Current Research in Immunology 3 (2022) 128-135

© Current Research .N g
Immunolo;

Contents lists available at ScienceDirect

Current Research in Immunology

e 4

ELSEVIER

journal homepage: www.sciencedirect.com/journal/current-research-in-immunology

Check for

updates

The antibody-binding Fc gamma receptor IIla / CD16a is N-glycosylated
with high occupancy at all five sites

Elizabeth A. Lampros®, Paul G. Kremer ", Jests S. Aguilar Dfaz de Leén?, Elijah T. Roberts ",
Maria Carolina Rodriguez Benavente °, I. Jonathan Amster ™¢, Adam W. Barb®>¢"
& Department of Biochemistry and Molecular Biology, University of Georgia, Athens, GA, USA

Y Department of Chemistry, University of Georgia, Athens, GA, USA
¢ Complex Carbohydrate Research Center, University of Georgia, Athens, GA, USA

ARTICLE INFO ABSTRACT

Keywords: The antibody-binding Fc y receptors (FcyRs) trigger life-saving immune responses and many therapeutic
Glycobiology monoclonal antibodies require FcyR engagement for full effect. One proven strategy to improve the efficacy of
PNGase-F

antibody therapies is to increase receptor binding affinity, in particular binding to FcyRIIla/CD16a. Currently,
affinities are measured using recombinantly-expressed soluble extracellular FcyR domains and CD16a-mediated
antibody-dependent immune responses are characterized using cultured cells. It is notable that CD16a is highly
processed with multiple N-glycosylation sites, and preventing individual N-glycan modifications affects affinity.
Furthermore, multiple groups have demonstrated that CD16a N-glycan composition is variable and composition
impacts antibody binding affinity. The level of N-glycosylation at each site is not known though computational
prediction indicates low to moderate potential at each site based on primary sequence (40-70%). Here we
quantify occupancy of the extracellular domains using complementary mass spectrometry-based methods. All
five sites of the tighter-binding CD16a V158 allotype showed 65-100% N-glycan occupancy in proteomics-based
experiments. These observations were confirmed using intact protein mass spectrometry that demonstrated the
predominant species corresponded to CD16a V158 with five N-glycans, with a smaller contribution from CD16a
with four N-glycans. Occupancy was likewise high for the membrane-bound receptor at all detected N-glyco-
sylation sites using CD16a purified from cultured human natural killer cells. Occupancy of the N162 site, critical
for antibody binding, appeared independent of N169 occupancy based on analysis of the T171A mutant protein.
The weaker-binding CD16a F158 allotype showed higher occupancy of >93% at each site.

Antibody-binding receptor
Mass spectrometry

1. Introduction

The interaction of an antibody-coated target with leukocyte-
expressed Fc y receptors (FcyRs) has the potential to stimulate multi-
ple types of protective immune responses (de Taeye et al., 2019). Several
reports indicate that the sensitivity and the strength of FcyR-mediated
responses may be increased to improve the treatment of multiple dis-
eases including cancers, infection and autoimmunity (Bibeau et al.,
2009; Zhang et al., 2007; Cartron et al., 2002; Weng and Levy, 2003;
Musolino et al., 2008). For example, improving the FcyR-binding affinity
of select antibodies that require FcyR interactions for full therapeutic
effect improved efficacy, including the remarkable doubling of life ex-
pectancy in one obinutuzumab trial (Cheson et al., 2018; Pott et al.,
2020; Niederfellner et al., 2011; Salles et al., 2012; Mossner et al., 2010;
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Herter et al., 2013). These observations support the effort to develop
antibodies with improved FcyR-binding affinity, largely by engineering
either the Fc N-glycan or the Fc polypeptide (Gunn et al., 2021; Liu et al.,
2020). Among the five cognate activating FcyRs, FcyRIIla/CD16a, is the
primary target for engineered antibodies because it is primarily
responsible for eliciting antibody-dependent cell-mediated cytotoxicity
(ADCC) in natural killer cells (Wu et al., 2019).

