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There are currently many chemical tools available to introduce chemical probes into proteins to study their structure and function. A useful
method is protein conjugation by genetically introducing an unnatural amino acid containing a bioorthogonal functional group. This report
describes a detailed protocol for site-specific antibody conjugation. The protocol includes experimental details for the genetic incorporation of an
azide-containing amino acid, and the conjugation reaction by strain-promoted azide-alkyne cycloaddition (SPAAC). This strain-promoted reaction
proceeds by simple mixing of the reacting molecules at physiological pH and temperature, and does not require additional reagents such as
copper(l) ions and copper-chelating ligands. Therefore, this method would be useful for general protein conjugation and development of antibody
drug conjugates (ADCs).

Video Link

The video component of this article can be found at https://www.jove.com/video/54922/

Introduction

Since the genetic incorporation of p-methoxyphenylalanine in Escherichia coli was reported,1 more than 100 unnatural amino acids (UAAs)

have been successfully incorporated into various proteins.1'3 Among these UAAs, the amino acids containing bioorthogonal functional grouPs
have been extensively studied and represent the largest proportion. The bioorthogonal functional groups used in the UAAs include ketone,
azide,® alkyne,6 cyclooctyne,7 tetrazine,” a,B-unsaturated amide,g norbonene, "~ transcyclooctene, Tand bicyclo[6.1.0]-nonyne.11 Although

each functional group has its advantages and disadvantages, the azide-containing amino acids have been most extensively used for protein
conjugation. p-Azidophenylalanine (AF), one of the azido-containing amino acids, is readily available, and its incorporation efficiency is excellent.
Mutant proteins containing this amino acid can be reacted with alkynes by copper-catalyzed cycloaddition or with cyclooctynes by SPAAC.'*

Recently, biopharmaceuticals have been attracting great attention in the pharmaceutical industry. The antibody-drug conjugate (ADC) is a
class of therapeutic antibodies that are advantageous due to their ability for targeted therapy for the treatment of human cancers?' and other
diseases. More than 50 ADCs are currently in clinical trials, and the number is rapidly increasing. In development of ADCs, many factors need
to be considered to maximize the efficacy and minimize the side effects. Among these factors, an efficient and site-specific conjugation reaction
to form a covalent bond between an antibody and a drug is critical. The desired efficiency and specificity in the conjugation reaction can be
achieved by conjugation with a bioorthogonal functional group in an unnatural amino acid that is specifically incorporated into an antibody.zz'26
Here, we report a protocol to site-specifically incorporate AF into an antibody fragment and conjugate the mutant antibody fragment with a
biochemical probe.

Protocol

1. Plasmid Construction

1. Construct an expression plasmid (pBAD-HerFab-L177TAG) that would express the target antibody gene (pBAD-HerFab-WT) with a Hisg-tag,
and replace the codon for Leucine-177 with the amber codon (TAG) 27, using conventional site-directed mutagenesis technique.
See Table of Materials.

2. Construct another expression plasmid (pEVOL-AFRS) containing the genes for the evolved tRNA™" and aminoacyl-tRNA synthetase (aaRS)
pair. Use the specially designed plasmid vector, pEVOL, for efficient incorporation of UAAs. The detailed plasmid information and cloning
protocols are described in the previous report.28

3. Obtain high quality plasmid DNA by using commercially available plasmid preparation kits. The 260/280 ratio of ~1.8 is optimal for the purified
DNA. If required, perform 1% agarose gel electrophoresis to check the purity of the DNA.
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2. Culture Preparation

1. Electroporation

1. Add each 1 uL DNA of pEVOL-AFRS28 and pBAD-HerFab-L177TAG to 20 pL Escherichia coli DH10 strain. Mix gently, using a
pipette. The plasmids can be transformed together or in independent reactions.

