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We here report the production of four biotinylated Fcγ receptor (FcγR) ectodomains and their subsequent stable cap-
ture on streptavidin-biosensor surfaces. For receptor biotinylation, we first describe an in-cell protocol based on the
co-transfection of two plasmids corresponding to one of the FcγR ectodomains and the BirA enzyme in mammalian
cells. This strategy is compared with a standard sequential in vitro enzymatic biotinylation with respect to biotinyl-
ation level and yield. Biotinylated FcγR ectodomains that have been prepared with both strategies are then com-
pared by analytical ultracentrifugation and surface plasmon resonance (SPR) analyses. Overall, we demonstrate
that in-cell biotinylation is an interesting alternative to standard biotinylation protocol, as it requires less purifica-
tion steps while yielding higher titers.
Finally, biotin-tagged FcγRs produced with the in-cell approach are successfully applied to the development of SPR-
based assays to evaluate the impact of the glycosylation pattern of monoclonal antibodies on their interaction with
CD16a and CD64. In that endeavor, we unambiguously observe that highly galactosylated trastuzumab (TZM-gal),
non-glycosylated trastuzumab (TZM-NG), and reference trastuzumab are characterized by different kinetic profiles
upon binding to CD16a and CD64 that had been captured at the biosensor surface via their biotin tag. More pre-
cisely, while TZM-NG binding to CD16a was not detected, TZM-gal formed a more stable complex with CD16a than
our reference TZM. In contrast, both glycosylated TZM bound to captured CD64 in a stable and similar fashion,
whereas the interaction of their non-glycosylated form with CD64 was characterized by a higher dissociation rate.
Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Fcγ receptors (FcγRs) are transmembrane proteins divided in
three types, based on their interactions with immunoglobulin
G (IgG) and structural attributes. While different variants of the
type III (FcγRIIIa/b or CD16a/b) and type II (FcγRIIa-c or CD32a-
c) receptors have been found, the type I receptor (FcγRI or
CD64) is unique (Powell and Hogarth, 2008). Immunoreceptor
tyrosine-based inhibition and activation motifs (ITIM and ITAM,
respectively), present in the intracellular domain of the FcγRs,
are involved in signaling after receptor activation. Signaling
through ITAM receptors (i.e., CD16a, CD32a, and CD64) results
in cell activation, while that from ITIM receptors (i.e., CD32b) is in-
hibitory (Male et al., 2007). CD32 and CD16 are considered to be
low-affinity receptors with KDs for the Fc region of monoclonal
antibodies (Mabs) of ~10�5–10�7M (Radaev and Sun, 2002; Lu
et al., 2011). In contrast, CD64 presents a higher affinity for Mabs
(KD of 10�8–10�10M), more likely because of the presence of a
third binding domain in its extracellular portion (Lu et al.,
2011). CD16a and CD64 are known to bind to IgGs with a 1:1 stoi-
chiometry (Kato et al., 2000; Radaev and Sun, 2001; Pollastrini
et al., 2011) but for CD32, the stoichiometry remains unclear.

That is, crystallographic results by Sonderman and colleagues
have pointed towards a 2:1 stoichiometry (Sondermann et al.,
1999), whereas other experiments (analytical ultracentrifugation
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and asymmetrical flow field flow fractionation) tend to be indic-
ative of a 1:1 interaction (Kato et al., 2000; Pollastrini et al., 2011).
Monoclonal antibodies have been used as therapeutic agents

for many years now. The most widely used Mabs belong to the
IgG family, being characterized by an ~150-kDa molecular
weight and composed of two cysteine-bound heavy and light
chains. When an IgG targets a cell-surface antigen, its Fc domain
engages immune cells through interactions with FcγRs expressed
at their surface. This, in turn, activates the effector functions of
the immune system, such as the antibody-dependent or the
complement-dependent cellular cytotoxicity (ADCC or CDC).
The interactions between FcγRs and IgGs are thus often of critical
importance to achieve a therapeutic effect and they can be pos-
itively or negatively modulated. Of salient interest, many studies
have reported how glycosylation of the Fc domain of IgG influ-
ences the interactions with these receptors (Okazaki et al., 2004;
Jefferis, 2005; Shibata-Koyama et al., 2009; Houde et al., 2010).
For example, the absence of glycosylation on the Asn297 residue
of the heavy chain is known to abrogate IgG interactions with
CD16a and CD64 (Walker et al., 1989; Leader et al., 1991; Krapp
et al., 2003) while the lack of a core fucose in the Fc glycan in-
creases IgG affinity for CD16a (Shields et al., 2002; Scallon et al.,
2006; Houde et al., 2010; Ferrara et al., 2011). The same observa-
tion has been made with bisecting N-Acetylglucosamine
(GlcNac), most likely as it reduces the level of fucosylation
(Umana et al., 1999). On the same note, high levels of sialylation
were shown to reduce ADCC activity (Scallon et al., 2007),
whereas Mabs presenting increased levels of galactosylation
have been shown to interact with CD16a with higher affinity
(Houde et al., 2010; Dorion-Thibaudeau et al., 2014).
The therapeutic effect of a given antibody may thus be im-

