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ABSTRACT
Antibodies facilitate targeted cell killing by engaging with immune cells such as natural killer cells through 
weak binding interactions with Fcγ receptors on the cell surface. Here, we evaluate the binding affinity of 
the receptor FcγRIIIa V158 (CD16a) for several therapeutic antibody classes, isoforms, and Fc-fusion 
proteins using an immobilized receptor affinity liquid chromatography (LC) approach coupled with online 
mass spectrometry (MS) detection. Aglycosylated FcγRIIIa was used in the affinity chromatography and 
compared with published affinities using glycosylated receptors. Affinity LC-MS differentiated the IgG1 
antibodies primarily according to their Fc glycosylation patterns, with highly galactosylated species 
having greater affinity for the immobilized receptors and thus eluting later from the column (M5< G0F 
< G0 afucosylated ≅ G1F < G2F). Sialylated species bound weaker to their asialylated counterparts as 
reported previously. High mannose glycoforms bound weaker than G0F, contrary to previously published 
studies using glycosylated receptors. Also, increased receptor binding affinity associated with afucosy
lated antibodies was not observed with the aglycosylated FcγRIIIa. This apparent difference from previous 
findings highlighted the importance of the glycans on the receptors for mediating stronger binding 
interactions. Characterization of temperature-stressed samples by LC-MS peptide mapping revealed over 
200 chemical and post-translational modifications, but only the Fc glycans, deamidation of EU N325, and 
an unknown modification to either proline or cysteine residues of the hinge region were found to have 
a statistically significant impact on binding.

Abbreviations: Antibody-dependent cell-mediated cytotoxicity (ADCC), chimeric antigen receptor (CAR), 
Chinese hamster ovary (CHO), dithiothreitol (DTT), electrospray ionization (ESI), hydrogen-deuterium 
exchange (HDX), filter aided-sample preparation (FASP), Fcγ receptor (FcγR), fragment crystallizable (Fc), 
high-pressure liquid chromatography (HPLC), immunoglobulin G (IgG), liquid chromatography (LC), 
monoclonal antibody (mAb), mass spectrometry (MS), natural killer (NK), N-glycolylneuraminic acid 
(NGNA), N-acetylneuraminic acid (NANA), principal component analysis (PCA), surface plasmon resonance 
(SPR), trifluoroacetic acid (TFA), and extracted mass chromatogram (XMC).
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Introduction

Fcγ receptors (FcγR) are membrane-bound glycoproteins 
belonging to the immunoglobulin (Ig) superfamily that are 
found on the surfaces of many of the hematopoietic cells 
of the immune system. These receptors are responsible for 
the binding of IgG immune complexes and play an impor
tant role in modulating both adaptive and innate immune 
responses. Binding of FcγRs to IgG molecules plays an 
important role in activation and regulation of immune 
cells.1,1–3 FcγRIIIa (CD16a) is a low affinity Fc receptor 
associated with the antibody-dependent cell-mediated 
cytotoxicity (ADCC) pathway. The FcγRIIIa-V158 allotype 
used in this study has a higher affinity for both mono
meric and immune-complexed IgG1, IgG3, and IgG4 than 
IIIa-158 F.4,5,6, ADCC results when antibodies recognize 
and bind to a cell-based target antigen and then recruit 
natural killer (NK) cells to actively lyse the antigen- 
expressing target cells. The ADCC response is often asso
ciated with NK cells, which express FcγRIIIa receptors on 

their cell surfaces. FcγRIIIa binds to the crystallizable 
fragment (Fc) region of an antibody and brings the effec
tor (NK) cell into proximity of the antigen-expressing cell 
so that it may form a lytic synapse between the NK cell 
and the antigen-expressing cell.1,2,3,7

Effector function pathways such as ADCC are common 
secondary mechanism of action for oncology immu
notherapies and have been shown to be effective at treat
ing cancers with distinct overexpression of specific cell- 
based antigen markers using IgG1 based therapeutics.8 

Comparisons of in vitro binding assays such as surface 
plasmon resonance (SPR) with cell-based ADCC assays 
generally show good correlation between FcγRIIIa binding 
affinity and the ADCC potency of therapeutic monoclonal 
antibodies (mAbs).9 The binding of the aFntibody Fc 
portion to FcγRIIIa is an enabling step in the ADCC 
pathway, and measuring the affinity of this interaction is 
an important part of the in vitro assessment of ADCC 
potency of mAb therapeutics.8
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Fc glycosylation affects receptor binding and effector 
response

The Fc glycan composition at the conserved N-glycosylation 
site (N297, EU numbering system) on the heavy chain plays an 
important and multifaceted role in regulating effector function 
and potency of mAb therapeutics. The Fc glycan composition 
of human IgG antibodies can be quite heterogeneous, owing to 
the hundreds of possible glycan combinations on the two heavy 
chains of the Fc.10,11 The glycan heterogeneity of the Fc region 
depends on several factors, including the host organism used 
for antibody expression and the types of glyco-processing 
machinery expressed by the host cell line.10,12,13 Supplemental 
Figure S1 shows the nomenclature and structures of glycans 
commonly found on the Fc glycan sites. The nomenclature was 
adopted from Zhang and Shah,14 but the antenna number 
upfront was omitted to save space in some figures and in the 
text. Biantennary glycans (A2) constituted the vast majority of 
detected glycans and were the only glycans quantitatively 
assessed in this study; therefore, the antenna number (A2) 
was omitted. These glycans are typically biantennary complex 
structures featuring two core N-acetylglucosamine (GlcNAc) 
residues and then branching at the third mannose residue into 
two arms via α-1,3- and α-1,6 linkages.

Structural studies of the Fc domain have shown that the 
glycans on N297 have a significant impact on the structure of 
the CH2 domain and affect the conformational dynamics and 
flexibility of this region.15,16,17 The CH2 domain has a high 
degree of flexibility compared to the CH3 domain, which has 
a relatively static, rigid structure. Glycosylation of the CH2 
domain acts to stabilize its structure and direct folding to 
specific conformations that permit binding to the various Fc 
receptors.18,19 Antibodies without Fc glycans show no affinity 
for Fcγ receptors, highlighting the importance of glycosylation 
for proper folding to yield functional mAbs capable of eliciting 
an immune response.17,18,20,21,22,23,24

Afucosylation
Wild-type human IgGs are typically characterized by high 
levels of core fucosylation on the Fc glycans. Early work 
studying the potencies of therapeutic antibody glycoforms 
revealed that species lacking core fucose on the Fc glycan 
showed a significant increase in FcγRIIIa binding and 
ADCC potency (up to 50-fold increase).25,26,27,28 The 
enhanced affinity is attributed to a structural change in 
the afucosylated species that allows an additional favor
able carbohydrate-carbohydrate interaction between the 
Fc and a glycan on FcγRIIIa29,30 as well as an additional 
sterically mediated H-bond between Tyr296 and FcγRIIIa. 
Increased ADCC potency is generally observed if either 
one or both Fc glycans is afucosylated with nearly iden
tical enhancement.31 Antibody molecules with high man
nose glycans, also lacking the core fucose (Figure S1), also 
exhibited higher FcγRIIIa binding and ADCC activity.32

