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Chapter 25

Chemoselective Protein and Peptide Immobilization  
on Biosensor Surfaces

Edith H.M. Lempens, Brett A. Helms, and Maarten Merkx 

Abstract

Site-specific immobilization of proteins and peptides on a sensor surface represents a significant challenge 
for bioanalytical applications such as surface plasmon resonance (SPR). The most common protocols for 
covalent protein immobilization usually result in heterogeneous presentation of the ligand at the surface, 
which can in some instances yield conflicting results with analogous data obtained in solution. Here, we 
discuss two complementary and generic bioconjugation methods that allow chemoselective immobilization 
of peptides and proteins via either their C-terminus (native chemical ligation) or their N-terminus (oxime 
ligation). While the protocols described in this chapter were designed for use in a Biacore instrument, 
the methods should also be applicable to other SPR instruments and, with slight adjustments, to many 
other types of bioanalytical applications that rely on protein-functionalized surfaces.

Key words: Biosensor, Protein immobilization, Surface plasmon resonance, Biacore, Native chemical 
ligation, Oxime ligation

The immobilization of proteins on surfaces is of practical impor-
tance to many areas of the life sciences. The combination of sur-
face plasmon resonance (SPR) with a microfluidic delivery system 
such as that used in, for example, Biacore instruments is a power-
ful technology for obtaining kinetic as well as thermodynamic 
data on biomolecular interactions. However, the site-specific 
immobilization of proteins and peptides on a sensor surface 
represents a significant challenge for SPR. The most common 
protocols for covalent protein immobilization target amine or 
thiol groups at the protein exterior; consequently, the use of these 
methods typically results in heterogeneous presentation of the 
protein at the surface, which can in some cases yield conflicting 

1. �Introduction
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results with analogous data obtained in solution (1). To date, 
several approaches have been developed for Biacore instruments 
that allow for more controlled and homogeneous ligand presen-
tation on the chip surface, including the use of biotinylated 
ligands on streptavidin-functionalized chips, Ni-NTA chips for 
the immobilization of His-tagged proteins, and the use of anti-
bodies to present the protein ligand in a single orientation. While 
these methods have proven to be valuable alternatives to direct 
coupling approaches in certain cases, they all have their own spe-
cific drawbacks (2).

In recent years, we as well as others have developed several 
site-specific covalent immobilization strategies based on the use 
of bio-orthogonal ligation reactions that were originally devel-
oped in the field of peptide chemistry (3). In particular, we 
explored two complementary and generic bioconjugation meth-
ods that allow for the chemoselective immobilization of peptides 
or recombinant proteins to surfaces via either their C-terminus 
(native chemical ligation) (4) or their N-terminus (oxime liga-
tion) (5) (Fig. 1). In general, bioconjugation methods targeting 
the flexible termini of proteins are least likely to interfere with 
their function. Another attractive property of both conjugation 

Fig. 1. Classical methods for the immobilization of proteins via reaction with their surface-accessible amines (a) result in 
heterogeneous presentation of the proteins at surfaces. Conjugation using native chemical ligation (b) or oxime ligation 
(c) allows homogenous presentation of proteins through chemoselective immobilization via the protein’s C- or N-terminus, 
respectively.
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methods is that the surface density of the immobilized ligands is 
highly controllable and can be increased stepwise at any point in 
the sensor chip’s lifetime. In this chapter, we present detailed pro-
tocols for the preparation of SPR chips for use in either native 
chemical ligation or oxime ligation, the preparation of N- and 
C-terminally reactive proteins and peptides, and examples of 
typical applications. While the protocols described herein were 
originally designed for use in a Biacore instrument, the methods 
should also be applicable to other SPR instruments and, with 
slight adjustments, to many other types of bioanalytical applica-
tions that rely on protein-functionalized surfaces.

	 1.	N-(tert-Butyloxycarbonyl)thiazolidine carboxylic acid.
	 2.	N-Hydroxysuccinimide (NHS).
	 3.	2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU).
	 4.	N,N-Diisopropylethylamine (DIPEA).
	 5.	N,N-dimethylformamide (DMF).
	 6.	Diethyl ether.
	 7.	Saturated KCl.
	 8.	Saturated NaHCO3.
	 9.	Na2SO4.
	10.	Mono-N-(tert-butoxycarbonyl)ethylenediamine was obtained 

by protecting one amino group of ethylenediamine with tert-
butyl phenylcarbonate, as described previously in ref. 6.

	11.	Dichloromethane (DCM).
	12.	Trifluoroacetic acid (TFA).
	13.	Ethyl acetate.
	14.	Brine (saturated NaCl).

	 1.	Biacore T100 SPR system (GE Healthcare).
	 2.	Biacore CM5 sensor chips (GE Healthcare).
	 3.	HBS-EP buffer (10  mM HEPES, 150  mM NaCl, 3  mM 

EDTA, 0.5% (v/v) surfactant P20, pH 7.4) is obtained as a 
10× concentrated stock solution from GE Healthcare. After 
appropriate dilution, the buffer is filtered through 0.2-mm 
nylon ZapCap-CR filters (Whatman).

