transaminated sequences were identified through the subsequent 
formation of a red colored oxime using Disperse Red alkoxyamine (DispRed-ONH2). 
This screen was performed prior to the calibration of the colorimetric detection scheme 
described in Chapter 3, and thus a red colored bead did not necessarily correspond 
to a high yield of oxime formation but did indicate some degree of oxime product. The 
compounds screened included salicylaldehyde (1a), 2-hydroxy-5-nitrobenzaldehyde 
(1b), gloxylic acid (1c), benzaldehyde (1d), tetrafluoroquinone, and 2,3-dimethoxy-5-
methyl-p-benzoquinone. Images of the library resulting from incubation with the first four 
of these reagents is shown in Figure 6-1b. Under the same reaction conditions, PLP 
resulted in a large proportion of red beads (Chapter 4), which confirmed PLP to be a 
very general transamination reagent for many N-terminal sequences. The presence of 
a few red beads after incubation with the candidate aldehydes indicated that, although 
they may not be general transamination reagents, they may be capable of transamination 
for particular N-terminal sequences. This may be useful, as some proteins may tolerate 
only a few different N-terminal sequences. Therefore it would be helpful to have an 
arsenal of transamination reagent/optimal sequence pairs from which to draw on for 
various applications. Additionally, reagents that are highly specific for a certain N-terminal 
sequence can be used to modify one protein selectively out of a mixture. The sequencing 
of these red beads remains to be done, as well as the resynthesis of the motifs identified 
from screening to confirm the transamination by liquid chromatography-mass spectrometry 
(LC-MS) analysis. 

Although the optimal N-terminal sequence had not yet been identified through screening, 
glyoxylic acid-mediated transamination was attempted on an AK-terminal peptide, 
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AKSWSNAG. Shown in Figure 6-1c are the resulting yields after transamination, benzyl 
oxime formation, and LC-MS quantification. The reaction time was varied using 10 mM 
glyoxylic acid in pH 6.5 phosphate buffer. The formation of oxime product seen in these 
data indicated that, with more sequencing of red beads to identify optimal N-terminal 
sequences, glyoxylic acid-mediated transamition may be a successful bioconjugation 
strategy. Initial attempts at sequencing revealed lysine as the preferred N-terminal 
residue (data not shown), but since lysine-terminal sequences have led to complex 
product distributions in the past3 (described in Chapter 2), more screening is necessary to 
evaluate whether these or other N-terminal sequences will lead to high yields of a single 
product. The sequencing of the red beads resulting from the other aldehydes remains to 
be done as well. Additionally, it may be interesting to use this platform as a method to 
investigate the structural properties important for transamination, by evaluating a number 
of PLP derivatives and other related aldehydes.
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Figure 6-1. The combinatorial library was used to evaluate other aldehydes as transamination reagents. a) By 
screening candidates against the library, their transamination ability for all N-terminal sequences could be evalu-
ated simultaneously. b) After incubation with common aldehydes (10 mM for 18 h, pH 6.5) followed by oxime 
formation with Disperse Red alkoxyamine, some red beads were observed. The calibration of the colorimetric 
detection was not used however, so these beads may not correspond to a high oxime yield (see Chapter 3 for 
details). c) Although sequencing of the red beads remains to be done, glyoxylic acid-mediated transamination was 
quanti�ed on an AK-terminal peptide after reaction with 10 mM glyoxylic acid for the speci�ed time. 
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6.2 Light-mediAted enhAncement of PLP trAnsAminAtion

Since PLP is a common biological cofactor, there have been many studies on its enzymatic 
role. One such study with potential relevance to the nonenzymatic PLP-mediated N-terminal 
transamination was a report by Hill and coworkers. They indicated that 440 nm light could 
enhance the rate of PLP-mediated transformations. In this paper it was proposed that 
the PLP-Schiff base absorbed light between 410 and 430 nm to form a highly reactive 
triplet state.4 They proposed that the pKa of the excited state imine α-proton was lowered 
by 11-19 units relative to the ground state, thus facilitating transamination. The authors 
found the rate enhancement in the enzyme-mediated decarboxylation of aspartate, but 
also in the non-enzymatic transamination of amino acids in solution. Therefore we sought 
to investigate whether irradiation could enhance the rate of PLP-mediated transamination 
of proteins.