Galactosylation
IgG1 antibodies having terminal galactose residues (e.g., G1F 
or G2F) show increased affinity for FcγRIIIa (CD16a), which 
are responsible for ADCC.33,34,35 In the crystal structures of 

Fcs with larger biantennary glycans such as those with term
inal galactose (e.g., G2F), a more open structure is observed as 
the CH2 region bends out from the CH3 domain and exposes 
a portion of the glycan where it may interact in receptor 
binding.15 It is worth noting that there are differences 
observed in accessibility and flexibility of the α-1,3 and α- 
1,6 arms observed by both NMR and crystallography.23 

Shorter glycans (e.g., G0F) typically exhibit more “closed” 
conformations in the Fc region and also lower affinity for 
FcγRIIa and FcγRIIIa receptors in IgG1-based mAbs, indicat
ing that these structural effects are important considerations 
for understanding the potency and efficacy of mAb based 
therapeutics.14 It is worth noting that IgG glycans with α- 
1,3-galactose (as opposed to terminal) are not found in 
humans, and recombinant mAbs from mammalian cells 
such as murine Sp2/0 and NS0 lines that produce such glyco
forms can trigger anaphylactic responses in some populations 
with allergies to α-1,3-galactose.36,37

Sialylation
Terminal sialic acid residues on Fc glycans act as 
a regulatory mechanism for controlling the pro- or anti- 
inflammatory functionality of IgGs.38,39,40,41 The effects of 
Fc sialylation on FcγRIIIa binding can vary according to 
the sialic acid linkage type (α-2,3- vs α-2,6-).41 Fc sialyla
tion predominantly occurs after secretion from plasma 
B cells by exogenous post-translational modification 
machinery in circulation.39 In this regard, sialylation can 
serve as a functional switch to change the behavior of 
antibodies from inflammatory to anti-inflammatory. Sialic 
acids are thus an important biomarker for understanding 
inflammatory diseases42,43 as well as a critical attribute for 
tuning the function of therapeutic mAbs.

Sialic acid connectivity is different in human, hamster, 
and mouse cell lines, leading to differences in Fc stability 
and binding to FcγRIIIa V158, as follows. Terminal sialy
lation on N-glycans can take place through either an alpha 
2,3-linkage or an alpha 2,6-linkage to galactose. Sialic 
acids on IgG Fc purified from human serum (made by 
human cells) are almost exclusively alpha 2,6-linked and 
on the 3-arm (Figure S5). Recombinant IgG molecules 
expressed in Chinese hamster ovary (CHO) cells, however, 
have sialic acids attached through alpha 2,3-linkages 
(because of the lack of the alpha 2,6-sialyltransferase 
gene in CHO) and on the 6-arm. Sialic acid-containing 
glycans were found by hydrogen-deuterium exchange 
(HDX) to destabilize the CH2 domain in CHO-expressed 
IgG, but not human-derived IgG.16,40 Only alpha 
2,3-linked sialic acid on the 6-arm (the major sialylated 
glycans in CHO expressed IgG1) has been observed to 
destabilize the CH2 domain, presumably because of the 
steric effect that decreases the glycan-CH2 domain inter
action. The alpha 2,6-linked sialic acid on the 3-arm (the 
major sialylated glycan in human-derived IgG), and the 
alpha 2,3-linked sialic acid on the 3-arm, do not have this 
destabilizing effect.16 Sialic acid connectivity in IgG 
derived from mouse cell lines is similar to human, but 
N-glycolylneuraminic acid sialic acid residue (NGNA, 
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Neu5Gc, mass 307 Da) is typically found instead of 
N-acetylneuraminic acid (NANA, mass 291 Da) for 
human.

IgG antibodies produced in CHO and containing term
inal alpha 2,3-linked sialic acid on the 6-arm of their Fc 
N-glycans have been shown to decrease ADCC. IgG anti
bodies produced with the 2,6-linked sialic acid on the 
3-arm – the major sialylated glycan produced by human 
cell lines – have been shown to increase ADCC.40,44,45,46 

IgGs stably expressed in transfected mouse myeloma cells 
also showed decreased ADCC.40

While glycosylation has an important role in defining the 
affinity of IgGs for Fc receptors, differences in IgG subclass 
(IgG1, IgG2, IgG3, and IgG4) also have a significant impact. 
The subclasses of IgG not only differ primarily in the size of the 
hinge region but also have subtle differences in the sequences 
of the CH2 portion of the conserved Fc region.45 Typically, 
IgG1 variants are associated with eliciting an ADCC response 
from immune cells, but other IgG subclasses can bind to 
FcγRIIIa.

Here, we describe an affinity chromatography approach 
using immobilized FcγRIIIa receptors with online mass spec
trometry (MS) and offline fraction collection to investigate 
factors affecting FcγRIIIa affinity in a single non-targeted 
large-scale experiment. The high-throughput nature of this 
type of profiling can act as an alternative method for initial 
ADCC screening, which can be expensive and time consuming. 
Even though true cell-based potency measurements must still 
be performed at some point, higher throughput and decreased 
cost can be achieved with FcγRIIIa columns.

Results

Differentiation of antibody glycoforms based on Fcγ 
receptor affinity chromatography

The affinity of antibodies for FcγRIIIa is largely dependent on 
interactions of the antibody Fc glycan at position N297.24 The 
glycan composition at N297 is heterogeneous, resulting in 
a mixture of glycoforms that have significant differences in 
binding affinity and ADCC potency. The selectivity of these 

