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Abstract

In order to gain detailed insight into the biochemical behavior of proteins, researchers have 

developed chemical tools to incorporate new functionality into proteins beyond the canonical 20 

amino acids. Important considerations regarding effective chemical modification of proteins 

include chemoselectivity, near stochiometric labeling, and reaction conditions that maintain 

protein stability. Taking these factors into account, we discuss an N-terminal labeling strategy that 

employs a simple two-step “one-pot” method using N-hydroxysuccinimide (NHS) esters. The first 

step converts a R-NHS ester into a more chemoselective R-thioester. The second step reacts the in 
situ generated R-thioester with a protein that harbors an N-terminal cysteine to generate a new 

amide bond. This labeling reaction is selective for the N-terminus with high stoichiometry. Herein, 

we provide a detailed description of this method and further highlight its utility with a large 

protein (>100 kDa) and labeling with a commonly used cyanine dye.
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1. Introduction

There have been a vast number of protein semi-synthetic strategies developed to install new 

chemical functionality into proteins for their detailed analysis. At the heart of these chemical 

strategies are the goals to achieve site-specificity and near stochiometric modification. 

Nonselective protein labeling can result in either deleterious consequences to protein 

structure and function or heterogeneity that complicates mechanistic studies. A number of 

elegant strategies to chemically modify proteins have been published which have been the 

topic of numerous comprehensive reviews and books (Algar, Dawson, & Medintz, 2017; 

Hermanson, 2013; Koniev & Wagner, 2015; Sletten & Bertozzi, 2009). Examples of 
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successful strategies that have been widely adopted by researchers include, but are not 

limited to using: (a) nonsense suppression technology for genetic incorporation of unnatural 

amino acids (Liu & Schultz, 2010; Noren, Anthony-Cahill, Griffith, & Schultz, 1989), (b) 

Staudinger ligation which reacts a phosphine with an azide to generate a new amide linkage 

(Lemieux, De Graffenried, & Bertozzi, 2003; Nilsson, Kiessling, & Raines, 2000, 2001; 

Saxon & Bertozzi, 2000), (c) click chemistry which can be copper-catalyzed cycloaddition 

of an azide and alkyne (numerous other iterations of this method has also been developed) 

(Baskin et al., 2007; Cravatt, Wright, & Kozarich, 2008; Kolb & Sharpless, 2003; 

Rostovtsev, Green, Fokin, & Sharpless, 2002; Speers & Cravatt, 2004; Tornoe, Christensen, 

& Meldal, 2002), (d) ketone or aldehyde condensation reactions such as hydrazone/

hydrazide or oxime forming reactions (Bhat et al., 2018; Carrico, Carlson, & Bertozzi, 2007; 

Cornish, Hahn, & Schultz, 1996; Dirksen, Dirksen, Hackeng, & Dawson, 2006; 

O’Shannessy, Dobersen, & Quarles, 1984), (e) Michael acceptors such as maleimides 

(Friedmann, 1952; Friedmann, Marrian, & Simonreuss, 1949) or vinyl sulfones (Palmer, 

Rasnick, Klaus, & Bromme, 1995; Truce & Wellisch, 1952) that will selectively react with 

the sulfhydryl of cysteine, and (f) native chemical ligation which uses a 

transthioesterification followed by intramolecular rearrangement of a C-terminal thioester 

and N-terminal cysteine to generate a new peptide bond (Dawson & Kent, 2000; Dawson, 

Muir, Clark-Lewis, & Kent, 1994; Muir, Sondhi, & Cole, 1998).

