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[Abstract] B lymphocyte activation is regulated by its membrane-bound B cell receptors (BCRs) upon 

recognizing diverse antigens. It is hypothesized that antigen binding would trigger conformational 

changes within BCRs, followed by a series of downstream signaling activation. To measure the BCR 

conformational changes in live cells, a fluorescent site-specific labeling technique is preferred. 

Genetically encoded fluorescent tags visualize the location of the target proteins. However, these 

fluorescent proteins are large (~30 kDa) and would potentially perturb the conformation of BCRs. Here, 

we describe the general procedures of utilizing short tag-based site-specific labeling methodologies 

combining with fluorescence resonance energy transfer (FRET) assay to monitor the conformational 

changes within BCR extracellular domains upon antigen engagement. 
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[Background] B lymphocytes are responsible for the production of protective antibodies against 

pathology arising from the recognition of antigens by the cell membrane expressed B cell receptors 

(BCRs). BCR complex comprises a membrane-bound immunoglobulin (mIg) and a non-covalently linked 

heterodimer of Igα and Igβ. The mIg is composed of two surrogate light chains and two immunoglobulin 

heavy chains. The mIg heavy chain contains the extracellular domain, the transmembrane domain, and 

the intracellular domain. At the N-terminal domain of extracellular mIg, there are two variable antigen-

binding motifs, following which are the constant domains (Reth, 1992). In terms of the heavy chain of 

IgM-BCR, it includes 4 domains, Cμ1, Cμ2, Cμ3, and Cμ4 (Figure 1). Structurally variable domains in 

the heavy and light chain polypeptides form an antigen-binding site unique to the antibody. For example, 

VRC01 broadly neutralizing antibodies (bnAbs) target the CD4-binding site (CD4BS) of the human 

immunodeficiency virus-1 (HIV-1) envelope glycoprotein 120 (gp120), neutralize over 90% of circulating 

HIV-1 isolates (Wu et al., 2010). BCRs expressing variable domains of VRC01 would recognize the 

gp120 and regulate B cell activation. In the BCR complex, disulfide-linked Igα/Igβ are the signaling 

subunits, contain immunoreceptor tyrosine activation motif (ITAM) in their intracellular domains. Antigen 

binding to BCR induces ITAM phosphorylation by tyrosine-protein kinase Lyn followed by subsequent 

recruitments and phosphorylation of the second kinase, spleen tyrosine kinase (Syk), resulting in the 

onset of several downstream signal transduction pathways altering gene expression to potentiate the 
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immune mechanisms (Xu et al, 2014). 

  It is assumed that the antigen engagement induces conformational changes within the BCR complex 

to initiate B cell activation (Harwood and Batista, 2010; Pierce and Liu, 2010). However, it is technically 

difficult to capture the conformational information of BCR extracellular domains accurately during the 

transmembrane initiation of BCR activation. Fluorescence resonance energy transfer (FRET) is a 

powerful tool for analyzing the statics and dynamics of protein structures by introducing light-sensitive 

donor and acceptor. Usually, to acquire the location of target proteins in live cells, genetically encoded 

tags such as green fluorescent protein (GFP) are widely used. However, such fluorescent proteins are 

too large (~30 kDa) to show the conformational changes of BCRs (~150 kDa). Moreover, the presence 

of these proteins within BCR fragments may perturb the activity, localization, and functions of BCRs. To 

overcome this, we introduced short tag-based site-specific labeling techniques to label different domains 

of BCRs fluorescently (Shen et al., 2019). We constructed various BCR complexes with ybbR tag and 

tetracysteine tag inserted that permit targeted incorporation of pre-defined fluorophores. In terms of 

ybbR tag-based labeling, Sfp phosphopantetheinyl transferase covalently transfers 4′-

phosphopantetheinyl (Ppant) groups from CoA to conserved serine residues on peptidyl carrier protein 