receptors for differences in antibody glycoforms presents 
a unique approach for differentiation between mAb glycoforms 
according to their affinity. Recently, immobilization of glyco
sylated FcγRIIIa receptor into a chromatographic resin support 
and online MS of intact antibodies allowed for separation of 
specific mAb glycoforms and provided insight into their recep
tor affinity and potency.46 In this work, we used a similar 
approach using a commercially available affinity column con
taining immobilized aglycosylated FcγRIIIa receptors. A few 
glycosylated FcɣRIIIa columns, including the one described by 
Lippold et al.,46 were custom made and are not widely available 
to the research community. The commercial column we used is 
available to a large number of users who should benefit from 
the results of this study. Figure 1 shows the overall workflow of 
the native affinity LC-MS analyses described here. Table 1 
provides a list of all the therapeutic proteins used in these 
studies and a brief description of their molecular characteris
tics. Figure 2 shows the separation of individual glycoforms of 
mAb1 (rituximab) based on their affinity for the immobilized 
recombinant FcγRIIIa. The overall deconvoluted mass spec
trum indicating the molecular weights of each observed glyco
form is shown in Figure 2a. The UV absorbance trace at 
280 nm for mAb1 is depicted in Figure 2b. The chromatogram 
has three well-defined peaks (labeled 2–4), a less resolved 
shoulder peak (1), and two low abundance pre-peaks (labeled 
as*). The most abundant glycoforms present are assigned based 
on their masses and consist primarily of biantennary com
plexes having core fucose and varying numbers of terminal 
galactose residues (+162 Da each). Each mAb Fc has one glycan 
on each heavy chain, as indicated in the cartoon structures and 
labeled accordingly (in the format glycan1/glycan2). Figure 2c 
shows the extracted mass chromatograms (XMC) of the most 
abundant glycoforms. The XMCs are generated by 
performing m/z deconvolution into mass and plotting the 
retention time and intensities of all ion charge states that 
correspond to a single deconvoluted mass. This extracted 
mass chromatogram feature is available in the ReSpect™ 
Intact Protein Deconvolution software package in 
Chromeleon 7 (See Materials and Methods section and 
Supplemental information for more details). These XMCs 
allow for differentiation of the individual glycoforms from 

Figure 1. Overall analytical workflow of the native affinity LC-MS analyses and fraction collection for LC-MS peptide mapping.
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the total chromatogram according to their masses and assess
ment of the affinity of each species based on the extracted 
retention time(s).

From the individual retention times, it is evident that galac
tosylation plays an important role in binding affinity to the 
receptor, with higher levels of galactose leading to increased 
affinity. This finding is consistent with previous studies and 
serves as a benchmark for the method.32,33,34 Several of the 
glycoforms contain multiple peaks in the XMCs, for example, 
G1F/G1F. This is likely due to the possibility of positional 
isomers with identical masses (i.e., G1F/G1F and G0F/G2F 
contain the same number sugars but are arranged differently). 
Additionally, only one Fc glycan interacts with FcγRIIIa at 
a time,47 such that asymmetrically glycosylated mAbs can 
have one side with higher affinity than the other, which can 
present as two different affinity peaks.

Two core afucosylated species are also detected (M5/M5 
and G0F/G0). These types of afucosylated species are reported 
to have significantly increased affinity and ADCC potency,24,31 

but this does not appear to be reflected in the retention times of 
these species. Most notably, the M5/M5 glycoform reported to 
have 4-6-fold increased affinity for FcγRIIIa,31 but has the 
earliest elution time of all the glycoforms.

Only a slight increase in affinity of the afucosylated G0F/G0 
glycoform relative to the fucosylated G0F/G0F counterpart was 
observed with the magnitude of the retention time shift com
parable to the G1F/G1F glycoform, instead of the 10–50-fold 
increase that has been reported in literature.24 We speculate 
that this deviation from the expected retention behavior may 
stem from the fact that the FcγRIIIa receptors on the column 
are aglycosylated, in contrast to the glycosylated FcγRs used in 
most published binding studies.

Antibody molecules with sialylation were observed with 
slightly earlier elution times relative to their asialylated coun
terparts. For example, in Figure 2c, the XMC for the glycoform 
G0F/S1G1F has the same elution time as G1F/G1F. The struc
ture of G0F/S1G1F is analogous to G0F/G2F with a terminal 
sialic acid on one galactose, but its retention time is earlier 
(similar to G1F). This suggests that the sialic acid residue may 
block or inhibit the interaction of the second galactose with 
FcγRIIIa, making it more analogous to a G1F glycan. An 
isomeric form G1F/S1G0F is also possible according to intact 
mass, but this species (S1G0F) was not detected in the subse
quent peptide mapping experiments described below. mAb1 
(rituximab) is produced in CHO cells and therefore should 
mainly contain terminal alpha 2,3-linked sialic acids on the 

Table 1. Antibody samples used in this study.

Symbol Description

mAb1 Rituximab, IgG1
mAb2 mAb2 had the same Fab and different Fc frames from IgG1, 

IgG1 SEFL2, IgG2, and IgG4
mAb3 IgG1 and IgG2 with disulfide variants
mAb4 IgG1 with increased Fc sialic acid
Fc-fusion 

protein 1
Aglycosylated Fc-fusion protein with N297G in Fc

Fc-fusion 
protein 2

Fc-fusion protein with heterogeneous glycosylation in binding 
protein domains

Figure 2. FcγRIIIa affinity LC-UV-MS characterization of rituximab. (a) 
Deconvoluted mass spectrum of entire sample; (b) LC chromatogram with UV 
detection at 280 nm. Asterisk indicates elution of truncated single antenna 
(A1G0F) species. (c) Extracted mass chromatograms (XMC) for individual intact 
antibody molecules with M5/M5, G0F/G0F, G0F/G1F, G1F/G1F, G1F/G2F, and G2F/ 
G2F glycans.
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6-arm. These types of sialic acid linkages have been observed in 
previous studies to bind weaker to FcγRIIIa V158 and decrease 
ADCC.16,40,43

Assessment of Fc domain released by limited proteolysis

In IgG-based therapeutics, glycosylation most commonly 
occurs on N297 of the Fc region. However, additional 
glycosylation sometimes occurs in antigen-binding frag
ment (Fab) regions (e.g., cetuximab) or glycosylated recep
tors are attached to Fc to create Fc-fusion proteins (e.g., 
etanercept).48 The additional glycosylation generally does 
not affect the interactions with Fcγ receptors because of 
their distance from the binding site, but it can lead to 
complications in interpreting the Fc glycan composition at 
the intact or released glycan levels due to increased 

heterogeneity and ambiguity in glycan location. Limited 
proteolysis can be used to address the issue of glycan 
ambiguity by cleaving the binding regions above the 
hinge region from Fc region.49,50,51 Figure 3a shows the 
FcγRIIIa affinity chromatogram of a heavily glycosylated 
Fc-fusion protein before and after cleavage of the Fc 
region by limited proteolysis with Lys-C endoproteinase. 
A diagram of the Fc-fusion protein, which consists of two 
identical target binding domains fused to an IgG1 Fc 
domain, is inset in Figure 3a. The binding domains have 
several O- and N-linked consensus glycosylation sites, 
resulting in a highly heterogeneous distribution of total 
glycoforms. Performing the digestion reaction under 
native conditions and limiting the reaction time to 
20 min resulted in a single cleavage at an exposed site 
between K223/T224. Cleavage of the binding domains 