proved by enriching recombinant IgG bearing specific glycan
structures. This can be achieved by manipulating several
bioprocess parameters such as the production cell line, the me-
dium composition, the cell culture conditions, and the down-
stream processing, or alternatively, by in-cell or in vitro glycan
remodeling (Durocher and Butler, 2009; Spearman et al., 2011;
Raymond et al., 2012). Because the glycosylation profile of a given
Mab may vary from batch to batch, it is important to assess it. As
the glycosylation profile of therapeutic Mabs influences their in-
teractions with Fcγ receptors, surface plasmon resonance (SPR)
assays based on the use of the ectodomain of these receptors
may be of most interest to evaluate their quality. Our latest study
in which a His-tag capture of CD16a and CD64 had been investi-
gated, revealed however that an anti-His antibody-mediated cap-
ture might introduce kinetic artifacts (Dorion-Thibaudeau et al.,
2014). Therefore, we have chosen to investigate the appropriate-
ness and the potential benefits of another approach relying on
the strong interaction between biotin and streptavidin in order
to capture the receptor ectodomain onto the biosensor surface
in a more stable and oriented manner.
We first here explored the production of site-specific biotin-

tagged FcγR ectodomains. Our biotinylated receptor production
strategy relied on the co-transfection of mammalian cells with
plasmids encoding an FcγR ectodomain fused to a biotin accep-
tor peptide (BAP) and the BirA enzyme. This approach that will
be hereafter referred to as in-cell biotinylation was compared
with the in vitro enzymatic biotinylation using recombinant BirA
for biotinylation level and overall receptor yields. The resulting
biotinylated FcγRs were then tested for the development of
SPR assays aiming at evaluating IgGs with various glycosylation
patterns.

MATERIALS AND METHODS

Fcγ receptor ectodomain production

Plasmids and DNA

The codon-optimized sequence encoding the human ectodomain
of CD16a (residues 1 to 193) linked to a Tobacco Etch Virus nuclear
inclusion a endopeptidase (TEV protease) cleavage site followed by
a histidine tag was previously synthesized (GeneArt) and cloned
into the pTT5 vector. The resulting plasmid pTT5-CD16aTEVHis
was digested with BamHI and AgeI to remove the TEV cleavage site
and replace it by insertion of a linker encoding the BAP, giving the
final plasmid pTT5-CD16aBapHis. The codon-optimized sequences
encoding the human ectodomain of CD32a (residues 1 to 206),
CD32b (residues 1 to 216), and CD64a (residues 1 to 289) were
synthesized by GeneArt, digested with EcoRI and BamHI, and
cloned into pTT5-CD16aBapHis digested with the same enzyme
to remove the CD16a sequence to generate pTT5-CD32aBapHis,
pTT5-CD32bBapHis, and pTT5-CD64aBapHis plasmids, respec-
tively. The optimized sequence encoding the secreted BirA
enzyme (residues 1 to 359 in-frame with the bovine prolactin
signal peptide) was synthesized (GeneArt) and cloned into pTT5
vector resulting in the plasmid pTT5-BirA. The pTTo-GFPq plasmid
has been described elsewhere (Durocher et al., 2002).

Mammalian cell culture

The human embryonic kidney 293 cell line, stably expressing
truncated EBNA1 protein (HEK293-6E), was cultured in suspen-
sion using FreeStyle 17TM medium (Life Technologies, Burling-
ton, ON, Canada) supplemented with 4mM of glutamine,
25μg/ml of geneticin, and 0.1% (v/v) of Kolliphor® P 188 (Sigma)
in a humidified incubator at 37 °C with 5% CO2. The Chinese
hamster ovary cell line expressing a truncated EBNA1 protein
(CHO-3E7) (Raymond et al., 2012) was cultured in the same me-
dium but without geneticin supplementation.

Co-transfection protocol

To determine the amount of BirA plasmid needed for the pro-
duction of biotin-tagged FcγRs, six different DNA ratios were
used for transient transfection. HEK293-6E (CD16a; CD32a;
CD32b) or CHO-3E7 (CD64) cells were first distributed in 6-well
plates at 1.9 × 106 cells/ml in 1.8ml medium. For the low affinity
receptors, transfection mixtures were then prepared as follows:
2μg of plasmids (25% w/w pTT5-CD16BapHis or pTT5-CD32a(b)
BapHis, 5% pTTo-GFP, 0–3% pTT5-BirA, and 70–67% ssDNA) were
diluted in 100μl F17 medium, and 100μl F17 medium containing
6μg of 25 kDa linear PEI was added. For the high affinity recep-
tor, transfection mixtures were prepared as follows: 2μg of plas-
mids (50% w/w pTT5-CD64BapHis, 15% pTT22-AKT-DD, 5%
pTTo-GFP, 0–3% pTT5-BirA, and 30–27% ssDNA) were diluted in
100μl F17 medium, and 100μl F17 medium containing 10μg of
polyethylenimine max (PEImax; Polysciences, Warrington, PA,
USA) was added. The mixtures were immediately vortexed and
incubated for 5min (or 15min for CD64) at room temperature
prior to addition to the cells. One day post-transfection (dpt),
TN1 peptone was added to the cell suspension in order to reach
a final concentration of 0.5% (w/v) for CD16a, CD32a, and CD32b.
For CD64a, cells were fed with TN1 peptone 1% (w/v) and
valproic acid (1mM) at 1 dpt and the temperature was shifted
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to 32 °C to enhance protein production (Furukawa and Ohsuye,
1998; Sunley et al., 2008).

