
CHAPTER 4
Chemical Modificaiton

of Proteins



 Nature modifies proteins to increase the diversity of 

protein structure and function (Chapter 3)

 Our ability to install such modifications is essentially 

limited by the chemistry that is available

 Chemical protein modification

Chemical Modification of Proteins

• Reaction at a single amino acid or site among a sea of 

reactive groups is a significant and exciting challenge in 

both chemo- and regioselectivity

• Potential transformations are molded by the need for 

biologically ambient conditions (that is, < 37 ℃, pH 6–8, 

aqueous solvent) 

• The modification should proceed with near total 

conversion to generate homogeneous constructs



 Classical examples

Chemical Modification of Proteins

Biochemistry 1965, 4, 1811.

 This paper is pivotal in priming

the concept of convergent

protein synthesis; the ability to

selectively ‘chemically

mutate’/‘post-expressionally

mutating’ one residue to another

has had long standing

implications.

JACS 1966, 488, 3153.

 An enzyme (protein) was mutated by 

a chemical method for the first time.



 Classical examples

Chemical Modification of Proteins

PNAS 1966, 56, 1606.



 The thiol of cysteine offers a unique reactive handle 

within proteins

 Cys alkylation

Chemical Modification of Proteins

• The most robustly nucleophilic among the 20 canonical 

amino acids

• The property is exploited extensively in nature 

 Selective reaction at cysteine can be achieved 

(over other nucleophilic residues such as Lys and His)

 The low abundance (< 2%) of cysteine in proteins often 

allows for facile modification at a single site

• Introduction or removal of Cys is possible by site-directed 

mutagenesis



 Cys alkylation

Chemical Modification of Proteins

Figure 4.1 Chemical modifications at cysteine. (a) Aminoethylation (b) iodoacetamides 

(c) maleimides (d) Dha formation (e) disulfide formation (f) reaction of Dha with thiols 

and (g) desulfurization of disulfides.

Nat. Commun. 2014, 5, 4740.

Chem. Sci., 2011, 2, 1666.



 Cys alkylation

Chemical Modification of Proteins

Figure 4.2

Four complementary modes of 

elimination of cysteine to 

dehydroalanine

Chem. Sci. 2011, 2, 1666.



 A popular choice for protein modification along with Cys 

alkylation

 Selectivity can be an issue due to high natural abundance 

of Lys

 Lys conjugation

Chemical Modification of Proteins

 Preferential conjugation with amines, over the nucleophilic 

Cys, can be achieved through use of ‘harder’ electrophiles

• Activated esters, sulfonyl chlorides or isothiocyanates 

(Scheme in the next page)

 New chemistry is being developed to improve selectivity and 

efficiency (Angew. Chem. Int. Ed. 2008, 47, 102.)



 Lys conjugation

Chemical Modification of Proteins



 Lys conjugation

Chemical Modification of Proteins

Angew. Chem. Int. Ed. 2008, 47, 102.

 Rapid reaction with lysine through 6π-azaelectrocyclization

[a] Unless otherwise noted, reactions were 

performed in 0.1m phosphate buffer (pH 7.4) at 

24℃. [b] in H2O. [c] The number of labeled lysine 

residues was calculated by γ counting of 57Co 

introduced to dota [d] Gd was introduced by the 

reaction of 4 a with 0.1m GdCl3 in H2O. [e] 

Estimated by emission spectra at 470 nm (coumarin) 

and 555 nm (TAMRA).



 Tyr conjugation

Chemical Modification of Proteins

J. Am. Chem. Soc. 2018, 140, 17120.

 Electrochemically Promoted Tyrosine-Click-Chemistry for Protein Labeling

urazole



Chemical Modification of Proteins

 PEGylation

 Biotin-Streptavidin applications

 Antibody conjugations

- simple labeling, ADC, Ab-enzyme

 Fluorophore labeling

- Fluorophore derivatives, QD

 Chemical Ligation

- Original method, expressed protein ligation, intein-mediated

 Applications



PEGylation

 PEG is an organic polymer with repeating 

ethylene glycol units

 Polyethylene glycol (PEG)

 A non-immunogenic biological compound 

 PEGylation is covalent and noncovalent attachment of PEG 

to biological molecules such as proteins and enzymes

 PEGylation increases half-life, reduced immunogenicity, and 

solubility and stability

 Each PEG molecule can combine with 2-3 water molecules, 

making the overall compound larger and more hydrophilic 



PEGylation

 Polyethylene glycol (PEG)

 List of PEGylated compounds currently in use or approved 

for use

(PEGed uricase)

(adenosine deaminase)



Int. J. Mol. Sci. 2015, 16, 25831. 