CD16a is heavily processed and contains five N-glycosylation sites.
Prior studies showed a high degree of glycan heterogeneity at different
N-glycosylation sites using recombinant CD16a or CD16a purified from
primary human leukocytes (Zeck et al., 2011; Patel et al., 2019, 2020,
2021; Roberts et al., 2020). Furthermore, CDl16a with
minimally-processed N-glycans increases IgGl Fc binding affinity
(Hayes et al., 2017; Patel et al., 2018; Subedi and Barb, 2018). Among
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the five N-glycosylation sites, both N162 and N45 impact antibody
binding affinity. Removing the N162-glycan increased affinity towards
the most common fucosylated IgG1l Fc glycoform, but eliminates the
increased affinity observed with minimally processed CD16a N-glycans
(Subedi and Barb, 2018; Drescher et al., 2003). The role of the
N45-glycan is under debate, with different groups showing it either
promotes or inhibits antibody binding (Subedi and Barb, 2018; Shiba-
ta-Koyama et al., 2009). The three remaining sites may contribute to yet
undefined properties of CD16a on the cell surface considering the high
degree of processing at N38 and N74 2°. However, though the prior
glycoproteomics approaches identified the presence of N-glycans at each
of the five sites, these data do not distinguish the relative levels of
N-glycosylation at each site; it is possible that each site is modified at a
different frequency and impacts function. For example, low occupancy
of the N162 glycan on the cell surface might promote binding to fuco-
sylated antibodies, and different occupancies between the naturally
occurring CD16a variants including V158 and F158 would be expected
to differentially impact function.

Accurate estimates of N-glycan occupancy are available from dedi-
cated experiments. Because carbohydrates reduce the ionization of
peptides, comparing the signal intensities of glycosylated peptides to
aglycosylated peptides in glycoproteomics experiments without an in-
ternal standard for each species potentially leads to errors (Riley et al.,
2020). Occupancy may be estimated using PNGaseF, an enzyme that
cleaves the bond between the Cy atom and sidechain N of Asn, releasing
the N-glycan and generating an Asp residue where an N-glycan was
formerly attached (Plummer et al., 1984). This reaction increases the
mass of the peptide by 0.984 Da, and the glycosylation percentage is
determined by calculating the individual contribution of Asn and Asp
containing peptides to the signal intensity in an MS spectrum (Carr and
Roberts, 1986). There are a few notable caveats to this approach. First,
substitution of an Asp residue changes the retention time for some
peptides; this situation may be addressed by carefully selecting the
window of retention times included for the calculation. Second, un-
modified Asn residues may spontaneously deamidate, forming an Asp
residue without N-glycosylation or PNGaseF activity. This outcome is
reduced by preparing samples for analysis immediately prior to MS
analysis, or by storing samples in a lyophilized state prior to analysis.
Third, it is also possible that confounding peaks may obscure the iso-
topologue patterns and thus hinder accurate deconvolution of the Asn
and Asp containing peptides. This scenario may be addressed by using
specialized hardware capable of high-resolution detection, or by incor-
porating 80 into the Asp residue in place of 60, and observing a mass
increase of 2.988 Da relative to an unmodified Asn residue (Gonzalez
et al., 1992). However, ‘%0 incorporation can be complicated by
[*80]-water concentrations below 100% that requires accounting for
both %0 and 80 incorporation into Asp and acid-catalyzed exchange of
180 atoms at other sites.

Intact protein mass spectrometry may also provide a route to esti-
mating N-glycan occupancy (Chen et al., 2021; Rogals et al., 2021).
Measurements with multiply glycosylated proteins, like CD16a, may be
particularly sensitive to N-glycan heterogeneity. Expressing proteins
with HEK293 cells that lack a key N-glycan processing enzyme,
Gntl/MGAT]1, reduces heterogeneity (Reeves et al., 2002). These cells
express proteins with predominantly Man5 N-glycans at each N-glyco-
sylation site and are expected to glycosylate sites with the same or
similar efficiency as the wild-type cells because the oligosaccharyl-
transferase and MGAT1 occupy separate locations in the ER and medial
Golgi, respectively (Burke et al., 1992).