Western blot analysis

Samples were loaded with sodium dodecyl sulfate (SDS) onto a
non-reducing polyacrylamide gel electrophoresis (SDS-PAGE)
after 5 dpt. Proteins were transferred to a 0.2-μm Protran® nitro-
cellulose membrane (Schleicher & Schuell, USA) using Tris-glycine
as a buffer for 1 h at 300mA. The membranes were incubated
30min in blocking reagent (Roche Diagnostics, Indianapolis, IN,
USA) and then probed with streptavidin-HRP (BD Bioscience,
Mississauga, ON, Canada) or anti-histidine-HRP (Sigma-Aldrich,
Oakville, ON, Canada) for 1 h. Detection was performed using BM
Chemiluminescence Blotting Substrate (Roche Diagnostics) and a
Gel DocTM imaging system (Bio-Rad, Mississauga, ON, Canada).

Production and purification

Scale-up production of the CD32a, CD32b, and CD64 receptors
was performed using 500-ml cell cultures in 2-l shake flasks at
120 rpm with 3% (w/w) BirA plasmid. For CD16a, two batches
were produced. The transfections were performed as described
earlier using 0% and 3% (w/w) BirA plasmid (no biotinylation
and in-cell biotinylation, respectively). For each culture, the
ectodomain was purified 5 dpt by immobilized metal-affinity
chromatography (IMAC) as described by Tom and colleagues
(Tom et al., 2008), and aggregates removal was performed by
preparative SEC as described elsewhere (Dorion-Thibaudeau
et al., 2014). Purified receptors were quantified by absorbance
at 280 nm using a Nanodrop™ spectrophotometer (Thermo
Fisher Scientific, Madison, WI, USA) based on their respective
molar extinction coefficients. SDS-PAGE was performed by
adapting the protocol described by Boucher and colleagues
(Boucher et al., 2008).

In vitro biotinylation

Purified non-biotinylated CD16a-BAP ectodomain was used for
BirA mediated in vitro biotinylation. The enzymatic reaction
was performed using the BirA-500 kit following the manufacturer
recommendations (Avidity, Aurora, CO, USA). Briefly, the biotinyl-
ation was performed at 37 °C for 2 h by mixing CD16a-BAP
(50μM, 1.6ml), Biomix-A (200μl), Biomix-B (200μl), and BirA en-
zyme (20μl). Purification of the ectodomain and aggregate re-
moval were carried out as mentioned earlier.

Biotinylation quantification of the various Fcγ receptor pools

The percentage of biotinylation was determined using Pierce®
Avidin Agarose beads (Thermo Scientific, Rockford, IL, USA) by
indirect measurement. Biotin-saturated beads were obtained
by mixing 25μl of D-biotin (500μM, Avidity, Aurora, CO, USA) with
50μl of avidin beads (50% (v/v)). To remove the excess of biotin,
the bead slurry was washed three times in phosphate buffered
saline. The beads (Avi) and the biotin-saturated beads (Avi-B)
were then individually mixed with 0.3μg of FcγR for 15min
and then centrifuged at 500 × g for 1min, in duplicates. The su-

pernatants were loaded onto a non-reducing Mini-PROTEAN®
TGX Stain-Free

™
SDS-PAGE (Bio-Rad, Mississauga, ON, Canada)

and the intensity of the bands corresponding to CD16a (I) was
measured with the Image Lab software (Bio-Rad). This procedure

allowed for the calculation of the percentage of biotinylation ac-
cording to the equation:

Biotinylation %ð Þ ¼ IAvi�B � IAvið Þ
IAvi�B

*100

Immunoglobulin G production

For this study, Trastuzumab (TZM), a humanized mouse IgG1 was
selected as our reference antibody. Non-glycosylated TZM
(TZM-NG) corresponded to a modified TZM where the Fc
N-glycosylation site was eliminated by mutating Asparagine 297
to a Glutamine. TZM and TZM-NG were produced by transient
co-expression of the heavy and light chains in CHO-3E7
(Raymond et al., 2012). TZM glycoform being enriched in galac-
tose (TZM-gal) was obtained by co-expressing of the human beta
1,4-galactosyltransferase (Raymond et al., accepted manuscript).
Antibody purification and aggregate removal were performed
as described elsewhere (Dorion-Thibaudeau et al., 2014).

Glycosylation profile analysis

Trastuzumab glycoforms analysis was performed by trypsin and
PNGaseF digestions followed by a matrix-assisted laser desorp-
tion ionization mass spectrometry (MALDI-MS) assay as previ-
ously described (Dorion-Thibaudeau et al., 2014). As expected,
mass spectrometry analysis of the various glycan pools corre-
sponding to our different versions of TZM confirmed the ex-
pected differences in N-glycan profiles and were in agreement
with previously reported profiles corresponding to other TZM
samples we had prepared according to the same protocols
(Dorion-Thibaudeau et al., 2014).