	 4.	1.0 M solution of ethyl-3-[3-dimethylaminopropyl]carbodi-
imide HCl (EDC) in deionized water.

2. Materials

2.1. Synthesis of 
Thiazolidine-Protected 
Cysteine Linker (4)

2.2. Functionalization 
of SPR Chips with 
N-Terminal Cysteines
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	 5.	1.0 M solution of N-hydroxysuccinimide (NHS) in deionized 
water.

	 6.	250  mM compound 4 (Fig.  3) in 50  mM borate buffer,  
pH 8.5.

	 7.	Ethanolamine HCl.
	 8.	250 mM methoxyamine HCl in 50 mM acetate buffer, pH 4.0.

	 1.	All tert-butyloxycarbonyl (t-Boc)-protected amino acids were 
obtained from Novabiochem.

	 2.	4-Methylbenzhydrylamine hydrochloride (MBHA) resin 
(0.92 mmol/g loading) (Novabiochem).

	 3.	S-Trityl 3-mercaptopropionic acid (Sigma).
	 4.	Triisopropylsilane (Aldrich).
	 5.	HF containing 4% (v/v) p-cresol (see Note 1).
	 6.	Reversed-phase high-performance liquid chromatography 

(HPLC) was performed on a Varian Prostar 320 HPLC sys-
tem equipped with a VYDAC® protein/peptide C18 column. 
A gradient of acetonitrile (ACN) in water, both containing 
0.1% (v/v) TFA, was used to elute the peptides.

	 1.	Plasmid pGFPX: pTXB1 vector [New England Biolabs 
(NEB)] with a green fluorescent protein (GFP) gene cloned 
into the NdeI and EcoRI sites present in the multiple cloning 
site (MCS). This vector encodes GFP fused at its C-terminus 
to an Mxe intein and a chitin binding domain (7). Other 
cloning vectors using different intein sequences are also avail-
able from NEB.

	 2.	Competent Escherichia coli BL21(DE3) cells (Novagen).
	 3.	LB medium (10  g Bacto-peptone, 5  g yeast extract, 10  g 

NaCl per liter of solution) containing 100  mg/L of 
ampicillin.

	 4.	Isopropyl b-d-1-thiogalactopyranoside (IPTG).
	 5.	Shaking incubator.
	 6.	High-speed centrifuge.
	 7.	BugBuster® (Novagen) cell lysis buffer containing 1 mL/mL 

Benzonase® Nuclease (Novagen).
	 8.	10-mL chitin column.
	 9.	Column buffer: 20  mM sodium phosphate, 0.5  M NaCl, 

0.1 mM EDTA, pH 8.0.
	10.	Cleavage buffer: 200 mM sodium phosphate, 0.5 M NaCl, 

0.1  mM EDTA, 50  mM 2-mercaptoethanesulfonic acid 
(MESNA), pH 6.0.

2.3. Synthesis  
of Peptides  
with a C-Terminal 
b-Mercaptopropionic 
Acid-Leucine 
Thioester

2.4. Synthesis  
of Recombinant Green  
Fluorescent Protein  
with a C-Terminal 
2-Mercaptoethane
sulfonic Acid Thioester
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	 1.	SPR chip with N-terminal cysteines (see Subheading 2.2).
	 2.	Peptides or proteins with a C-terminal thioester (see 

Subheading 2.3 or 2.4).
	 3.	HBS-EP buffer (pH 7.4) containing 50 mM 4-mercaptophe-

nylacetic acid (MPAA) and 10 mM tris(carboxyethyl)phos-
phine HCl (TCEP).

	 1.	Benzyl phenyl carbonate was synthesized according to previ-
ously described literature procedures (8).

	 2.	Ethylenediamine.
	 3.	Ethanol.
	 4.	3 M HCl.
	 5.	5 M NaOH.
	 6.	N-[(tert-butyloxycarbonyl)-aminooxy]acetic acid.
	 7.	2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyl

ammonium hexafluorophosphate (HCTU).
	 8.	Palladium (10%, w/w) on activated carbon (Pd/C catalyst).
	 9.	Hydrogen gas.
	10.	Celite® 545, diatomaceous earth.

The same materials as listed in Subheading 2.2 are used (with the 
exception of items 6 and 8).

	 1.	250  mM compound 8 (Fig.  6) in 50  mM borate buffer,  
pH 8.5.

	 2.	1.0 M Phosphoric acid, pH 2.0.

The peptides can be prepared by using either Fmoc- or t-Boc-
mediated solid-phase peptide synthesis.

	 1.	NaIO4.
	 2.	10 mM Sodium phosphate buffer, pH 7.0.

	 1.	Pyridoxal 5¢-phosphate (PLP).
	 2.	50 mM Sodium phosphate buffer pH 6.5.
	 3.	Amicon® Ultra 0.5  mL centrifugal filter devices (5,000 

MWCO) (Millipore).
	 4.	The S-protein was purified from RNAse S (grade XII-S) 

(Sigma) using reversed-phase HPLC as described previously 
in ref. 9.