PEGylation

 Polyethylene glycol (PEG)

 List of PEGylated compounds currently in use or approved for use



PEGylation

 Reagents for PEGylation – NHS esters



PEGylation

 Reagents for PEGylation – NHS esters

 The reaction of the NHS esters occurs at physiological pH or 

under slightly basic conditions to couple rapidly with amines 

and form amide bonds

 The NHS ester groups are also subject to hydrolysis in 

aqueous solution

• The rate of hydrolysis increases with increasing pH

• The more hydrophilic the molecule, the greater the 

potential for hydrolysis

• The half-life of hydrolysis effectively triples upon lowering 

the pH one unit (depends on conditions)

• To aid in NHS ester stability maintaining a reaction pH in 

the range of 7.0 to 7.5 is optimal for most applications



PEGylation

 Homobifunctional PEG crosslinkers

 The use of homobifunctional NHS-ester compounds 

allows to study protein interactions



PEGylation

 Heterobifunctional PEG crosslinkers

 The use of heterofunctional PEG linkers can be used for 

protein-protein conjugation with benefits in solubility and 

immunogenecity



Biotin-Strepavidin Applications

 Streptavidin

 Streptavidin is a biotin-binding protein originated from 

Streptomyces avidinii

 Streptavidin’s structural differences can overcome some 

of the nonspecific binding deficiencies of avidin

• Not a glycoprotein, thus there is no potential for binding to 

carbohydrate receptors

• pI ~ 5−6 (avidin has pI~10) reduces nonspecific binding 

due to ionic interaction with other biomolecules

• These factors lead to better signal-to-noise ratios in 

assays using streptavidin–biotin interactions than those 

employing avidin–biotin



Biotin-Strepavidin Applications

 Use of streptavidin-biotin interaction in assay systems

FIGURE 4.2 The basic design of the 

bridged avidin–biotin (BRAB) assay 

system.

FIGURE 4.1 The basic design of the 

labeled avidin–biotin (LAB) assay 

system.

 There are several basic immunoassay designs that make 

use of the enhanced sensitivity afforded by the 

(strept)avidin–biotin interaction



Biotin-Strepavidin Applications

 Use of streptavidin-biotin interaction in assay systems

FIGURE 4.3 The assay design of the 

avidin–biotin complex (ABC) system.

 The ABC system (for avidin–

biotin complex) increases the 

detectability of antigen

 It is a common assay 

technique used for 

microplate-based ELISA 

assays and for 

immunohistochemistry (IHC) 

procedures



Biotin-Strepavidin Applications

 Preparation of streptavidin conjugates

FIGURE 4.4 Chemiluminescent reaction of HRP 

substrate-luminol. The oxidation of luminol by 

peroxide results in creation of an excited state 

product called 3-aminophthalate. This product 

decays to a lower energy state by releasing 

photons of light.

 In most applications, streptavidin is conjugated with 

enzymes such as HRP and AP

FIGURE 4.5 Schemes for visualization of AP 

reactions used in biochemical assays



Biotin-Strepavidin Applications

 Preparation of streptavidin conjugates

FIGURE 4.6 SMCC reacts with amine-containing molecules to form stable amide bonds. Its 

maleimide end may then be conjugated to a sulfhydryl-containing compound to create a 

thioether linkage.

 A common protein coupling reagent (heterobifunctional)

succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate



Biotin-Strepavidin Applications

 Preparation of streptavidin conjugates

FIGURE 4.7 Streptavidin can be modified with 2-iminothiolane (Traut’s reagent) to produce 

sulfhydryl groups. Subsequent reaction with a maleimide-activated enzyme produces a 

thioether-linked conjugate.

Streptavidin 

has no free Cys



Biotin-Strepavidin Applications

 Preparation of streptavidin conjugates

FIGURE 4.8 Oxidation of the polysaccharide components of HRP produces reactive aldehyde 

groups. Conjugation to streptavidin may then be achieved by reductive amination.

HRP and avidin are 

glycoproteins



Biotin-Strepavidin Applications

 Fluorescence labeling of streptavidin

Fluorescein isothiocyanate

FIGURE 4.8 Reactions used for 

labeling streptavidin with fluorophores
7-amino-4-methylcoumarin-3-acetic acid



Biotin-Strepavidin Applications

 Preparation of biotin conjugates

 Biotin modification of secondary molecules results in 

covalent derivatives containing bicyclic biotin rings extending 

from the parent structure. 

 These biotinylation sites are still capable of binding avidin or 

streptavidin with the specificity and nearly the same avidity of 

free biotin in solution

 Since the biotin components are relatively small, 

macromolecules can be modified with these reagents without 

significantly affecting their physical or chemical properties

D-biotin



Biotin-Strepavidin Applications

 Reagents for biotin conjugation

pH 11 → 4



Biotin-Strepavidin Applications

 HABA dye assay

 The most common method of measuring the degree of 

biotinylation

Org. Biomol. Chem. 2014, 12, 511.

Avidin-HABA

Free HABA



Antibody Conjugates

 Antibody Modificaiton

 The ability to conjugate an antibody to another protein or 

molecule is critically important for many applications in life 

science research, diagnostics, and therapeutics. 

 Antibody conjugates have become one of the most important 

classes of biological agents associated with targeted therapy 

for cancer and other diseases. 