2. For 0.1 cm cuvettes, set the electroporation settings to 25 yF and 2.5 kV.

3. Insert the cuvette into the slide of the shocking chamber. Push the slide into the chamber until the cuvette makes firm contact with the
chamber electrodes.

4. Pulse once by pressing the pulse button until the electroporation machine beeps.

5. Add 1 mL super optimal broth with catabolite repression (SOC) medium containing 2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 mM
NaCl, 2.5 mM KCI, 10 mM MgCl,, and 20 mM glucose to the cuvette quickly and transfer the mixture to a test tube. Incubate the cells
for 1 h at 37 °C with shaking.

6. Spread transformed E. coli cells on Lysogeny broth (LB) agar plates containing appropriate antibiotics (35 pg/mL chloramphenicol and
100 pg/mL ampicillin for selecting pEVOL-AFRS and pBAD-HerFab-L177TAG, respectively). Incubate the plates at 37 °C for 12 h.

2. Culture preparation
1. Inoculate a single transformed colony in 5 mL LB medium containing antibiotics. Incubate for 12 h at 37 °C with shaking.

3. Expression and Purification of HerFab-L177AF

1. Expression of HerFab-L177AF
1. Transfer the primary culture (5 mL) into 200 mL LB medium containing ampicillin (100 pg/mL) and AF (1 mM), followed by incubation at
37 °C with shaking.
NOTE: 100 mM AF stock solution (10 mL) was prepared by dissolving 206 mg AF in 100 mM hydrochloric acid (10 mL, final volume).
2. Add 2 mL of 1.6 M arabinose (16 mM final concentration) when the culture reaches the log-phase (ODss0 = 0.8, OD = Optical density).
Incubate for 12 h at 30 °C with shaking.
3. Harvest cells by centrifugation at 11,000 x g for 5 min. Discard supernatant and freeze the pellet at -20 °C.

2. Celllysis
1. Resuspend the cell pellets in 20 mL periplasmic lysis buffer containing 30 mM Tris (pH 8.0), 1 mM EDTA, 20% sucrose, and 0.2 mg/mL
lysozyme, and incubate the mixture for 1 h at 37 °C.
2. Centrifuge the cell lysate at 18,000 x g at 4 °C for 15 min. Transfer the supernatant to a fresh tube and discard the pellet.

3. Ni-NTA affinity chromatography

1. Add Ni-NTA resin suspension to each centrifuge tube (400 L resin for a 200 mL culture), and mix gently at 4 °C for 1 h.

2. Pour the suspension into a polypropylene column and wash the resin three times with 5 mL wash buffer containing 50 mM NaH,PO,
(pH 8.0), 20 mM imidazole, and 300 mM NacCl.

3. Elute the target antibody with 300 pL elution buffer containing 50 mM NaH,PO, (pH 8.0), 250 mM imidazole, and 300 mM NaCl.

4. Determine concentration of the mutant protein by Bradford protein assay29 or by measuring the absorbance at 280 nm. Calculate the
extinction coefficient (75 866 M'em ) for HerFab-L177AF at 280 nm by protein extinction coefficient calculator using the extinction
coefficient (2,471 M em” )for AF.

NOTE: The amino acid sequence of HerFab can be found in the NCBI website (GI:783282791 and GI:783282792).

4. Conjugation of Purified HerFab-L177AF with Alkyne Probes Using Strain-promoted
Azide-alkyne Cycloaddition (SPAAC)

1. Add 20 pL of Cy5.5-Azadibenzocyclooctyne(Cy5.5-ADIBO) in H,O (200 puM final concentration) to a solution of 10 yL of HerFab-L177AF (10
UM final concentration) in phosphate buffer containing 10 mM Na,HPO, (pH 7.0) and 100 mM NaCl.
NOTE: As alternatives, difluorinated cyclooctyne (DIFO) and bicyclo[6.1.0]nonyne (BCN) derivatives are also available for the same
application.