	 5.	Protein G¢ (Invitrogen).

2.5. Peptide/Protein 
Ligation to Cysteine-
Functionalized  
SPR Chips

2.6. Synthesis  
of t-Boc-Protected 
Aminooxy Linker (8)

2.7. Functionalization 
of SPR Chips with 
Aminooxy Groups

2.8. Synthesis  
of Peptides or Proteins 
with an N-Terminal 
Aldehyde Group

2.9. Synthesis  
of Peptides or Proteins 
with an N-Terminal 
Ketone Group



406 Lempens, Helms, and Merkx

	 1.	SPR chip with aminooxy groups (see Subheading 2.7).
	 2.	Peptides or proteins with an N-terminal aldehyde or ketone 

(see Subheading 2.8 or 2.9).
	 3.	100 mM anilinium acetate, pH 4.5.

Native chemical ligation (NCL) is a chemoselective reaction that 
occurs spontaneously between a peptide or protein containing a 
C-terminal thioester and a peptide with an N-terminal cysteine 
residue under aqueous conditions at neutral pH. The method was 
originally developed by Dawson et al. in 1994 to allow the chemi-
cal synthesis of proteins from smaller peptide fragments obtained 
by solid-phase peptide synthesis (10). The versatility of NCL was 
extended by the development of expression systems that use self-
cleavable intein domains to generate recombinant proteins with 
C-terminal thioesters (e.g., IMPACT™ system from New England 
Biolabs (11)). In other application areas, NCL has been used for 
the conjugation of recombinant proteins to spectroscopic labels, 
dendrimers, liposomes, and micelles, as well as the site-specific 
immobilization of proteins to surfaces and the facile incorpora-
tion of unnatural amino acids (7, 12).

In order to apply NCL for use in SPR, we developed a method 
that allows the functionalization of the SPR chip surface with 
cysteine residues with a free N-terminus (Fig. 2). Most commer-
cially available SPR chips consist of a gold substrate that is coated 
with a nonfouling, carboxymethylated dextran layer. This dextran 
hydrogel surface layer can be readily modified to become reactive 
toward amine-containing compounds through the activation of 
the carboxylic acid groups by EDC/NHS treatment. To allow 
the functionalization of the carboxymethylated dextran layer with 
cysteine molecules using EDC/NHS coupling, we developed the 
thiazolidine derivative 4, which consists of a small diamine linker 
coupled to a nascent N-terminal cysteine. The thiazolidine ring 
protects the cysteine during the coupling reaction, but can be 
readily removed by treatment with 250  mM methoxyamine in 
buffer at pH 4. These relatively mild conditions are compatible 
with the Biacore’s microfluidics system components, thus allow-
ing deprotection of the cysteine residues to be performed directly 
within the instrument.

A variety of strategies have been developed to prepare syn-
thetic peptides with C-terminal thioesters. Peptides with thioesters 
are still most efficiently synthesized using t-Boc chemistry (13), 
although recently, several new methods based on Fmoc chemistry 
(14) have also been reported. Recombinant full-length proteins 

2.10. Peptide/Protein 
Ligation to Aminooxy-
Functionalized SPR 
Chips

3. �Methods
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with a C-terminal thioester can be obtained using the commercially 
available IMPACT system from New England Biolabs, in which 
the gene of interest is cloned into an expression vector that gen-
erates a fusion protein with a C-terminal intein domain followed 
by a chitin domain. The chitin domain allows for the convenient 
purification of the fusion protein using chitin resins. Treatment 
with 50 mM MESNA induces the intein-catalyzed cleavage of the 
fusion protein, and then the protein of interest containing a 
C-terminal MESNA thioester is eluted from the chitin column. 
The expression of proteins whose stability depends on the pre
sence of disulfide bonds can be cumbersome using the IMPACT 
system because of the use of reducing thiols during intein cleav-
age; however, two methods have recently been reported that 
allow efficient refolding using a MESNA-diMESNA redox couple 
(15) or allow efficient expression of the intein-fusion proteins by 
directing them to the bacterial periplasm (16).

The second bioconjugation method described in this chapter 
is based on the formation of an oxime bond upon reaction of an 
aminooxy group with an aldehyde or ketone group. This strategy 
is complementary to NCL, as it allows chemoselective covalent 
immobilization of proteins via their N-terminus. The approach 

Fig. 2. Synthetic strategies for the generation of cysteine- and aminooxy-functionalized SPR sensor chip surfaces starting 
from a carboxymethylated dextran-coated gold surface.
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takes advantage of two recent advances in the field of oxime 
chemistry. Francis and coworkers have shown that treatment of 
proteins with pyridoxal 5¢-phosphate (PLP) allows site-specific 
oxidation of N-terminal amino acids into N-terminal ketones 
(17). Unlike the classical oxidation method using NaIO4, which 
is limited to N-terminal serine residues (18), PLP oxidation can 
be applied to most N-terminal amino acids, although with vary-
ing yields (19). Oxime ligations can thus be applied to a broad 
range of proteins without the need to introduce additional tags, 
provided that the N-terminus is not blocked by, for example, 
acylation. Recently, recombinant procedures have been developed 
by the Bertozzi group that allow site-specific introduction of 
formylglycine functionalities at any site within a protein sequence 
(20). The second important development is the finding by Dawson 
and coworkers that oxime ligations can be significantly acceler-
ated using aniline as an organocatalyst (21). The latter finding has 
made oxime ligations one of the most efficient ligation reactions 
known today.