Major modalities for protein labeling by biochemical investigators over the past century 

have involved selectively labeling amines or sulfhydryl groups in proteins. Primary amines 

in proteins consist of the α-amine of the N-terminus and the ε-amine of lysine, whereas 

cysteines contain a sulfhydryl group which serves as reactive handle that can be exploited 

for protein labeling. A number of amine reactive methods to label proteins have been 

reported including reductive amination with aldehydes (Antos & Francis, 2006; Chen, 

Disotuar, Xiong, Wang, & Chou, 2017; Glazer, 1970; Means & Feeney, 1990), nucleophilic 

substitution of activated esters like NHS esters to generate a new amide bond (Anderson, 

1963; Brinkley, 1992; Hermanson, 2013), or the use of isothiocyanates to generate thiourea 

linkages (Edman, 1950; Riggs, Seiwald, Burckhalter, Downs, & Metcalf, 1958; Todrick & 

Walker, 1937). Due to a high abundance of lysines in proteins (~8%) (Brooks, Fresco, Lesk, 

& Singh, 2002), many of these strategies result in heterogeneous products. With this in 

mind, cysteine reactive probes have been more attractive for development because of their 

low abundance in proteins (< 1%) (Brooks et al., 2002), making it easier for selective 

incorporation of one’s functionality of choice. A few examples of cysteine reactive probes 

that are widely used include maleimides (Friedmann, 1952; Friedmann et al., 1949) or vinyl 

sulfones (Palmer et al., 1995; Truce & Wellisch, 1952) that undergo Michael addition, 

haloacetamides that generate thioether linkages (Dickens, 1933; Shevchenko, Wilm, Vorm, 

& Mann, 1996), thiol oxidation to generate disulfides (Chatterjee, McGinty, Fierz, & Muir, 

2010; Chen, Ai, Wang, Haracska, & Zhuang, 2010; Gamblin et al., 2003; Laps, Sun, 

Kamnesky, & Brik, 2019), or β-elimination to form a reactive dehydroalanine followed by a 

coupling reaction (Chalker et al., 2011; Meledin, Mali, Singh, & Brik, 2016).

Another attractive site to selectively label is the N-terminus because of its singularity as 

compared to numerous lysines found in a single protein. However, such selective targeting is 

challenging because of the N-terminus’s cross-reactivity with many of the same chemical 
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strategies used to label lysines. Nevertheless, chemical biologists have developed tools to 

overcome this obstacle by exploiting the lower pKa of the α-amine of the N-terminus as 

compared to the ε-amine of lysine and/or relying on the assistance of the side-chain of the 

N-terminal residue for chemoselectivity. A number of methods using these principles have 

been developed which have been extensively discussed in reviews by the Francis and 

Wagner groups (Koniev & Wagner, 2015; Rosen & Francis, 2017). Some examples include 

native chemical ligation (Dawson et al., 1994; Mali, Singh, Eid, & Brik, 2017; Muir et al., 

1998), transamination of the N-terminal α-amine (Gilmore, Scheck, Esser-Kahn, Joshi, & 

Francis, 2006; Witus et al., 2010; Witus et al., 2013), thiazolidine formation from a cysteine 

and derivatized aldehyde (Zhang & Tam, 1996), or imidazolidinone formation with 2-

pyridinecarboxyaldehhydes (MacDonald, Munch, Moore, & Francis, 2015). Selective N-

terminal ligation can also be executed enzymatically. For example, sortase catalyzes a 

transpeptidation reaction with the specific sequence of LPXTG (Antos et al., 2009; Theile et 

al., 2013; Williamson, Fascione, Webb, & Turnbull, 2012) and subtiligase can facilitate the 

formation of a new peptide bond with either an oxyester or thioester peptide substrate 

(Abrahmsen et al., 1991; Chang, Jackson, Burnier, & Wells, 1994; Henager et al., 2016; 

Jackson et al., 1994). Alternatively, researchers have used an N-terminal Halo-tag or SNAP-

tags for the addition of ligands of value in biochemical and cellular studies. While attractive, 

Halo-tag and SNAP-tag methods require the fusion of a large polypeptide (33 kDa or 20 

kDa) to a protein of interest (Mohapatra, Lin, Feng, Basu, & Ha, 2019). The Halo-tag uses 

an engineered haloalkane dehalogenase to covalently attach a ligand with a haloalkane group 

by a nucleophilic displacement mechanism (Los et al., 2008). The SNAP-tag is derivatized 

from the DNA repair enzyme, O6-alkylguanine-DNA-alkyltransferase, that can react with 

O6-benzylguanine ligands to form a stable thioether linkage with the catalytic cysteine 

(Figure 1) (Cole, 2013).