Analytical ultracentrifugation analysis

Sedimentation velocity analyses were performed using a
Proteomelab XL-I analytical ultracentrifuge (Beckman Coulter,
Fullerton, CA, USA). Runs were carried out using two-channel
centerpieces (Beckman Coulter) and an eight-hole AN50 Ti ana-
lytical rotor pre-equilibrated to 25.0 °C. The assay was conducted
with an absorbance detection at 280 nm, a radial scan increment
of 0.003 cm, an angular velocity of 50 000 rpm, and a tempera-
ture of 25.0 °C. The data were analyzed by applying the continu-
ous c(s) distribution model in SEDFIT (version 14.3e). The bottom
position was fixed to 7.2 cm but the meniscus and frictional ratio
varied as fitted parameters. The sedimentation coefficient range
was set between 0 and 15 with a confidence level (F-ratio) of
0.68. The corresponding figure (Figure 3) was generated with
the GUSSI software (version 1.0.8d).

Surface plasmon resonance analysis

All surface plasmon resonance (SPR) experiments were performed
using a Biacore T100 instrument (GE Healthcare) at a flow rate of
50μl/min at 25 °C using HBS-P 1×, pH 7.4 (GE Healthcare) as run-
ning buffer. Kinetic analysis was performed with the Biacore T100
Evaluation software. The Biotin CAPture kit (GE Healthcare) was
used to stably capture biotinylated FcγR at the surface of the
biosensor, according to manufacturer recommendations. The
CAP chip (included with the kit) consisted of carboxymethylated
dextran surface pre-coated with single-stranded DNA (ssDNA).
The procedure consisted of a first capture that was performed by
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injecting a macromolecular complex composed of a complemen-
tary ssDNA attached to a streptavidin (≈3500 response unit (RU)).
Biotin-tagged low affinity receptors were captured over the
streptavidin surface at a flow rate of 10μl/min for 1min (0.5μg/ml,
100 RU), and CD64 was captured using the same flow rate for
45 s (0.1μg/ml, 40 RU) while no receptor was injected over the
reference surface. Mab solutions were then injected over captured
CD16a, CD32a, CD32b (10, 30, 100, 300, 500, 1000nM, 2min), and
CD64 (1, 3, 10, 30, 100 nM, 1min) and control surfaces. The
receptor/IgG dissociation was monitored by injecting running
buffer for 5min or 12min for CD64. Surface regeneration (dissoci-
ation of complementary ssDNA-streptravidin from the ssDNA sur-
face) was performed by injecting the regeneration solution
included with the kit (6M guanidine-HCl, 0.25M NaOH). Data were
double-referenced prior analysis (Myszka, 1999).

RESULTS

In-cell biotinylation of Fcγ receptors by co-transfection of
BirA in mammalian cells

Plasmids corresponding to the BirA enzyme and to the extracel-
lular portion of CD16a, CD32a, CD32b, or CD64, all tagged with
the BAP sequence in addition to 10 histidine residues at their
C-terminus, were used to produce biotin-tagged FcγR
ectodomains by transient co-transfection of mammalian cells.
For co-transfection, different ratios of BirA plasmid within the
co-transfection mix were tested (1–3% (w/w)) to define the
amount needed in order to get the best compromise between
receptor production and biotinylation. For all tested conditions,
the supernatants were collected 5 dpt and run on non-reducing
SDS-PAGE gels, which were then analyzed by Western blots
using anti-histidine-horseradish peroxidase (HRP) antibody and
streptavidin-HRP as probes (Figure 1). For CD16a and CD64, each
supernatant was characterized by the presence of a smear that
most likely corresponded to aggregates (the molecular weight
of monomeric CD16a and CD64 was calculated to be around

25 and 35 kDa, respectively, without taking biotinylation and gly-
cosylation into account). The anti-histidine probe revealed that
the addition of BirA plasmid in the DNA preparation decreased
the overall receptor production level (Figure 1 panels A1–C1).
Western blots corresponding to the use of streptavidin as a
probe showed no band when the BirA plasmid had not been
added in the transfection mix, as expected because this enzyme
is absolutely needed for BAP biotinylation (Beckett et al., 1999)
(Figure 1, panels A2–C2). In contrast to decreasing FcγRs expres-
sion when increasing BirA plasmid amounts (as observed with
the anti-histidine-HRP probe), levels of FcγR biotinylation were
higher when increasing BirA plasmid level up to 3% (as detected
with the streptavidin-HRP probe). The presence of 3% (w/w) of
BirA plasmid was thus considered to be the optimal condition
for the production of biotinylated receptors because this amount
allowed obtaining a high level of biotinylation without decreas-
ing drastically the overall production yield (significant decrease
in Fc receptors expression was observed with higher BirA plas-
mid percentages—data not shown). This experimental condition
was then selected for larger-scale (500ml) production, which
was followed by receptor purification by IMAC. Non-reducing
SDS-PAGE gels were run with samples corresponding to each pu-
rification step (Figure 2). The last step (size-exclusion chromatog-
raphy (SEC)) yielded an almost pure monomeric form for all
receptors as a single band was observed on the gel, matching
the molecular weights of the monomeric FcγRs. For CD32a, a
light band around 25 kDa was also observed, which likely
corresponded to the non-glycosylated form of the receptor
(Figure 2B). The overall yields of purified CD16a, CD32a/b, and
CD64 and their percentage of biotinylation (determined with a
commercial assay kit relying on the use of avidin beads) are
given in Table 1.