We investigated CD16a using multiple mass spectrometry-based
approaches to estimate the N-glycan occupancy at each individual
site. We compared different single amino acid variants including the
naturally occurring high affinity V158 allotype and the low affinity F158
allotype that is more common in the human population to identify any
potential differences in N-glycan occupancy (Bruhns et al., 2009). We
also analyzed the V158/T171A variant which disrupts the sequence for

129

Current Research in Immunology 3 (2022) 128-135

N169 glycosylation because the proximity of the site at only five resi-
dues from the C-terminus indicates N-glycan occupancy may be low and
potentially impact N162 glycosylation (Bano-Polo et al., 2011). Lastly,
we compared these occupancy estimates to CD16a purified from natural
killer cells.

1.1. Experimental methods

Materials — All materials were purchased from Millipore Sigma unless
otherwise noted.

Protein expression and purification — The soluble extracellular
antibody-binding domain of CD16a V158 corresponding to residue R1-
G174 was prepared as previously described using HEK293F and
HEK293S cells (Subedi et al., 2014; Subedi and Barb, 2015). TEV
digestion followed by size exclusion chromatography and EndoF1
digestion were performed as previously described, except that a Super-
dex75 column was used (Subedi et al., 2017). Plasmids encoding the
soluble CD16a F158, and T171A variants were prepared using fusion
PCR (Ho et al., 1989). YTS-CD16a cells were cultured and CD16a puri-
fied as described (Patel et al., 2021).

PNGaseF digestion using [ 150Jwater — Sample (20 pg) in 50 pL of 50
mM ammonium carbonate, 10% MeOH, pH 8, was boiled for 5 min.
Then, 1 pL of 0.25 M dithiothreitol (DTT) was added to reduce the
proteins’ disulfide bonds. The samples were then incubated at 37 °C for
1 h. Iodoacetamide (1.4 pL of 0.5 M) was then added followed by in-
cubation at RT for 30 min in the dark. The reaction was quenched with
an additional 1 pL of 0.25 M DTT and an additional 15 min incubation at
RT in the dark. The endoproteases GluC (1 pL of 1 mg/mL; Promega) and
chymotrypsin (1.5 pL of 1 mg/mL) were added to the samples, which
were then incubated overnight at 37 °C. Some samples were boiled for 5
min following proteolysis. Peptides were isolated using a C18 resin ac-
cording to the manufacturer’s instructions. Fractions eluted from the
C18 resin in 80:20:1 acetonitrile:water:formic acid and were frozen and
then lyophilized. The lyophilized product was resuspended in 2 pL 50
mM sodium phosphate, pH 7.5 and 17 pL of water. PNGase F (1 pL; New
England Biolabs) was added to each sample and then incubated over-
night at 37 °C. Peptides were lyophilized, resuspended with water, and
purified with a C18 step prior to MS. Some samples, as noted, were
boiled for 5 min prior to the C18 purification. Efficiency of the PNGase F
reaction was monitored with an intact (non-proteolyzed) CD16a V158
sample using an SDS-PAGE and compared to a sample prepared without
PNGase F addition.

PNGaseF digestion using [*80Jwater — Peptides from samples (20 pg)
were prepared as described above, except without C18 purification.
Lyophilized peptides were resuspended with 19 pL of 97% ‘H,—®0.
Simultaneously, glycerol-free PNGase F (New England Biolabs) was
lyophilized, resuspended in an equal volume of 'H,-'80, lyophilized
again, and finally resuspended in an equal volume of 'H,-80. [*®0-
exchanged]-PNGase F (1 pL) was added to 19 pL of lyophilized peptides
and then incubated overnight at 37 °C. Peptides were lyophilized,
resuspended with water, and purified with a C18 step prior to MS.