(PCP) and acyl carrier protein (ACP) domains (Lambalot et al., 1996). Sfp and AcpS have been widely 

used for site-specific protein labeling in cell lysates or on live-cell surfaces by fusing PCP or ACP at 

either the N or the C terminus of the target protein, and Sfp can enzymatically attach a small molecular 

probe, such as biotin, fluorophores, sugars, and peptides, to the PCP or ACP tag (George et al., 2004; 

Yin et al., 2004a and 2004b). Most recently, the ybbR tag, a short peptide (DSLEFIASKLA), was found 

to be an efficient substrate for Sfp-catalyzed protein labeling, thereby replacing the PCP or ACP domain 

for the construction of fusions of the target protein (Yin et al., 2006). And these fusions also can be 

labeled with probes by Sfp, further expanding the versatility of Sfp mediated site-special labeling system. 

  Another short tag site-specific labeling strategy used in this protocol is tetracysteine tag technology. 

This method is based on the binding of a small fluorescein derivative, fluorescein arsenical hairpin binder 

(FlAsH) to an optimized short peptide sequence (CCPGCC). Subsequently, flanking sequences were 

optimized and introduced as part of the tag (FLNCCPGCCMEP and HRWCCPGCCKTF) (Martin et al., 

2005). FlAsH emits green-yellow fluorescence, while the color variant, resorufin arsenical hairpin binder 

(ReAsH) fluorescence peaks in the red (609 nm), would serve as a FRET acceptor for green fluorescent 

signal, such as Coenzyme A (CoA)-488. FlAsH and ReAsH are used as the nonfluorescent complex 

with ethanedithiol (EDT) and become fluorescent on binding to tetracysteine tag. Tetracysteine tag 

technology has been used in FRET studies, allowing the investigation of conformational changes in 

target proteins, such as AMPA receptors (Morishita et al., 2004), calmodulin (Chen et al., 2005), 

adrenergic receptor (Zürn et al., 2009), and HIV Gag proteins (Turville et al., 2008). In this chapter, we 

describe the procedures to label the BCRs and soluble Ig by inserting the ybbR tag and tetracysteine 

tag in BCR molecule, as well as the usage of necessary components to set up the site-special labeling 

system. This labeling protocol proceeds with high efficiency and can be easily carried out in living cells. 
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Materials and Reagents 
 

1. Glass coverslips (VWR International, catalog number: 16004-094) 

2. 8-well chamber frame (Nunc Lab-Tek chamber, Thermo Fisher, catalog number: 155411PK) 

3. Six-well plate (NEST, catalog number: 703001) 

4. Sfp phosphopantetheinyl transferase (NEB, catalog number: P9302S) 

5. Coenzyme A (CoA)-488 (NEB, catalog number: S9348) 

6. 4,5-bis(1,3,2-dithiarsolan-2-yl)resorufin (ReAsH-EDT2, Santa Cruz, catalog number: sc-391916) 

7. TCEP (tris(carboxyethyl) phosphine) (Sigma, catalog number: C4706) 

8. X-tremeGENE HP DNA Transfection Reagent (Roche, catalog number: 06366236001) 

9. MES (2-mercaptoethanesulfonate) (Macklin, catalog number: S818461) 

10. BAL (2,3-dimercaptopropanol) (Macklin, catalog number: D807026) 

11. Alexa Fluor 647 AffiniPure Fab Fragment Goat Anti-Human IgM, Fc5μ fragment specific 

(Jackson ImmunoResearch, catalog number: 109-607-043) 

12. HBSS (Hank's Balanced Salt Solution) (Gibco, catalog number: 14025092) 

13. Zeba Spin Desalting Columns (Thermo Fisher, catalog number: 89882) 

14. SYLGARDTM 164 Silicone Elastomer Kit 210 ML KIT (Dow Corning, catalog number: 4028273) 

 

Equipment 
 

1. Fluoview FV1000 Laser Scanning Confocal Microscope (Olympus) 

 

Procedure 
 

A. Construction of tagged VRC01-mIgM-BCR or tagged soluble VRC01-IgM 

1. The constant region of human IgM heavy chain was fused with VRC01-specific variable region 

of heavy chain to construct mIg heavy chain of VRC01-mIgM-BCR (pHAGE-VRC01-H), while 

human Igκ constant region was fused with VRC01-specific variable region of light chain to 

construct mIg light chain of VRC01-mIgM-BCR (pHAGE-VRC01-L). 