Influence of the biotinylation method on CD16a yields

Because the addition of the BirA plasmid to the transfection mix
decreased the yield of total CD16a expression and, to some

Figure 1. Western blots of supernatants corresponding to CD16a (A), CD32a (B), CD32b (B), and CD64 (C) using 0–3% (w/w) BirA plasmid, probed with
either anti-histidine (1) for total receptor production or streptavidin (2) for biotinylation level.
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extent that of other receptor ectodomains (Figure 1, panels A1–C1),
we next evaluated the utility of the co-transfection approach by
comparing it with a standard in vitro enzymatic biotinylation pro-
tocol using commercially available BirA (latter designated as the
in vitro protocol in this manuscript). That is, we first produced
and affinity purified BAP-tagged CD16a; the purified protein was
then biotinylated in vitro by addition of BirA and its substrate.
The mixture was then passed on an IMAC column to separate
the biotinylated protein from the BirA enzyme and unreacted
substrate. The biotinylation levels were 88% and 78% and the ti-
ters were 13.9mg and 9.4mg per liter of medium for the in-cell
approach and in vitro approach using 20μg of BirA enzyme
(200000 units), respectively (Table 1). Very similar results were ob-
tained when additional production runs were performed (data
not shown).

Analytical ultracentrifugation (AUC) analysis was carried out
for both in-cell and in vitro biotinylated and non-biotinylated
CD16a-BAP receptors. The c(s) distributions indicated that each
CD16a preparation had very similar sedimentation coefficient,
as all three peaks overlapped (Figure 3). Furthermore, the analy-
sis of the AUC experiments indicated that all purified (IMAC
+ SEC) CD16a preparations contained approximately 2% of
dimers.

Figure 2. Coomassie staining of non-reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis gels corresponding to the production of bi-
otinylated CD16a (A), CD32a (B), CD32b (C), and CD64 (D) ectodomains. 18 μl of sample corresponding to each purification step were loaded while
2–3 μg of proteins from the elution, phosphate-buffered saline (PBS) wash, and size-exclusion chromatography (SEC) pool aliquots were loaded onto
the gel.

Table 1. CD16a production: final titers post-purification and
biotinylation levels

Titer (mg/l culture) Biotinylation (%)

CD16a no biotin 15.9 —
In-cell CD16a 13.9 88
In vitro CD16a 9.4 78
In-cell CD32a 12.0 68
In-cell CD32b 4.6 72
In-cell CD64 0.6 64

Figure 3. Sedimentation coefficient distribution of in-cell (black), in vitro
(gray), and biotin-free (dashed gray) CD16a at 50 000 rpm.
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Surface plasmon resonance kinetics experiments

Because our goal was to develop a high-throughput SPR assay to
characterize the interactions between FcγRs and antibodies har-
boring various glycosylation patterns, our strategy was to immo-
bilize the receptor ectodomains onto several biosensor surfaces.
Our approach relied on the tethering of a sensor surface-bound
streptavidin for the subsequent stable capture of the biotinyl-
ated FcγR ectodomain in an oriented fashion.
Based on this strategy, real-time monitoring of the interactions

between CD16a and TZM was achieved by performing duplicate
injections of TZM at concentrations ranging from 10 to 1000 nM.
A first series of experiments was conducted with biotinylated
CD16a that was produced by in-cell co-transfection. As can be
seen in Figure 4, the baseline was stable before the injection of
the analyte, and, at the end of the dissociation, the signal went
back to 0 RU. This indicated that the capture of the biotinylated
receptor via streptavidin was very stable and that the
CD16a/IgG complex dissociated within less than 300 s. More-
over, duplicate injections were practically superimposed, thus
further validating the approach, more specifically, the repro-
ducibility of the streptavidin and receptor ectodomain cap-
tures. For comparison with values reported in the literature,
global fit (Figure 4) and steady-state affinity analyses (inset in
Figure 4) of the resulting sensorgrams were performed, assum-
ing a Langmuirian 1:1 interaction (Table 2). The same protocol
was then applied to compare both versions of biotinylated
CD16a (corresponding to in-cell or in vitro biotinylation). As
can be seen in Figure 5, the injection of 1000 nM of TZM over
both receptor surfaces gave identical normalized sensorgrams
(duplicates injections), which suggested that the biotinylation
protocol did not influence the ability of the biotinylated recep-
tor to interact with a given IgG.
The same SPR strategy was used to monitor CD64/TZM inter-

actions. Mab injections with concentrations ranging between 1
and 100 nM were performed in duplicate as seen in Figure 6.
For each sensorgram, the baseline was stable before analyte in-
jection, thus indicating a stable CD64 capture via previously cap-
tured streptavidin. A global fit of the sensorgrams was
performed assuming 1:1 interaction (Figure 6, Table 3).
Finally, the same capture approach was applied to biotinyl-

ated CD32a-BAP and CD32b-BAP, following which, injections of
TZM at concentrations ranging from 10 to 1000 nM were

performed (Figure 7, duplicate injections). Again, the capture of
the biotinylated receptor ectodomains on the streptavidin sur-
face was observed to be very stable before analyte injection for
both CD32a (Figure 7A) and CD32b (Figure 7B). As expected for
both receptors, the interactions with TZM were characterized
by fast association and dissociation rates. Therefore, steady-state
analysis only was performed for each set of sensorgrams in order
to estimate the thermodynamic dissociation constant of each
interaction (insets in Figure 7, Table 3).