Figure 3. FcγRIIIa affinity chromatogram with (a) UV detection and (b) and (c) mass spectrometric detection of heavily glycosylated protein conjugated to IgG1 Fc (Fc- 
fusion protein 2). (a) Fc-fusion protein 2 analyzed as intact and cleaved by limited proteolysis with Lys-C endopeptidase. (b) Electrospray ionization (ESI) mass spectrum 
of intact Fc-fusion protein 2 (left) and deconvoluted mass spectrum (right). (c) ESI mass spectrum of Fc region generated by the limited proteolysis (left) and 
deconvoluted mass spectrum (right).
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above the hinge preserved the FcγRIIIa binding domain 
and allowed for affinity analysis of the Fc region by itself 
and with greater resolution between the different glycan 
peaks. Figure 3b shows the m/z and deconvoluted mass 
spectra of the main peak in the affinity chromatogram 
from the intact Fc fusion protein. Prior to cleavage of 
the binding domains, the m/z distribution is quite broad 
due to the presence of multiple heterogeneous N and 
O-glycosylation sites on the two binding domains. The 
average mass – 113 kDa – can be vaguely discerned, but 
the glycan heterogeneity results in many glycoforms with 
similar or identical masses that cannot be adequately 
resolved and assigned to individual glycoforms. Although 
information about the measured whole molecular mass 
may be useful for identification, it has a limited value for 
more detailed characterization. We also note a modest 
improvement in chromatographic resolution of the glycan 
peaks when measuring the cleaved Fc region compared to 
the intact protein. Figure 3c shows the mass spectra of the 
Fc portion alone following limited proteolysis with Lys-C. 
The mass spectra could be much more easily resolved and 
accurately deconvoluted, allowing for accurate assignment 
of the Fc glycans present that contribute to the peaks in 
the chromatograms shown in Figure 3a.

Correlation of the affinity chromatography results to 
AlphaLISA binding assay results

Measuring differences in FcγRIIIa binding affinity based 
on retention time is an attractive method for assessing 
different IgG subclasses, modalities and specific IgG1 gly
can contributions, especially when glycoforms can be 
identified according to their unique masses. Figure 4 
shows the affinity chromatograms of four therapeutic pro
teins ranked according to their average weighted retention 
times (weighted based on peak areas). A linear correlation 
of average retention time to % relative affinity from the 
AlphaLISA binding assay is shown in Figure 4b and 
c. Both assays report similar trends in which the aglyco
sylated Fc fusion protein shows no binding, mAb3 (IgG2) 
shows very weak binding, and increased binding for mAb2 
(IgG1 with high levels of galactosylation) relative to 
mAb1. This provides validation for the use of the 
FcγRIIIa affinity chromatography method for characteriz
ing the impact of product attributes that affect binding. It 
should be noted that two of the samples tested showed 
elevated activity in the AlphaLISA binding assay: a highly 
glycosylated Fc fusion protein, and an IgG1 species with 
increased levels of immature Fc glycans (e.g., high 

Figure 4. (a) FcγRIIIa affinity LC-UV chromatograms of four representative therapeutic protein modalities: aglycosylated Fc fusion protein (purple), IgG2 mAb (red), and 
two IgG1 mAbs with different glycosylation patterns (blue and green). (b) Correlation plots showing relationship between relative binding affinity to average weighted 
retention time with outlier samples removed. (c) Correlation plots of relative binding affinity to weighted retention time including outlier samples.
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mannose, afucosylated). We speculate that this departure 
in strong correlation with the chromatography method 
may arise from the lack of glycosylation on the on- 
column immobilized FcγRIIIa receptor and presence of 
glycosylation on FcγRIIIa used for AlphaLISA binding 
assay.

Differences in receptor affinities contribute to variation in 
effector functions for IgG subclasses

IgG subclasses (IgG1, IgG2, IgG3, and IgG4) have different 
roles in the immune system and elicit different effector 
functions based on their ability to bind to different Fc 
receptors and types of antigens.4,52 The Fc region among 
each subclass have high sequence homology but differ in 
a few key residues, which dictates their affinity for the 
various Fc receptors. The FcγRIIIa receptor binding sites 
are located on the lower hinge and CH2 domain, 

including AA positions 235–239, 265–269, 297–299, and 
329 in EU numbering system.47,53 Another set of binding 
sites was identified by Shields et al.54 One of them is 
a conserved N-glycosylation site at asparagine 297 (N297, 
EU numbering system). Aligned sequences of the hinge 
and CH2 regions of IgG subclasses 1–4 are shown in 
Figure 5a with the residues previously reported to be 
involved for binding to FcγRIIIa binding sites shown in 
blue and red shading (Sondermann et al.47 and Shields 
et al.54). Green shading marks residues that were identified 
in this study as impacting binding to FcγRIIIa when mod
ified. Noteworthy differences include L234 (IgG2, IgG4) 
and H268 (IgG4), which have differences in residues 
directly involved in FcγRIIIa binding, and several differ
ences in amino acids adjacent to the binding domains. To 
investigate the role of different Fc regions, variants of 
mAb2 with identical Fab regions, but the Fc region from 
IgG1, IgG2, IgG4, and an engineered stable effector 

Figure 5. (a) Aligned sequences of CH2 region of human IgG heavy chains (EU numbering system). IgG Fc residues involved in FcγRIIIa binding are highlighted in green 
(measured experimentally in this study) and blue and red (reported in literature), and disulfide bonds are highlighted in yellow. Residues that differ from the IgG1 
sequence are indicated in bold. (b) UV chromatogram (λ = 280 nm) of four variants of mAb2 having identical Fab regions and differing Fc regions corresponding to IgG1 
(blue), IgG2 (magenta), IgG4 (maroon), and IgG1 SEFL2 with N297G mutation (black). The inset shows relative FcγRIIIa binding affinity values from AlphaLISA 
measurements. Affinity is measured relative to the IgG1 variant of mAb2 reference standard material.
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functionless variant (SEFL2) were separated on the 
FcγRIIIa affinity column (Figure 5b). For reference, the 
SEFL2 IgG1 modality is an aglycosylated IgG1 variant 
(N297G) with an additional engineered hinge disulfide 
bond designed to have no ADCC function.55,56 Based on 
retention times, these data show that the engineered 
SEFL2 IgG1 modality has the lowest affinity, followed by 
IgG2, IgG4, and then IgG1. The overall elution order of 
these modalities IgG1 SEFL2 < IgG2 < IgG4< IgG1 is 
consistent with reported literature values for FcγRIIIa 
binding affinities.4,44,57 However, the elution time for the 
IgG4 variant appears to overestimate the binding affinity, 
having an elution time only slightly earlier than the IgG1 
variant. We hypothesize that this increased apparent affi
nity is related to the aglycosylated nature of the receptor 
on the column and should not be used to assess FcγRIIIa 
affinity for IgG4 subclass mAbs. Typically, IgG4 and IgG2 
mAbs have only weak affinity for FcγRIIIa and do not lead 
to significant ADCC activity.4