2. A similar strategy was used for the construction of Ig heavy chain and Ig light chain of soluble 

VRC01-IgM. In addition, His6 tag was fused at C terminus of Ig heavy chain of soluble VRC01-

IgM for protein purification (pHAGE-VRC01-H-His6). 

3. ybbR tag and tetracysteine tag were inserted in plasmid carrying mIg heavy chain of VRC01-

IgM-BCR to construct dually tagged VRC01-mIgM-BCR (pHAGE-VRC01-H-Tag), while ybbR tag 

and tetracysteine tag were inserted in plasmid carrying Ig heavy chain of soluble VRC01-IgM to 

construct dually tagged soluble VRC01-IgM (pHAGE-VRC01-H-His6-Tag). Insertion sites for the 

two tags are indicated in bold in the following table (Table 1). 

All the plasmids are not commercially available. Please find the construction strategy illustrated 

in Figure 1. The DNA sequence of VRC01 variable region, ybbR tag, and tetracysteine tag are 
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listed in Table 2. All the plasmid constructions were performed following Gibson assembly 

protocol (Gibson et al., 2009). Protein sequences are listed in Table 3. 

 

 
Figure 1. Schematic figures of the construction strategies on mIgM-BCR structure and 
tagged VRC01-mIgM-BCR/soluble VRC01-IgM construction 

 

Table 1. Insertion sites for the ybbR tag or tetracysteine tag in IgM-BCR 
Construct Amino acid sequence 

ybbR tag in N terminus of VRC01-IgM-BCR or soluble 

VRC01-IgM 
DSLEFIASKLAQVQLVQSGGQ 

tetracysteine tag in Cμ2 of VRC01-IgM-BCR or soluble 

VRC01-IgM 
VPPRDGFFGNFLNCCPGCCMEPPRKSKLICQA 
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Table 2. DNA sequences for plasmids construction 
Domains DNA sequence 

ybbR tag  GATTCTCTTGAATTTATTGCTAGTAAGCTTGCG 

tetracysteine tag TTTCTCAATTGTTGTCCTGGATGTTGTATGGAACCT 

VRC01 heavy chain variable 

region  

CAGGTGCAGCTGGTGCAGTCTGGGGGTCAGATGAAGAAGCCTGGCGA

GTCGATGAGAATTTCTTGTCGGGCTTCTGGATATGAATTTATTGATTGTA

CGCTAAATTGGATTCGTCTGGCCCCCGGAAAAAGGCCTGAGTGGATGG

GATGGCTGAAGCCTCGAGGAGGAGCCGTCAACTACGCACGTCCACTTC

AGGGCAGAGTGACCATGACTCGAGACGTTTATTCCGACACAGCCTTTTT

GGAGCTGCGCTCGTTGACAGTAGACGACACGGCCGTCTACTTTTGTACT

AGGGGAAAAAACTGTGATTACAATTGGGACTTCGAACACTGGGGCCGG

GGCACCCCGGTCATCGTCTCATCA 

VRC01 light chain variable 

region 

GAAATTGTGTTGACACAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGG

AAACAGCCATCATCTCTTGTCGGACCAGTCAGTATGGTTCCTTAGCCTG

GTATCAACAGAGGCCCGGCCAGGCCCCCAGGCTCGTCATCTATTCGGG

CTCTACTCGGGCCGCTGGCATCCCAGACAGGTTCAGCGGCAGTCGGTG

GGGGCCAGACTACAATCTCACCATCAGCAACCTGGAGTCGGGAGATTTT

GGTGTTTATTATTGCCAGCAGTATGAATTTTTTGGCCAGGGGACCAAGG

TCCAGGTCGACATTAAACGT 

 