Herein, we discuss a recently reported simple strategy to selectively label protein N-termini, 

which relies on the reactivity of an N-terminal cysteine in a similar manner as NCL 

(Dempsey, Jiang, Kalin, Chen, & Cole, 2018b). In this approach, an R-NHS ester is 

converted to a R-thioester which can be further used to react with an N-terminal cysteine for 

chemoselective and near stochiometric labeling in a “one-pot” reaction. Advantages of this 

method are that it only provides a small chemical addition to the protein as compared to the 

much larger Halo-tag or SNAP-tags, it does not require any extensive synthetic ability or 

infrastructure, and can in principle utilize the vast number of commercially available NHS 

esters (> 1,000).

2. Native chemical ligation and expressed protein ligation

The N-terminal selective labeling strategy with NHS esters was inspired by the classical 

early methods of native chemical ligation (NCL) and expressed protein ligation (Dawson et 

al., 1994; Muir et al., 1998). The NCL reaction ligates two polypeptides, one containing a C-

terminal thioester and the other an N-terminal cysteine, to form a new peptide bond. This 

reaction, pioneered by Wieland (Wieland, Bokelman, Bauer, Lang, & Lau, 1953), proceeds 

by a transthioesterification reaction, followed by an intramolecular rearrangement to 

generate the new amide bond (Figure 2a) with a cysteine at the ligation point. Originally, this 

work was developed to ligate synthetic peptides but later with the development of expressed 
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protein ligation (EPL), this chemistry was applied to recombinant protein systems (Dawson 

et al., 1994; Muir et al., 1998). EPL uses a recombinantly expressed protein that is 

heterozygously fused to an intein, where the intein facilitates a reversible N-S acyl shift to 

generate a C-terminal thioester (Figure 2b). This thioester can be exploited with a small 

molecule thiol reagent, typically MESNa or MPAA, to undergo the first 

transthioesterification reaction to cleave the intein from a protein of interest to generate a 

new protein thioester. Following the intein cleavage, a synthetic peptide with an N-terminal 

cysteine and the modification of interest can be used to ligate to the newly formed protein 

thioester using NCL chemistry (Muir et al., 1998). These reactions are chemoselective and 

often proceed with high stoichiometry (>90% conversion). More recently, enzyme-catalyzed 

EPL was reported, which utilizes subtiligase to catalyze the ligation of a synthetic peptide 

and protein thioester (Henager et al., 2016). This method uses the same intein chemistry to 

generate the protein thioester but differs in the requirement of an N-terminal cysteine at the 

ligation point, which broadens its scope over classical EPL. Cysteines are one of the least 

abundant residues found in proteins (< 1%) (Brooks et al., 2002) and one may not be located 

in an advantageous position for chemical ligation of the synthetic peptide; therefore, a point 

mutation to introduce a Cys may be required for EPL (Chu et al., 2018). Usually a point 

mutation can be identified that faithfully mimics the wild-type protein function; however, in 

some instances this may not be feasible or its perturbation may not be revealed until later in 

your investigation as was observed in studies on the signaling protein PTEN (Henager et al., 

2016; Henager, Henriquez, Dempsey & Cole, 2019a). PTEN is a lipid phosphatase that 

catalyzes the 3’-specific hydrolysis of phosphatidylinositol (3,4,5)-trisphosphate to generate 

PIP2, effectively counteracting the pro-growth PI3K/AKT signaling pathway (Maehama & 

Dixon, 1998; Maehama, Taylor, & Dixon, 2001; Worby & Dixon, 2014). PTEN is 

phosphorylated at four positions on its C-terminal tail, Ser380, Thr382, Thr383, and Ser385 

which regulates its function by driving a conformational change from an open to closed state 

resulting in inhibited enzymatic function, reduced plasma membrane binding, and enhanced 

cellular stability (Bolduc et al., 2013; Chen, Dempsey, et al., 2016; Chen et al., 2016a, 