Similar to the strategy used to generate cysteine-functional-
ized SPR chip surfaces, a protected aminooxy group linked to a 
small diaminoethyl spacer (8) can be used to functionalize com-
mercially available carboxymethyl group-containing chips with 
aminooxy groups (Fig. 2). In the first step of the derivatization 
procedure, the free amine group of the t-Boc-protected aminooxy 
linker is conjugated to the carboxymethylated dextran surface 
using standard EDC/NHS chemistry. Deprotection of the 
aminooxy group in this case requires the removal of the chip from 
the Biacore instrument and overnight incubation of the chip in 
1  M phosphoric acid buffer at pH 2 (22). When catalyzed by 
aniline, oxime ligations compare favorably to NCL with respect 
to reaction speed. A second practical advantage of oxime ligations 
is the absence of redox chemistry, making the method particularly 
attractive for the immobilization of disulfide bond-containing 
proteins such as immunoglobulins.

The synthesis of the protected cysteine derivative involves a three-
step process as described below (Fig. 3).

3.1. Synthesis of 
Thiazolidine-Protected 
Cysteine Linker (4)

Fig. 3. Synthesis of a thiazolidine-protected cysteine.
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	 1.	Dissolve N-(tert-butyloxycarbonyl)thiazolidine carboxylic 
acid (1.00 g, 4.3 mmol), NHS (542 mg, 4.7 mmol), HBTU 
(1.63  g, 4.3  mmol), and DIPEA (1.66  g, 12.9  mmol) in 
DMF (10 mL).

	 2.	Stir the reaction mixture for 12 h.
	 3.	Concentrate the reaction mixture to dryness in vacuo and 

dissolve the residue in ether (100 mL).

	 4.	Wash the ethereal layer with saturated KCl (5 × 100  mL), 
saturated NaHCO3 (5 × 100  mL), and deionized water 
(10 × 100 mL).

	 5.	Dry over Na2SO4, filter, and concentrate.

The yield is 950 mg (67%). 1H NMR (CDCl3): (3:1 mixture of 
diastereomers): 5.16 (br, 1H, minor), 4.91 (t, J = 5.7 Hz, 1H, 
major), 4.61 (dd, J = 54, 9.2 Hz, 2H, major), 4.54 (dd, J = 65, 
9.0 Hz, 2H, minor), 3.50 (m, 2H, minor), 3.41 (m, 2H, major), 
2.83 (s, 4H, CH2CH2), 1.47 (s, 9H).

	 1.	Add a solution of mono-N-(tert-butoxycarbonyl)ethylenedi-
amine 2 (361 mg, 2.25 mmol) in DCM (2 mL) to a flask that 
contains 1 (676  mg, 2.05  mmol) and DIPEA (793  mg, 
6.14 mmol) in DCM (3 mL).

	 2.	Stir for 6 h.
	 3.	Remove the solvent in vacuo and dissolve the residue in ethyl 

acetate (50 mL).

	 4.	Extract the product with saturated NaHCO3 (5 × 50  mL), 
deionized water (5 × 50 mL), and brine (50 mL).

	 5.	Dry the organic layer over Na2SO4, filter, and concentrate.

The yield is 735 mg (95%). 1H NMR (CDCl3): 6.92 (br, 1H), 
4.92 (br, 1H), 4.61 (m, 2H), 4.38 (br, 1H), 3.36 (m, 2H), 3.23 
(m, 4H), 1.47 (s, 9H), 1.43 (s, 9H).

	 1.	Dissolve compound 3 (730 mg, 1.94 mmol) in a mixture of 
DCM and TFA (10 mL, 1:1 (v/v)).

	 2.	Stir for 3 h.
	 3.	Concentrate the mixture in vacuo to dryness and dissolve the 

residue in deionized water (10 mL).
	 4.	Wash the aqueous layer with DCM (3 × 25  mL) and 

lyophilize.

The yield is 330 mg (97%). 1H NMR (d6-DMSO): 8.64 (s, 1H), 
7.83 (br, 3H), 6.0–5.0 (br, 2H), 4.28 (dd, J = 15.4, 6.6 Hz, 2H), 
4.22 (dd, J = 15.8, 6.2 Hz, 1H), 3.34 (m, 2H), 3.25–3.12 (m, 2H), 
2.88 (m, 2H).

3.1.1. Preparation of 
N-(tert-Butyloxycarbonyl)
Thiazolidine-4-Carboxylic 
Acid N-Hydroxysuccinimidyl 
Ester (1)

3.1.2. Preparation  
of N-(tert-
Butyloxycarbonyl)
Thiazolidine-4-Carboxylic 
Acid [2-(N-tert-
Butyloxycarbonyl)
Aminoethyl]Amide (3)

3.1.3. Preparation  
of Thiazolidine-4-
Carboxylic Acid 
(2-Aminoethyl)Amide (4)
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	 1.	Use HBS-EP (pH 7.4) as the running buffer on a Biacore 
T100 instrument and set the flow rate to 10 mL/min.