To assess the effect of blue light on PLP-mediated transamination, a gel assay was used. 
The protein myoglobin was incubated with various concentrations of PLP (1, 10 or 100 
mM) for either 10 or 60 minutes. For each set of reaction conditions, two samples were 
prepared: one that was placed in a dark cabinet, and one that was irradiated with 415 
nm light using a 70 LED light source capable of illumination up to 100 mW/cm2 (All Blue 
Single Head Acnelamp, Dima Tech). The samples were prepared in glass vials, which 
were suspended approximately one inch above the lamp head. After transamination, a 2 
kDa poly(ethylene glycol) (PEG) alkoxyamine reagent was added for analysis of oxime 
product formation by a gel shift assay.5 The protein that formed an oxime ran with an 
apparent molecular weight higher than the unmodified sample, thus providing a simple 
means to compare the degree of conversion. As shown in Figure 6-2, all of the samples 
that were subjected to irradiation showed higher conversion to the PEG oxime than the 
corresponding sample kept in the dark. Thus, these data indicated that light-enhancement 
of PLP-mediated transamination was possible. A second, higher molecular weight band 
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Figure 6-2. The e�ect of irradiation with 415 nm light on PLP-mediated transamination was investigated. Shown 
is an SDS-PAGE gel of myoglobin samples after reaction with PLP and a 2 kDa molecular weight poly(ethylene 
glycol) (PEG) alkoxyamine reagent. The higher molecular weight band indicated formation of oxime between the 
transaminated protein and the PEG. Enhanced yields were seen in the samples that were irradiated. The presense 
of two higher molecular weight bands in those samples indicated that irradiation may cause over-modi�cation as 
well.
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was observed in some of the samples subjected to irradiation, indicating additional PEG 
attachment. We hypothesized that if the imine α proton pKa was lowered in the triplet 
state, lysine side chain amines may have been able to undergo transamination even 
though under normal, non-irradiated conditions they did not.

However, these data were not reproducible in subsequent experiments and contradictory 
results were also obtained (data not shown). Therefore, we decided not to pursue blue 
light irradiation as a component of PLP-mediated bioconjugation. It is worth noting that 
these experiments serve to underscore the importance of preparing fresh solutions of 
PLP, as visible light contains the wavelengths that may alter its properties.

6.3 ProLine-terminAL bioconjugAtion

In addition to the aforementioned attempts at improving N-terminal transamination, 
alternate modes of N-terminal reactivity were also investigated. One such avenue was the 
formation of adducts to proline-terminal sequences. Previous studies on the PLP-mediated 
transamination of proline-terminal peptides had resulted in stable additions of PLP to the 
N-terminus with a mass that corresponded to a ring opening of the proline (proposed 
structure 4).3 Although the structure of this adduct remains to be fully characterized, there 
are few methods for bioconjugation on proline residues, so these adducts were of high 
interest. Although the covalent addition of PLP to the N-terminus does not result in a 
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or aminonitrile (5c-e) formation, the incubation of the proline-terminal peptide with glyoxylic acids led to high 
yields of a single addition product (3c).
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useful bioconjugate, we hypothesized that if other classes of aldehydes exhibited similar 
types of reactivity, the formation of a stable adduct could be a method of attaching an 
aldehyde containing a desired functionality to a proline-terminal protein.

To test whether aldehydes besides PLP would result in stable covalent additions to 
N-terminal proline residues, a peptide, PAKWIG, was used as a test substrate. The 
products resulting from incubation with aldehydes 1c-e were analyzed by LC-MS. The 
three aldehydes examined were glyoxylic acid (1c), benzaldehyde (1d), and an aliphatic 
aldehyde, propionaldehyde (1e). After incubation of 10 mM aldehyde for 18 h at pH 7.5 
masses corresponding to additions were observed. These adducts are presumed to be 
stable since they persisted through the rinsing steps, exposure to basic conditions during 
the cleavage of the peptide from the resin, and the acidic conditions of the LC-MS. None 
of the aldehydes examined resulted in masses that corresponded to the putative ring-
opening addition observed for PLP (the M+A mass where M is the mass of the peptide and 
A is the mass of the aldehyde, Figure 6-3). However, large amounts of a different addition 
product were observed, 3c-e, which by mass corresponded to imminium formation (Figure 
6-3). Since an imminium product would not be assumed to be stable, it is possible that the 
actual structure is an isomer of the proposed structure drawn. 