Dempsey & Cole, 2018a; Vazquez, Ramaswamy, Nakamura, & Sellers, 2000). Initially, a 

Y379C mutation was used for installation of the PTEN C-terminal tail peptide by EPL 

(Bolduc et al., 2013). However, it was later serendipitously discovered that Tyr379 

contributed to stabilizing the closed autoinhibited state of tetraphosphorylated PTEN 

(Henager et al., 2016). Without the ability of restoring the wild-type sequence of PTEN by 

enzyme-catalyzed EPL it would have been challenging to uncover Tyr379’s contribution to 

conformational closure. Another advantage of enzyme-catalyzed EPL is that it can be more 

rapid than NCL which may be attractive for proteins with limited stability (Henager et al., 

2016). These technological advances have helped advanced our understanding of how 

protein post-translational modifications influence their function. Furthermore, they have 

paved the way for installing unique chemical tools on proteins (e.g. crosslinking reagents, 

bisubstrate inhibitors, etc.) that can be applied in mechanistic and structural studies (Chen et 

al., 2016a; Shen & Cole, 2003; Shen, Hines, Schwarzer, Pickin, & Cole, 2005)
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3. N-hydroxysuccinimide esters in protein labeling

One popular chemical tool that was developed for peptide and protein labeling is the use of 

N-hydroxysuccinimide esters which are reactive towards primary amines such as the α-

amine of the N-terminus and the ε-amine of lysine that form stable amide linkages. Amino 

acid NHS ester building blocks were originally introduced because of their effectiveness in 

peptide synthesis as compared to other methods at that time (Anderson, 1963, 1964). Later 

NHS esters were adapted for peptide and protein labeling with useful compounds for 

pharmacological development or biochemical analysis such as biotin, fluorophores, 

PEGylation, fatty acids, etc. Although the labeling is generally selective for primary amines, 

lysines are one of the most abundant amino acids found in proteins. It is estimated that about 

8% of a typical protein’s composition is made up of lysine residues, meaning an average 

sized protein of 450 amino acids (~50 kDa) would contain about 36 lysines (Brooks et al., 

2002). Therefore, using NHS esters for protein modification can lead to heterogenous 

labeling and this may be deleterious to protein structure and function. However, using a 

more chemoselective reaction such as NCL for protein labeling can mitigate most risk 

associated with poorly controlled labeling (Dawson & Kent, 2000; Dawson et al., 1994; 

Muir et al., 1998). This has been employed by a number of groups who have generated 

synthetic peptides that incorporate the chemical modification of choice that also possess a C-

terminal thioester. In recent studies, these modified thioester peptides contain a C-terminal 

hydrazide that can undergo nitrosation to generate an acyl azide which then can be 

exchanged with a thiol to make the final thioester (Fang, Wang, & Liu, 2012). Alternatively, 

such thioester peptides are synthesized on Dawson resin which can be converted to an 

imidazolidione (Nbz) using p-nitro chloroformate followed by a thiol exchange to make the 

final thioester (Blanco-Canosa & Dawson, 2008). Both strategies are very effective for the 

installation of an N-terminal peptide to an N-Cys-protein; however, these ligation methods 

require some experience in peptide synthesis and protein bioconjugation which have limited 

their widespread usage. In principle, small molecule thioesters that can react with N-

terminal cysteines in a similar manner to NCL (Busch et al., 2008; Tolbert & Wong, 2002; 

Yi et al., 2011) would circumvent the challenges associated with standard protein 

semisynthesis. Unlike NHS esters, small molecule thioesters have not been generally 

commercially available. With this in mind, a simple strategy to selectively label the N-

terminus of a protein with a two-step, “one-pot” reaction using NHS esters was recently 

reported (Dempsey et al., 2018b). The first step is a preincubation period where the NHS 

ester (R-NHS) is converted to a thioester through a transesterification reaction with a small 

thiol molecule, MESNa (R-MESNa). The second step is to add the in situ generated 

thioester to a protein with an exposed N-terminal cysteine facilitating specific labeling 

(Figure 3). A more detailed procedure for this is described in the subsequent section (Section 