Disulfide isoform impact on FcγRIIIa binding in an IgG2 
mAb

IgG2 mAbs do not produce significant ADCC activity through 
FcγRIIIa binding and commonly find use against targets when 
an immune response is not desired, e.g., blocking of 
targets.52,58 Given the heterogeneous nature of the IgG2 affinity 
chromatograms (see Figures 3 and 4), the IgG2 mab3 was 
selected for further characterization. Previous studies using 

reversed-phase LC-UV-MS analysis of this IgG2 mAb identi
fied the presence of several naturally occurring disulfide bond 
structural isoforms, which can affect efficacy and Fc receptor 
binding behavior.59,60,61 Figure 6 shows a side-by-side compar
ison of reversed-phase and FcγRIIIa affinity separations of 
mAb3 disulfide isoforms. It is interesting to note that the 
native-like conditions used in the affinity method are still 
capable of distinguishing between these structural isoforms, 
suggesting these isoforms have an effect on the structure of 
the hinge region. That these isoforms have different elution 
times highlights the importance of the hinge structure in med
iating the binding interaction between the Fc and FcγRIIIa.

Identification of modifications negatively impacting 
FcγRIIIa binding after stress conditions

Post-translational and chemical modifications can occur dur
ing all stages of production, storage, and administration of 
mAb therapeutics. Chemical modifications to residues located 
in or near receptor binding sites can affect the affinity of the 
antibody-receptor interactions, leading to changes in ADCC 
and efficacy. Such modifications can be induced by subjecting 
antibodies to typical conditions of production and storage and 
also to various stress conditions, such as elevated temperature, 
exposure to acidic or basic pH, and UV light exposure, 
imposed during elucidation of forced degradation pathways. 
In the case of the heat-stressed mAb1 sample (40°C for 
6 weeks) used in this study, over 200 modifications were 
detected by LC-MS/MS peptide mapping with sufficient 

Figure 6. (a) Reversed-phase chromatograms with UV detection at 280 nm showing separation of a mixture of naturally occurring IgG2 disulfide variants and purified 
samples enriched for IgG2-A and IgG2-B. (b) FcγRIIIa affinity UV chromatograms of the same samples showing partial resolution of IgG2 disulfide isoforms. Mass spectra 
of the peak between 1–2 min contained relatively small abundance of protein ions, suggesting that the peak may be due to light scattering on the earlier eluting 
formulation excipients (sucrose, polysorbate) with different refractive indexes.
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Figure 7. (a) Affinity UV chromatograms highlighting changes in peak intensities of mAb1 following heat stress at 40°C for 6 weeks (red trace) relative to 4°C control 
sample (black trace). (b–g) Changes in relative abundance of selected modifications in FcγRIII affinity fractions F1, F2, F3, and F4. (h, i) R squared versus slope of change 
for modifications percentages in the fractions for 4°C. R squared versus slope determined from linear regressions of all detected modifications in the fractions. In all 
panels, red color indicates heat-stressed samples (40°C, 6 weeks) and black indicates the 4°C control samples.
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signal:noise and precision for confident identification. The 
majority of these modifications have little or no effect on 
binding and efficacy. To differentiate modifications having an 
effect on FcγRIIIa from those that do not, several statistical 
ranking approaches were used.

Figure 7a shows the affinity chromatograms of mAb1 with 
temperature stress (40°C for 6 weeks) compared to control 
sample that was maintained at 4°C. The main peaks from 
each sample were collected as four fractions (F1–F4) as indi
cated by dashed lines. Stress at 40°C led to a slight increase (2% 
→ 4%) in the peak area of the lowest affinity fraction F1 with 
low FcγRIIIa binding. Peptide mapping was performed on each 
collected fraction to determine a trend (correlation) for relative 
percentages of modifications in fractions (Figure 7). 
Enrichment of specific modifications in the low affinity frac
tions would indicate that these attributes have a negative 
impact on FcγRIIIa binding. Several examples of modifications 
with both negative and positive slopes are shown in Figure 7. 
The fractions 1, 2, 3, and 4 were assigned values 0.1, 0.2, 0.3, 
and 0.4, respectively, so that the slope values could be easily 
comparable to R2, and the sum of R2 + absolute value of the 
slope could be used as a score to sort the modification list and 
for epitope mapping described later. Modifications with 
a positive slope (e.g., galactosylation and sialylation) indicates 
a favorable effect on receptor binding, while those with nega
tive slopes (e.g., deamidation) indicate a negative effect on 
binding.

The most enriched modifications in F1 are deamidation of 
N329 (EU N325), an unknown modification attributed to P231 
(EU P227) in the hinge motif EU C226PPC229, and several 
N-glycans on the conserved glycosylation site at N301 (EU 
N297). The N-glycans enriched in the low affinity fraction F1 
are mostly immature sugars, having only a single antenna 
(A1G0F and A1G1F) and high mannose (M5) compositions. 
As noted before, the presence of M5 glycans in this early 
eluting fraction is surprising and may be a due to the aglyco
sylated FcγRIIIa receptor. Deamidation of asparagine is 
a common modification that occurs during production and 

storage of antibodies in conditions at or above neutral pH. 
Several deamidation modifications were detected, but only 
N329 was found to be preferentially enriched in F1, indicating 
that the other asparagine residues are not critical for FcγRIIIa 
binding. The modifications detected on the peptide containing 
P231 presented a challenge in the data interpretation. There are 
no common chemical modifications with a change in mass of 
120 or 122 Da that could be attributed to proline. The +120 Da 
unknown modification assigned to P231 could also be attrib
uted to cysteinylation (+119 Da) and a free thiol -SH group 
(+1 Da) on one of the adjacent cysteine residues, but the MS/ 
MS data for this peptide cannot unambiguously determine its 
location (see supporting information Figure S6). As a result, we 
hypothesize that the unknown modifications may instead be on 
the adjacent C230, as cysteine is potentially a more reactive 
residue, and the difference in mass of 120 and 122 Da corre
sponds to an unpaired disulfide bond in this CPPC segment 
below the hinge in addition to the unknown 120 Da modifica
tion. If ~P231 + 122 Da represents an unpaired disulfide bond 
and ~P231 + 120 Da a fully paired structure, this suggests that 
the unpaired structure is actually more favorable for FcγRIIIa 
binding. This conclusion seems at first counterintuitive as 
unpaired disulfides are typically associated with misfolded or 
degraded structures, but structural studies have observed 
ambiguity in the pairing of the disulfides in this region,62 and 
only one intact pair is required for ADCC.63 This FcγRIIIa 
affinity approach provides a more refined view into the role of 
disulfide connectivity in receptor binding.