We hypothesized that if the observed adduct was an imminium ion, it could be trapped 
as a more stable product through a second reaction. Therefore after incubation with the 
aldehyde, we applied various secondary reactions. These included attempts at reduction 
of the imminium species with sodium cyanoborhydride and an iridium hydride transfer 
catalyst.6 Sodium cyanide was also used to form a Strecker-reaction type aminonitrile 
product. However, these secondary reactions did not result in large amounts of the intended 
products, perhaps providing evidence that the adduct structure was not an imminium 
ion. Although the structural characterization of the 3c-e adducts is pending, this addition 
represents a promising lead for the modification of proline-terminal sequences. Using 
glyoxylic acid, the adduct 3c formed in a very high yield of a single product. It remains 
to be seen whether a similar adduct will form for other types of glyoxamide compounds 
that contain useful functionalities. A proline terminal GFP mutant was expressed in order 
to evaluate this reactivity on a protein substrate. These initial results indicate that the 
addition of certain aldehydes to the proline-terminal sequences may be a promising and 
novel bioconjugation strategy. 

6.4 turning the Adduct into the desired Product

In addition to PLP-mediated transamination, the covalent addition of PLP to the N-terminus 
of proteins has been observed for many N-terminal sequences. Previously this has 
been considered to be an unwanted byproduct. Although the structure obtained varied 
for certain N-terminal residues (for instance N-terminal tryptophan residues form Pictet-
Spengler products), for most N-terminal residues the observed adduct corresponded by 
mass to an aldol-type addition (8, Figure 6-4a). In most cases the PLP addition product 
was not observed in amounts above 10% of the total product. Additionally, the PLP adduct 
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contains a ketone, and so does not preclude oxime formation. On proteins bearing the 
highly reactive Ala-Lys terminal motif, particularly large amounts of adduct were observed.1 
To minimize the formation of this byproduct, reaction conditions were screened in hopes 
of eliminating its formation. This was done to be able to obtain a single bioconjugate, the 
oxime product, in high yield. However, we realized that if a similar adduct could be formed 
in high yields with aldehydes containing useful functionalities or reactive handles, the 
adduct itself could become the desired bioconjugate product.

Although structural characterization is needed, the observed mass corresponded to the 
covalent addition of PLP to the N-terminus via to an aldol addition without dehydration. The 
use of aldol reactions as a bioconjugation strategy has been reported using Mukiayama 
aldol reagents. As reported by Alam and coworkers, proteins with an N-terminal glycine 
were transaminated using PLP and the resulting aldehyde served as an aldol acceptor.7 
Therefore, the proposed aldol adduct (8) represents a novel mode of bioconjugation 
reactivity because in this case the protein serves as the aldol donor and the exogenous 
aldehyde as the aldol acceptor. Since the PLP adduct has been observed on various 
N-terminal residues, this type of reactivity is potentially general for a number of N-termini. 
The addition can be achieved in a single step since the aldehyde that performs the 
transamination also adds to the protein in the same pot. There is also the potential for dual 
functionalization since the product contains a ketone that could subsequently be used for 
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Figure 6-4. Investigation of an aldol addition to the N-terminus as a desired product. a) When the transamination 
reagent (1) is pyridoxal 5’-phosphate (PLP), the formation of a product (8) was observed that corresponded by 
mass to an aldol addition with the keto-peptide (7). This was initially considered to be an unwanted by product. 
However, if the transamination reagent included an interesting functionality or reactive handle (such as an alkyne 
as in 1f) then the putative aldol addition product could be the desired product. b) A propargyl glyoxamide (1f) was 
synthesized to demonstrate this type of reactivity. The synthesis was accomplished by i. stirring overnight at room 
temperature and ii. incubation with sodium periodate adsorbed onto silica gel. c) A representative mass spectrum 
after incubation with the AK-terminal peptide AKTWIG resulted in both transaminated and addition products. The 
products were quanti�ed after screening reaction conditions using various reaction times (d), pH (e), and concen-
trations (f ).
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oxime formation. Given these promising attributes, what remained to transform the PLP 
adduct into a viable bioconjugation strategy was the discovery of aldehydes other than 
PLP which could perform similar reactivity but contain more useful functionalities. 