 There literally are a number of markers that have been 

identified on tumor cells to which monoclonal antibodies 

have been developed for targeted therapy 

 The preparation of antibody conjugates to find and destroy 

cancer cells in vivo has become one of the leading strategies 

of research into investigational new drugs



Antibody Conjugates

 Antibody Structure

Fc region

Fab region

PDB 1HZH

Pymol Demo



Antibody Conjugates

 Antibody-Enzyme Conjugates

 HRP is incorporated in about 80% of all antibody conjugates, 

most of them utilized in diagnostic assay systems. 

 AP is the second-most popular choice for antibody–enzyme 

conjugation, being used in almost 20% of all commercial 

enzyme-linked assays

 HRP is a glycoprotein and easily can be periodate oxidized 

for coupling via reductive amination to the amino groups on 

immunoglobulins



Antibody Conjugates

 Antibody-Enzyme Conjugates



Antibody Conjugates

 Antibody-Enzyme Conjugates

 The protected sulfhydryl group 

of SATA-modified proteins is 

stable to long-term storage 

without degradation

FIGURE 4.9 Available amine groups on an 

antibody molecule may be modified with the 

NHS ester end of SATA to produce amide 

bond derivatives containing terminal protected 

sulfhydryls. The acetylated thiols may be 

deprotected by treatment with hydroxylamine 

at alkaline pH. Reaction of the thiolated 

antibody with a maleimide-activated enzyme 

results in thioether crosslinks.



Antibody Conjugates

 Antibody-Enzyme Conjugates

FIGURE 4.10 Polysaccharide groups on enzyme or antibody molecules may be oxidized with 

periodate to create aldehydes. Modification reactions can be carried out by using a reductive 

amination reaction or a imine formation reaction using a hydrazine or an alkoxyamine.



+

Brentuximab vedotin

monomethyl auristatin E (MMAE)

Antibody Conjugates

 Antibody-Drug Conjugates

 Brentuximab vedotin, August 19, 2011, for relapsed Hodgkin lymphoma 

(HL) and relapsed systemic anaplastic large cell lymphoma (sALCL) 



Antibody Conjugates

 Antibody-Drug Conjugates

 Inotuzumab ozogamicin, June 30, 2017, for the treatment of adults with 

relapsed or refractory CD22-positive B-cell precursor acute lymphoblastic 

leukemia (ALL) under the trade name Besponsa® (Pfizer/Wyeth)

+

Inotuzumab ozogamicin

DAR 2~4

Ozogamicin, a calicheamicin derivative



 Drug-Antibody Ratios

BioProcess International, 2014.

Antibody Conjugates



 Fluoresceins and Rhodamines

Fluorescent Probes



 Fluoresceins and Rhodamines

Fluorescent Probes



 Other fluorophore derivatives

Fluorescent Probes



 Native Chemical Ligation

Chemical Ligation



 Native Chemical Ligation

Chemical Ligation

FIGURE 4.11 The native chemical ligation reaction can be 

used to form larger peptides from smaller peptides, if one 

contains a cysteine residue at its N-terminal and the other 

one contains a thioester on its C-terminal. Reaction of the 

peptide derivatives gives a native peptide (amide) bond.

 Two peptides are synthesized by 

SPPS

 C-terminal thioester and N-

terminal Cys

 Possible at physiological pH and 

in unprotected condition

 Slow reaction rate; a catalyst 

required

4-carboxymethyl thiophenol

 Not applicable to a large protein



 Expressed Protein Ligation

Chemical Ligation

Mutant intein



 Inteins

Chemical Ligation

 An intein is a segment of a protein that 

is able to excise itself and join the 

remaining portions (the exteins) with a 

peptide bond during protein splicing

 The first intein was discovered in 1988 

in yeast

 113 known inteins are present in 

eukaryotes with minimum length of 

138 amino acids and maximum length 

of 844 amino acids

FIGURE 4.12 The native process leading to intein excision 

and ligation of extein fragments involves a sequence of 

reactions involving transthioesterification, cleavage of the 

intein fragment, and an S→N shift, which ligates the two 

extein peptides together via an amide bond.



 Expressed Protein Ligation

Chemical Ligation

 The expressed protein ligation

process involves a fusion protein

containing an intein tag plus a chitin

binding domain

 The fusion protein is captured on an

immobilized chitin resin and after

removal of contaminating proteins is

eluted using thiophenol

 This releases a phenylthioester-

activated protein that can be used in

the native chemical ligation reaction

with another peptide containing an

N-terminal cysteine residue

 Conjugation results in a native amide

(peptide) bond formed between them.



 Efficiency

• Quantitative and reproducible labeling efficiency

 Specificity

• Labeling reactions need to occur at a desired location 

• Limitations in selecting a labeling location?

 General applicability

• Generally applicable to various applications

• Limitations in selecting a target protein?

 Evaluation of chemical protein modification

Chemical Modification of Proteins