	 2.	Insert a CM5 sensor chip and immobilize the thiazolidine 
derivative 4 in flow channels 2 and 4 of the Biacore instru-
ment at 25°C according to the procedures described in steps 
3–5 below.

	 3.	Inject a solution containing 1.0 M EDC and 1.0 M NHS for 
7 min.

	 4.	Inject a solution containing 250 mM of 4 in 50 mM borate 
buffer (pH 8.5) for 7 min.

	 5.	Inject a solution of ethanolamine HCl (1.0 M) at pH 8.5 for 
7 min.

	 6.	Use flow channels 1 and 3 as reference channels, and immo-
bilize ethanolamine HCl according to the procedures 
described in steps 7–8 below.

	 7.	Inject a solution containing 1.0 M EDC and 1.0 M NHS for 
7 min.

	 8.	Inject twice a solution of ethanolamine HCl (1.0 M) at pH 
8.5 for 7 min each.

	 9.	Raise the temperature of the chip to 37°C, and set the flow 
rate in channels 1, 2, 3, and 4 to 5 mL/min.

	10.	Inject twice a solution containing 250  mM methoxyamine 
HCl in 50 mM acetate buffer (pH 4.0) for 70 min over all 
channels.

	11.	Cool the chip to 25°C and set the flow rate in all channels to 
10 mL/min.

	12.	Regenerate the surface of all channels with 50 mM NaOH in 
0.5 M NaCl using 10 pulses of 30 s each (see Note 2).

	 1.	Preparation of a TAMPAL resin to yield a C-terminal 
b-Mercaptopropionic Acid-Leucine (MPAL) thioester (13): 
Activate t-Boc-Leu-OH (1.1 mmol) by HBTU (1.0 mmol; 
0.5  M in DMF) in the presence of DIPEA (3  mmol) for 
3–4 min. Couple t-Boc-Leu-OH to 0.25 mmol of 4-methyl-
benzhydrylamine (MBHA) resin for 10  min. Remove 
unbound amino acid by rinsing with a DMF flow wash 
(2 × 20  s). Remove the t-Boc group by a TFA treatment 
(2 × 1  min). Perform a second DMF flow wash (2 × 20  s). 
Activate 1.1  mmol of S-tritylmercaptopropionic acid with 
1.0 mmol of HBTU in the presence of 3 mmol DIPEA and 
couple it for 30 min to the Leu-MBHA resin. Perform a DMF 
flow wash (2 × 20 s). Remove the protecting trityl group by 
the addition of TFA containing 2.5% (v/v) triisopropylsilane 
and 2.5% (v/v) H2O. Perform a DMF flow wash (2 × 20 s).

3.2. Functionalization 
of SPR Sensor Chips 
with N-Terminal 
Cysteines

3.3. Synthesis  
of Peptides  
with a C-Terminal 
b-Mercaptopropionic 
Acid-Leucine 
Thioester
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	 2.	Grow the peptide by manual t-Boc-mediated solid-phase 
peptide synthesis (23): Activate each t-Boc-amino acid 
(1.1 mmol) by HBTU (1.0 mmol) in the presence of DIPEA 
(3 mmol) for 3–4 min. Couple all activated amino acids for 
10 min, except for Arg, Ser, and Asn, which require a cou-
pling time of 20 min. Perform a DMF flow wash (2 × 20 s). 
Remove the t-Boc group by a TFA treatment. Perform a 
DMF flow wash (2 × 20 s).

	 3.	After synthesis, wash the peptide with DCM and 50% (v/v) 
MeOH in DCM to remove all DMF and dry in vacuo.

	 4.	Cleave the peptide from the resin and remove the protecting 
groups from the side chains using HF treatment over 1 h at 
0°C with 4% (v/v) p-cresol (see Note 1).

	 5.	Precipitate the peptide in ice-cold diethyl ether.
	 6.	Dissolve the pellet in acetonitrile and lyophilize.
	 7.	Purify the peptide using reversed-phase HPLC.

	 1.	Transform E. coli BL21(DE3) cells with the pGFPX plasmid.
	 2.	Inoculate 2 mL of LB medium containing 100 mg/L ampi-

cillin with a single colony of transformed bacteria.
	 3.	Incubate overnight in a shaking incubator (225 rpm) at 37°C 

and transfer the 2-mL seed culture into 200  mL of LB 
medium containing 100 mg/L ampicillin.

	 4.	Monitor the optical density of the cell culture at l = 600 nm 
using an absorbance spectrophotometer. At OD600 = 0.5, 
lower the incubation temperature to 15°C and add 0.3 mM 
IPTG to induce protein expression.

	 5.	Collect the cells after overnight expression at 15°C (250 rpm) 
by low-speed centrifugation (~3,000 × g), and resuspend the 
cell pellet in BugBuster (Novagen) lysis buffer containing 
1 mL/mL Benzonase Nuclease and incubate for 20 min at 
20°C.

	 6.	Centrifuge the cell lysate at 40,000 × g for 45 min to obtain a 
clear supernatant.

	 7.	Load the supernatant onto a 10-mL chitin column equili-
brated with column buffer.

	 8.	Wash the column with 10 volumes of column buffer to 
remove nonbinding and nonspecifically bound proteins.

	 9.	Flush the column with 3 volumes of cleavage buffer, and then 
close the column outlet and incubate the column overnight 
at 20°C.