Table 3. Amino acid sequences of the constructions 
Construct name Amino acid sequences 

pHAGE-VRC01-H 

MDWTWRFLFVVAAATGVQSQVQLVQSGGQMKKPGESMRISCRASGYEFI

DCTLNWIRLAPGKRPEWMGWLKPRGGAVNYARPLQGRVTMTRDVYSDTA

FLELRSLTVDDTAVYFCTRGKNCDYNWDFEHWGRGTPVIVSSGSASAPTL

FPLVSCENSPSDTSSVAVGCLAQDFLPDSITFSWKYKNNSDISSTRGFPSVL

RGGKYAATSQVLLPSKDVMQGTDEHVVCKVQHPNGNKEKNVPLPVIAELP

PKVSVFVPPRDGFFGNPRKSKLICQATGFSPRQIQVSWLREGKQVGSGVT

TDQVQAEAKESGPTTYKVTSTLTIKESDWLSQSMFTCRVDHRGLTFQQNA

SSMCVPDQDTAIRVFAIPPSFASIFLTKSTKLTCLVTDLTTYDSVTISWTRQN

GEAVKTHTNISESHPNATFSAVGEASICEDDWNSGERFTCTVTHTDLPSPL

KQTISRPKGVALHRPDVYLLPPAREQLNLRESATITCLVTGFSPADVFVQW

MQRGQPLSPEKYVTSAPMPEPQAPGRYFAHSILTVSEEEWNTGETYTCVV

AHEALPNRVTERTVDKSTEGEVSADEEGFENLWATASTFIVLFLLSLFYSTT

VTLFKVK 

pHAGE-VRC01-L 

METPAQLLFLLLLWLPDTTGEIVLTQSPGTLSLSPGETAIISCRTSQYGSLAW

YQQRPGQAPRLVIYSGSTRAAGIPDRFSGSRWGPDYNLTISNLESGDFGVY

YCQQYEFFGQGTKVQVDIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNF

YPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSNTLTLSKADYEKH

KVYACEVTHQGLSSPVTKSFNRGEC 
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Table 3. Continued 