The SPR assays corresponding to the oriented capture of bi-
otinylated CD16a and CD64 by means of a previously tethered

Figure 4. Sensorgrams corresponding to the interactions between injected control trastuzumab (10, 30, 100, 300, 500, 1000 nM, duplicate injections)
and biotinylated CD16a that had been captured by streptavidin. Double-referenced sensorgrams were globally fit (corresponding residuals shown in
the bottom panel) and a steady-state analysis was also performed (inset) both assuming a 1:1 simple model interaction. Note that in the inset, the ver-
tical dashed line corresponds to the KD value derived from the steady-state analysis.

Table 2. Kinetics parameters related to the interactions of
CD16a with reference trastuzumab (Figure 4)

Global fit (1:1) Steady-state affinity (1:1)

ka (M
�1 s�1) (2.94 ± 0.03) × 104 —

kd (s
�1) 0.03 ± 1.50 × 10�4 —

KD (M) (1.02 ± 0.02) × 10�6 (2.29 ± 0.27) × 10�6

Rmax (RU) 90.7 ± 0.7 272 ± 23
χ2 0.313 0.928

Figure 5. Sensorgrams corresponding to the injection of trastuzumab at
1000 nM over in-cell (black) and in vitro (gray) CD16a, both in duplicates.
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streptavidin at the biosensor surface were also evaluated for
their ability to detect differences within TZM glycosylation pro-
files. In that endeavor, injections of our reference TZM, in addi-
tion to TZM-gal (a TZM preparation containing high
galactosylation levels, that is, 11% G1F and 66% G2F while
G0F was found at 5% by hydrophilic interaction chromatogra-
phy (HILIC), data not shown) and TZM-NG (a mutated TZM that
is not glycosylated) (Dorion-Thibaudeau et al., 2014) were per-
formed. Duplicate injections of each of these TZM preparations
were performed at 1000 nM over a streptavidin-bound CD16a
surface (Figure 8A) or at 300 nM over a streptavidin-bound
CD64 surface (Figure 8B). Double-referenced normalized
sensorgrams are shown in Figure 8. Of interest, the different
TZM glycoforms interacting with CD16a were characterized
by different dissociation profiles: dissociation of the
IgG/CD16a complexes was complete only after 250 and
300 s for TZM and TZM-gal, respectively. As expected, TZM-
NG did not interact with CD16a. In the case of immobilized
CD64, TZM-NG binding to CD64 was observed: the kinetics
corresponding to the aglycosylated Mab were however strik-
ingly different from those observed with our reference glyco-
sylated TZM. For TZM-gal, similar binding to that of the
reference TZM was observed when interacting with CD64.

DISCUSSION

In-cell biotinylation of Fcγ receptors

We here report for the first time an efficient biotinylation proto-
col applied to Fcγ receptor ectodomains. This protocol relies on
the transient co-transfection of mammalian cells with two dis-
tinct plasmids: one corresponding to the secreted BirA enzyme
and the other to the protein of interest being fused at its
C-terminus to a BAP sequence. We demonstrated that this ap-
proach was advantageous when compared with the standard
in vitro biotinylation procedure, as the latter requires both FcγR
and BirA enzyme to be purified, while additional affinity purifica-
tion is necessary to remove BirA and reaction components from
the biotinylated receptor preparation.
In-cell biotinylation has been previously described in several

research articles using a single vector coding for both the se-
creted BirA enzyme and the protein of interest (Predonzani
et al., 2008; Viens et al., 2008). That methodology, however, does
not permit to fine-tune the ratio between BirA and the protein of
interest; based on our current observations, these amounts need
to be adjusted for optimal performance (Figure 1). It is more
likely that the optimal ratio of BirA/BAP-tagged protein will de-
pend on the protein to be biotinylated; these adjustments would
be uneasy to perform with a single-vector strategy.
Biotin-free and in-cell biotinylated receptor were produced at

the 500-ml culture scale (with 0% and 3% BirA plasmid, respec-
tively) and subsequently purified to obtain monomeric CD16a
ectodomains (Figure 2A). Biotin-free CD16a was then used as a
substrate for in vitro biotinylation to compare the final overall ti-
ter, the percentage of biotinylation, the sedimentation coeffi-
cient (by AUC) and the kinetics of binding to TZM—our
reference antibody for this study (by SPR). While biotinylation
levels were found to be similar for the in-cell and in vitro ap-
proaches (Table 1), the final receptor yield was higher for the
in-cell strategy, making it very attractive when considering all
other advantages mentioned earlier. A comparison of the c(s)
distribution profiles of both biotin-tagged and non-biotinylated
CD16a highly suggests that the biotinylation methodologies do
not influence the conformation of the protein (Figure 3). This hy-
pothesis is further reinforced by our SPR results indicating that
both ectodomains, once captured via their biotin tag, yield iden-
tical kinetic profiles for TZM binding (Figure 5). Altogether our
results indicate that the in-cell biotinylation protocol, compared
to a typical in vitro biotinylation, is advantageous as it is faster
(less purification steps) and cost-effective, while giving signifi-
cantly higher yields (Table 1) for the same product bioactivity.