Candidates for aldol addition regents needed to be aldehydes capable of transamination 
and with ready access to a number of functionalities. Alkylated pyridinium carboxaldyhyde 
reagents meet these criteria, as Rapoport’s salt is capable of transamination, has 
been found to form some aldol adduct, and a wide number of derivatives could be 
synthetically accessed through the group attached to the pyridine nitrogen. Other 
promising candidates were functionalized glyoxamides. Glyoxylic acid had been used for 
transamination,2 and can be readily functionalized through selection of any primary amine 
for the amide linkage. The two-step synthetic route we used to access a glyoxamide 
compound is shown in Figure 6-4b. An amine of choice was stirred with dimethyltartrate 
to form a symmetric tartaric amide (9). This was cleaved with sodium periodate to form 
the glyoxamide reagent.8 Although a number of derivatives could be accessed by using 
various synthetic or commercially available amines, propargylamine was used to create  
propargyl glyoxamide (1f) as an initial test compound. The benefits of using propargyl 
glyoxamide include its water solubility and the potential of the alkyne group for further 
secondary bioconjugation reactions using copper-catalyzed alkyne azide cycloaddition 
(CuAAC) with any commercially available azide-containing reagent. There are currently 
few simple methods for installing an alkyne in a single location on a protein, so the site-
specific aldol addition of propargyl glyoxamide to the N-terminus may be of great interest.

Since the Ala-Lys terminal motif was found to result in higher than average proportions 
of PLP-adduct, an AKT-terminal peptide was used as a test substrate for the glyoxamide 
reagent. Incubation of the peptide, AKTWIG, with propargyl glyoxamide resulted in 
transamination and a product which by mass corresponded to the aldol addition product. 
A representative mass spectrum is shown in Figure 6-4c. Not all of the keto-peptide 
produced from transamination formed the aldol addition, but high yields of the adduct were 
observed. The reaction time, pH, and concentration of glyoxamide were screened.  A yield 
of 80% glyoxamide addition was achieved after 10 h of incubation with 100 mM propargyl 
glyoxamide. The transamination reached even higher conversions, so investigation into 
how to increase the efficiency of the aldol addition step may be beneficial. Additionally, 
further reaction screens may be necessary to find conditions that achieve high yields with 
a lower concentration of glyoxamide. If this is not possible, than the use of a glyoximide 
that installs a reactive handle on the protein (such as the propargyl gloxamide) may be 
more economical than including the desired exogenous functionality in the glyoxamide 
compound. Other initial experiments that were performed included adding the glyoxamide 
as an aldol acceptor subsequent to transamination of the peptide using PLP. This resulted 
in glyoxamide addition, but did not enhance the yield over the one-pot incubation with 
the glyoxamide (data not shown). Additionally, a catalyst for aqueous aldol reactions, 
nornicotine,9 was added but was not found to affect the reaction rate significantly. 

Given the influence of the N-terminal sequence on transamination, it is likely that there 
is a strong sequence effect on reactivity towards aldol addition as well. In the future this 
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can be explored using colorful aldehyde reagents on the library to identify beads bearing 
sequences that formed high levels of addition products. Other pending experiments 
include the structural characterization of the products, the demonstration of this reaction 
on protein substrates, the confirmation of its site-specificity for the N-terminus using 
tandem mass spectrometry, and the demonstration that the adduct alkyne can be used to 
attach useful reagents, such as dyes or polymers, through CuAAC.

The site-specificity of N-terminal transamination has demonstrated that the N-terminus 
has unique reactivity relative to other functional groups on a protein. Our studies have 
revealed many avenues for the development of new site-specific bioconjugation reactions 
using the N-terminus. Exciting!

6.5 mAteriALs And methods

General Procedures. Unless otherwise noted, the chemicals and solvents used were of 
analytical grade and were used as received from commercial sources. Water (dd-H2O) 
used as reaction solvent and in biological procedures was deionized using a Barnstead 
NANOpure purification system (ThermoFisher, Waltham, MA). Pyridoxal 5’-phosphate 
monohydrate was obtained from Aldrich. 

Combinatorial Library Synthesis, and General Procedure for Library Screening, 
Sequencing, and Solid Phase Peptide Synthesis.  Procedures described in Chapter 3 
were used.

General Procedure for Glyoxylic Acid-Mediated Transamination of Resin-Bound 
Peptide Substrates. Portions of resin-bound AKSWSNAG peptide (appx. 10 mg each)  
were treated with 1 mL of 10 mM glyoxylic acid solution in 50 mM potassium phosphate 
buffer, pH 6.5 with 10% DMF to facilitate bead swelling and 0.02% NaN3 for preservation 
of the buffer. After the specified time of gentle rotation at room temperature, the resin 
samples were 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 O-benzylhydroxylamine hydrochloride (BnONH2) solution in water for 3 h at 
rt. Excess alkoxyamine was removed by rinsing with three portions of deionized water, 
followed by three portions of DMF. The peptides were then cleaved from the resin through 
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 dd-H2O for mass spectrometry analysis.