4). This strategy was initially demonstrated using three different proteins (GST, hUNG, and 

WWP2) in combination with three different NHS esters (fluorescein-NHS, rhodamine-NHS, 

and biotin-PEG4-NHS), which all showed similar selectivity (< 5% non-specific ligation) 

and high labeling yields (Dempsey et al., 2018b). Fluorescein-WWP2 was employed to 

analyze how PTEN phosphorylation influences the binding of WWP2 to PTEN and also its 

catalytic mechanism (Dempsey et al., 2018b). WWP2 is a HECT E3 ligase that catalyzes the 

ubiquitination of the number of substrates including itself and PTEN (Chen et al., 2017; 
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Chen, Thomas, et al., 2016b; Jiang, Thomas, Chen, Chiang, & Cole, 2019; Maddika et al., 

2011). This occurs through a sequential set of ubiquitin transfers that begin with the ATP-

dependent loading of an E1 protein followed by transfer to an E2 enzyme, which is then 

transferred to the catalytic cysteine of WWP2, and then finally chemically installed onto a 

lysine of a protein substrate. The use of fluorescein labeled WWP2 in PTEN binding studies 

revealed how PTEN C-tail phosphorylation restricts its ubiquitination by WWP2 through 

weakening the protein-protein interaction, accounting for phospho-PTEN’s enhanced 

cellular stability (Dempsey et al., 2018b). In addition, the use of distinct labeling groups for 

generating wild-type and mutant forms of WWP2 were used to show that WWP2 catalyzes 

its autoubiquitination through an intramolecular ubiquitin transfer (Dempsey et al., 2018b). 

Thus, the recently developed NHS ester labeling strategy facilitated mechanistic studies into 

the regulation of two important proteins in cell biology.

4. Protocol for N-terminal labeling with N-hydroxysuccinimide esters

Below we provide a detailed procedure to N-terminally label proteins with NHS esters along 

with some tips to maximize yield and minimize off-target labeling. This method is a simple 

“one-pot”, two-step reaction that does not require synthetic expertise to execute (Dempsey et 

al., 2018b). Moreover, this method can take advantage of the vast availability of commercial 

R-NHS esters (>1,000). One updated feature in this protocol is to include proteolysis of the 

tag in the same pot as the labeling reaction, which is validated in Section 7. With this in 

mind, we present two procedures that differ only at this step as described below:

1. Express and purify protein that has an N-terminal tag that can be cleaved by 

SUMO protease or TEV protease that results in an N-terminal Cys (Kapust, 

Tozser, Copeland, & Waugh, 2002; Malakhov et al., 2004).

• For SUMO protease, install an N-terminal SUMO fusion with a Cys 

that follows the di-Gly motif.

• For TEV protease, install the following sequence ENLYFQC N-

terminal to your protein of interest. There may be additional residues 

prior to this sequence such as a His-tag or GST-tag, but TEV protease 

will hydrolyze the peptide bond between the glutamine and cysteine.

1. Proteolysis of the fusion-tag with TEV protease or SUMO protease to release the 

N-terminal cysteine. This step can be executed in two different ways:

Procedure I – Discrete removal of the tag after purification to release N-

terminal cysteine, further purify protein, and then dialyze/exchange protein 

into labeling reaction buffer.

• If cleaving the tag at this step, be conscious to minimize time between 

this step and labeling since an N-terminal Cys can be prone to 

adventitious oxidation. Consider using a sizing column as a buffer 

exchange to minimize time at this step.

Procedure II – Directly dialyze protein into labeling reaction buffer without 

tag removal.
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• Cleavage of the tag will occur in the same pot as the labeling reaction 

(see step 3).

• We recommend dialyzing the protein of interest into 100 mM HEPES 

pH 6.8 – 7.0 with 0.5 – 1 mM tris(2-carboxyethyl)phosphine (TCEP). 

Sodium phosphate is a fine alternative if HEPES needs to be avoided. 

TCEP should be used as a reducing reagent and not thiols such as 

dithiothreitol (DTT) or 2-mercaptoethanol (BME). DTT and BME may 

exchange with the newly formed MESNa thioester, which may hurt 

labeling yields. Note that the addition of salt if needed for protein 

stablity should not significantly impact the labeling reactions.