2. Allow the strain-promoted cycloaddition reaction to proceed for 6 h at 37 °C. If a light-sensitive probe (e.g., Cy5.5) is used, cover the reaction
vessel with aluminum foil.

3. Purify the labeled HerFab according to step 5.

5. Purification of Labeled HerFab

Add 500 pL of sample to a centrifugal filter spin column.

Centrifuge the spin column at 14,000 x g at 4 °C for 15 min.

Discard flow-through and transfer purified sample from the spin column to a 1.5 mL microcentrifuge tube.
As an alternative to step 5.1- 5.3, perform purification by dialysis against the same buffer.

Store the purified labeled HerFab at 4 °C.
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6. SDS-PAGE Analysis of Labeled HerFab

1. Add 5 pL LDS protein sample buffer containing 106 mM Tris-HCI, 141 mM Tris base (pH 8.5), 2% LDS, 10% Glycerol, 0.51 mM EDTA, 0.22
mM SERVA Blue G250, and 0.175 mM phenol red to 13 pL of purified labeled HerFab (7.8 uM or 0.38 mg/mL) in the presence (+) or absence
(=) of 2 pL dithiothreitol (DTT, 100 mM final concentration). Incubate the mixture at 95 °C for 10 min.

2. Attach the 4-12% Bis-Tris SDS-PAGE gel cassette to the electrophoresis cell and add running buffer. Load the conjugated protein samples
and the pre-stained molecular weight marker. Perform gel electrophoresis for 35 min at 200 V.
Note: Keep the electrophoresis cell in the dark during the entire period to minimize photo-bleaching of the fluorophore.

3. After electrophoresis, transfer the gel to a fluorescent gel scanner, and scan for fluorescence emission at the appropriate wavelength. For
Cy5.5, use the Cy5 mode in the scanner software.

4. Stain the gel with a commercial protein stain.

Representative Results

In this study, an antibody fragment was site-specifically conjugated with a fluorophore by incorporating an azide-containing amino acid into

the fragment and reacting the mutant antibody fragment with a strained cyclooctyne (Figure 1). HerFab was selected as the target antibody
fragment into which AF was incorporated as an azide-containing amino acid. To choose the residue in HerFab for the replacement with AF, the
X-ray crystal structure of HerFab was analyzed. %0 Important requirements for the residue include enough distance from the antibody binding site
to minimize the decrease in its binding affinity and solvent accessibility for efficient conjugation reaction. Leucine at position 177 was a decent
candidate because the residue is well exposed to outside of the antibody and located near the interface of two immunoglobulin domains, which is
distant from the antibody binding site.

Initially, the expression plasmid for HerFab with a C-terminal Hisg-tag was constructed, and an amber codon was introduced at the position

177 for AF incorporation by site-directed mutagenesis. The mutant HerFab containing AF was expressed in the presence of 1 mM AF by co-
expressing the evolved tRNA™ and aminoacyl-tRNA synthetase pair.27 Ni-NTA affinity purification was performed for the mutant proteins
expressed in the presence and absence of AF, and the following SDS-PAGE analysis showed that the full-length antibody fragment was obtained
only in the presence of AF (Figure 2). Next, the mutant antibody fragment containing AF was evaluated for conjugation reaction with a Cy5.5-
linked aza-dibenzocyclooctyne derivative (Cy5.5-ADIBO). The antibody fragment and Cy5.5-ADIBO were reacted in a phosphate buffer for 6 h,
and the reaction mixture was analyzed by SDS-PAGE in the presence (+) and absence (=) of DTT (Figure 3a).25 The reaction with a wild type
antibody fragment was also carried out and analyzed as a control. The fluorescence images clearly showed conjugation of the mutant antibody
fragment with Cy5.5-ADIBO, while no conjugation was observed in the reaction with the wild type fragment. Electron spray ionization mass
spectrometric (ESI-MS) analysis showed quantitative conjugation with no detectable unconjugated fragment (Figure 3b). Overall, these results
showed that the mutant HerFab containing AF can be efficiently and conveniently conjugated with strained cyclooctynes by SPAAC without any
additional reagent.