The slopes of chemical modifications (N329 deamidation) 
in the fractions were higher after stress (red lines in Figure 7b, 
d, f), while slopes for glycoforms before and after stress 
(Figure 7c, e, g) remain similar, indicating that slopes are 
mainly defined by the effects of glycans on affinity to the 
receptor and presence in the fractions (F1, F2, F3, and F4). 
A slight increase in the levels of high affinity glycans, such as 
A2G0 (afucosylated A2G0, Figure S4) and A2S2F (highly galac
tosylated and sialylated, Figure 7e) were also observed in F1 
with heat stress (Figure S4). This suggests that antibody 

Table 2. Summary of statistical analyses to determine attribute criticality, statistically significant values are shown in green.

Modification P-value F1 v F4 40°C P-value F1 v F1 P-value F2 v F4 (40°C)
R2 

(40°C) Slope RSD F1 (40°C)

N301+ A2S2F 0.000 0.002 0.000 0.756 0.079 0.239
N301+ A2G1F 0.000 0.001 0.000 0.933 1.603 0.067
N301+ A2G2F 0.000 0.000 0.000 0.832 0.647 0.065
N301+ A1G0F 0.000 0.000 0.008 0.791 −0.122 0.098
~P231 + 122.0938 0.000 0.481 0.199 0.817 1.036 0.099
N301+ A1G1F 0.000 0.000 0.024 0.744 −0.090 0.228
D284+ isomerization 0.000 0.000 0.632 0.684 0.017 0.230
N301+ A2G0 0.000 0.000 0.001 0.803 0.056 0.159
N301+ M5 0.000 0.002 0.000 0.696 −0.431 0.022
N301+ A2G0F 0.001 0.969 0.000 0.771 −1.878 0.108
N388+ deamidation 0.002 0.000 0.572 0.418 0.035 0.217
~P231 + 120.0774 0.004 0.116 0.098 0.956 −1.546 0.490
W90+ double oxidation 0.004 0.594 0.589 0.664 −0.028 0.212
N329+ deamidation 0.006 0.002 0.022 0.796 −1.857 0.181
K364-65.0537 0.007 0.142 0.416 0.677 −1.197 0.170
W47+ double oxidation 0.012 0.884 0.459 0.714 −0.036 0.199
M256+ carboxymethylation 0.014 0.014 0.362 0.762 0.023 0.242
~Y86-44.0359 0.016 0.000 0.264 0.892 0.007 0.075
~W106+ double oxidation 0.019 0.018 0.393 0.825 −0.102 0.163
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molecules with these glycoforms may be more susceptible to 
these chemical modifications. Hydrogen-deuterium exchange 
experiments have identified certain afucosylated and sialylated 
mAb species as having increased conformational flexibility and 
solvent exposure in the CH2 region,16,40,49 which offers 
a possible explanation for their increased levels of chemical 
modification. A plot of slope versus R2 for all detected mod
ifications is shown in Figures 7h and 7i for the 4°C and 40°C 
stressed samples, respectively. Modifications that negatively 
impact binding and have a negative slope appear in the left- 
hand corner, while modifications positively impacting binding 
appear in the right portion of the plot.

Bivariate statistical approaches such as volcano plots 
have previously been used for investigating critical attri
butes in systems with binary outcomes (e.g., treated vs 
control or bound vs unbound),64 but the multiple affinity 
LC peaks present in the FcγRIIIa chromatograms make this 
type of analysis difficult for these data (Figure S3). In 
addition to the volcano plot, principal component analysis 
(PCA) was evaluated to consider multiple variables (i.e., 
fractions) to correlate which modifications were most asso
ciated with specific affinity-separated fractions. Figure S7 
shows a PCA biplot of collected affinity fractions 1–4 and 
the modifications detected by peptide mapping of each 
fraction. Component 1 (x-axis) represents replicates and 
component 2 (y-axis) is defined by affinity (fraction num
bers) as follows. The strength of the correlation with an 
individual modification to the affinity fraction is propor
tional to the distance between the two points. Replicate 
peptide mapping analyses from fraction F1 all cluster 
toward the top half of the plot, with many of the same 
negatively impacting modifications (e.g., EU N329 deami
dation, M5 glycans, and truncated single antenna EU N297 
glycans) found in this portion of the plot as well. 
Conversely, high affinity glycans on EU N297 such as 
A2G2F and A2G0 (afucosylated) are clustered toward the 
bottom of the plot nearest to the high affinity fractions F3 

and F4, indicating their positive effect on FcγRIIIa affinity. 
Modifications on the left and right extremes of the plot are 
most strongly correlated with replicate number, indicating 
that these are likely due to sample preparation variability 
and can be treated as noise or digestion artifacts.

A summary of the identified critical attributes from all statis
tical analyses is shown in Table 2. Six metrics were chosen for 
evaluating the significance of the data to determine if the mod
ifications were critical to FcγRIIIa binding. Three P-values were 
calculated for each modification comparing the modification 
abundance in the low affinity fraction (F1) to the high affinity 
fraction (F4), P-value comparing F1 modification abundance 
under heat stress (40°C 6 weeks) and control (4°C), and modifica
tion abundance in F2 vs F4 after heat stress. A P-value ≤ 0.05 was 
chosen as the threshold value for significance. In addition to 
P-values, several other metrics were also included based on the 
slope analysis shown in Figure 7 utilizing the magnitude of the 
slope across all four fractions, the R2 coefficient of the regression, 
and the relative standard deviation in the relative abundances in F1 
from all replicate analyses. The evaluation revealed that the 11 
modifications on three residues of mAb1 ~ P231 (EU P227), N301 
(EU N297), and N329 (EU N325) affect binding with statistical 
significance (Table 2).

Discussion

The residues that were identified as statistically significant 
to FcγRIIIa binding from the peptide mapping experi
ments are shown as a paratope map in Figure 8, along 
with residues previously identified from crystallography 
and mutational studies as being involved in receptor 
binding.46,58 Each of the identified residues are in close 
proximity to the previously identified binding domains for 
IgG1 to FcγRIIIa. The proximity to the binding domains is 
further illustrated in Figure 9, which shows the IgG1 Fc 
region bound to FcγRIIIa (PDB 5vu0) and an approxima
tion of the binding domain superimposed on the intact 

Figure 8. Paratope map of heavy chain on mAb1 for binding by the aglycosylated FcγRIIIa receptor immobilized in affinity column. R2 + slope of modification 
percentages versus fraction number in collected affinity chromatography fractions were used as y-axis, and amino acid residue numbers as x-numbers. The residue 
numbers are 4 higher relative to EU numbering. *Residues impacting binding according to Shields et al. 2001. Mutations at these residues decreased (blue) and 
increased (red) binding to FcγRIIIa. **Residues with modifications increasing and decreasing binding to FcγRIIIa as measured in this study.
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antibody structure (PDB 1hzh). The proximity to the 
known binding domains of FcγRIIIa in both one- 
dimensional sequence space and three-dimensional con
formational space provides additional confidence in the 
identification of these attributes as critical for binding. 