Liquid Chromatography and Mass Spectrometry of Peptide Bioconjugates. 
Procedure described in Chapter 4 was used.

Gel Analyses. Procedure described in Chapter 5 was used.

General Procedure for Primary Modification of Resin-Bound Proline-Terminal 
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Peptide Substrates. Portions of resin-bound PAKWIG peptide (appx. 10 mg each)  were 
treated with 1 mL of 10 mM aldehyde solution in 50 mM potassium phosphate buffer, 
pH 7.5 with 10% DMF to facilitate bead swelling and 0.02% NaN3 for preservation of the 
buffer. After 18 h of gentle rotation at room temperature, the resin samples were washed 
with three portions of deionized water, followed by three portions of DMF to remove 
residual aldehyde. The peptides were then subjected to a secondary reaction (described 
below) or cleaved from the resin through 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 dd-H2O for 
mass spectrometry analysis.

General Procedure for Secondary Modification of Resin-Bound Proline-Terminal 
Peptide Substrates. The proline-terminal peptide samples that were subjected to a 
secondary reaction were exposed to the secondary reagents after incubation with the 
aldehyde and rinsing. One mL of the following solutions was added to the resin: 20 mM 
NaBH3(CN) in ethanol, 0.3 mM [Cp*Ir(4,4'-dihydroxy-2,2'-bipyridine)(H2O)]SO4 catalyst6 
in 200 mM phosphate buffer pH 7.4, 100 mM potassium formate, or 20 mM NaCN in 
phospate buffer pH 7.5. After 3 h of gentle rotation at room temperature, the resin was 
washed with three portions of deionized water, followed by three portions of DMF and the 
peptide was subsequently cleaved from the resin for mass spectrometry analysis.

Synthesis of Propargyl Glyoxamide. 
NMR. 1H and 13C spectra were measured with a Bruker AVQ-400 (400 MHz) or AV-300 
(300 MHz) spectrometer. 1H NMR chemical shifts are reported as δ in units of parts per 
million (ppm). Multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), q 
(quartet), or m (multiplet). Coupling constants are reported as a J value in Hertz (Hz). The 
number of protons (n) for a given resonance is indicated nH, and is based on spectral 
integration values. 13C NMR spectra are reported as δ in units of part per million (ppm).

Propargyl tartaric amide (9). To a 20 mL scintillation vial was added dimethyl L-tartrate 
(0.25 g, 1.4 mmol, 1.0 equiv) and propargyl amine (0.9 mL, 14.0 mmol, 10 equiv). The 
mixture was stirred at room temperature for 24 h. The mixture was concentrated under 
reduced pressure to remove excess amine. The resulting residue was dissolved in 
methanol and concentrated under reduced pressure again. The resulting off-white solid 
was used in subsequent experiments without further purification. 1H-NMR (400 MHz, 
MeOD) δ 2.89 (s, 2H) 2.42 (m, 4H) 1.73 (t, 2H, J=1.6) 1.00 (t, 2H, J=2.4)  13C-NMR (400 
MHz, MeOD) δ 172.9, 79.0, 72.1, 70.7, 27.8.

Propargyl glyoxamide (1f). To a 500 mL round bottom flask was added propargyl 
tartaric amide (0.283 g, 1.27 mmol, 1.0 equiv). The white solid was dissolved in 50 mL 
dichloromethane with 5 mL methanol. Sodium periodate adsorbed on silica gel was 
prepared according to the procedure by Zhong et al.,8 and 3.16 g was added to the 
reaction. The resulting slurry was stirred for 3 h at room temperature. The mixture was 
then filtered and the filtrate was collected and concentrated under reduced pressure. The 
resulting colorless oil was used without further purification. 
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General Procedure for Glyoxamide Addition to Resin-Bound Peptide Substrates. 
Portions of resin-bound AKTWIG peptide (appx. 10 mg each)  were treated with 1 mL 
of the specified concentration of propargyl glyoxamide solution in 50 mM potassium 
phosphate buffer, at the specified pH with 10% DMF to facilitate bead swelling and 0.02% 
NaN3 for preservation of the buffer. After the specified reaction time of gentle rotation on a 
LabQuake shaker at room temperature, the resin samples were washed with three portions 
of deionized water, followed by three portions of DMF to remove residual aldehyde. The 
peptides were then cleaved from the resin through 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 dd-
H2O for mass spectrometry analysis.
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