• Do not dialyze into a glycerol containing buffer. Lower reaction yields 

were observed for proteins in glycerol, likely due to impurities in the 

glycerol such as aldehydes and peroxides. After the labeling reaction is 

complete, glycerol can safely be added if needed.

1. Initiate the first step of the “one-pot” reaction, transesterification of R-NHS ester 

to R-MESNa thioester:

• Make a solution of 100 mM HEPES pH 6.8–7.0, 0.5 – 1 mM TCEP, 

500 mM MESNa, and 2.5 – 5 mM R-NHS ester and incubate them at 

room temperature for 3 – 6 hours, though three hours is typically 

sufficient for complete conversion to R-MESNa thioester. Please note 

that the concentration of the R-NHS ester is only important to attain 

your desired final concentration in the protein labeling reaction (~1 

mM). Under these reaction conditions the initial transesterification 

reaction is under pseudo-first order condition, meaning the MESNa 

concentration is in large excess relative to the R-NHS ester; therefore, 

the reaction rate is dependent on the MESNa concentration.

• Make each reagent from fresh powder every time as NHS-esters are 

easily hydrolyzed and thiols will be oxidized over time. Do not keep 

solution stocks of these reagents. Also, avoid using DMSO to help 

solubilize R-NHS esters.

• Make sure pH is adjusted to 6.8 – 7.0. First make the 100 mM HEPES 

pH 6.8–7.0, 0.5 – 1 mM TCEP, 500 mM MESNA solution, check pH 

using a probe and then adjust accordingly. Following this, add the R-

NHS ester and check the pH by spotting on pH paper.

• Vortex reaction vigorously making sure all R-NHS ester is in solution.

1. Execute second step of the “one-pot” reaction, labeling N-Cys-protein with 

newly formed R-MESNa thioester:

• Add the newly formed R-MESNa thioester reaction mixture to a final 

concentration of 1 mM to your purified protein from step 2 and 

incubate on bench for 24 – 48 hours. If using “Procedure II” (step 2), 

also add the corresponding protease to cleave tag.
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• The protein concentration should be sufficient to keep the protein stable 

unless it starts to approach or exceed the R-MESNa thioester 

concentration. In standard cases, it will fall well below the R-MESNa 

thioester concentration (1 mM) meaning this reaction is also pseudo-

first order and the labeling rate is proportional to the R-MESNa 

thioester concentration.

1. After the labeling reaction has reached the desired conversion (e.g., greater than 

50%), immediately quench and remove the R-MESNa thioester.

• First quench the thioester with either 100 mM hydroxylamine, 

hydrazine, cysteine, or cysteamine at room temperature for at least an 

hour. Make sure to adjust the pH of the quenching solution to 7.

• After quenching, remove the ligation reagent by passing the mixture 

over a desalting column. If this is not feasible, then dialyze the sample 

overnight after making sure the R-MESNa is completely quenched. Be 

sure to keep the dialysis buffer at the same pH as that used in the 

labeling reaction.

• Following initial removal of the labeling reagent, pass the sample 

through a final sizing column to remove any remaining labeling 

reagent. At this step, the desired final buffer condition can be utilized.

5. Case study with USP7 labeling with biotin-PEG4-NHS.

The initial investigation of this NHS ester labeling strategy investigated three proteins which 

ranged in size from small to medium (GST – 26 kDa, UNG – 33 kDa, WWP2ΔC2 – 68 kDa) 

(Dempsey et al., 2018b). Here, we examine this method’s utility with a larger protein, USP7, 

which is 130 kDa. USP7 was engineered to have an N-terminal 8x-His-tag-SUMO fusion 

which unmasks an N-terminal cysteine after ULP1 (SUMO protease) cleavage (Figure 4a). 