Peptide mass spectrometry — Lyophilized peptides were resuspended in
100 pL 0.1% HFBA (Heptafluorobutyric acid, Fluka, 77249) and
cleaned-up using C18 pipette tips (Bond Elut OMIX C18, Agilent,
A7003100). Briefly, tips were wetted with 2 x 100 pL 50% ACN
(acetonitrile, Optima™ LC/MS Grade, Fisher Chemical, A955-4),
equilibrated with 2 x 100 pL 1% HFBA and sample was loaded by
pipetting back and forth ~ 20 times. Tips were then washed with 2 x
100 pL 0.1% HFBA and eluted sequentially in 100 pL 50% acetonitrile
(ACN, Optima™ LC/MS Grade, Fisher Chemical, A955-4), 0.1% formic
acid (FA, LC-MS Grade, Pierce, 28905) followed by 100 pL 75% ACN,
0.1% FA. Eluted peptides were vacuum dried, reconstituted in 100 pL
5% ACN, 0.1% TFA (Trifluoroacetic acid, LC-MS grade, Pierce, 28904),
and analyzed by nanoLC-MS/MS.

Samples (1-10 pL) of the reconstituted (glyco)peptides were loaded
onto an Acclaim PepMap C18 trap column (300 pm, 100 A) in 2% ACN,
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0.05% TFA at 5 pL/min, eluted onto an Acclaim PepMap RSLC C18
column and separated on an Acclaim PepMap RSLC C18 column (75 pm
x 150 mm, 2 pm, 100 A) with the following gradient: 1.5%-6% solvent
B (solvent A: 0.1% FA; solvent B: 90% ACN, 0.08% FA) over 10 min, 6%—
17% solvent B over 35 min, 17%-31% solvent B over 25 min, 31%-62%
solvent B over 10 min, and finally 62%-90% solvent B over 10 min, with
a total run time of 95 min at a flow rate of 300 nL/min in an Ultimate
3000 RSLCnano UHPLC system, and eluted into the ion source of an
Orbitrap QE + mass spectrometer (Thermo Fisher Scientific). The spray
voltage was set to 1.9 kV and the temperature of the heated capillary was
set to 280 °C. Full MS scans were acquired from m/z 266 to 2500 at
70,000 resolution. MS (Bibeau et al., 2009) scans following higher en-
ergy collision-induced dissociation (HCD, stepped 17, 27, 37) were
collected for the Top20 most intense ions, with a first fixed mass of 125
m/z at 17,500 resolution. Data was acquired using Xcalibur Software
(Version 2.January 8, 2806; Thermo) in positive ion mode. Ion m/z
values and intensity was exported and analyzed using Xcalibur Qual
Browser Software (Version 4.0.27.19; Thermo). Peptides were identified
using Byonic (ProteinMetrics). RAW files for each proteomics sample are
deposited in the MASSIVE server (https://massive.ucsd.edu/Prote
0SAFe/static/massive.jsp) under the accession number
MSV000088916 (massive.ucsd.edu).

The Asn v. Asp content of peptides containing N-glycosylation sites
were determined by extracting the MS1 spectra containing both peptides
using an R script (Supplemental Methods). A second R script (Supple-
mental Methods) fitted the coefficients for the amount of Asn and Asp
peptides to the intensity data for each peak. The expected isotope dis-
tributions were calculated for each CD16a glycosylation site using
ProteinProspector MS-Isotope (Chalkley et al., 2008). The percentage of
N-glycosylation at each site was then determined by dividing the in-
tensity of the Asp-containing peptide by the sum of the intensities for the
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Asp and Asn containing peptides.