Surface plasmon resonance assay development

The use of SPR biosensors has been reported by many research
groups as a relevant tool to evaluate the kinetic constants of
IgG/FcγR interactions. Among these studies, the variety of exper-
imental protocols that were reported (choice of the partner to be
immobilized or captured, flow rates and densities) yielded to in-
consistencies among reported kinetic values (Galon et al., 1997;
Li et al., 2007; Bruhns et al., 2009; Luo et al., 2009; Magistrelli
et al., 2012). In many cases, kinetic profiles were observed to de-
viate from a simple Langmuirian model. These deviations can be
attributed to the intrinsic complexity of the biological interac-
tions under study (e.g., heterogeneity within the glycosylation
of the antibody and/or receptor preparations) or suboptimal
experimental procedures (mass transfer limitation, crowded

Figure 6. Sensorgrams corresponding to the interactions between
reference trastuzumab (1, 3, 10, 30, 100 nM, duplicate injections) and
biotinylated CD64 captured by streptavidin. Double-referenced
sensorgrams were globally fit assuming 1:1 simple model (corresponding
residuals shown in the bottom panel).

Table 3. Kinetic and thermodynamic parameters related to
the interactions of CD32a, CD32b, and CD64 with reference
trastuzumab (Figures 6 and 7)

CD32a CD32b CD64

Steady-state
affinity (1:1)

Global
fit (1:1)

ka (M
�1 s�1) — — (3.63 ± 0.01) × 105

kd (s
�1) — — (1.98 ± 0.03) × 10�4

KD (M) (0.60 ± 0.03)
× 10�6

(1.66 ± 0.24)
× 10�6

(0.55 ± 0.06) × 10�9

Rmax (RU) 77.7 ± 1.9 140 ± 13 80.1 ± 0.1
χ2 0.309 0.823 3.86
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surfaces, heterogeneous ligand orientation…) that have been
extensively discussed by the members of the SPR community
over the years (Myszka, 1999; Magistrelli et al., 2012). We have
shown in a previous study that the oriented capture of CD16a
significantly affects its binding kinetics when compared with
the same ectodomain being randomly immobilized, most likely
because the random immobilization approach resulted in het-
erogeneous receptor populations at the biosensor surface
(Dorion-Thibaudeau et al., 2014). In that study, the oriented

capture of CD16a was mediated by His-tagged CD16a binding to
an anti-His antibody that had been previously immobilized at the
SPR biosensor surface. This capture protocol was however shown
to have its own weaknesses. That is, a yet unexplained transient
maximum followed by a decrease (rather than a stable plateau)
was observed during the injection phase of our reference TZM
over captured CD16a (Figure 9). Such an atypical behavior was also
observed by others (Luo et al., 2009; Zeck et al., 2011). Moreover,
the anti-histidine capture approach we tested was not suitable
for CD64 because, at high TZM concentrations, the response signal
was negative at the end of the dissociation phase (Figure 9). We
postulated at that time that such phenomena could be due to
the fact that antibody binding to FcγR might weaken the anti-His
antibody/FcγR interaction or, alternatively, that the anti-His anti-
body competed with the injected antibody for FcγR binding. We
reasoned that, in either case, changing our capture strategy to an
approach relying on a strong interaction that does not involve
any antibody might solve the issues and thus allow for a better
kinetic characterization. This motivated the biotin capture pre-
sented here as a robust alternative to the use of a His-tag capture
antibody. To our knowledge, this experimental approach has never
been reported for the capture of FcγRs.

Higher flow rate as well as low receptor densities were used in
SPR biosensing experiments in order to avoid any mass
transport/rebinding artifacts (Myszka, 1999) while antibody ag-
gregates were removed prior to antibody injection because we
demonstrated that as little as 2% of aggregate within an anti-
body preparation may significantly affect the kinetic profile of
the antibody/CD16a interactions (Dorion-Thibaudeau et al.,
2014). As expected, the biotin/streptavidin capture approach
we developed lead to the recording of sensorgrams in which
the atypical sensorgram shape that had been previously ob-
served for CD16a was not recorded (Figure 9). This assay is thus
a significant improvement to the His-tag capture protocols that
has been commonly used up to now (Luo et al., 2009; Zeck

Figure 7. Sensorgrams corresponding to the interactions between reference trastuzumab (10, 30, 100, 300, 500, 1000 nM, duplicate injections) and
biotinylated CD32a (A) or CD32b (B) captured by streptavidin. Double-referenced sensorgrams were analyzed by a steady-state analysis (see insets).
Note that in the insets, the vertical dashed lines correspond to the KD values derived from the steady-state analyses.

Figure 8. Sensorgrams corresponding to the injection of reference
trastuzumab (TZM) (black), TZM-NG (light gray), TZM-gal (dark gray) at
1000 nM over CD16a (A) or at 300 nM over CD64 (B), in duplicates. TZM-NG,
non-glycosylated trastuzumab; TZM-gal, highly galactosylated trastuzumab.
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et al., 2011; Dorion-Thibaudeau et al., 2014). A global analysis of
the SPR data corresponding to CD16a interactions with TZM
(Figure 4) was performed to determine the kinetic constants,
and thus calculate the apparent thermodynamic dissociation con-
stant (KD) of the interaction. In spite of all the precautions we took
to eliminate any unwanted artifacts thatmay bias our kinetic inter-
pretation of the data, the CD16a interactions with TZM were still
observed to deviate from a simplemodel, as one can deduce from
visual inspection (Figure 4). This deviation is thus most likely due
to the fact that TZM glycosylation was not homogenous in the
preparation, as determined by mass spectrometry (Dorion-
Thibaudeau et al., 2014). Each TZM subpopulation may thus be
characterized by a distinct set of kinetic constants when
interacting with CD16a. This hypothesis is supported by our SPR
results corresponding to TZM harboring different glycosylation
profiles (see succeeding paragraphs).