USP7 is a deubiquitinase (DUB) enzyme of the ubiquitin specific Cys hydrolase family that 

catalyzes the hydrolysis of ubiquitin from a number of substrates including: PTEN (Morotti 

et al.; Song et al., 2008), E3 ligase MDM2 (Cummins & Vogelstein, 2004; Li, Brooks, Kon, 

& Gu, 2004), DNA methyltransferase DNMT1 (Du et al., 2010; Felle et al., 2011), and 

histone H2B (van der Knaap et al., 2005). We expressed USP7 in E. coli BL21(DE3) Rosetta 

cells and purified it using nickel affinity chromatography. We proceeded to selectively label 

USP7 with biotin-PEG4-NHS using Procedure I from Section 4 which first cleaves the 8x-

His-SUMO fusion prior to the N-terminal labeling reaction. We evaluated the selectivity of 

the reaction by comparing cleaved and uncleaved USP7 by Western blot analysis with an 

Anti-biotin-HRP antibody. Our results demonstrate that this method maintains high 

selectivity for N-Cys labeling (Figure 4b). Despite USP7’s large size, the non-specific 

labeling for this reaction, assessed by comparing labeling of the uncleaved to the cleaved 

USP7, was less than 5%, in accord with the previous work on smaller proteins (Dempsey et 

al., 2018b). As USP7 contains 80 lysines and 19 cysteines that could theoretically be sites of 

nonspecific modification, labeling of less than 5% of uncleaved USP7 indicates that the 

average internal lysine or cysteine residue would be modified at lower than 0.1%, and this 

low level should be acceptable for the vast majority of biochemical studies. These data 
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confirm that this method can be utilized for larger proteins and by extension, perhaps large 

protein complexes to interrogate their biochemical function.

6. Sulfo-Cyanine5-NHS labeling of WWP2.

To further characterize the broad applicability of the NHS ester method, we thought it would 

be useful to evaluate the cyanine dye, sulfo-Cy5-NHS (Figure 5a, Lumiprobe). Cyanine dyes 

are frequently used in single molecule biochemical experiments (Mohapatra et al., 2019). 

Concerns have also been raised that they can undergo undesired covalent reaction with thiol 

reagents (Vaughan, Dempsey, Sun, & Zhuang, 2013). Cy5 harbors a conjugated system that 

separates its two indole rings and this may serve as an electrophilic acceptor of nucleophiles 

such as MESNa or TCEP. Products of such thiol or phosphine reactions could disrupt its 

spectral properties, although, it is generally believed that these linkages would be rapidly 

reversible because facile elimination reactions that restore extended conjugation can 

regenerate the fluorescent dyes. With these issues in mind, we tested the NHS ester labeling 

reaction using Procedure II from Section 4 with sulfo-Cy5-NHS and WWP2. Procedure II, 
introduced in this chapter, is a streamlined approach that concurrently cleaves the fusion-tag 

to generate an N-terminal cysteine and labels the protein with the newly formed R-MESNa 

thioester. In the protein labeling step of the reaction, we used 0.3 equivalent of TEV protease 

(4 μM) to 1 equivalent of GST-WWP2ΔC2 (12 μM), and removal of the GST-tag was 

complete in less than four hours (Figures 5b & 5c). This is an important parameter to 

consider with Procedure II because if this step is slow it will limit reaction yield or require 

extended reaction times. Additionally, the labeling reaction with 1 mM Cy5-MESNa tracked 

with similar kinetics and very low non-specific labeling (< 3%) as observed with other 

labeling reagents (Figure 5c) (Dempsey et al., 2018). Finally, the Cy5 labeled protein 

showed intense fluorescence suggesting that side reactions with the Cy5 group were 

inconsequential. Overall, these findings suggest that Cy5-labeling of proteins with this NHS 

ester strategy is robust.

7. Summary and future directions

In conclusion, this chapter discusses how to use R-NHS esters for the specific labeling of 

proteins at their N-terminus. This method details a “one-pot” two-step reaction that converts 

an R-NHS ester into a thioester that can site-specifically label proteins that harbor an N-

terminal cysteine. We have demonstrated the use of this method on proteins that are 

relatively large in size (USP7) and with potentially challenging R-NHS esters such as sulfo-

Cy5-NHS, further establishing its versatility. Moreover, we have described a slightly 

modified protocol that streamlines the labeling method by including the protease cleave step 

into the “one-pot” reaction.