Construct name Amino acid sequences 

pHAGE-VRC01-H-His6 

MDWTWRFLFVVAAATGVQSQVQLVQSGGQMKKPGESMRISCRASGYEFI

DCTLNWIRLAPGKRPEWMGWLKPRGGAVNYARPLQGRVTMTRDVYSDTA

FLELRSLTVDDTAVYFCTRGKNCDYNWDFEHWGRGTPVIVSSGSASAPTL

FPLVSCENSPSDTSSVAVGCLAQDFLPDSITFSWKYKNNSDISSTRGFPSVL

RGGKYAATSQVLLPSKDVMQGTDEHVVCKVQHPNGNKEKNVPLPVIAELP

PKVSVFVPPRDGFFGNPRKSKLICQATGFSPRQIQVSWLREGKQVGSGVT

TDQVQAEAKESGPTTYKVTSTLTIKESDWLSQSMFTCRVDHRGLTFQQNA

SSMCVPDQDTAIRVFAIPPSFASIFLTKSTKLTCLVTDLTTYDSVTISWTRQN

GEAVKTHTNISESHPNATFSAVGEASICEDDWNSGERFTCTVTHTDLPSPL

KQTISRPKGVALHRPDVYLLPPAREQLNLRESATITCLVTGFSPADVFVQW

MQRGQPLSPEKYVTSAPMPEPQAPGRYFAHSILTVSEEEWNTGETYTCVV

AHEALPNRVTERTVDKSTHHHHHH 

pHAGE-VRC01-H-Tag 

MDWTWRFLFVVAAATGVQSDSLEFIASKLAQVQLVQSGGQMKKPGESMRI

SCRASGYEFIDCTLNWIRLAPGKRPEWMGWLKPRGGAVNYARPLQGRVT

MTRDVYSDTAFLELRSLTVDDTAVYFCTRGKNCDYNWDFEHWGRGTPVIV

SSGSASAPTLFPLVSCENSPSDTSSVAVGCLAQDFLPDSITFSWKYKNNSDI

SSTRGFPSVLRGGKYAATSQVLLPSKDVMQGTDEHVVCKVQHPNGNKEK

NVPLPVIAELPPKVSVFVPPRDGFFGNFLNCCPGCCMEPPRKSKLICQATG

FSPRQIQVSWLREGKQVGSGVTTDQVQAEAKESGPTTYKVTSTLTIKESD

WLSQSMFTCRVDHRGLTFQQNASSMCVPDQDTAIRVFAIPPSFASIFLTKS

TKLTCLVTDLTTYDSVTISWTRQNGEAVKTHTNISESHPNATFSAVGEASIC

EDDWNSGERFTCTVTHTDLPSPLKQTISRPKGVALHRPDVYLLPPAREQLN

LRESATITCLVTGFSPADVFVQWMQRGQPLSPEKYVTSAPMPEPQAPGRY

FAHSILTVSEEEWNTGETYTCVVAHEALPNRVTERTVDKSTEGEVSADEEG

FENLWATASTFIVLFLLSLFYSTTVTLFKVK 

pHAGE-VRC01-H-His6-Tag 

MDWTWRFLFVVAAATGVQSDSLEFIASKLAQVQLVQSGGQMKKPGESMRI

SCRASGYEFIDCTLNWIRLAPGKRPEWMGWLKPRGGAVNYARPLQGRVT

MTRDVYSDTAFLELRSLTVDDTAVYFCTRGKNCDYNWDFEHWGRGTPVIV

SSGSASAPTLFPLVSCENSPSDTSSVAVGCLAQDFLPDSITFSWKYKNNSDI

SSTRGFPSVLRGGKYAATSQVLLPSKDVMQGTDEHVVCKVQHPNGNKEK

NVPLPVIAELPPKVSVFVPPRDGFFGNFLNCCPGCCMEPPRKSKLICQATG

FSPRQIQVSWLREGKQVGSGVTTDQVQAEAKESGPTTYKVTSTLTIKESD

WLSQSMFTCRVDHRGLTFQQNASSMCVPDQDTAIRVFAIPPSFASIFLTKS

TKLTCLVTDLTTYDSVTISWTRQNGEAVKTHTNISESHPNATFSAVGEASIC

EDDWNSGERFTCTVTHTDLPSPLKQTISRPKGVALHRPDVYLLPPAREQLN

LRESATITCLVTGFSPADVFVQWMQRGQPLSPEKYVTSAPMPEPQAPGRY

FAHSILTVSEEEWNTGETYTCVVAHEALPNRVTERTVDKSTHHHHHH 

 

B. Site-specific labeling of VRC01-IgM-BCR expressed in 293T cells 

An overall scheme of site-specific labeling procedures can be found in Figure 2. 
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Figure 2. Overall scheme of site-specific labeling procedures for VRC01-IgM-BCR 
expressed in 293T cells 

 

1. Plate 293T cell in 6-well plate with DMEM containing 10% FBS and 1% penicillin-streptomycin 

reaching 50-60% confluency. 

2. For each 35-mm well in a six-well plate, prepare one vial of transfection medium containing    

15 μl of X-tremGENE transfection reagent and 3.5 μg of the pHAGE-VRC01-H/pHAGE-VRC01-

H-Tag, 2.5 μg pHAGE-VRC01-L, 2.5 μg pHAGE-CD79A and 2.5 μg pHAGE-CD79B plasmid 

diluted in 300 μl of opti-MEM (1×). 

3. Mix the transfection medium well and allow it to come to equilibrium for 30 min at room 

temperature. 

4. Incubate the cells with transfection medium for 5 h, and then incubate the cells in DMEM medium 

(1×) with penicillin and streptomycin for 24 h to allow time for protein expression. 

5. For ybbR tag labeling, detach the cells expressing dually tagged or untagged VRC01-IgM-BCR 

with trypsin and incubate them with 1 μM SFP Synthase, 2 μM CoA 488 and 10 mM MgCl2 in 

500 μl HBSS for 20 min at room temperature, then wash the cells with HBSS. 