Out of 200+ modifications that were observed after tem
perature stress, modifications to only three residues were 
found to have a significant impact on FcγRIIIa binding. 
Other stresses not described here (UV light, oxidation, pH 
extremes) also showed very little decrease in binding, 

Figure 9. Three-dimensional structures of IgG1 Fc region bound to soluble FcγRIIIa (PDB 5vu0) (left) and the crystal structure of an intact IgG1 molecule (PDB 1hzh).59 

The location of the FcγRIIIa binding interaction is shown as a blue oval and mapped onto the intact IgG structure. Modifications on residues in EU numbering that were 
found to be critical in our study of mAb1 IgG1 antibody are also shown as colored spheres on the structures indicating their location relative to FcγRIIIa. Deamidation 
(N325) is shown in magenta, unknown modification (~P227) is shown in black, and glycosylation (N297) is shown in green.
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indicating that the Fc region is remarkably stable to typi
cal (and atypical) stresses in biopharmaceutical processes. 
In some statistical analyses (Figure S3), a few chemical 
modifications (Y86, D166) and clipping (not shown here) 
appeared on residues in the Fab region as impacting bind
ing to the receptor, but with low fold change and/or 
statistical significance. Those modifications suggested that 
Fabs may be also involved in binding to the FcγRIIIa, but 
more studies are needed to confirm those observations.

As mentioned above, carbohydrate-carbohydrate interac
tions between Fc-glycans and receptor glycans (particularly at 
N162) have been implicated in the increased affinity of afuco
sylated antibodies.28,29 Lack of the receptor N162 glycosylation 
appears to have reduced the affinity for afucosylated antibodies 
by over one order of magnitude, bringing the affinity down to 
the same level as for native IgG. Our measurements using the 
affinity chromatography with aglycosylated FcγRIIIa receptor 
agree with these earlier studies using SPR with aglycosylated 
FcγRIIIa.28,29 Additionally, in earlier studies, significant differ
ences were revealed in rituximab binding to FcγRIIIa receptors 
expressed in different cell lines and with different glycosylation 
profiles, including CHO, human (HEK293) and mouse (NS0) 
cell lines, highlighting importance of receptor glycosylation 
profile.65

Several observations from the studies using an aglycosylated 
FcγRIIIa affinity column appeared to deviate from more tradi
tional binding assay results and published literature binding 
data using glycosylated FcγRIIIa. Notable examples of this 
being: (1) the lower than expected affinity for afucosylated 
species (e.g., high mannose, G0, G1 glycoforms), (2) no differ
ence in affinity of sialylated and asialylated species, and (3) 
increased affinity for IgG4 mAbs. While this imposes a limit on 
the scope of use to species that do not appear to deviate from 
expected behavior (e.g., galactosylated IgG1 mAbs with core 
fucose), it also highlights the importance of receptor glycosyla
tion in mediating binding interactions, and ultimately ADCC 
activity by immune cells. FcγRs have heterogeneous glycosyla
tion patterns that can vary significantly based on their origin 
(e.g., isolated from different cell types or expression systems), 
which has been shown to have a significant impact on binding 
and effector function response.66,67,68,69,70 Glyco-engineering 
of mAbs to tune the levels of effector response has become 
a widespread practice in the biopharmaceutical industry,71 and 
more recently, similar methods have been applied to modulat
ing the glycosylation of FcγRs.72,73 This approach of glyco- 
engineering FcγRs has emerged as a valuable tool for designing 
next generation cell-based immunotherapies such as chimeric 
antigen receptor (CAR) NK cells by providing a lever to 
improve their efficacy and predictability.66 Such studies 
aimed at developing a better understanding of the impact of 
Fc receptor glycosylation on effector response will likely prove 
useful in the development of promising new targeted cellular 
therapeutics such as CAR NKs.66

In conclusion, this analysis represents a powerful and sys
tematic approach to identify attributes (known attributes or de 
novo) and gain a more comprehensive understanding of pro
duct quality attributes and the degradation pathways relevant 
to the development of biotherapeutics.

Materials and methods

Antibody samples

Rituximab samples were manufactured by Genentech/Roche 
Group (10 mg/mL in pH 6.5 formulation) and purchased from 
commercial sources. For additional drug information, see 
www.accessdata.fda.gov/drugsatfda_docs/label/2019/ 
103705s5457lbl.pdf. For rituximab heat-stress studies, aliquots 
of the final drug product in formulation buffer were incubated 
at 40°C for up to six weeks. An equivalent aliquot was stored at 
4°C to serve as a control. All other IgG samples were produced 
in-house at Amgen by recombinant expression technology in 
CHO cell lines, described in Table 1.

FcγRIIIa affinity LC-MS

A diagram of the experimental workflow is shown in Figure 1. 
FcγRIIIa affinity chromatography separation was performed 
on an Agilent 1290 Infinity II HPLC (Agilent Technologies, 
Santa Clara, CA) using a TSKgel FcR-IIIA-NPR column, 
4.6 mm ID x 7.5 cm L, (P/N 0023513, TOSOH Bioscience, 
King of Prussia, PA). HPLC mobile phases consisted of 50 mM 
ammonium acetate (Sigma Aldrich, St. Louis, MO) pH = 6 
(phase A) and 50 mM ammonium acetate pH = 4 (phase B) in 
LC/MS grade water (Optima, Fisher Scientific, Waltham, MA). 
Substitution of ammonium acetate for the manufacturer 
recommended mobile phases (50 mM sodium citrate) resulted 
in a comparable peak resolution and identical elution order. 
For HPLC separation, 20 µg of protein was loaded onto the 
FcγRIIIa column and eluted by a 30-min pH gradient at a flow 
rate of 300 µL/min. The elution gradient is as follows: 0% B for 
2 min followed by a linear gradient from 0–30% B over 18 min, 
then a step to 100% B for 5 min, and finally stepped to 0% B for 
5 min to recondition the column.

On-line with the affinity chromatography, MS analysis 
(Figure 1) of intact proteins was performed using an Orbitrap 
Q Exactive Plus™ Biopharma (Thermo Scientific, San Jose, CA) 
equipped with a Thermo HESI-II ESI probe without the use of 
a flow splitting device. Online LC-MS analysis of intact pro
teins was performed in high mass range mode and mass reso
lution set to 17,500. Orbitrap maximum inject time was set to 
1000 ms and averaged over 3 microscans. Electrospray capil
lary voltage was set to 3.8 kV and the transfer capillary tem
perature to 225°C.

Limited proteolysis with Endoproteinase Lys-C

Fc-fusion protein binding domains were cleaved with Lys-C 
endoproteinase (>200 units/mg, Roche, cat. no. 1 420 429 
Basel, Switzerland) by performing the digestion reaction 
under non-denaturing conditions and limiting the reaction 
time to 20 min. Digestion was performed in 100 mM Tris 
buffer (pH = 8.0) at 37°C using a 1:400 enzyme:protein ratio.