Since we reached equilibrium at the end of each TZM injection
(plateau), a steady-state analysis was also performed to deter-
mine the apparent KD of the interaction (inset in Figure 4). The
latter was twofold larger than the one calculated by the ratio
of the kinetic rates (global fit, Table 2). A threefold difference
was also observed for the Rmax values that were determined with
both approaches, highly suggesting that these observed discrep-
ancies are due to the fact that the TZM concentrations we
injected were too low for an accurate Rmax and KD determination
by a steady-state analysis. However, it is important to note that
the apparent KD, emanating from both global fit and steady-state
analyses (Table 2) are within the same order of magnitude as
those previously reported (Radaev and Sun, 2002; Lu et al.,
2011; Dorion-Thibaudeau et al., 2014).

The biotin capture approach has also improved the quality of
the sensorgrams corresponding to the interaction between
CD64 and TZM. The observed classical shape is indeed contrast-
ing with our previous results corresponding to the anti-His CD64
capture strategy (negative net responses were observed during
the dissociation phase, Figure 9). A global analysis of the
sensorgrams corresponding to CD64 interaction with TZM
(Figure 6) was performed to determine the kinetic constants of
the interactions, and calculate the apparent thermodynamic dis-
sociation constant (KD, Table 3). The latter is also in agreement
with values from the literature (Lu et al., 2011; Patel et al., 2013).

Kinetic experiment using CD32a and CD32b interacting with
TZMwere also performedwith this new capture protocol (Figure 7).
Once again, the transient maximum we previously observed with
the anti-His capture approach (unreported results) were absent.
The fast rates of the interactions in both the analyte and buffer in-
jection phases lead us to evaluate the KD of the interaction using a
steady-state type of analysis only (Table 3). Again, we obtained
values that are in agreement with the literature (Maenaka et al.,

2001). TZM injections at higher concentrations would however be
needed for a more accurate (KD, Rmax) determination for these re-
ceptors because apparent KDs were in both cases close or higher
than the maximal concentration of TZM we injected (Figure 7).
Of interest, in spite of the deviations from a simple kinetic

model we observed with captured CD16a and CD64 (via
biotin/streptavidin interactions), both ectodomains were proven
to be valuable to distinguish various glycoforms of TZM based
on a visual inspection of their binding kinetics (more precisely,
differences in the dissociation profiles, Figure 8), in excellent
agreement with the literature (Walker et al., 1989; Leader et al.,
1991; Krapp et al., 2003; Houde et al., 2010; Dorion-Thibaudeau
et al., 2014). On that note, according to the results reported in
Figure 8, Mab binding to CD16a and CD64 receptor ectodomains
is impacted in a different fashion depending on Mab glycosyla-
tion profile. The simultaneous use of distinct surfaces displaying
streptavidin-captured CD16a and CD64 may thus provide a good
semi-quantitative analysis of the glycoprofile of a given pool of
Mabs by SPR. That is, while the dissociation profiles recorded
on CD16a surfaces may allow for the detection of different
Mab glycoforms (as observed for highly galactosylated and refer-
ence Mabs, Figure 8A), the CD64 surface is efficient in detecting
aglycosylated Mabs within a given pool because their dissocia-
tion profile strikingly contrasts with those of glycosylated Mabs
(Figure 8B). Our group is currently working at generating a
larger panel of Mab glycoforms in order to correlate their
SPR kinetic signature when interacting with FcγR ectodomains
(this assay) to their therapeutic efficacy as evaluated in in vitro
cell assays.

CONCLUSION

We have developed an efficient protocol for in-cell protein bio-
tinylation by transient BirA co-transfection in mammalian cells
that we successfully applied to the CD16a, CD32a, CD32b, and
CD64 ectodomains. This innovative methodology is faster and
yields similar biotinylation level compared with a typical in vitro
biotinylation. Biotin-tagged FcγRs were subsequently used for
the development of SPR surfaces to perform real-timemonitoring
interactions with Mabs. Our results demonstrated that, even with
an optimized experimental setup, CD16a still exhibits complex ki-
netics of interactions with Mabs, more likely due to heterogeneity
within the pools of Mabs we tested. Nevertheless, the biotin tag
capture approach we here report is promising for the setup of
SPR assays aiming at assessing the glycosylation profile of the
Mab. These SPR assays may be used as part of a high-throughput
routine for quality control/characterization in a Mab screening
platform in order to predict Mab therapeutic efficacy.

Figure 9. Normalized sensorgrams corresponding to the injection of 1000 nM of control trastuzumab over CD16a (A) or CD64 (B) that had been cap-
tured via a his-tag protocol (Dorion-Thibaudeau et al., 2014) (gray curves) or via biotin-streptavidin interactions (black curves, this study).
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