6. Labeling of tetracysteine tag in cells is adopted from published protocols (Hoffmann et al., 2010). 

Pre-incubate the cells in HBSS containing 5 mM MES and 0.5 mM TCEP for 20 min at room 

temperature, then wash with HBSS and stain 1 mM ReAsH-EDT2 and 25 mM 2,3-dimercapto-1-

propanol in 500 μl HBSS for 10 min at 4 °C. After staining, wash the cells with HBSS containing 

100 mM BAL. 

7. Stain the cells with 100 nM Alexa Fluor 647 AffiniPure Fab Fragment Goat Anti-Human IgM Fc5μ 

for 5 min at 4 °C in 500 μl HBSS, then wash twice with HBSS. Cells are ready for imaging. 
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C. Site-specific labeling of soluble VRC01-IgM 

1. 293F cells were co-transfected with plasmid carrying dually tagged (pHAGE-VRC01-H-His6-Tag) 

or untagged Ig heavy chain of VRC01-IgM (pHAGE-VRC01-H-His6) and mIg light chain of 

VRC01-IgM (pHAGE-VRC01-L). 

Note: Please refer to B1 to B4 for transfection protocols. 

2. Ectopically express and purify the IgM protein in HEK293F cells according to standard protocols 

(Portolano et al., 2014). 

3. For ybbR tag labeling in soluble VRC01-IgM, purified proteins were incubated in HBSS containing 

1 mM SFP synthase, 10 mM MgCl2, 5 mM CoA 488, 10 mM HEPES for 30 min at 37 °C. Then 

the labeled proteins were desalted using Zeba Spin Desalting Columns. 

4. For tetracysteine tag labeling, soluble VRC01-IgMs were treated with 1 mM ReAsH-EDT2 in 

HBSS at room temperature for 30 min and were desalted using Zeba Spin Desalting Columns 

according to standard protocol. In short, after removing the column’s bottom closure and loosen 

cap, centrifuge at 1,500 × g for 1 min to remove storage solution. Slowly apply 30-130 µl of the 

protein sample to the center of the compacted resin bed, followed with centrifuge at 1,500 × g for 

2 min to collect the desalted sample. 

 

D. Imaging of labeled VRC01-IgM-BCR expressing 293T cells or labeled soluble VRC01-IgM 

1. Chamber coverslip was fabricated according to our previous publication (Wang et al., 2018). In 

short, the coverslip was pretreated with piranha buffer (H2SO4:H2O2 = 7:3) for overnight, after 

extensively washing with ddH2O, the coverslip was glued to the 8-well chamber frame with 

SYLGARDTM 164. After curing, the chamber coverslip was ready to use. 

2. Labeled 293T cells expressing dually tagged or untagged VRC01-IgM-BCR were resuspended 

in HBSS and then loaded on chamber coverslip. 

3. Labeled dually tagged or untagged soluble VRC01-IgMs were loaded on coverslip for 30 min at 

4 °C to allow the adherence on the surface. Then soluble VRC01-IgMs were stained with 100 nM 

Alexa Fluor 647 AffiniPure Fab Fragment Goat Anti-Human IgM Fc5μ in HBSS for 10 min at 

4 °C, followed by washing with HBSS. 

4. Confocal images were acquired by Fluoview FV1000 Laser Scanning Confocal Microscope with 

60× 1.42 NA oil objective lens. Typical images were shown in Figure 3. 

5. All the images were analyzed with ImageJ. 
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Figure 3. Site-specific labeling in mIg heavy chain of IgM-BCR. Representative confocal 

images of tagged (A) and untagged VRC01-IgM-BCR (B) expressed in 293T cells. ybbR tag 

and tetracysteine tag were labeled by CoA 488 and ReAsH, respectively. Alexa Fluor 647 

(AF647) Fab fragment of goat anti-human IgM Fc5μ was used for IgM-BCR staining. Scale bars 

= 10 μm. 
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