	10.	Elute the GFP containing a MESNA thioester using 1 volume 
of cleavage buffer and store at −80°C.

3.4. Synthesis of GFP 
with a C-Terminal 
MESNA Thioester
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	 1.	Incubate the peptide (0.5–5  mM) or protein (0.1  mM) 
containing a C-terminal thioester in HBS-EP buffer (pH 7.4) 
containing 50 mM 4-mercaptophenylacetic acid and 10 mM 
TCEP for 30 min at 25°C.

	 2.	Inject the mixture from step 1 over flow channels 1 and 2 (or 
3 and 4) of the Biacore instrument at a flow rate of 5 mL/min. 
The injection time may be varied in order to obtain surfaces 
with different immobilization levels. (As an example, the immo-
bilization of a streptavidin-binding peptide (SLLAHPQGGG-
MPAL) (24) and a GFP are shown in Figs.  4 and 5, 
respectively.)

3.5. Peptide/Protein 
Ligation to Cysteine-
Functionalized SPR 
Chips

Fig. 4. (a) Ligation of a streptavidin-binding peptide to a cysteine-modified CM5 SPR sensor chip: (1) injection of the 
peptide with an MPAL-thioester in the presence of 50 mM MPAA and 10 mM TCEP; and (2) surface regeneration with 
30-s washes with a buffer containing 50 mM NaOH and 500 mM NaCl. (b). Binding of streptavidin to the peptide-modified 
surface: (3) injection of 2 mM streptavidin; and (4) surface regeneration. Reproduced with permission from ref. 4 © 2007 
Wiley-VCH Verlag GmbH & Co. KGaA.

Fig. 5. Immobilization of green fluorescent protein (GFP) to a cysteine-modified CM5 SPR sensor chip. The sample chan-
nel was functionalized with cysteines, whereas the reference channel was reacted with ethanolamine. 0.1 mM GFP-
MESNA thioester with 50 mM MPAA and 10 mM TCEP was injected over both channels for 1 h (1), followed by injection 
of buffer only. The difference in the signal response between the sample and reference channels represents the immo-
bilization of 480 resonance units (RU) of GFP. The inset shows the specific binding of anti-GFP antibody JL-8 (Clontech) 
to the sensor surface of the sample channel (2). Reproduced with permission from ref. 4 © 2007 Wiley-VCH Verlag 
GmbH & Co. KGaA.
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	 3.	Regenerate the surfaces of all the channels using 30-s pulses of 
an appropriate buffer solution until a stable baseline is reached.

	 4.	Perform binding experiments on the peptide- or protein-
modified sensor surface (see Figs. 4 and 5, for examples; also 
see Note 3).

The synthesis of the protected aminooxy derivative involves a 
three-step process as described below (Fig. 6).

	 1.	Add benzyl phenyl carbonate (1.00 g, 4.4 mmol) to a stirred 
solution of ethylenediamine (263 mg, 4.4 mmol) in EtOH 
(17 mL).

	 2.	Stir the reaction mixture for 12 h.
	 3.	Concentrate the reaction mixture in vacuo and dissolve the 

residue in H2O (25 mL).
	 4.	Adjust the pH to 3 by the addition of aqueous HCl (3 M) 

and extract the aqueous layer with DCM (2 × 50 mL).
	 5.	Adjust the pH of the aqueous layer to 11 by the addition of 

aqueous NaOH (5 M) and extract with DCM (3 × 80 mL).
	 6.	Dry the organic layer over Na2SO4, filter, and concentrate.

The yield is 492 mg (58%). 1H NMR (CDCl3): 7.37–7.33 (m, 
5H), 5.11 (br s, 3H), 3.26–3.24 (m, 2H), 2.83 (t, 2H, J = 5.9 Hz), 
1.38 (br s, 2H).

	 1.	Dissolve 6 (272  mg, 2.7  mmol), N-[(tert-butyloxycarbonyl)
aminooxy]acetic acid (268 mg, 2.7 mmol), HCTU (609 mg, 
2.8 mmol), and DIPEA (572 mg, 8.5 mmol) in DMF (5 mL).

	 2.	Stir the reaction mixture for 12 h.
	 3.	Remove the solvent in vacuo and dissolve the residue in ethyl 

acetate (50 mL).

3.6. Synthesis  
of t-Boc-Protected 
Aminooxy Linker (8)

3.6.1. Preparation  
of (2-Aminoethyl)Carbamic 
Acid Benzyl Ester (6)

3.6.2. Preparation  
of 2-[(tert-
Butyloxycarbonyl)
Aminooxy]-N[2-
(Benzyloxycarbonyl Amino)
Ethyl]Acetamide ( 7)
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Fig. 6. Synthesis of a protected aminooxy linker.
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	 4.	Extract with saturated KCl (3 × 50 mL), saturated NaHCO3 
(3 × 50 mL), deionized water (50 mL), and brine (50 mL).