In the future, it will be worthwhile to investigate labeling with other R-NHS esters of 

interest to the biomedical community including: pegylated-NHS esters which may be useful 

for the pharmaceutical community, bivalent R-NHS esters that can drive protein 

dimerization, or immobilized R-NHS esters that can be used in microarray or surface 

plasmon resonance (SPR) experiments. Additionally, this method may be combined with 

other protein semi-synthesis strategies such as EPL to generate useful macromolecular 
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reagents for biochemical or pharmacological investigation (Matico et al., 2019). Finally, it 

would be useful to see if this method could be expanded to in-vivo labeling.
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Figure 1. Scheme for several N-terminal labeling methods.
A. Ketene labeling. B. Condensation of aldehyde and N-terminal cysteine to generate 

thiazolidine. C. Transamination using pyridxal-5’-phosphate derivative (Rapoport’s salt) to 

generate a pyruvamide species. The second step reacts a hydroxylamine-probe to generate 

oxime. D. Imidazolidinone formation from 2-pyridinecarboxyladehyde-probes. E. 

Subtiligase-catalyzed N-terminal ligation. Peptide R group can either be oxyester or 

thioester. F. Sortase-catalyzed N-terminal ligation. G. Halo-tag. H. SNAP-tag. Blue 

represents new functionality installed into protein.
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Figure 2. Scheme for NCL and EPL.
A. NCL (native chemical ligation) reaction. B. EPL (expressed protein ligation) reaction. 

Blue represents new ligated polypeptide installed into protein.
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Figure 3. Scheme for N-terminal labeling using R-NHS esters.
Step 1 is a transesterification reaction to convert the R-NHS ester into a R-MESNa thioester. 

Step two is the selective labeling of a protein with a N-terminal cysteine by the same 

mechanism as NCL/EPL. The proteolysis step to reveal an N-terminal cysteine can either be 

combined into the second step or done independently prior to labeling. Protease is either 

SUMO protease (ULP1) or TEV protease. New chemical functionality on protein shown in 

blue.
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Figure 4. Biotin-PEG4 labeling of USP7.
A. Diagram of expressed USP7 and how ULP1’s enzymatic function produces an N-

terminal cysteine. USP7 has a N-terminal fused His8-SUMO with a cysteine following the 

di-glycine motif of SUMO. B. Preparation of Biotin-PEG4-USP7. Top panel is the Western 

image of ULP1 cleaved or uncleaved USP7 that was labeled by Biotin-PEG4 using an anti-

biotin antibody. Labeling was executed using Procedure I for 24 hours. Labeling reaction 

quench with 100 mM hydroxylamine for 1 hour and then dialyzed overnight. Finally both 

USP7s were purified over a superdex200 column to remove any remaining labeling reagent. 

Bottom panel is the colloidal stained control showing equal loading on gel. Nonspecific 

labeling based on Western blot analysis is < 5%.
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Figure 5. Cy5 labeling of GST-WWP2ΔC2
A. Sulfo-Cy5-NHS ester structure. B. Diagram showing the cleavage of GST-WWP2ΔC2 by 

TEV protease. C. Labeling of WWP2ΔC2 by Cy5 using Procedure II. Labeling reagent 

originated from sulfo-Cy5-NHS. GST-WWP2ΔC2 (12 μM) was mixed with TEV protease (4 

μM) and sulfo-Cy5-NHS (1 mM) to start the labeling reaction. Different time points were 

taken at 0, 4, 8 and 24 hrs. Top gel corresponds to fluorescence imaging by a Typhoon FLA 

9500 imager using its preset Cy5 fluorescent imaging program (excitation 635 nm, emission 

670 nm). Each sample was quenched using 100 mM cysteamine for 10 min followed by 

immediate flash freezing and stored at −80°C until analysis. Bottom gel corresponds to the 

colloidal stained loading control. Nonspecific labeling based on fluorescence imaging is < 

3%.
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