Intact protein mass spectrometry — Protein samples were buffer
exchanged using 10 kDa MWCO centrifugal spin filters into 50 mM
ammonium acetate (SigmaUltra >98%) in HPLC grade water, and
concentrated to a final protein concentration of 1-7 pM. Mass spectra
were collected using a SolariX XR 12 T Fourier transform ion cyclotron
resonance mass spectrometer (Bruker Scientific). Samples were intro-
duced by direct infusion into an electrospray ionization source at a rate
of 120 pL/min, using a capillary inlet voltage of 4200-4500 V. Mass
spectra were collected in positive mode in the range of m/z 1000-3000.
The transient length was 2.7962 s and 1 M points were collected. Mass
spectra were analyzed using Data Analysis (Bruker Scientific), and
protein monoisotopic masses were determined using the SNAP™
algorithm.

2. Results

Intact CD16a mass spectrometry — Proteolytic removal of the GFP
fused to the CD16a N-terminus revealed CD16a heterogeneity not
evident in the full-length fused proteins (Fig. 1A). SDS-PAGE analysis
revealed two distinct bands, of similar intensities, both separated from
GFP (Fig. 1B). Selection of fractions 61, 62, 67 and 69 included an
increasing amount of the smaller CD16a band and GFP (Fig. 1C). Incu-
bation with endoglycosidase F1 (EndoF) efficiently trimmed the CD16a
N-glycans to a single GIcNAc residue, collapsing the distinct CD16a
bands into a single band with greater mobility (Fig. 1C). By comparison,
GFP lacks an N-glycan and showed no change in mobility.

Analyses of both the EndoF-treated and untreated Superdex75 frac-
tions by FT-ICR MS revealed high molecular weight species with mul-
tiple charge states. The two highest intensity peaks observed in fraction
61 following EndoF treatment represented a single species with three

Fig. 1. Analysis of intact CD16a V158. A. Gel filtra-
tion of CD16a using a Superdex 75 column following
TEV digestion. B. SDS-PAGE analysis of the central
peak. C. SDS-PAGE analysis of select CD16a fractions
before and after treatment with EndoF. D. FT-ICR MS
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charge states (Fig. 1D). The observed mass calculated from the major
species observed in fraction 61, following deconvolution, proved highly
comparable to the calculated mass of CD16a with five GlcNAc residues
with a mass error of 0.618 ppm (Table 1). Fraction 61 prior to EndoF
treatment corresponded to CD16a with five Man5 N-glycans with a mass
error of 0.176 ppm.

Fraction 69 contained two major species, each with three charge
states (Fig. 1D). The most abundant species matched that observed in
fraction 61. The observed mass calculated from the second most intense
species observed in fraction 69, following deconvolution, proved highly
comparable to the calculated mass of CD16a with four GlcNAc residues
with a mass error of 0.632 ppm (Table 1). This same species from the
same fraction, prior to EndoF treatment, revealed a lower mass error
value of 0.128 ppm and corresponded to CD16a with four Man5 N-
glycans. In total, these results indicate that the two major CD16a species
contained five or four N-glycans.

Site-specific N-glycan occupancy — We next determined N-glycan oc-
cupancy at each site using a proteomics-based approach. This approach
does not require N-glycan homogeneity because N-glycans are removed
during the analysis, providing an opportunity to characterize CD16a N-
glycan occupancy with highly heterogeneous N-glycans (Patel et al.,
2021).

We identified peptides covering each of the five N-glycosylation sites
(Supplemental MSExcel worksheet). MS2 spectra for each peptide
confirmed the assignments, with exception of the smallest N45 FHNE
peptide (N45-2) and the intermediate N38 peptide (N38-2) found in only
two samples (Figure S1). We previously characterized these peptides
using CD16a from monocytes (Roberts et al., 2020).