Genetically encoded
unnatural amino acid

Biochemical
probe

v

Figure 1: Schematic illustration of site-specific antibody labeling by SPAAC. Please click here to view a larger version of this figure.
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Figure 2: Expression of mutant HerFab containing AF at position 177 (L177) in the presence of the evolved tRNA/aaRS pair. Expression
of HerFab-L177AF in LB medium containing the evolved tRNA/AFRS pair and 1 mM AF. Purified samples were analyzed by SDS-PAGE in the
presence (+) or absence (-) of DTT, and the gel was stained with a commercial protein stain. Figure adapted from Ko, W. et al?’. Please click
here to view a larger version of this figure.
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Figure 3: Conjugation reaction of HerFab-L177AF with Cy5.5-ADIBO. (a) SDS-PAGE analysis of conjugation reaction of wild type HerFab
and HerFab-L177AF with Cy5.5-ADIBO. The reaction mixtures were analyzed in the presence (+) and absence (=) of DTT, and protein bands
were visualized by a commercial protein stain (left) and fluorescence imaging (right). (b) ESI-MS analyses of HerFab-L177AF (left) and HerFab-
L177AF labeled with Cy5.5-ADIBO (right): expected mass difference between HerFab- L177AF and the conjugated antibody = 1,190 Da,
observed mass difference = 1,190 Da. Figure adapted from Ko, W. et al?’. Please click here to view a larger version of this figure.

The genetic incorporation of unnatural amino acids into proteins has several advantages over other methods used for protein modification. -3
One of the important advantages is its general applicability to any kind of protein. In principle, there is no limitation in selecting a target protein
and a target site of the protein. However, replacement of a structurally or functionally important residue with a UAA may result in altering the
structure and function of the target protein. Generally, residues that are exposed to solvent and do not interact with other residues are chosen
for incorporation of UAAs. Therefore, structural information from a high-resolution crystal structure is used in order to choose optimal sites for
UAA incorporation. % Because the incorporation of UAAs is technically easy and requires a simple mutagenesis, multiple sites can be readily
screened to select an optimal residue for a desired function of a target protein.

In this protocol, AF is genetically incorporated into an antibody fragment, and the mutant fragment is site-specifically labeled with a fluorophore,
using SPAAC. The conjugation yield of this method is quantitative without any undesired reaction, which is an important improvement over

the previous report. % This was achieved by careful structural analysis for the selection of an optimal site and an increase in the reaction time.
Therefore, the choice of the site for UAA incorporation is critical for fast and quantitative conjugation. In addition, the use of efficient UAA
incorporation systems (e.g., pEvol-AFRS) is also critical for protein yield and incorporation efficiency. s

Other UAAs incorporated into proteins by genetic incorporation method for protein conjugation can also be used for the antibody conjugation. 4
In terms of reaction rate, cop7per-catalyzed cycloaddition reaction, as well as inverse electron-demand Diels-Alder reaction using tetrazines® and
strained alkenes or alkynes, * will be better than the SPAAC used in this study. However, the copper-catalyzed cycloaddition reaction requires
copper(l) ion and ligands, %" and the amino acids for the Diels-Alder reaction are often synthetically challenging, and not stable enough for
quantitative conjugation. Ketone-hydroxyamine condensation* can also be used for the same purpose. However, it requires moderately acidic
conditions, and its reaction rate is slower than that of the SPAAC. Considering the factors such as commercial and synthetic accessibility of
unnatural amino acids, the reaction rate, bio-orthogonality, biocompatibility of reaction conditions, and incorporation efficiency of unnatural amino
acids, the method of using SPAAC and genetically incorporated AF would be useful for developing modified therapeutic proteins such as ADCs,
as well as for general protein labeling.

The authors have nothing to disclose.
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