	 5.	Dry the organic layer over Na2SO4, filter, and concentrate.

The yield is 418 mg (81%). 1H NMR (CDCl3): 8.21 (br s, 1H), 7.74 
(s, 1H), 7.37–7.32 (m, 5H), 5.45 (br s, 1H), 5.11 (s, 2H), 4.34 (s, 
2H), 3.45–3.41 (m, 2H), 3.41–3.38 (m, 2H), 1.42 (s, 9H).

	 1.	Add Pd/C catalyst (30  mg) to a solution of 7 (300  mg, 
0.82 mmol) in ethanol (25 mL).

	 2.	Degas the suspension and set it under a H2-atmosphere (1 bar) 
for 4 h.

	 3.	After exposure to H2, filter the reaction mixture through 
Celite® and concentrate in vacuo.

	 4.	Dissolve the residue in deionized water (30 mL), extract with 
DCM (3 × 30 mL), and lyophilize.

The yield is 170 mg (89%). 1H NMR (d6-DMSO): 4.17 (s, 2H), 
3.35–3.30 (m, 2H), 2.84 (t, 2H, J = 6.2 Hz), 1.42 (s, 9H).

	 1.	Use HBS-EP (pH 7.4) as the running buffer on a Biacore 
T100 instrument and set the flow rate to 10 mL/min.

	 2.	Insert a CM5 chip and immobilize the aminooxy derivative 8 
in flow channels 2 and 4 at 25°C according to the procedures 
described in steps 3–5 below.

	 3.	Inject a solution containing 1.0 M EDC and 1.0 M NHS for 
7 min.

	 4.	Inject a solution containing 250 mM of 8 in 50 mM borate 
buffer (pH 8.5) for 7 min.

	 5.	Inject a solution of ethanolamine HCl (1.0 M) at pH 8.5 for 
7 min.

	 6.	Use flow channels 1 and 3 as reference channels and immobi-
lize ethanolamine HCl according to the procedures described 
in steps 7–8 below.

	 7.	Inject a solution containing 1.0 M EDC and 1.0 M NHS for 
7 min.

	 8.	Inject twice a solution of ethanolamine HCl (1.0 M) at pH 8.5 
for 7 min each.

	 9.	Eject the sensor chip from the Biacore instrument docking area.
	10.	Incubate the sensor chip overnight in phosphoric acid buffer 

(1 M) at pH 2.0.
	11.	Rinse the sensor chip surface with deionized water and re-insert 

the chip into the Biacore instrument.
	12.	Regenerate the surface of all channels using 2 × 30-s pulses of 

HCl (100 mM), NaOH (50 mM), and 0.5% (w/v) SDS at a 
flow rate of 100 mL/min.

3.6.3. Preparation  
of 2-[(tert-
Butyloxycarbonyl)
Aminooxy]-N(2-
Aminoethyl)Acetamide (8)

3.7. Functionalization 
of SPR Sensor Chips 
with Aminooxy Groups
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	 1.	Synthesize the peptide using either Fmoc- or t-Boc-mediated 
solid-phase peptide synthesis.

	 2.	Couple an extra serine residue at the N-terminus of the 
peptide before cleavage.

	 3.	Treat the purified peptide for 5 min with 1.2 equivalents of 
NaIO4 in 0.01 M sodium phosphate buffer, pH 7.0, at 4°C 
(18). For proteins that contain a serine or threonine at their 
N-terminus, this step can be performed to introduce an 
aldehyde as well.

	 4.	Purify the peptide after 5 min by reversed-phase HPLC.

	 1.	Dissolve the protein (33 mM) together with PLP (6.7 mM) in 
sodium phosphate buffer (50 mM, pH 6.5) (17).

	 2.	Incubate overnight at 41°C.
	 3.	Remove the excess PLP remaining via repeated concentration 

and dilution in 50 mM sodium phosphate buffer (pH 6.5) 
using Amicon® centrifugal filter devices.

	 1.	Dissolve the peptide (1 mM) or protein (5–100 mM) contain-
ing an N-terminal aldehyde or ketone group in 100  mM 
anilinium acetate, pH 4.5. If the protein is not stable at pH 
4.5, then buffers with higher pH values can be used. In the 
presence of p-methoxyaniline as a catalyst, efficient immobili-
zation can still be reached at these pH values (Fig. 7).

3.8. Synthesis  
of Peptides or Proteins 
with an N-Terminal 
Aldehyde Group

3.9. Synthesis  
of Peptides or Proteins 
with an N-Terminal 
Ketone Group (see 
Notes 4 and 5)

3.10. Peptide/Protein 
Ligation to Aminooxy-
Functionalized  
SPR Chips
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Fig.  7. Efficiency of S-peptide immobilization to SPR sensor chips under various pH 
conditions and in the presence or absence of catalytic aniline derivatives. Reference-
subtracted immobilization levels are shown for an aminooxy SPR sensor chip surface 
functionalized using sequential injections (4 × 12 s) of 1 mM NaIO

4-treated S-peptide in 
various buffer solutions (100 mM anilinium acetate, pH 4.5; 100 mM anisidine in HBS-EP, 
pH 6.0; 100  mM anisidine in HBS-EP, pH 7.0; 100  mM ammonium acetate, pH 4.5; 
HBS-EP, pH 6.0; or HBS-EP, pH 7.0) at room temperature. Reproduced with permission 
from ref. 5 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA.
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	 2.	Inject the mixture from step 1 over flow channels 1 and 2 (or 
3 and 4) at a flow rate of 10 mL/min. Vary the injection time 
to obtain surfaces with different immobilization levels (as 
examples, the immobilization of the S-peptide (aldehyde-
KETAAAKFERQHMDS) (25) and Protein G¢ are shown in 
Figs. 8 and 9, respectively).