The multiplet pattern corresponding to each peptide showed evi-
dence for both Asn and Asp residues. An example of MS1 spectra for two
N74-containing peptides from CD16a V158 is shown in Fig. 2. The
lowest m/z peak of the multiplet corresponds to the monoisotopic Asn-
containing peptide. However, both the monoisotopic Asp-containing
mass and the Asn-containing peptide with one heavy isotope
contribute to the second peak, and the relative contributions must be
deconvoluted for an accurate estimate of occupancy. We first quantified
the intensity of each MS1 peak in the multiplet by fitting a Gaussian line
shape function (Fig. 3). Fitting these intensity data with the calculated
multiplet intensities of both the Asp- and Asn-containing peptides
deconvoluted the relative contribution from each peptide to the
observed spectrum, and allowed an estimate of the experimental error
by using all peaks from the multiplet. Finally, N-glycan occupancy was
determined by dividing the abundance of the Asp-peptide by the total of
the Asn- and Asp-peptides. The error in this estimate is largely due to
differences between the calculated and observed multiplet pattern for
each species.

CD16a V158 peptides containing the N45, N74 and N169 glycosyl-
ation sites showed minimal contribution to the observed intensities from
masses calculated with Asn residues. Peptides with Asp residues at these
sites dominated with a contribution of 88.0-92.8% of the intensities
observed in MS1 spectra (Table 2). Asp residues proved more abundant

Table 1
Mass accuracy of intact CD16a measurements using FT-ICR MS.
Species Observed Observed Calculated mass
[M+H]" (Da) neutral mass mass (Da) error
(Da) (ppm)
CD16a w/ 26127.0390 26126.0317 26126.0271 0.176
5xMan5
CD16a w/ 24910.6084 24909.6011 24909.6043 0.128
4xMan5
CD16a w/ 21060.3039 21059.2967 21059.3097 0.618
5xGlcNAc
CD16a w/ 20857.2508 20856.2435 20856.2303 0.632
4xGlcNAc
GFP form1l 28032.9850 28031.9772 28032.0056 1.013
GFP form2 28736.3098 28735.3020 28735.3233 0.741
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N-74:
RCQT(N/D)LSTL
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Fig. 2. N-glycan occupancy for the N74 site of CD16a V158 as observed with
two peptides in ['°0]-water. Recorded spectra corresponding to each peptide
are shown in the top row. The calculated isotope distributions for Asn- and Asp-
containing peptides are shown in the second and third rows, respectively. The
final row shows the fitted Asn + Asp data to determine the percentage of
peptides that showed N-glycosylation.

at these sites for the F158 variant (98.0-99.6%). The V158/T171A
variant likewise revealed high Asp content for the N45 and N74 sites,
but lacks the N169 site due to the T171A mutation that destroys the
consensus N-glycosylation sequence. These data indicate high levels of
N-glycosylation at N45, N74 and N169 (Table 2).

The CD16a V158 N162 site appeared 69.5-79.6% occupied, in
contrast to F158 and V158/T171A with 89.9-95.9% occupancy. The
N38 site revealed the weakest intensities, and in some cases with over-
lapping peaks that limited complete analysis. Despite these limitations,
we obtained occupancy estimates between 60% and 92.5% for the three
CD16a variants.

Site occupancy estimates using '80-water — We performed the PNGaseF
reaction in [180] -water to provide greater separation between the Asp
and Asn containing peptides. One factor complicating the PNGaseF re-
action is that reagents or impure [180]-water can introduce [160]-water,
requiring careful separation of peptide peaks containing Asn, [*°0]-Asp
or [180]-Asp (Gonzalez et al., 1992). This may be reduced by intro-
ducing ['®0]-water following lyophilization of the substrate peptides.
To our surprise, PNGaseF retained activity following two lyophilization
steps, allowing near complete exchange to [80]-water and reducing the
contribution of ['®O]-water in the reaction (Figure S2).

Peptides containing the N38, N45, N162 and N169 glycosylation
sites revealed substantial ['%0] incorporation. MS2 spectra of these
peptides indicated that the majority of the Asp residues in the D-X-S/T
sequon contained at least one [*80] atom (Fig. 4). These results were
consistent with measurements performed using [*60]-water (Table 2).