Peptide mapping of FcγRIIIa affinity fractions

A larger semi-preparative scale FcR-IIIA-5PW 7.8 mm 
x 7.5 cm column (P/N 0023532, TOSOH Bioscience, King of 
Prussia, PA) was used to collect fractions of heat-stressed 
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rituximab and control material (Figure 1). The increased size 
and loading capacity of the semi-preparative column allowed 
for 1 mg or greater injections onto the column, requiring fewer 
collections to obtain a sufficient amount of material from each 
affinity fraction for peptide mapping (50–100 µg) analysis. The 
semipreparative column was operated with the same mobile 
phases and flow rate as the analytical version, but with a linear 
pH gradient from 0–100% B over 120 min followed by 100% 
B for 20 min to ensure complete elution. The column was 
equilibrated with 100% phase A for 10 min prior to starting 
the gradient and 10 additional minutes after completion.

Tryptic digestion
The peptide mapping procedure was adopted from Ren 
et al. with several modifications described below.73 Four 
fractions were collected for each sample as indicated by 
supplemental Figure S2. Approximate protein concentra
tion for each fraction was determined by UV absorbance 
at 280 nm using a NanoDrop 2000 spectrophotometer 
(Thermo Fisher, Waltham, MA). The affinity fractions 
were concentrated using 0.5 mL Microcon centrifugal 
filter units with a 30 kDa molecular weight cutoff 
(Millipore Sigma, Burlington, MA, catalog # 
MRCF0R030) according to the manufacturer’s instruc
tions. Fractions 2, 3, and 4 were concentrated to obtain 
100 µg of mAb material in approximately 50 µL of buffer. 
Fraction 1 was concentrated to 50 µg of material in 50 µL 
of buffer due to sample limitations resulting from the low 
intensity of this peak. Each fraction was processed using 
a filter-aided sample preparation (FASP) style approach 
based on the protocol described by Wiśniewsk et al. with 
several modifications described below.74 The fractions 
were buffer exchanged into denaturing buffer (8 M gua
nidine HCl, 50 mM Tris pH = 7.5) and centrifuged at 
14,000 × g for 10 min to remove excess buffer. Disulfide 
reduction was performed by addition of 3 µL of 0.5 M 
dithiothreitol (DTT) in denaturing buffer added to each 
filter tube and incubated at 37°C for 30 min. The reduced 
samples were then alkylated by adding 7 µL of 0.5 M 
iodoacetic acid in denaturing buffer to each tube and 
incubating in the dark for 20 min at room temperature. 
The alkylation reaction was then quenched by addition of 
an additional 4 µL of 0.5 M DTT solution and centrifuged 
at 14,000 × g for 15 min to remove excess buffer. Each 
sample was buffer exchanged to remove the denaturing 
buffer by washing with 200 µL of digest buffer (50 mM 
Tris-HCl pH = 7.8, 20 mM L-methionine) and centrifu
ging at 14,000 × g for 15 min, three times each. 
Proteomics grade recombinant trypsin (Cat. No. 11 047 
841 001, Roche Diagnostics GmbH Mannheim, Germany) 
was reconstituted in LC/MS grade water to 
a concentration of 1 mg/mL and added to each vial to 
give an enzyme:substrate ratio of 1:20. Filter tubes con
taining digestion reactions were incubated at 37°C for 
90 min. Tryptic peptides were then collected by transfer
ring the filter units to new collection tubes and centrifu
ging at 14,000 × g for 15 min followed rinsing and 
centrifuging the filters with 20 µL of digest buffer two 
times. The digests were then quenched by addition of 

160 µL of quenching buffer (8 M guanidine-HCl, 
250 mM sodium acetate pH = 4.7 to final 7 M guanidine) 
and transferred to autosampler vials for LC-MS analysis. 
All peptide mapping reagents were purchased from Sigma 
Aldrich (St Louis, MO).

LC-MS/MS peptide mapping
LC-MS/MS peptide mapping was performed using the 
same HPLC and MS instrumentation as the intact 
FcγRIIIa experiments described above. For each fraction, 
40 µL of digest solution was injected and separated on 
a Polaris 180 Å C18-Ether 250 × 2.1 mm, 3-µm reversed 
phase HPLC column (PN A2021250X21, made in the 
Netherlands, Agilent Technologies). Tryptic peptides 
were eluted with a 190-min linear gradient from 0–50% 
B, followed by a 10-min wash step with 100% B, and 
35 min of equilibration at 0% B. Mobile phase A is 
composed of LC-MS grade water and 0.1% trifluoroacetic 
acid (TFA) while phase B is 90% acetonitrile with 0.1% 
TFA. Flow rate was 200 µL/min. MS/MS analysis of the 
eluting tryptic peptides was performed on the same 
Orbitrap mass spectrometer as the intact analysis, using 
the full scan collected with a resolution of 70,000, and 
data dependent MS1 (Top5) scans with resolution of 
17,500 and normalized collision energy set to 26.

Data analysis

Raw MS data were processed using MassAnalyzer,75,76,77 

a software package (commercially available as Biopharma 
Finder from Thermo Fisher) for automated feature extraction, 
retention time alignment, and peptide identification/quantita
tion. Chromeleon 7 (Thermo Fisher, Waltham, MA) was used 
for peak integration of UV chromatograms as well as intact 
protein deconvolution using the ReSpect algorithm and Native 
Sliding Windows processing options. Additional details 
describing intact protein deconvolution parameters are 
described in Supplemental Table S1. SIMCA 15 software was 
used for PCA and data visualization of PCA results.

FcγRIIIa relative binding by AlphaLISA

Relative binding to FcγRIIIa (158 V) was measured using 
a competitive AlphaLISA® assay (Perkin Elmer) as described 
in detail previously.78 Briefly, AlphaLISA™ assay is an 
Amplified Luminescent Proximity Homogeneous Assay 
(Alpha) designed to measure the level of FcγRIIIa binding to 
the Fc portion of IgG1 mAbs. When FcγRIIIa-GST and the 
biotinylated human IgG1 bind together, they also bring the 
acceptor and donor beads into close proximity. When laser 
light is applied to this complex, an energy transfer to the 
acceptor bead occurs, resulting in light production (lumines
cence), which is measured in a plate reader equipped for 
AlphaLISA™ signal detection. When a human IgG1 is present 
at sufficient concentrations to inhibit the binding of FcγRIIIa- 
GST to the biotinylated human IgG1, a dose-dependent 
decrease in emission at 520 to 620 nm is observed. Dose 
response curves were fit to a 4P logistical regression line and 
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the relative binding was determined by comparing the IC50 of 
a sample to that of a reference standard.
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