	 3.	Regenerate the surfaces of all the channels using 30-s pulses 
of an appropriate buffer solution until a stable baseline is 
reached (see Note 6).

	 4.	Perform binding experiments on the peptide- or protein-
modified sensor surface (see Note 7).

	 1.	Peptides with a C-terminal thioester prepared via t-Boc chem-
istry require the use of HF for cleavage. Caution: HF is an 
extremely corrosive and poisonous acid, and should be han-
dled with extreme care. Alternatively, these peptides can also 
be prepared via Fmoc-mediated solid-phase peptide synthesis 
using, for example, safety-catch resins (14).

4. Notes
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Fig. 8. Surface immobilization of S-peptide to SPR sensor chips using catalyzed oxime 
ligation. A 12-s pulse of 1 mM NaIO4-treated S-peptide in 100 mM anilinium acetate at 
pH 4.5 (i) results in 130 RU of immobilized peptide after two regeneration steps using 
10 mM glycine, pH 1.5 (ii), subsequent injection of 150 nM S-protein analyte (iii) results 
in specific binding to the S-peptide-functionalized channel surface. Finally, two regen-
eration steps using 10 mM glycine (pH 1.5) (iv) were performed to remove the noncova-
lently bound S-protein analyte from the surface. The sample channel surface (upper 
trace) was functionalized with aminooxy groups, whereas the reference channel surface 
(lower trace) was modified with ethanolamine. Reproduced with permission from ref. 5 
© 2007 Wiley-VCH Verlag GmbH & Co. KGaA.
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	 2.	Sensor chips that were prepared according to the above 
procedure were used directly in ligation experiments or stored 
at 4°C in HBS-EP buffer (pH 7.4) until needed. For the 
chips prepared via native chemical ligation, TCEP (2 mM) 
was added to the buffer.

	 3.	During binding experiments, we typically use buffers that 
include 2 mM of TCEP or DTT to prevent oxidation of the 
surface cysteines. In the absence of these reducing agents, we 
occasionally observed some baseline drift, which we ascribed 
to the formation of disulfide bonds. However, these reducing 
agents may sometimes interfere with proteins whose stability 
depends on the presence of disulfide bonds. To ensure a stable 
baseline in the absence of reducing agents, the free sulfhydryl 
groups can be reacted with DTNB (Ellman’s reagent) to 
form stable disulfide bonds. If required, DTNB protection 
can be removed by treatment with DTT or TCEP.

	 4.	Unlike the oxidation of N-terminal serines by NaIO4, the 
oxidation of N-terminal amino acids by PLP is not quantita-
tive. Yields vary between 10 and 80%, and depend strongly 
on the specific amino acids present. For SPR applications, 
these nonstoichiometric yields typically do not present a serious 

Fig. 9. Comparison of CM5 SPR sensor chips functionalized with 20 RU of protein G¢ 
using oxime ligation (upper trace) versus classical amine coupling (lower trace). The 
chip surface obtained using classical amine coupling binds only 17 RU of IgG analyte 
under saturating concentrations, whereas 130 RU are expected assuming 1:1 binding. 
The same amount of protein G¢ immobilized via oxime ligation showed 97 RU of IgG 
analyte binding under identical conditions. Immobilization of 20 RU of protein G¢ required 
incubation with 5 mM PLP-treated protein G¢ (27% of the N-terminal methionines were 
oxidized to a ketone) in 100 mM anilinium acetate (pH 4.5) for only 36 s, whereas a 
5-min injection of 1 mM protein G¢ was required to reach the same immobilization level 
using classical amine coupling. Reproduced with permission from ref. 5 © 2007 Wiley-VCH 
Verlag GmbH & Co. KGaA.
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problem, since nonoxidized proteins will not react to the sensor 
chip surface and will be removed by the flow system. Moreover, 
proteins containing Q, W, H, P, and K at the N-terminus 
have been reported to be essentially unreactive toward PLP 
oxidation (19).

	 5.	The conversion of N-terminal amino acids into N-terminal 
ketones during PLP oxidation can be quantified by the site-
selective attachment of PEG polymers followed by SDS-
PAGE analysis (17).

	 6.	Unlike NCL, oxime bond formation is in principle reversible. 
However, no significant decrease in immobilization levels 
were observed even after overnight incubation of the chip 
under a constant flow of buffer, which is consistent with the 
fact that the oxime bonds are very stable under neutral condi-
tions (26). Partial cleavage of the oxime bond is possible, but 
only under extreme, nonphysiological conditions such as a 
constant flow of buffer containing 250 mM methoxylamine 
and 100 mM anilinium acetate at pH 4.5.

	 7.	Immobilization of protein G¢ can also be performed using C1 
chips that lack the dextran layer and are thus more similar to 
many other non-SPR chip surfaces (5).
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