Supplemental 80 incorporation — A detailed examination of mass
spectra generated from reactions in [80]-water revealed additional
[*80] labels incorporated into peptides containing the N74, N162 and
N169 glycosylation sites (Fig. 4). An MS2 spectrum of the longer N74
peptide (N74-2) identified two additional 10 atoms as part of the C-
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Fig. 3. A Gaussian line shape fitted to the individual
isotopologue peaks to determine N-glycan occupancy.
This MS1 spectrum shows the N169-containing pep-
tide from the CDl6a V158 allotype, following
PNGaseF-catalyzed N-glycan removal in ['°0O]-water.
The major peak in the upper left panel contains only
an unglycosylated Asn at position 169. The major
peak in the upper middle panel contains contributions
for both Asn and Asp (formed by PNGaseF digestion
of an N-glycosylated peptide) at this position, with

the Asp-containing peptide predominant in this
example.
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Table 2

N-glycosylation site occupancy of three CD16a variants (n.a. - not applicable, *- lower bound due to peak overlap, ** - no N peak observed, *** - lower bound due to

supplemental 180 incorporation).

60-water 180-water
CD16a variant: V158 F158 T171A YTS V158 F158 T171A YTS

Native Peptide site - peptide # % % % % % % % %
DNSTQWF N38-1 91+ 14
SPEDNSTQW N38-2 >92.5 *
KCQGAYSPEDNSTQW N38-4 >60 * 80 + 22 100 **
STQWFHNE N45-1 98 +11 95.8 £ 1.7 >98.9 ***
FHNE N45-2 81 + 28
FHNESLISSQASSY N45-4 92 + 14 99.8 + 8.9 96 + 12
RCQTNLSTL N74-1 92.8 + 2.0 94.6 + 2.5 97.3+9.3 >96.3 *** 100 *** >08.9 *** 100 +9
RCQTNLSTLSDPVQLE N74-2 89.4 £ 0.9 98.8 + 2.0 98.4 + 3.2 >98.0 *** >09.8 ***
VGSKNVSSE N162-1 NA 96 + 18
GLVGSKNVSSE N162-2 79.6 + 2.2 NA 99.6 +2.8 >67.2 *** >99.8 ***
CRGLVGSKNVSSE N162-3 70 + 15 NA >64.9 ***
(F158) FGSKNVSSE (only) N162-4 NA 98.9 + 4.8 NA NA NA NA
TVNITITQG N169-1 88.0 + 1.1 99.6 + 1.6 NA 100 + 22 >84.9 *x* NA 93 £ 10
TVNIAITQG (T171A only) N169-2 NA NA 0.0+1.2 NA NA 0.0+2.2

terminal Glu residue (Fig. 5). Other groups have noted that auxiliary
labeling reactions resulting from the presence of residual protease ac-
tivity (Shajahan et al., 2017; Alley et al., 2013). We examined the effect
of residual GluC activity on 80 incorporation. We did not find evidence
of residual GluC activity in our spectra. For example, the N74 peptides
would be degraded upon PNGase digestion because GluC cleaves after
Glu or Asp residues. In order to examine the potential that GluC activity
contributed to the extra [*0] incorporation, we preserved GluC activity
by eliminating a heat treatment step that occurs following proteolysis

132

but prior to reversed-phase peptide purification followed by PNGaseF
digestion. In this case, the N74 peptides were efficiently cleaved,
generating an L75 peptide with additional 180 atoms in the C-terminal
Glu residue (Fig. 6). Heat treatment eliminated GluC proteolytic activity
and thus the auxiliary labeling is likely not catalyzed by the GluC pro-
tease. It is possible a buffer component or the peptides themselves
catalyzed exchange of the O atoms in the peptide.

CD16a N-glycan occupancy on a NK cell — The preceding experiments
utilized soluble CD16a, truncated to remove the 7 kDa C-terminal
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Fig. 5. MS2 spectrum of the most abundant peptide species from CD16a V158
containing the N74 glycosylation site showing incorporation of two 80 atoms
to the C-terminal glutamate residue (shown in red) and the presence of an Asp
residue within the N-glycosylation sequon (shown in blue). (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

transmembrane and intracellular portions. It is possible membrane
localization during translation and protein folding affects N-glycosyla-
tion. We purified CD16a V158 from YTS-CD16a cells, a natural killer cell
capable of ADCC and natural cytotoxicity to estimate the N-glycan oc-
cupancy following PNGaseF digestion. We identified peptides corre-
sponding to each N-glycosylation site except N162. The peptide signal
intensity observed using CD16a purified from YTS cells was lower than
that observed with recombinantly-expressed proteins, and thus the
N162 peptide was not observed but is likely still present. The N45, N74
and N169 sites all showed high levels of N-glycosylation, and the N38
site revealed a weak signal with only a peak for the Asp-containing
peptide (Table 2). The resulting occupancy estimates are comparable
to those obtained for the soluble CD16a V158 form.

3. Discussion

These data provide a thorough characterization of CD16a N-glycan
occupancy. Among the five sites, occupancy at N162 and N38 appear
lower, particularly for the recombinant V158 allotype. It is somewhat
surprising that the CD16a N169 and N162 sites are predominantly
modified. N162 and N169 are located close to the C-terminus of the
soluble construct (G174). This high occupancy likely results from effi-
cient STT3B modification because STT3A is expected to modify the C-
terminal N-glycosylation sites with very low efficiency (Shrimal et al.,
2013). The high levels of N162 occupancy in the V158/T171A variant
indicate that glycosylation at N162 is independent from N169 glyco-
sylation (Table 2). One previous observation with the highly homolo-
gous receptor, CD16b, found high N-glycan occupancy for the N45,
N162 and N169 sites, with N74 occupied from 58 to 80% based on a
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Fig. 6. The L75 peptide is only expected to result from GluC-digestion
following PNGaseF-digestion of a glycosylated N74-containing peptide. MS1
spectra of the L75 peptide identified in spectra collected using CD16a V158
following PNGaseF digestion in either 160 (A) or 80 (B) water. The positions of
monoisotopic peaks for each species are indicated. (C-D) MS2 spectra of the
major species from panels A and B, respectively, indicate the ion composition as
well as demonstrate 80 incorporation in the C-terminal Glu residue.

comparison of the intensities for the glycosylated and unmodified pep-
tides (Wojcik et al., 2020). CD16a and CD16b share 97.7% amino acid
identity for the extracellular domains but two different N-glycosylation
sites.

It is notable that the soluble CD16a V158 protein is somewhat less
glycosylated at N162 and N169 compared to F158 (Table 2). Though the
F158 allotype binds with reduced affinity relative to V158 34, these
minor glycan occupancy differences are unlikely to account for differ-
ences in affinity. The factor(s) contributing to the affinity difference
remain undefined.

With respect to future efforts measuring N-glycan occupancy with
[*80] incorporation, the preservation of PNGaseF activity following two
lyophilization steps allows a significant reduction of the [*60]-water
content when isotope labeling is desired (Figure S2). The spectra for the
V158 allotype collected with samples digested in [80]-water reveal a
small amount of peptide corresponding to Asp without [0] incorpo-
ration, which is expected following incorporation of an [*®0] atom
during the PNGaseF reaction. This is not uniform and is most notable
with the MS1 spectrum of the N169-containing peptide that shows low
levels of the [1°0]-Asp peptide (Fig. 4D). It is interesting that the N45-4
and N74-2 peptides showed an increased [*0] content that could be
explained by deamidation of an unoccupied Asn prior to the PNGaseF
reaction.

Finally, there is currently a growing interest in CD16a as a thera-
peutic, as a target for antibodies to recruit and/or activate NK cells, or
for engineering to increase effector response efficiency (Zhao et al.,
2020; Bogen et al., 2021; Zhu et al., 2020). A complete description of
N-glycan occupancy, like that described here, is essential to identify
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variables that potentially impact function. Furthermore, the presence of
an N-glycan dramatically alters how that portion of the protein surface is
perceived by the environment and thus represents an important intrinsic
feature of any glycosylated protein.
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